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Summary 

RNA research is very important since RNA molecules are involved in various gene regulatory mechanisms 

as well as pathways of cell physiology and disease development.1 RNAs have evolved from being 

considered as carriers of genetic information from DNA to proteins, with the three major types of RNA 

involved in protein synthesis, including messenger RNA (mRNA), transfer RNA (tRNA), and ribosomal RNA 

(rRNA).2 In addition to the RNAs involved in protein synthesis numerous regulatory non-coding RNAs 

(ncRNAs) have been discovered in the transcriptome. The regulatory ncRNAs are classified into small 

ncRNAs (sncRNAs) with transcripts less than 200 nucleotides (nt) and long non-coding RNAs (lncRNAs) 

with more than 200 nt.3  

LncRNAs represent the most diverse and versatile class of ncRNAs that can regulate cellular functions of 

chromatin modification, transcription, and post-transcription through multiple mechanisms.4 They are 

involved in the formation of RNA:protein, RNA:RNA and RNA:DNA complexes as part of their gene 

regulatory mechanism.4,5 The RNA:DNA interactions can be divided into RNA:DNA heteroduplex 

formation, also called R-loops, and RNA:DNA:DNA triplex formation. In triplex formation, RNA binds to 

the major groove of double-stranded DNA through Hoogsteen or reverse Hoogsteen hydrogen bonding, 

resulting in parallel or anti-parallel triplexes, respectively. In vitro studies have confirmed the formation 

of RNA:DNA:DNA triplexes.6 However, the extent to which these interactions occur in cells and their 

effects on cellular function are still not understood, which is why these structures are so exciting to study 

(Chapter I RNA:DNA:DNA Triplexes). 

This cumulative thesis investigates several functional and regulatory important RNAs. The first project 

involves the improved biochemical and biophysical characterization of RNA:DNA:DNA triplex formation 

between lncRNAs of interest and their target genes. Triplex formation was confirmed by a series of 

experiments including electromobility shift assays (EMSA), thermal melting assays, circular dichroism 

(CD), and liquid state nuclear magnetic resonance (NMR) spectroscopy. The following is a summary of the 

main findings of these publications. 

In research article 5.1, the oxygen-sensitive HIF1α-AS1 was identified as a functionally important triplex-

forming lncRNA in human endothelial cells using a combination of bioinformatics techniques, RNA/DNA 

pulldown, and biophysical experiments. Through RNA:DNA:DNA triplex formation, endogenous HIF1α-

AS1 decreases the expression of several genes, including EPH receptor A2 (EPHA2) and adrenomedullin 

(ADM), by acting as an adaptor for the repressive human silencing hub (HUSH) complex, which has been 

studied by our collaborators in the groups of Leisegang and Brandes.  
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Triplex formation between HIF1α-AS1 and the target genes EPHA2 and ADM was investigated in 

biochemical and biophysical studies. The EMSA results indicated that HIF1α-AS1 forms a low mobility 

RNA:DNA:DNA triplex complex with the EPHA2 DNA target sequence. The CD spectrum of the triplex 

showed distinct features compared to the EPHA2 DNA duplex and the RNA:DNA heteroduplex. Melting 

curve analysis revealed a biphasic melting transition for triplexes, with a first melting point corresponding 

to the dissociation of the RNA strand with melting of the Hoogsteen hydrogen bonds. The second, higher 

melting temperature corresponds to the melting of stronger Watson-Crick base pairing. Stabilized 

triplexes were formed using an intramolecular EPHA2 DNA duplex hairpin construct in which both DNA 

strands were attached to a 5 nucleotide (nt) thymidine linker. This approach allowed improved triplex 

formation with lower RNA equivalents and higher melting temperatures. By NMR spectroscopy, the triplex 

characteristic signals were observed in the 1H NMR spectrum, the imino signals in a spectral region 

between 9 and 12 ppm resulting from the Hoogsteen base pairing. To elucidate the structural and 

sequence specific Hoogsteen base pairs 2D 1H,1H-NOESY measurements of the EPHA2 DNA duplex and 

the HIF1α-AS1:EPHA2 triplex were performed. The 1H,1H-NOESY spectrum of the HIF1α-AS1:EPHA2 triplex 

with a 10-fold excess of RNA was semi-quantitatively analyzed for changes in the DNA duplex spectrum. 

We discovered, strong and moderate attenuation of cross peak intensities in the imino region of the 

NOESY spectrum. This attenuation was proposed to result from weakening of Watson-Crick base pairing 

by Hoogsteen hydrogen bonding induced by RNA binding. The Hoogsteen interactions can be mapped 

based on the analysis of the cross peak attenuation in the NOESY spectra, which we used to generate a 

structural model of the RNA:DNA:DNA triplex. These biophysical results support the physiological function 

of HIF1α as a triplex-forming lncRNA that recruits the HUSH-epigenetic silencing complex to specific target 

genes such as EPHA2 and ADM, thereby silencing their gene expression through RNA:DNA:DNA triplex 

formation. 

The triplex-forming lncRNA Fendrr (fetal-lethal non-coding developmental regulatory RNA) was 

investigated, which plays a critical role in a variety of developmental processes such as heart and lung 

development. Fendrr has been shown by our collaborators in the Grote group to repress its target genes 

Foxf1 and Pitx2 through interactions with histone modifying complexes, including polycomb repressive 

complex 2 (PRC2) and the trithorax group/mixed lineage leukemia (TrxG/MLL) protein complexes, by 

inserting repressive marks at the target genes.7,8 The triplex formation of the lncRNA Fendrr with its 

previously identified target promoters was confirmed by CD spectroscopy and thermal melting assays 

(Research article Ali and Rogala et al., in revisions).  

A novel triplex prediction tool, TriplexAligner, has been developed in the groups of our collaborators 

Leisegang and Brandes. This tool uses probabilistic nucleotide pairing models based on sequencing data 

of triplex-forming DNA and RNA and not only on Hoogsteen base pairing rules as used by the previously 
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reported tools Triplexator or Triplex Domain Finder (Research article 5.2).9 The RNA:DNA:DNA triplexes 

predicted by TriplexAligner were verified in vitro by EMSA, CD and melting curve analysis.  

The biochemical and biophysical in vitro data provided a reliable read-out of RNA:DNA:DNA triplex 

formation, as triplexes exhibit distinct features compared to their single-stranded DNA and RNA 

components as well as RNA:DNA heteroduplex motifs. Thus, this set of experiments can be further applied 

to validate computationally predicted triplex formation.  

The second project focuses on the development and further improvement of a cell-free transcription-

translation system to investigate transcriptional and translational riboswitches. Cell-free protein 

expression systems (CFPS) offer several advantages for the study of riboswitches and other regulatory 

RNAs. These include the decoupling of transcription and translation processes as well as the avoidance of 

cellular interactions (Chapter II Cell-free protein synthesis).10,11 Riboswitches are RNA-based regulatory 

elements that use ligand-induced structural changes encoded in the 5'-untranslated region of mRNA to 

control gene expression. They adapt the expression level of their associated genes in response to the 

intracellular concentration of specific low-molecular weight ligands. Gene expression is activated or 

inhibited by the conformational switching of the riboswitch between the ligand-bound and ligand-free 

states. By regulating fundamental physiological pathways, natural bacterial riboswitches are potential 

drug targets against bacterial infections (Chapter III Riboswitches).12–14 

First, the cell-free transcription-translation assay was established to investigate the influence of ribosomal 

S1 (rS1) protein domains on protein expression (Research article 5.3). The expression levels were 

monitored by the shifted green fluorescent protein (sGFP) using cell-extracts containing rS1-depleted 

ribosomes. The Vibrio vulnificus rS1 protein is composed of six homologous oligonucleotide binding 

domains, of which the first two domains (D1 and D2) are responsible for ribosome binding and domains 

D3 to D6 bind mRNA, while domain D5 enhances protein chaperone activity. Therefore, the full-length rS1 

construct and its truncated mutants with a reduced number of mRNA binding domains were examined. 

Deletion of the D6 domain did not significantly affect protein expression, whereas deletion of the D5 

domain reduced expression levels to 77%. Deletion of the D4 domain restored protein expression to basal 

levels, and deletion of the entire mRNA binding domain resulted in translation inhibition. Thus, the cell-

free experiments demonstrated the importance of the D3-D5 mRNA-binding domains for efficient 

translation.  

In a follow-up project, the dynamic network between adenine-sensing riboswitch (Asw), rS1 and ribosome 

was investigated by in vitro transcription-translation assays as well as NMR spectroscopy and in vivo assays 

(Research article 5.4). As a translational on-switch of the adenosine deaminase (add) gene, Asw regulates 

gene expression in an adenine-dependent manner by adopting three distinct conformations. The two 
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ligand-free conformations (apoA, apoB) are in a temperature-dependent pre-equilibrium. Upon adenine 

binding, the Asw converts to its functional on-state (holo) with an accessible ribosome-binding site, which 

is required for translation initiation.15–17 

The coupled transcription-translation assays were performed with the Asw sequence inserted before the 

sGFP gene to examine adenine- and rS1-dependent expression levels using cell-extracts containing 70S 

ribosomes and rS1-depleted 70S ribosomes. In the presence of 5 eq rS1, the addition of adenine resulted 

in a 1.6-fold increase in sGFP expression. However, in the absence of rS1, the switching behavior of Asw 

remained at basal levels, which could be restored by the addition of rS1. This study demonstrated that 

the addition of adenine is not sufficient to unwind the secondary structure of Asw to its translational on-

state. The chaperone activity of rS1, which is bound to the 30S ribosomal subunit, is important for 

unwinding the riboswitch expression platform and releasing the ribosome binding site for translation 

initiation. 

We further adapted the fluorescence-based dual read-out in vitro transcription-translation system to 

simultaneously monitor mRNA and protein levels of transcriptional and translational riboswitches, 

whereas previous riboswitch studies have focused on protein expression (Research article Bains et al., in 

revisions). The thiamine pyrophosphate (TPP)-sensing riboswitches thiM and thiC from E. coli and the Asw 

from V. vulnificus were examined for the influence of the ligands TPP and adenine, respectively (Chapter 

III Riboswitches). The time-dependent mRNA and protein levels were determined using an orthogonal 

reporter system of the fluorescent Mango-(IV) RNA aptamer and sGFP chromophore. The Mango-(IV) RNA 

aptamer becomes fluorescent upon binding to the thiazole orange (TO) fluorophore (Chapter IV 

Fluorescent RNA aptamers).18 The mRNA read-out was improved by designing the Mango-(IV) RNA 

aptamer as an array construct with four aptamer sequences in a row (M-IVx4). The M-IVx4 array construct 

showed a 2.1-fold increase in fluorescence intensity compared to the Mango-(IV) RNA aptamer monomer 

(M-IV). Cell-free results revealed transcriptional and translational off-switch character for both TPP-

sensing riboswitches thiM and thiC in the presence of 100 µM TPP. Asw showed a 1.2-fold increase in 

sGFP expression in the presence of 1 mM adenine. The stabilized apoA mutant showed the highest sGFP 

expression levels, while the apoB mutant remained in the off-state. The translational on-switch activity of 

Asw was confirmed as the mRNA levels for Asw, apoA and apoB were not affected by the addition of 

adenine, only the sGFP expression.  

Moreover, the cell-free transcription-translation system with sGFP as a read-out can be used to 

investigate the translation inhibitory effect of a modified puromycin derivative with two photocleavable 

protecting groups (Research article 5.5). The tyrosyl side chain-like moiety of puromycin was modified to 

ortho-nitrophenylalanine, resulting in deactivation of puromycin by a cyclization reaction upon near-UV 
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irradiation. A thio-coumarylethyl group was inserted as the second photoprotective group, resulting in 

the modified thio-DEACM-nitro-puromycin with controllable activation and deactivation properties of 

puromycin by wavelength selective irradiation. The active o-nitro-puromycin was released upon 

irradiation of thio-DEACM-nitro-puromycin at 488 nm, leading to 80% inhibition of the initial sGFP 

expression. In addition, the puromycin derivative was deactivated upon irradiation of thio-DEACM-nitro-

puromycin and o-nitro-puromycin at 365 nm and 488/365 nm, respectively, as the photocycled cinnoline 

puromycin derivative was released. The deactivation of these puromycin derivatives was confirmed by 

increasing sGFP protein levels that were comparable to those without the addition of inhibitor. 

In summary, the author of this thesis developed an in vitro transcription-translation assay to enable robust 

studies of riboswitches and other regulatory RNAs. The dual read-out assay monitors the dynamics of 

mRNA and protein production in a time-dependent manner. It allows direct monitoring of protein 

expression kinetics that may be affected by mRNA structure, riboswitch ligand availability and/or mRNA 

codon usage. The assay allows easy modulation of conditions such as temperature, addition of 

metabolites or ligands, which can be adjusted to their relative concentrations.  

Furthermore, the author of this thesis was part of the COVID19 NMR laboratory team that prepared and 

purified numerous isotope-labeled RNA and protein samples from SARS-CoV-2 for structural studies by 

NMR spectroscopy (Research articles 5.6-5.13). In addition to secondary structure determination, the 

druggability of the conserved RNA regulatory elements and proteins was experimentally validated using 

an NMR-based fragment screening (Research articles 5.14, 5.15). Potential binders targeting proteins and 

the RNA genome of SARS-CoV-2 were identified with binding affinities ranging from micromolar to 

millimolar. The screening results will provide insights to the medicinal chemistry community to develop 

new drugs using the fragment-based approaches. 
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German summary 

Die Erforschung von RNAs ist von großer Bedeutung, da RNA-Moleküle an verschiedenen Mechanismen 

der Genregulation sowie an Signalwegen in der Zellphysiologie und bei der Entstehung von Krankheiten 

beteiligt sind.1 RNAs haben sich von Trägern der genetischen Information von der DNA zu Proteinen 

entwickelt, wobei die drei wichtigsten RNA-Typen an der Proteinsynthese beteiligt sind: Boten-RNA 

(mRNA), Transfer-RNA (tRNA) und ribosomale RNA (rRNA).2 Neben den an der Proteinsynthese beteiligten 

RNAs wurden im Transkriptom zahlreiche regulatorische nicht-kodierende RNAs (ncRNAs) entdeckt. Die 

regulatorischen ncRNAs werden unterteilt in kurze ncRNAs (sncRNAs) mit Transkripten kürzer als 200 

Nukleotide (nt) und lange ncRNAs (lncRNAs) mit Transkripten länger als 200 nt.3 

LncRNAs stellen die vielfältigste und vielseitigste Klasse von ncRNAs dar, die durch verschiedene 

Mechanismen zelluläre Funktionen der Chromatinmodifikation, Transkription und Posttranskription 

regulieren können.4 Sie sind an der Bildung von RNA:Protein-, RNA:RNA- und RNA:DNA-Komplexen als Teil 

ihrer Genregulationsmechanismen beteiligt.4,5 Die RNA:DNA-Interaktionen können in die Bildung von 

RNA:DNA Heteroduplexen, auch R-Schleifen genannt und die Bildung von RNA:DNA:DNA Triplexen 

unterteilt werden. Bei der Triplexbildung bindet die RNA über Hoogsteen oder inverse Hoogsteen-

Wasserstoffbrücken an die große Furche der doppelsträngigen DNA, was zu parallelen oder anti-

parallelen Triplexen führt. In vitro Studien haben die Bildung von RNA:DNA:DNA Triplexen bestätigt.6 

Inwieweit diese Wechselwirkungen in Zellen auftreten und sich auf die Zellfunktionen auswirken, ist noch 

nicht geklärt, weshalb diese Strukturen für die Forschung von großem Interesse sind (Kapitel I 

RNA:DNA:DNA Triplexe). 

In dieser kumulativen Dissertation werden verschiedene funktionell und regulatorisch wichtige RNAs 

untersucht. Das erste Projekt umfasst die verbesserte biochemische und biophysikalische 

Charakterisierung von RNA:DNA:DNA Triplexen. Die Triplexbildung wurde durch eine Reihe von 

Experimenten bestätigt, darunter Gelelektrophorese Untersuchungen (electromobility shift assay, EMSA), 

thermische Schmelzanalyse, Circulardichroismus (CD) und Kernspinresonanzspektroskopie (NMR). In den 

folgenden Abschnitten werden die wichtigsten Ergebnisse dieser Veröffentlichungen zusammengefasst. 

In der Publikation 5.1 wurde das sauerstoffsensitive HIF1α-AS1 als funktionell wichtige Triplex-bildende 

lncRNA in humanen Endothelzellen durch eine Kombination von bioinformatischen Techniken, RNA/DNA-

Pulldown und biophysikalischen Experimenten identifiziert. Durch RNA:DNA:DNA Triplexbildung reduziert 

endogenes HIF1α-AS1 die Expression mehrerer Gene, einschließlich des EPH- Rezeptors 2 (EPHA2) und 

Adrenomedullin (ADM), indem es als Adaptor für den repressiven human Silencing Hub (HUSH)-Komplex 

fungiert, der von den Arbeitsgruppen Leisegang und Brandes untersucht wurde. 
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Die Triplexbildung zwischen HIF1α-AS1 und den Zielgenen EPHA2 und ADM wurde biochemisch und 

biophysikalisch untersucht. Die EMSA-Ergebnisse zeigten, dass HIF1α-AS1 einen RNA:DNA:DNA Triplex-

Komplex mit reduzierter Mobilität mit der EPHA2 DNA-Zielsequenz bildet. Das CD-Spektrum des Triplexes 

zeigte deutliche Unterschiede im Vergleich zur EPHA2 Duplex DNA und zum RNA:DNA Heteroduplex. Die 

Schmelzkurvenanalyse ergab einen zweiphasigen Schmelzübergang für Triplexe, wobei der erste 

Schmelzpunkt der Dissoziation des RNA-Stranges mit dem Schmelzen der Hoogsteen-Wasserstoffbrücken 

entspricht. Der zweite, höhere Schmelzpunkt entspricht der stärkeren Watson-Crick Basenpaarung. 

Stabilisierte Triplexe wurden mit Hilfe eines EPHA2 intramolekularen Haarnadel DNA Duplex Konstrukts 

gebildet, bei dem beide DNA-Stränge an einen 5 Nukleotide langen Thymidin-Linker gebunden waren. 

Dieser Ansatz ermöglichte eine verbesserte Triplexbildung mit geringeren RNA-Äquivalenten und die 

höheren Schmelztemperaturen. Mittels NMR-Spektroskopie wurden charakteristische Triplex Signale im 

1H-NMR Spektrum beobachtet, wobei die Imino Signale im Spektralbereich zwischen 9 und 12 ppm lagen, 

was auf die Hoogsteen Basenpaarung zurückzuführen ist. Zur Aufklärung der strukturellen und 

sequenzspezifischen Hoogsteen-Basenpaare wurden 2D-1H,1H-NOESY Messungen des EPHA2 DNA 

Duplexes und des HIF1α-AS1:EPHA2 Triplexes im 10-fachen Überschuss durchgeführt. Im Imino-Bereich 

des NOESY Spektrums wurde eine starke und eine mäßige Abschwächung der Intensitäten der Kreuzpeaks 

beobachtet. Als Ursache wurde die Abschwächung der Watson-Crick Basenpaarung durch die Hoogsteen 

Bindung vermutet, die durch die RNA-Bindung induziert wird. Die Hoogsteen Wechselwirkungen können 

durch die Analyse der Abschwächung der Kreuzpeaks in den NOESY Spektren dargestellt werden, was 

wiederum zur Erstellung eines Strukturmodells des RNA:DNA:DNA Triplexes verwendet wurde. Diese 

biophysikalischen Ergebnisse unterstützen die physiologische Funktion von HIF1α-AS1 als Triplex-

bildende lncRNA, die den HUSH-epigenetischen Suppressor-Komplex an spezifische Zielgene wie EPHA2 

und ADM rekrutiert und dadurch deren Genexpression durch RNA:DNA:DNA Triplexbildung stilllegt. 

Die zweite untersuchte lncRNA, Fendrr (fetal-lethal non-coding developmental regulatory RNA), spielt 

eine entscheidende Rolle bei einer Vielzahl von Entwicklungsprozessen wie der Herz- und 

Lungenentwicklung. Es konnte gezeigt werden, dass Fendrr seine Zielgene Foxf1 und Pitx2 durch 

Interaktion mit Histon-modifizierten Komplexen wie dem Polycomb Repressive Complex 2 (PRC2) und 

dem Trithorax Group/Mixed Lineage Leukemia (TrxG/MLL) Proteinkomplex unterdrückt, indem es 

repressive Markierungen in die Zielgene einbaut.7,8 Die Triplexbildung der lncRNA Fendrr mit ihren zuvor 

identifizierten Zielpromotoren wurde durch CD-Spektroskopie und thermische Schmelzkurven bestätigt 

(Publikation Ali und Rogala et al., in Revision). 

Ein neuartiges Tool zur Triplex-Vorhersage, TriplexAligner, wurde von den Arbeitsgruppen Leisegang und 

Brandes entwickelt. Dieses Tool verwendet probabilistische Nukleotidpaarungsmodelle, die auf 

Sequenzierungsdaten von DNA und RNA, die Triplexe bilden, basieren, und nicht nur auf Hoogsteen 
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Basenpaarungsregeln, wie sie von den zuvor vorgestellten Tools wie Triplexator und Triplex Domain Finder 

verwendet werden (Publikation 5.2).9 Die von TriplexAligner vorhergesagten RNA:DNA:DNA Triplexe 

wurden in vitro durch EMSA, CD und Schmelzkurvenanalyse verifiziert. 

Die biochemischen und biophysikalischen in vitro Daten lieferten ein zuverlässiges Maß für die Bildung 

von RNA:DNA:DNA Triplexen, da Triplexe im Vergleich zu ihren einzelsträngigen DNA- und RNA-

Komponenten sowie zu RNA:DNA Heteroduplexmotiven unterschiedliche Eigenschaften aufweisen. 

Daher können diese Experimente zur Validierung von bioinformatisch vorhergesagten Triplexen 

verwendet werden. 

Das zweite Projekt zielt auf die Entwicklung und weitere Verbesserung eines zellfreien Transkriptions-

Translations-Systems zur Untersuchung von transkriptionellen und translationellen Riboschaltern.  

Zellfreie Protein-Expressionsysteme (cell-free protein expression systems – CFPS) bieten mehrere Vorteile 

für die Untersuchung von Riboschaltern und anderen regulatorischen RNAs. Dazu gehören die 

Entkopplung von Transkriptions- und Translationsprozessen sowie die Vermeidung zellulärer 

Interaktionen (Kapitel II Cell-free protein synthesis).10,11 Riboschalter sind RNA-regulatorische Elemente, 

die ligandeninduzierte strukturelle Veränderungen in der 5'-untranslatierten Region der mRNA nutzen, 

um die Genexpression zu steuern. Sie passen die Expression ihrer assoziierten Gene als Reaktion auf die 

intrazelluläre Konzentration spezifischer niedermolekularer Liganden an. Die Genexpression wird durch 

den Konformationswechsel des Riboschalters zwischen ligandengebundenem und ligandenfreiem 

Zustand aktiviert oder inhibiert. Natürliche bakterielle Riboschalter sind potenzielle Angriffspunkte für 

Medikamente gegen bakterielle Infektionen, da sie grundlegende physiologische Prozesse regulieren 

(Kapitel III Riboswitches).12–14 

Um den Einfluss der ribosomalen S1 (rS1)-Proteindomänen auf die Proteinexpression zu untersuchen, 

wurde zunächst der zellfreie Transkriptions-Translations-Assay etabliert (Publikation 5.3). Die 

Expressionslevel wurden mit Hilfe eines verschobenen grün fluoreszierenden Proteins (sGFP) unter 

Verwendung von Zellextrakten mit rS1-depletierten Ribosomen verfolgt. Das rS1-Protein von Vibrio 

vulnificus besteht aus homologen Oligonukleotid-Bindungsdomänen. Die ersten beiden Domänen (D1 und 

D2) sind für die Ribosomenbindung verantwortlich, die Domänen D3 bis D6 binden an die mRNA, während 

die Domäne D5 die Chaperonaktivität des Proteins verstärkt. Daher wurden sowohl das rS1-Konstrukt in 

voller Länge als auch seine verkürzten Mutanten, denen die mRNA-Bindungsdomänen fehlen, untersucht. 

Die Expression des Proteins wurde durch die Deletion der D6-Domäne nicht signifikant beeinflusst, 

während die Deletion der D5-Domäne die Expression auf 77% reduzierte. Die Deletion der D4-Domäne 

stellte die basale Expression wieder her, und die Deletion der gesamten mRNA-Bindungsdomäne führte 
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zu einer Translationsinhibierung. Die Bedeutung der mRNA-Bindungsdomänen D3-D5 für eine effiziente 

Translation konnte somit in zellfreien Experimenten nachgewiesen werden. 

In einem Folgeprojekt wurde das dynamische Netzwerk zwischen Asw, rS1 und Ribosom mit Hilfe von in 

vitro Transkriptions-Translations-Assays sowie durch NMR-Spektroskopie und in vivo Assays untersucht 

(Publikation 5.4). Als Translationsschalter des Adenosindeaminase (add)-Gens reguliert Asw die 

Genexpression adeninabhängig, indem es drei verschiedene Konformationen annimmt. Die beiden 

ligandenfreien Konformationen (apoA, apoB) befinden sich in einem temperaturabhängigen 

Präequilibrium. Nach der Adeninbindung wechselt Asw in den funktionellen on-Zustand (holo) mit einer 

zugänglichen Ribosomen-Bindungsstelle, die für die Translationsinitiierung notwendig ist.15–17 Gekoppelte 

Transkriptions-Translations-Assays wurden mit der vor dem sGFP-Gen eingefügten Asw-Sequenz 

durchgeführt, um die Adenin- und rS1-abhängigen Expressionsniveaus zu untersuchen. Es wurden 

Zellextrakte verwendet, die 70S-Ribosomen und rS1-depletierte 70S-Ribosomen enthielten. Die Zugabe 

von Adenin führte in Gegenwart von 5 Äquivalenten rS1 zu einer 1,6-fachen Steigerung der sGFP-

Expression. In Abwesenheit von rS1 blieb das Asw-Schaltverhalten jedoch auf dem Ausgangsniveau, das 

durch die Zugabe von rS1 wiederhergestellt wurde. Die Studie zeigt, dass die Zugabe von Adenin nicht 

ausreicht, um die Sekundärstruktur von Asw in den translatorischen An-Zustand zu überführen. Die 

Chaperonaktivität von rS1, das an die 30S ribosomale Untereinheit gebunden ist, ist wichtig für die 

Auslösung der Riboschalter-Expressionsplattform und die Freisetzung der ribosomalen Bindungsstelle für 

die Translationsinitiierung.  

Das duale Fluoreszenz-basierte in vitro Transkriptions-Translations-System wurde weiter angepasst, um 

gleichzeitig die mRNA- und Proteinlevel von transkriptionellen und translationellen Riboschaltern zu 

überwachen, während sich frühere Studien über Riboschalter auf die Proteinexpression konzentrierten 

(Publikation Bains et al., in Revision). Der Einfluss der Liganden Thiaminpyrophosphat (TPP) und Adenin 

auf die TPP-sensitiven Riboschalter thiM und thiC aus E. coli und Asw aus V. vulnificus wurde untersucht 

(Kapitel III Riboswitches). Die zeitabhängigen mRNA- und Proteinlevels wurden mit einem orthogonalen 

Reportersystem untersucht. Das System besteht aus einem fluoreszierenden Mango-(IV) RNA-Aptamer 

und einem sGFP-Chromophor. Durch die Bindung an das Fluorophor Thiazolorange (TO) wird das RNA-

Aptamer fluoreszent (Kapitel IV Fluorescent RNA Aptamers).18 Das Auslesen der mRNA wurde durch das 

Design des Mango-(IV) RNA-Aptamers als Array-Konstrukt mit vier in Reihe geschalteten 

Aptamersequenzen (M-IVx4) verbessert. Das M-IVx4 Array Konstrukt zeigte eine 2,1-fache Steigerung der 

Fluoreszenzintensität im Vergleich zum Mango-(IV) RNA-Aptamer Monomer Konstrukt (M-IV). Die 

Ergebnisse des zellfreien Transkriptions-Translations-Assays zeigten, dass die beiden TPP-sensitiven 

Riboschalter thiM und thiC in Gegenwart von 100 µM TPP sowohl auf transkriptioneller als auch auf 

translationaler Ebene inaktiviert werden können. Die sGFP-Expression von Asw wurde in Gegenwart von 
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1 mM Adenin um das 1,2-fache erhöht. Dabei zeigte die stabilisierte apoA-Mutante die höchste sGFP-

Expression, während die apoB-Mutante in einem „off“-Zustand blieb. Die translatorische „On-Switch“ 

Aktivität von Asw konnte bestätigt werden, da die mRNA Levels für ASW, apoA und apoB durch die Zugabe 

von Adenin nicht beeinflusst wurden, sondern nur die sGFP-Expression.  

Des Weiteren kann das zellfreie Transkriptions-Translations-System mit sGFP als Indikator verwendet 

werden, um die translations-inhibierende Wirkung eines modifizierten Puromycin-Derivats mit zwei 

photospaltbaren Schutzgruppen zu untersuchen (Publikation 5.5). Die Tyrosyl-Seitenkette von Puromycin 

wurde zu ortho-Nitrophenylalanin modifiziert. Dies führte zu einer Deaktivierung des Puromycins durch 

eine Zyklisierungsreaktion bei Bestrahlung mit Licht im nahen UV-Bereich. Als zweite photoreaktive 

Gruppe wurde eine Thio-Coumarylethyl-Gruppe eingeführt. Dadurch entstand das modifizierte Thio-

DEACM-Nitro-Puromycin mit kontrollierbaren Aktivierungs- und Deaktivierungseigenschaften des 

Puromycins durch wellenlängenselektive Bestrahlung. Das aktive o-Nitro-Puromycin wurde durch 

Bestrahlung des Thio-DEACM-Nitro-Puromycins mit 488 nm freigesetzt und inhibierte 80% der 

ursprünglichen sGFP-Expression. Zusätzlich wurde das Puromycin-Derivat bei Bestrahlung von Thio-

DEACM-Nitro-Puromycin und o-Nitro-Puromycin bei 365 nm bzw. 488/365 nm durch Freisetzung des 

photocyclischen Cinnolin-Puromycin-Derivats inaktiviert. Die Inaktivierung dieser Puromycin-Derivate 

wurde durch hohe sGFP-Werte bestätigt, die mit denen ohne Inhibitorzusatz vergleichbar waren. 

Zusammenfassend ist festzuhalten, dass die Autorin dieser Dissertation einen in vitro Transkriptions-

Translations-Assay entwickelt hat, der eine robuste Untersuchung von Riboschaltern und anderen 

regulatorischen RNAs ermöglicht. Mit dem dualen Fluoreszenz-basierten Assay kann die Dynamik der 

mRNA- und Proteinproduktion als Funktion der Zeit verfolgt werden. Dies ermöglicht eine direkte 

Überwachung der Proteinexpressionskinetik, die durch die mRNA-Struktur, die Verfügbarkeit von 

Riboschalter-Liganden und/oder die mRNA-Codon-Nutzung beeinflusst werden kann. Der Assay erlaubt 

eine einfache Anpassung der Bedingungen wie Temperatur, Zugabe von Metaboliten oder Liganden, 

deren relative Konzentration eingestellt werden kann. 

Zudem war die Autorin dieser Dissertation Teil des COVID19 NMR-Laborteams, das zahlreiche 

isotopenmarkierte RNA- und Proteinproben von SARS-CoV-2 hergestellt und aufgereinigt hat für 

Strukturuntersuchungen mittels NMR-Spektroskopie (Publikationen 5.6-5.13). Zusätzlich wurde die 

Wirksamkeit der konservierten RNA-Regulationselemente und Proteine durch NMR-basiertes Fragment-

Screening experimentell validiert (Publikationen 5.14, 5.15). Potenzielle Binder für Proteine und das RNA-

Genom von SARS-CoV-2 wurden mit Bindungsaffinitäten im mikromolaren bis millimolaren Bereich 

identifiziert. Die Ergebnisse des Screenings werden der medizinischen Chemie Hinweise für die 

Entwicklung neuer Medikamente mit Fragment-basierten Ansätzen liefern.  
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List of Abbreviations 

 

ASW adenine-sensing riboswitch 

2’-AE 2’-O-aminoethyl  

2’-OMe 2’-O-methyl 

2-AP 2-aminopurine 

6-thioG 2’-deoxy-6-thioguanosine 

7-dzaX 7-deaza-2’-deoxyxanthosine  

A adenine 

add adenosine deaminase 

ADM adrenomedullin 

ADP adenosine-5'-diphosphate  

Ago Argonaute protein 

B. subtillis Bacillus subtillis  

C cytosine 

CD circular dichroism  

c-di-AMP cyclic di-adenosine monophosphate  

c-di-GMP cyclic di-guanosine monophosphate  

cDNA complementary DNA 

CECF continuous exchange cell-free 

ceRNA competing endogenous RNA 

CFCF continuous flow cell-free  

CFPS cell-free protein synthesis 

CHIP Chromatin immunoprecipitation 

DFHBI 3,5-difluoro-4-hydroxybenzylidene  
imidazolinone  

DHFR dihydrofolate reductase  

DMHBI 3,5-dimethoxy-4-hydroxybenzylidene  
imidazolinone  

DNA deoxyribonucleic acid 

DNMT DNA methyltransferase  

dsDNA double-stranded DNA  

dsRNA double-stranded RNA 

E. coli Escherichia coli 

EF elongation factor 

eGFP enhanced green fluorescent protein 

EMSA electromobility shift assay 

ENA 2’-O,4’-C-ethylene-linked nucleic acid 

EPHA2 ephrin receptor A2  

ESI-MS electrospray ionization mass 
spectrometry  

FACS fluorescence-activated cell sorting  

FANTOM functional annotation of the mammalian 
genome  

Fendrr fetal-lethal non-coding developmental  
regulatory RNA  

G guanine 

GFP green fluorescent protein 

GSW guanine-sensing riboswitch 

GTP guanosine-5'-triphosphate  

H3K27me3 trimethylation of lysine 27 on histone 3  

H3K4me3 trimethylation of lysine 4 on histone H2 

HIF1A hypoxia-inducible factor 1-alpha 

HIF1α-AS1  hypoxia-inducible factor 1α antisense 1 

HMP 4-amino-5-hydroxymethyl-2- 
methylpyrimidine  

HUSH human silencing hub  

IF initiation factor 

IRES internal ribosomal entry site  

IVEC in vitro expression cloning 

L liter 

LNA locked nucleic acid 

lncRNA long non-coding RNA 

LSD1 lysine-specific demethylase 1  

MALAT1 metastasis-associated lung  
adenocarcinoma transcript 1  

MAT2A methionine adenosyltransferase 2A  

mC 5-methylcytosine  

MEG3 maternally expressed gene 3  

miRNA microRNA 

MLL mixed lineage leukemia 

MP membrane protein 

MPP8 M-phase phosphoprotein 8  

mRNA messenger ribonucleic acid 

N6-8-oxo-
dA 

N6-methyl-8-oxo-2’-deoxyadenosine  

ncRNA non-coding RNA 

NMR nuclear magnetic resonance 

PARTICLE promoter of MAT2A-antisense radiation- 
induced circulating ncRNA 

PCR polymerase chain reaction  

piRNA piwi-associated RNA 

PNA peptide nucleic acid 

PRC2 polycomb repressive complex  

preQ1 7-aminomethyl-7-deazaguanine 
riboswitch 

PURE protein synthesis using recombinant  
elements  

RBS ribosome-binding site 

RF release factor 

RIP RNA immunoprecipitation 

RISC RNA-induced silencing complex  

RNA ribonucleic acid 

RNAP II RNA polymerase II  

RNase T1 ribonuclease T1  

RNP ribonucleoprotein 
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RP-HPLC reversed-phase high-performance liquid  
chromatography  

RRF ribosome recycling factor  

rRNA ribosomal RNA 

SAM S-adenosylmethionine  

SAXS small-angle X-ray scattering  

SD Shine-Dalgarno 

SELEX systematic evolution of ligands by  
exponential enrichment  

SETDB1 SET domain bifurcated histone lysine  
methyltransferase 1 

sGFP shifted green fluorescent protein 

SHAPE 2'-hydroxyl acylation using primer  
extension  

siRNA small interfering RNA 

smFRET single-molecule Förster resonance 
energy  
transfer  

snoRNA small nucleolar RNA 

snRNA small nuclear RNA 

SPHK1 sphingosine kinase 1  

SPHK1-B SPHK1 isoform B  

ssDNA single-stranded DNA  

ssRNA single-stranded RNA  

T thymine 

TER telomerase RNA subunit 

TERT telomerase reverse-transcriptase  

TFIIB transcription factor IIB  

TGF-β transforming growth factor-β  

TO thiazole orange  

TO1-biotin thiazole orange 1-biotin  

TPP thiamine pyrophosphate  

TPP thiamine pyrophosphate  

tRNA transfer ribonucleic acid 

TrxG trithorax group 

TTS triplex-target site  

U uracil 

UAA unnatural amino acid 

UTR untranslated region 

UV ultraviolet 

V. vulnificus Vibrio vulnificus  

Xist X-inactive-specific transcript  
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1.1 RNA overview 

 The cellular identity, development, proper function, and response to environmental changes of complex 

organisms are based on the regulation of gene expression because each cell contains identical copies of 

the genome. The genome is transcribed into numerous ribonucleic acids (RNAs) that vary in size, 

abundance, and protein-coding ability.19 According to the central dogma of molecular biology, RNA is 

considered as an intermediate molecule in the transcription of deoxyribonucleic acid (DNA) into 

messenger RNA (mRNA), which is further translated into protein.20 RNA is not only involved in the transfer 

of genetic information, but is also known to have various regulatory, structural, and enzymatic functions. 

Sequence mutations and dysfunctions of RNAs or ribonucleoproteins (RNPs) complexes are the cause of 

various diseases such as autoimmune diseases,21,22 cancer,23–25 cardiovascular diseases,23,26 diabetes,27,28 

obesity,27,28 neuromuscular and neurodegenerative disorders.1,29,30 Therefore, understanding the role of 

RNAs involved in gene regulatory mechanisms is crucial for the development of RNA-based therapeutics.1 

RNA and DNA are composed of four basic building blocks, including two purine nucleobases, adenine (A) 

and guanine (G), and the pyrimidine nucleobases, cytosine (C), uracil (U) in RNA, and thymine (T) in DNA, 

which possess a sugar moiety and are linked by phosphodiester bonds (Figure 1A).31 In 1953, Watson and 

Crick, along with Rosalind Franklin's X-ray diffraction results, revealed the structure of the DNA double 

helix. Interactions between complementary nucleobases within the two anti-parallel DNA strands are 

mediated by hydrogen bonds, which have been characterized as the canonical G-C and A-T Watson-Crick 

base pairs, and as A-U in RNA strands (Figure 1B).32  

Structural diversity of RNA is much greater, mainly due to the fact that RNA is transcribed as a single stand, 

allowing RNA motifs to form through intra- or intermolecular interactions, whereas DNA strands form 

double helical structures.33 Leontis and Westhof categorized RNA base pairs based on the interaction sites 

for hydrogen bonding of the nucleobases, which are divided into three edges, namely the Watson-Crick, 

sugar, and Hoogsteen or C-H edge of purines and pyrimidines, respectively. A total of 12 geometric 

families have been reported with respect to the orientation of the glycosidic bonds attached to the bases 

in either cis or trans configuration.34,35 The G·U wobble base pair has been identified in numerous 

functional RNAs such as ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), and ribozymes (Figure 1C).36 

Ladner et al. solved the G·U wobble base pair structure at atomic resolution in yeast tRNAPhe.36,37 Another 

example of cis Watson-Crick/Watson-Crick base pairs is the hemi-protonated C·C+ base pair that was 

observed in the catalytic pocket of the hammerhead ribozyme (Figure 1C).38 G-rich sequences can interact 

as G·G noncanonical base pairs to form G-quadruplex structures in the presence of monovalent cations 

(Figure 1D).39,40 In addition, the cis Watson-Crick/Hoogsteen interaction is important for base triplet 
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formation (shown in Figure 3).35 The metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) 

lncRNA can form an intramolecular RNA triple helix using U·A non-canonical base pairs (Figure 1D).41,42  

 

Figure 1. Overview of base pairs that are present in RNA structures. (A) Chemical structure of an RNA chain showing the 

nucleobases that are attached to the sugar moiety and the phosphodiester bonds. (B) Chemical structures of the canonical G-C 

and A-U base pairs. (C) Chemical structures of the cis Watson-Crick/Watson-Crick base pairs including the G·U and C·C+ base pairs. 

(D) Chemical structures of the cis Watson-Crick/Hoogsteen base pairs including the G·G and U·A base pairs. 

The interaction between various molecules and RNA occurs due to its ability to form secondary structures 

by base pairing between complementary nucleobases, resulting in shielding or exposure of the recognized 

regions within the RNA.2 Double-helical RNA adopts the A-form helix, other non-helical RNA secondary 

structures are based on the different base pairing and base stacking patterns, resulting in structural motifs 

such as double helices, hairpins, bulges, internal loops, and junctions. In particular, the three-dimensional 

structural organization of RNA elements specifies the regulatory functions described by base pairing, 

including canonical Watson-Crick, wobble, and non-canonical base pairs, as well as long-range 

intramolecular interactions.43 

1.2 Small non-coding RNAs 

 Non-coding RNAs (ncRNAs) are key regulators of gene expression in humans and many other organisms 

at the levels of transcription, RNA processing, and translation. Analysis of the human genome revealed 
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that 73% of the transcribed genes are non-coding and only 2% of the genome is translated into functional 

proteins.44,45  

Small ncRNAs are divided into housekeeping and regulatory ncRNAs. Housekeeping RNAs include small 

nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), tRNAs, and rRNAs.19 The snRNA class has been 

identified in the nucleus of eukaryotic cells and controls processes such as mRNA splicing, telomere 

maintenance, and RNA polymerase II transcription factor regulation.43,46 Chemical modifications such as 

pseudo-uridylation and 2’-O-methylation of rRNAs and tRNAs are introduced by snoRNAs in a complex 

with RNA-binding proteins as ribonucleoproteins (snoRNPs).47–49 Both tRNAs and rRNAs play a central role 

in the translation of mRNA into peptides and proteins.50 During translation initiation, the translation start 

site is determined by the binding of the 3’-end of the 16S rRNA in the small 30S ribosomal subunit to the 

initiator codons in the 5’-end of the mRNA.51  

MicroRNAs (miRNAs), small interfering RNAs (siRNAs) and piwi-associated RNAs (piRNAs) have been 

identified as small regulatory ncRNAs. Approximately 22 nucleotides (nt) long single-stranded miRNAs 

control gene expression at the post-transcriptional level by binding to the complementary mRNA, 

resulting in translation inhibition or mRNA degradation and gene silencing.7,52 Specifically, miRNAs have 

been described as regulators of endogenous genes, whereas siRNAs maintain genome integrity in 

response to viral infection by invading exogenous genes. Both miRNAs and siRNAs are processed by the 

enzyme Dicer from their double-stranded RNA (dsRNA) precursors into short, approximately 20-30 nt RNA 

fragments of incomplete dsRNA stem-loop precursors and perfectly base paired dsRNAs, respectively.53 

In addition, the processed RNA strand interacts with Argonaute (Ago) proteins to form the RNA-induced 

silencing complex (RISC), which allows the target RNA recognition by Watson-Crick base pairing to enable 

the RNA silencing mechanisms of miRNAs and siRNAs.54 Another class of small ncRNAs are piRNAs. These 

are approximately 27 nt long, bind to Ago-related piwi proteins, and are generated in the germline of 

many animals. They have been extensively studied in Drosophila, where regulation of gene expression by 

transcriptional silencing of transposons and the control of somatic development have been described.55–

57 In particular, these processes have been described in plants and animals to confer transcriptional 

resistance to parasitic invasion.2  

1.3 Long non-coding RNAs 

 The non-coding genome can be divided into short non-coding RNAs (such as miRNAs) with a length of 

less than 200 nt and long non-coding RNAs (lncRNAs) with a length of more than 200 nt. In the early 2000s, 

the large-scale sequencing project based on complementary DNA (cDNA) sequencing of the mouse 

genome by the Functional Annotation of the Mammalian Genome (FANTOM) consortium discovered 
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11,665 non-coding RNAs as a major component of the mouse transcriptome compared to the 4,258 small 

amount of the mouse genome transcribed into protein-coding mRNAs.58 The subsequent FANTOM3 

consortium project published 34,030 lncRNAs using cDNA sequencing.59 More recently, the GENCODE 

consortium annotated 19,379 protein-coding and 19,933 lncRNA genes of the human genome (GENCODE 

V42, January 2023).60  

LncRNAs are classified based on their genomic proximity to protein-coding genes, and are described as 

overlapping, sense, cis-antisense, trans-spliced, intronic, bidirectional, and intergenic lncRNAs.61 Similar 

to mRNAs, many lncRNAs are transcribed by the RNA polymerase II, including 5’-end capping, and 3’-end 

polyadenylation. Due to low sequence conservation, lncRNAs were thought to be non-functional. In fact, 

lncRNAs are expressed in a cell type-specific manner and contain shorter conserved sequences with 

functional structures and domains that regulate processes of chromatin modification, transcription, and 

post-transcription. LncRNAs have been shown to bind to DNA, RNA, and proteins. Interactions occur 

between single-stranded DNA (ssDNA), single-stranded RNA (ssRNA), and double-stranded DNA (dsDNA) 

to form motifs such as RNA:DNA heteroduplexes, also called R-loops, and RNA:DNA:DNA triplexes (Figure 

2A).4  

The molecular functions of lncRNAs have been classified into four archetypes as molecular signals, decoys, 

guides, and scaffolds (Figure 2B).62 LncRNA expression regulates transcription as molecular signals at the 

levels of initiation, elongation, and termination (Figure 2B). Many processes are regulated by the lncRNAs 

at the post-transcriptional level, including mRNA processing, splicing, editing, transport, translation, and 

degradation (Figure 2C).4 Epigenetic regulation of lncRNAs occurs through recruitment of chromatin-

modifying complexes to DNA, which can methylate histones and inhibit transcription.62 One of the first 

lncRNAs discovered was the approximately 17 kilobase (kb) long cis-acting lncRNA X-inactive-specific 

transcript (Xist), which covers the X-chromosome from which it is transcribed, resulting in X-chromosome 

inactivation through recruitment of silencing factors such as the polycomb repressive complex (PRC2) 

(Figure 2C).61 Moreover, lncRNAs can serve as molecular decoys, in which the transcribed lncRNA binds to 

RNA-binding proteins, such as transcription factors, regulatory factors, and chromatin modifiers, and 

titrates them away (Figure 2B).62 An example of a decoy is the lncRNA transcribed from the human 

dihydrofolate reductase (DHFR) gene. The lncRNA prevents preinitiation complex formation by forming a 

stable RNA:DNA complex in the promoter region and interacting with transcription factor IIB (TFIIB) 

(Figure 2C).63 Additionally, lncRNAs can act as guides by recruiting chromatin-modifying enzymes to form 

ribonucleoprotein complexes at the target gene in a cis- or trans-specific manner. Another transcriptional 

modulation mechanism involves the co-activation and interaction with transcriptional cofactors that 

modulate RNA polymerase II (RNAP II) activity (Figure 2C). Furthermore, lncRNAs indirectly interact with 
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mRNAs and upregulate target mRNAs. Post-transcriptional regulation occurs as competing endogenous 

RNAs (ceRNAs) that can bind to miRNA as a sponge (Figure 2C).24,64 As scaffolds, lncRNAs control gene 

expression at the transcriptional level by recruiting multiple RNA-binding proteins such as chromatin 

modifiers, or species-specific accessory proteins to the gene promoter regions, which may have 

transcriptional activating or repressing functions (Figure 2B,C).62 

 

Figure 2. Overview of lncRNA interactions, regulatory mechanisms and functions. (A) Schematic representation of the lncRNA 

interaction partners. LncRNAs regulate gene expression at various levels through DNA, RNA and protein interactions. (B) 

Schematic representation of the four archetypes of regulatory mechanisms. LncRNAs can act as signals, guides, decoys, and 

scaffolds. (Adapted from Wang and Chang62) (C) LncRNAs are involved in numerous biological processes such as chromatin and 

transcriptional regulation that occur in the nucleus. The miRNA interactions and post-transcriptional regulation take place in the 

cytoplasm. (Adapted from Cheng et al.65) 
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1.4 Triplexes 

Gene expression by lncRNAs is regulated by molecular mechanisms, including intermolecular RNA-

protein, RNA-DNA, and RNA-RNA interactions. A possible regulatory mechanism of lncRNAs in targeting 

specific DNA sequences includes RNA:DNA:DNA triplexes and RNA:DNA hybrid formation. The cellular 

functions of RNA:DNA:DNA triplexes include chromatin modifications, DNA repair, transcriptional 

regulation and post-transcriptional RNA processing.66 The first triple helix, also known as triplex 

formation, was demonstrated by Felsenfeld et al. in 1957 using a 2-fold excess of poly-U strand over poly-

A strand in the presence of MgCl2.67 Moser et al. formed triplexes using oligonucleotide sequences 

(15mers) as triplex-forming oligonucleotides (TFOs) that bind to the major groove of the DNA via 

Hoogsteen hydrogen bonds.68  

Single-stranded RNAs (ssRNAs) or TFOs bind to the major groove of double-stranded DNA (dsDNA) or the 

triplex-target site (TTS) through weaker Hoogsteen or reverse Hoogsteen hydrogen bonds compared to 

the strong Watson-Crick base-pairing of the dsDNA. Depending on the sequence specificity and the 

resulting orientation of the RNA strand to the DNA strand, two different classes of intermolecular triplexes 

can be formed, namely parallel and anti-parallel triplexes (Figure 3A).6  

Anti-parallel triplexes are formed by reverse Hoogsteen base pairing of purine-rich RNA to double-

stranded DNA, resulting in the following triplets: U·AT, G·GC, and A·AT (Figure 3B). They are formed under 

physiologically relevant pH conditions in the presence of multivalent cations such as Mg2+, but triplex 

formation with G-rich sequences can compete with G-quadruplex formation, especially in the presence of 

K+.6,69 Parallel triplexes are formed when pyrimidine-rich RNA binds to dsDNA through Hoogsteen 

hydrogen bonds, resulting in U·AT, G·GC, and C+·GC triplets. The formation of C+·GC triplexes requires 

acidic pH for cytosine protonation, whereas anti-parallel triplexes are formed at neutral pH (Figure 3C).70 

The orientation of the third strand is determined by its sequence. Parallel triplexes are preferentially 

formed by TC- or UC-rich sequences and anti-parallel triplexes by AG-rich sequences, whereas TG- or UG-

rich sequences can form both parallel and anti-parallel triplexes (Figure 3).6  
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Figure 3. Overview of triplex formation. (A) Schematic representation of anti-parallel and parallel triplex formation between the 

triplex target site and the triplex-forming oligonucleotide. (B) Chemical structures of T·AT, G·GC, and A·AT anti-parallel triplexes. 

(C) Chemical structures of U·AT, G·GC, and C+·GC parallel triplexes. (Adapted from Jain et al.71) 

Triplex stability is determined by the steric properties and the availability of hydrogen acceptor and donor 

groups from the RNA (or DNA) third strand.66 Sandström et al. used circular dichroism (CD) and nuclear 

magnetic resonance (NMR) spectroscopy to demonstrate that A-tract DNA TTS are unfavorable for triplex 

formation due to their intrinsically rigid and highly propeller-twisted structure.72 Thermodynamic studies 

have shown improved relative stability of triplex formation when the third strand consists of RNA rather 

than DNA.73,74 Kunkler et al. determined the stabilities of 16 parallel U·AT-rich RNA:DNA:DNA triplexes as 

a function of base triplet composition and RNA strand length using native gel-shift assays and thermal 

denaturation assays. The most stable triplexes were formed with canonical U·AT and C·GC base triplets. 

However, triplex stability is significantly more dependent on the identity of the Watson-Crick base pairs 

than on the Hoogsteen base pairs. Triplexes can tolerate a limited number of consecutive non-canonical 

base triplets except for C·AT, A·AT, and G·AT. The optimal RNA strand length has been determined to be 

between 19 and 27 nucleotides with apparent binding constants of approximately 220 nM.75  
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Biophysical studies of triplexes destabilized by non-perfect complementarity using CD and NMR 

spectroscopy showed that the insertion of mismatches, bulges, loops, or other structures was 

tolerated.76,77 However, destabilization effects depended on the number of proximal mismatches and 

their location in the triplex sequences. Larger destabilizing effects were obtained for mismatches in the 

center of the triplex compared to those located at the terminal positions.78,79 Kinetic studies of triplexes 

revealed three orders of magnitude slower triplex association rates (~ 103 M-1 s-2) compared to duplex 

association, and half-lives ranging from several minutes to days, depending on the triplex sequences.80,81 

Triple helices have been identified in several naturally occurring RNAs, such as the S-adenosylmethionine 

(SAM)-bound riboswitch,82,83 the U2/U6 snRNA triplex,84 the human telomerase RNA pseudoknot,85 and 

the metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) lncRNA42. In addition, miRNAs 

have been shown to regulate transcription through miRNA:DNA:DNA triplex formation stabilized by Ago 

proteins.86 

1.4.1 Intramolecular triplexes 

Intramolecular DNA triplexes, also called H-DNA, were first identified as homopyrimidine-homopurine 

mirror repeat sequences within plasmid DNA. In general, these mirror repeat sequences are located near 

the regulatory promoter regions of eukaryotic genes.71 Bacolla et al. demonstrated the presence of long 

homopyrimidine and homopurine sequences of more than 100 base pairs in introns, promoters, and 5’- 

and 3’-untranslated regions of genes using human genome-wide studies.87 The intramolecular triplex 

structure is formed when half of the DNA double helix is disrupted into its single strands, followed by 

base-pairing with a complementary single strand, resulting in a triple helix conformation.88 The single-

stranded DNA not involved in the H-DNA triplex formation remains single-stranded.71  

In 1985, Lyamichev et al. demonstrated the H-DNA structural transition of supercoiled DNA plasmids 

containing oligopyrimidine and oligopurine repeat sequences using two-dimensional gel electrophoresis. 

Similar to the parallel-motif triplexes, the intramolecular H-DNA triplexes are formed under acidic pH 

conditions.89 In contrast, the intramolecular homopurine-homopyrimidine sequences are formed into H-

DNA-like structures called as *H-DNA triplexes, which are formed at neutral pH and in the presence of 

Mg2+, analogous to the anti-parallel triplex formation in reverse Hoogsteen configuration.90 

Intramolecular triplex formation in living cells at single-base resolution has been confirmed in E. coli using 

various chemical probes such as osmium tetroxide91, trimethyl psoralen92, and chloroacetaldehyde93, 

although the experiments were performed under non-physiological conditions. To investigate the 

regulatory effect of intramolecular triplexes on gene expression, the triplex sequences were inserted into 

the coding region of the β-lactamase promoter or lacZ gene and the expression of the reporter proteins 
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β-lactamase or β-galactosidase was monitored.94,95 Furthermore, in vitro experiments showed that 

intramolecular triplexes can interrupt DNA polymerase while acting as arrest signals or acting as pause 

sites during DNA replication processes in vivo.96  

Intramolecular RNA triplexes play a key role in stabilizing the tertiary structure and folding of RNA.97,98 The 

pseudoknot RNA-folding motif is described by pseudoknot structural elements that are stabilized by 

triplex formation for optimal catalytic activation of human and yeast telomerases. The ends of linear 

eukaryotic chromosomes are protected from degradation and chromosome fusion by telomeres, which 

are DNA-protein complexes. The linear ends of eukaryotic chromosomes are replicated by telomerase, an 

approximately 1000 kDa ribonucleoprotein (RNP) complex consisting of an RNA subunit (TER) that 

provides the RNA template for the telomeric DNA synthesis, by telomerase catalytic reverse-transcriptase 

(TERT), and by binding of other protein factors.99,100  

Some RNA pseudoknots can form triplex structures that are formed between RNA hairpin loop sequences 

and their complementary bases located elsewhere in the RNA sequence. They can regulate protein 

synthesis by regulating translation initiation when pseudoknots are located at the internal ribosomal entry 

site (IRES), or -1 ribosomal frameshifting has been found in many viruses.101 

1.4.2 Biochemical and biophysical characterization of triplexes 

To fully understand the biological functions and molecular mechanisms of triplexes, it is important to gain 

insight into their structural features using various biochemical and biophysical techniques such as triplex-

specific antibodies, electromobility shift assays (EMSAs), CD spectroscopy, melting curve analysis and 

solution NMR spectroscopy, together with molecular modeling approaches.102 

Bioinformatics tools such as TriplexAligner, Triplexator, and Triplex Domain Finder have revealed the 

existence of many triplex-forming motifs in the gene-regulatory regions of the genome, such as the 

promoter region, which strongly suggesting a regulatory mechanism by triplex formation in vivo.9,103,104 

The in vivo existence of triplexes has been demonstrated using various approaches, such as triplex-binding 

monoclonal antibodies (Jel318, Jel466)105,106, triplex-recognizing fluorescent molecules107, and 

immunofluorescence staining of chromosomes with triplex-specific monoclonal antibodies106. Lubitz et al. 

demonstrated a strong binding affinity of the fluorescent dye thiazole orange (TO) for DNA triplexes and 

G-quadruplex DNA compared to dsDNA.107 Moreover, Dixon et al. demonstrated the helicase activity of 

RecQ, which cleaves triplex structures in the 3’- to 5’-direction of DNA triplexes.66,108 EMSAs provide a 

simple and popular approach to validate triplex formation by shifting to a higher molecular weight for the 

triplex sample compared to ssDNA and dsDNA. Additionally, RNase H digestion allows the differentiation 

between triplexes and DNA:RNA heteroduplexes.109–111 
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Biophysical methods such as CD spectroscopy, ultraviolet (UV) and thermal melting assays showed distinct 

features for triplexes compared to dsDNA and RNA:DNA heteroduplexes. For anti-parallel triplexes, 

changes in ellipticity are prominent, such as the two negative peaks at ~210 and 240 nm, a small positive 

peak at ~220 nm, and a blue shift of the peak at ~280 nm to ~270 nm in the CD spectrum.112,113 The CD 

spectrum of a parallel triplex includes two negative peaks at ~210 and 240 nm, a transition at ~260 nm, 

and a large positive ellipticity peak at ~280 nm (Figure 4A).114 Moreover, the biphasic melting transition is 

a characteristic feature of triplex formation, which is described by the first melting temperature resulting 

from the dissociation of the RNA from dsDNA by melting of the weaker Hoogsteen hydrogen bonds. The 

second transition at higher temperatures corresponds to the melting of the strong Watson-Crick base 

pairing of the dsDNA (Figure 4B).115 

In addition to the X-ray crystal structures of the RNA:DNA:DNA triplexes, solution state NMR studies of 

various triplexes were performed to gain insight into their structural properties without the need to 

crystallize the complex. The proton NMR spectra of parallel and anti-parallel triplexes formed inter- or 

intramolecularly show characteristic resonances in the imino region. The imino protons involved in 

Watson-Crick base pairing resonate between 13.7 and 14.3 ppm and for Hoogsteen interactions between 

12.9 and 13.6 ppm (Figure 4C). In particular, for parallel triplexes such as C+·GC, the imino protons of the 

guanosine resonate between 13.3 and 12.6 ppm and those of protonated cytidine between 14.5 and 

16.0 ppm at acidic pH.70,116,117 NMR studies of anti-parallel triplexes were performed in a Li+ buffer system 

to inhibit G-quadruplex formation of the guanosine-rich sequences in the presence of Na+ and K+.118 

Furthermore, Sørensen et al. determined the NMR solution structure of an intramolecular dsDNA:locked 

nucleic acid (LNA) triplex as a spiral-like hydrogen bonding pattern of the nucleobases.119 

 

Figure 4. Biophysical characterization of triplex-forming lncRNA MEG3 and TGFB2 target DNA. All samples were prepared in triplex 

buffer (25 mM HEPES, 50 mM NaCl, 10 mM MgCl2 (pH 7.4)). (A) CD spectra of the RNA:DNA:DNA triplex (red), RNA:DNA 

heteroduplex (gray), and DNA duplex (black). (B) Thermal melting assay of the RNA:DNA:DNA triplex (red), RNA:DNA 

heteroduplex (gray), and DNA duplex (black). (C) NMR spectra of the RNA:DNA:DNA triplex (red), RNA:DNA heteroduplex (gray), 

RNA alone (blue), and DNA duplex (black). NMR spectra were measured in 5% D2O at 298K. 
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1.4.3 Chemical modifications of TFOs 

Triplex-forming oligonucleotides are promising tools for gene targeting and modification. Their 

modification strategies are being studied to investigate their therapeutic relevance. In general, 

oligonucleotides can be modified to improve target binding affinity, specificity, and stability to enhance 

the delivery and uptake of TFOs into cells for in vivo applications.120,121 To modify these TFOs, the ease of 

synthesis of starting reagents and the introduction of chemical modifications to the bases, e.g., the sugar-

phosphate backbone or at the 5’- and 3’-ends of the oligonucleotides, are advantageous.71  

The nucleobases of TFOs can be modified, where the cytosines used for parallel triplex formation can be 

substituted by 5-methylcytosine (mC)122 or N6-methyl-8-oxo-2’-deoxyadenosine (N6-8-oxo-dA)123 to 

reduce the pH dependence in the parallel triplex motif. The TFOs used for anti-parallel motif triplexes can 

be modified to prevent intramolecular secondary structure formation, which was achieved by 2’-deoxy-

6-thioguanosine (6-thioG)124 and 7-deaza-2’-deoxyxanthosine (7-dzaX)125 substitutions (Figure 5).  

Modifications of the deoxyribose sugar moiety have been developed to improve TFO stability, as the RNA 

third strands form more stable triplexes compared to DNA.73 The 2’-O-methyl ribose (2’-OMe) 

modification has been described to stabilize triplex formation due to the C3’-endo sugar conformation 

and reduced sensitivity to RNase H.126–129 The 2’-O-aminoethyl ribose (2’-AE) modification stabilizes triplex 

formation by reducing phosphate charge repulsion at physiological pH due to the positively charged amino 

group (Figure 5).130–132  

Other sugar modifications were introduced using locked nucleic acids (LNAs) and 2’-O,4’-C-ethylene-

linked nucleic acids (ENAs). The LNA molecules provided a C3’-endo locked conformation resulting in 

stabilized triplexes that were initiated by restricted flexibility in the furanose ring due to the methylene 

bridge between the 2’-O, 4’-O and 4’-C.133–135 Frieden et al. demonstrated increased resistance to 3’-

exonuclease and S1-endonuclease digestion of LNA oligonucleotides characterized by reversed-phase 

high-performance liquid chromatography (RP-HPLC) and electrospray ionization mass spectrometry (ESI-

MS).136 Partially modified LNA triplexes were shown to have increased thermal stability and binding 

affinity, although formation of fully modified LNA triplexes was inhibited.137–139 Triplexes formed with 

partially modified ENA oligonucleotides have been reported to have increased stability due to the C3’-

endo conformation, similar to LNA TFOs, but with the advantage of triplex formation with fully modified 

ENA TFOs at physiological pH (Figure 5).138  

Several phosphodiester backbone modifications to increase triplex stability and resistance to enzymatic 

degradation have been introduced by acridine-linked phosphorothioates140, N3’-P5’ 

phosphoramidates141, and phosphorodiamidate morpholino oligonucleotides142 where their uncharged 
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backbones reduce the electrostatic repulsion of the negatively charged dsDNA phosphodiester backbone. 

Furthermore, peptide nucleic acids (PNAs) were designed to overcome the electrostatic repulsion of the 

dsDNA phosphodiester backbone with a substituted sugar-phosphate backbone, using an uncharged N-

(2-aminoethyl)glycine polyamide. Sequence-specific binding of PNAs to dsDNA targets was proposed to 

occur by strand displacement, resulting in very stable triplexes with high resistance to nucleases and 

proteases.143,144 Hu et al. showed that PNAs can recognize chromosomal target sequences and regulate 

gene expression by inhibiting transcription in human cancer cells (Figure 5).145  

 

Figure 5. Overview of chemical modifications introduced in TFOs including base, sugar, and backbone modifications. (Adapted 

from Duca et al.102) 

1.5 R-loops 

R-loops, also known as RNA:DNA heteroduplexes, are commonly formed as intermediates during DNA 

replication, DNA repair, and transcription. In 1960, the first RNA:DNA hybrids were synthesized using 

polyriboadenylic acid and polydeoxyribothymidylic acid and characterized by spectrophotometric and 
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ultra-centrifugation experiments.146 Hall and Spiegelman reported the formation of RNA:DNA hybrids by 

annealing T2-specific RNA molecules produced in bacteriophage-infected cells and denatured viral 

DNA.147 The crystal structure of RNA polymerase (RNAP) demonstrated that RNA:DNA hybrids of eight 

base pairs in length were formed within the active site of RNAP II. Inside the transcription bubble, the 

interaction between single-stranded RNA and double-stranded DNA occurs, where the RNA:DNA hybrid 

is formed and results in a displacement of the second DNA strand.148 

Lesnik and Freier reported that the thermodynamic stability of RNA:DNA heteroduplexes, as compared to 

that of DNA and RNA duplexes, depends on the length and composition of the oligonucleotide strands, 

with the percentage of deoxypyrimidine in the DNA strand to the corresponding DNA or RNA strand 

(A)n:(T/U)n. They demonstrated decreased thermal stability for shorter oligonucleotides and for hybrids 

composed of high (A)n:(T/U)n content when present in continuous stretches within the sequence.149,150 

Roberts and Crothers demonstrated higher stability of RNA:DNA hybrids containing a purine-rich RNA 

strand and a pyrimidine-rich DNA strand compared to DNA duplexes.73 Structural analysis of RNA:DNA 

heteroduplexes by solid-state NMR and X-ray diffraction studies suggested changing conformations for 

the RNA:DNA heteroduplex depending on its hydration state between the B-form as compared to dsDNA 

and the A-form as dsRNA.150  

RNase H enzymes specifically recognize and cleave the RNA moiety of RNA:DNA heteroduplexes during 

replication to remove the RNA primers. In addition, in bacteria, R-loops are unwound by the RecG DNA 

helicase and the Rho RNA helicase, as well as by the Cas3 protein, which cleaves R-loops in the presence 

of ATP, whereas its RNA:DNA annealing process occurs in the absence of ATP. In eukaryotes, R-loops are 

cleaved by the Pif1 DNA helicase, the human DHX9 (RHA) RNA helicase, and the human senataxin 

helicase.111  

1.6 Triplex-forming lncRNAs 

While RNA:DNA:DNA triplex formation has been studied in vitro for many years, the identification of 

triplex-forming lncRNAs in vivo and their physiological relevance was demonstrated 50 years later. In 

2007, Martianov et al. demonstrated triplex formation between a major promoter and an interfering non-

coding RNA transcribed upstream of the minor promoter of the human gene encoding dihydrofolate 

reductase (DHFR). The formation of anti-parallel triplexes was analyzed using in vivo and in vitro 

experiments such as chromatin immunoprecipitation (ChIP), RNA immunoprecipitation (RIP), and 

electromobility shift assays. Transcriptional repression of the GC-rich major promoter occurred through 

interaction between the AG-rich non-coding RNA and transcription factor IIB (TFIIB), followed by the 

dissociation of the pre-initiation complex from the major promoter (Figure 6A).63  



Chapter I 
RNA:DNA:DNA Triplexes 

30 

Schmitz et al. reported transcriptional regulation of ribosomal RNA genes by promoter-associated RNAs 

(pRNAs) through RNA:DNA:DNA triplex formation with the transcription factor (TTF-1) target site within 

the rRNA promoter recognized by DNA methyltransferases 3a and b (DNMT3a and b). They proposed an 

ncRNA-dependent DNA methylation mechanism as pRNAs can target the enzymes DNMT3a and DNMT3b 

to specific genomic sites through heterochromatin formation in the rDNA promoter, resulting in DNA 

methylation and transcriptional silencing (Figure 6B).109 

Furthermore, fetal-lethal non-coding developmental regulatory RNA (Fendrr) is critical for mammalian 

heart and body development by cis- and trans-regulating gene expression of the target promoters Foxf1 

and Pitx2, respectively. Grote et al. proposed an epigenetic control mechanism for Fendrr to recruit the 

polycomb repressive complex 2 (PRC2) or trithorax group/mixed lineage leukemia (TrxG/MLL) protein 

complexes to the target promoter, which can modify its histone methylation status by repressing or 

activating histone marks, respectively. They identified a 40 nt long UC-rich Fendrr RNA region that can 

form parallel-oriented DNA:RNA triplexes with its target promoters Foxf1 and Pitx2.8 The epigenetic 

modifier PRC2 is recruited by Fendrr to the target promoters, resulting in repressive marks as 

trimethylation of lysine 27 on histone 3 (H3K27me3), whereas the TrxG/M:Fendrr complex provides 

activating marks through trimethylation of lysine 4 on histone H2 (H3K4me3) (Figure 6C).7 

Postepska-Igielska et al. functionally characterized the UC-rich lncRNA Khps1, which is an antisense 

transcript of the proto-oncogene sphingosine kinase 1 (SPHK1) gene, which induces proliferation and 

protects cells from apoptosis.151,152 Upstream of the transcription start site of SPHK1 isoform B (SPHK1-B), 

several triplex target sites or triplex-forming regions have been proposed to interact with the lncRNA 

Khps1. Thus, SPHK1 transcription is induced by Khps1 through the recruitment of the histone 

acetyltransferase p300/CBP to the promoter region, resulting in an open chromatin structure with 

modified histones, which further ensures the binding of the transcription factor E2F1.151 Recently, a 

follow-up study revealed a “feed-forward” transcriptional regulation mechanism involving a 

RNA:DNA:DNA triplex formation between the SPHK1 enhancer (eSPHK1) and Khps1 with the recruitment 

of E2F1 and p300, which induced eRNA-SPHK1 and SPHK1 mRNA transcription. SPHK1 expression was 

enabled by inhibited binding of the transcription factor CTCF (Figure 6D).153,154  

O’Leary et al. showed that the GA-rich antisense lncRNA promoter of the MAT2A-antisense radiation-

induced circulating ncRNA (PARTICLE) is transcribed from the methionine adenosyltransferase 2A 

(MAT2A) promoter region by low-dose irradiation. Triplex formation occurs between PARTICLE and the 

MAT2A promoter, which inhibits the expression of the tumor suppressor MAT2A. The triplex formation 

induces the recruitment of transcriptional repressor complex subunit proteins of the PRC2 complex, 

namely G9a and SUZ12 that inhibits the MAT2A expression by methylating its CpG region (Figure 6E).155  
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Mondal et al. described the regulatory mechanism of the triplex-forming and chromatin-interacting 

lncRNA transcribed from human maternally expressed gene 3 (MEG3), where its GA-rich sequences direct 

MEG3 to transforming growth factor-β (TGF-β) chromatin target genes in a trans-regulatory manner via 

anti-parallel RNA:DNA:DNA triplex formation. Triplex formation was confirmed by in vitro assays such as 

EMSA and CD spectroscopy, as well as in vivo immunostaining experiments using anti-triplex monoclonal 

antibodies. MEG3 contains PRC2-interacting sequences that can scaffold PRC2 components to the 

chromatin by introducing H3K27me3 marks and inhibit transcription of the TGF-β (TGFBR1) target genes 

through triplex formation (Figure 6F).156  

Another trans-acting and GA-rich lncRNA HOTAIR, transcribed from the HOXC locus, was shown by Kalwa 

et al. to regulate gene expression of cellular aging processes in mesenchymal stem cells at the level of 

DNA methylation via triplex formation. The transcription of the HOTAIR target genes PCDH7 and HOXB2 

is inhibited by triplex formation and subsequent scaffolding of the histone modification complexes such 

as PRC2 and lysine-specific demethylase 1 (LSD1) (Figure 6G).157 

The triplex-forming and trans-acting lncRNA HIF1α-AS1 is an antisense transcript of the hypoxia-inducible 

factor 1-alpha (HIF1A) gene, which is an oxygen-dependent, angiogenic and lung disease-related lncRNA. 

Anti-parallel triplex formation was identified between HIF1α-AS1 and the DNA target genes of ephrin 

receptor A2 (EPHA2) and adrenomedullin (ADM). Chromatin modifying proteins such as the M-phase 

phosphoprotein 8 (MPP8) and SET domain bifurcated histone lysine methyltransferase 1 (SETDB1) from 

the human silencing hub (HUSH) complex are recruited by the lncRNA to the target genes mediating gene 

silencing (Figure 6H).158 
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Figure 6. Overview of triplex-forming lncRNAs and their proposed regulatory mechanisms. (A) The interfering ncRNA DHFR 

interacts with the major promoter through triplex formation and binds TFIIB, leading to dissociation of the pre-initiation complex 

and transcriptional repression. (B) Promoter-associated RNA methylates the CpG sites by recruiting DNA methyltransferase 

enzymes, resulting in transcriptional silencing. (C) The triplex-forming lncRNA Fendrr recruits the chromatin modifiers PRC2 and 

MLL, which can set the repressive marks H3K27me3 and H3K4me3 at the target genes such as Foxf1, leading to repressed gene 

expression. (D) The SPHK1 mRNA transcription is enhanced by the interaction of the triplex-forming lncRNA Khps1 with the 

transcription factors p300/CBP and E2F1. (E) The anti-sense triplex-forming lncRNA PARTICLE is transcribed from MAT2A upon 

irradiation. Gene expression is downregulated by binding of a transcription-repressive complex to the triplex. (F) The trans-acting 

lncRNA MEG3 inhibits the gene expression of its target genes through anti-parallel triplex formation and recruitment of PRC2. 

(G) HOTAIR represses transcription of its target genes through triplex formation and recruitment of histone-modifying complexes 

such as PRC2 and LSD1. (H) HIF1α-AS1 mediates gene silencing of its target genes such as EPHA2 and ADM through triplex 

formation and recruitment of the HUSH complex, resulting in repressive chromatin at the target loci. (Adapted from Warwick et 

al.9) 
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2.1 Cell-free protein synthesis 

The cell-free protein synthesis (CFPS) approach is based on the idea of performing in vitro translation 

reactions using the ribosomal translation machinery extracted from living cells, as an alternative to the 

classically used in vivo protein expression.159 In the 1960s, Nirenberg and Matthaei pioneered cell-free 

experiments using cell-extracts from Escherichia coli (E. coli) to decipher the genetic code and they 

discovered the link between mRNA and protein synthesis.160,161 Cell-free experiments have also been used 

to elucidate the regulatory mechanisms of the E. coli lactose- and tryptophan operons.162,163 An advantage 

of the CFPS approach is that the open nature of the system enables many transcription and translation 

parameters to be adjusted.10 

Traditional approaches for protein production include solid-phase chemical synthesis and traditional cell-

based expression systems such as E. coli or Saccharomyces cerevisiae.164,165 A disadvantage of traditional 

solid-phase chemical synthesis is the size limitation of approximately 40 residues, which allows only the 

production of small peptides.165 The cell-based expression system is very time- and resource-consuming, 

as overexpression of recombinant proteins is difficult for large-scale protein production or high-

throughput screening.11 

CFPS reactions can be performed in coupled and uncoupled formats. Coupled CFPS reactions are mediated 

by the addition of a DNA template where simultaneous mRNA and protein synthesis occurs. The coupled 

CFPS reaction setup is easy to handle because the reaction is performed in a single tube. The mRNA 

initiates uncoupled CFPS reactions, which are then translated into proteins. Direct addition of mRNA to 

the reaction mixture allows precise manipulation of transcription and translation conditions. In addition, 

the uncoupled reaction setup is advantageous for eukaryotic CFPS systems because it allows for mRNA 

modifications, such as pseudouridine incorporation, to increase translation efficiency.11,166 

The main component of the CFPS system is the crude cell-extract or lysate prepared from E. coli, rabbit 

reticulocytes, wheat germ, or insect cells.167–169 For CFPS reactions, the crude cell-extract is depleted of 

endogenous DNA and mRNA but retains the translation machinery. The cell-extract is supplemented with 

tRNA and tRNA enzymes, protein translation factors, and an energy regeneration system mixed with 

necessary cofactors, salts, amino acids, and nucleotides (Figure 7).170 CFPS reactions are performed using 

a DNA template as a linear polymerase chain reaction (PCR) product, a linearized DNA plasmid, or a 

circular vector consisting of a strong T7 promoter sequence in the 5’-untranslated region (5’-UTR), which 

facilitates high transcription rates.171 The promoter is followed by a ribosome-binding site (RBS), the 

Shine-Dalgarno (SD) sequence in prokaryotes and the Kozak sequence in eukaryotes, the coding sequence 

as well as a T7 terminator in the 3’-UTR to enable efficient release and recycling of the ribosome.172,173 
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Depending on the application, CFPS reactions can be performed in a variety of setups, including batch, 

continuous exchange, and flow setups. The batch setup is easy to use with a short reaction time and low 

reaction cost. The reaction mixture is incubated in a single tube, which limits the reaction time because 

the amount of substrate available is limited and the amount of inhibitory byproducts increases over time 

(Figure 7).170 The continuous setup is advantageous because it utilizes a two-compartment system where 

new substrate is added to the reaction mixture and the inhibitory byproducts are removed, resulting in 

higher protein yields and longer reaction times. The continuous exchange cell-free (CECF) setup consists 

of two compartments separated by a semi-permeable membrane that allows exchange of low-molecular 

weight compounds. The reaction mixture, which contains nucleic acids and proteins, is separated from 

the feeding mixture, which consists of low-molecular weight components such as nucleotides and amino 

acids (Figure 7).169 In the continuous flow cell-free (CFCF) setup, the substrate-enriched feeding mixture 

is pumped into the reaction compartment, while the synthesized protein and inhibitory byproducts such 

as pyrophosphate are pushed out through an ultrafiltration membrane (Figure 7).174 However, the batch 

setup is suitable for simple and rapid protein synthesis, which can be performed for upscaled reactions 

and high-throughput screening in E. coli or wheat germ systems. For large-scale protein production, 

especially in organisms with low protein yields, the continuous setups are advantageous as they can be 

applied in industrial applications.169 Zawada and coworkers reported an industrial-scale 100 L CFPS 

reaction performed in a bioreactor resulting in a protein yield of 700 mg/L over a 10 h synthesis time.175 
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Figure 7. Schematic representation of the CFPS system. The reaction mixture components of the CFPS reaction are shown on the 

left. The right side shows a comparison of the batch, continuous exchange, and continuous flow reaction setups. (Adapted from 

Gregorio et al.11) 

In general, cell-extract-based CFPS kits are commercially available with ready-to-use mixtures that are 

quite expensive compared to in house-prepared cell-extracts.176 In addition, the protein synthesis using 

recombinant elements (PURE) system is a reconstituted CFPS system with highly purified protein 

components of the translation machinery that is also commercially available (e.g., PURExpress® by New 

England BioLabs). The initiation factors (IF1, IF2, and IF3), elongation factors (EF-G, EF-Tu, EF-Ts), release 

factors (RF1, RF2, RF3), ribosome recycling factors (RRF), 20 aminoacyl tRNA synthetases, creatine kinase, 

myokinase, nucleoside diphosphate kinase, methionyl tRNA formyltransferase, and pyrophosphatase 

have been His-tagged, purified individually, and reconstituted in the PURE system. The PURE system is 

completed by the addition of ribosomes prepared by sucrose density gradient centrifugation, tRNA 

mixtures, buffer, and NTPs.177,178 An advantage of the PURE system is the absence of biomolecules and 

metabolites irrelevant to protein synthesis, as well as proteases and nucleases, which results in increased 

transcription and translation levels. However, the preparation and purification of all the components used 

in the PURE system is very time-consuming and the commercially available kits are expensive.159,171 
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2.2 Applications of CFPS 

In vitro protein synthesis with the CFPS system offers several advantages in terms of production and 

scalability. The reaction conditions of CFPS systems can be easily modified, which is a major advantage for 

difficult-to-express proteins, such as membrane proteins, due to the improved protein folding in the CFPS 

system. This approach was initially used as an analytical tool but has gained popularity as a preparative 

technique with a wide range of applications, especially for protein expression, therapeutic development, 

high-throughput approaches, and educational purposes, because the reactions are performed in a simple 

manner with reduced reaction volume and process time.164,179 

Traditional in vivo protein expression is not suitable for membrane proteins (MPs) because they can be 

overexpressed in misfolded, aggregated, or cytotoxic forms. However, the structural and functional study 

of MPs is crucial because they are involved in many processes, including cell recognition, signal 

transduction, immune response, and molecular transport.11 For proper folding and solubilization, MPs 

require a hydrophobic environment, which is provided by the addition of detergents, nanodiscs, or 

liposomes to the CFPS system.180 The uncoupled CFPS system using in vitro transcribed mRNA is preferred 

for the expression of potential drugs, such as translation inhibitory proteins (Figure 8).171 

Protein engineering using the CFPS approach is promising because it allows the parallel expression and 

rapid screening of large and diverse protein sequence libraries.181 This has been applied in particular to 

‘in vitro expression cloning’ (IVEC), where a plasmid pool containing 50 to 100 clones is expressed and 

screened for the desired biochemical activity in a coupled transcription-translation system. This process 

is repeated with active pools until individual plasmid clones with the desired activity are obtained.173,182 In 

addition, potential vaccine candidates have been screened and synthesized in the CFPS system, such as 

virus-like particles (VLPs), which are genome-free and non-infectious but contain structural proteins of 

the virus. The production of VLPs in CFPS systems has been performed on a large scale, resulting in high 

yields. Moreover, toxic VLPs could be synthesized because the CFPS approach allows disulfide bond 

formation by adjusting the redox potentials within the reaction mixture.183,184 This approach has been 

used in particular for novel malaria vaccine candidates produced in wheat germ cell-extracts (Figure 8).185  

Protein modifications are easily incorporated into the CFPS using non-natural or chemically modified 

tRNAs. N-terminal fluorescently labeled proteins are produced using fluorescently labeled initiator, 

methionine tRNA (fmet-tRNA).186 While, C-terminal fluorescent labeling is possible by incorporating 

fluorescently labeled puromycin analogs such as ‘Cy5-dC-puromycin’, a fluorophore with a deoxycytidine 

linker attached to puromycin.187 Incorporation of unnatural amino acids (UAA) is performed using an 

orthogonal pair of tRNA and aminoacyl tRNA synthetase to suppress mutations by frameshifting. This 
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approach can be used to synthesize proteins with novel properties, structural elements, and functions, as 

well as to incorporate post-translational modifications, including ubiquitination, glycosylation, and 

phosphorylation.164,188 As an example, E. coli cell-extracts were prepared from a strain lacking the release 

factors that normally recognize the ochre (TAA), opal (TGA), and amber (TAG) stop codons in the mRNA 

sequence, thereby terminating translation.188,189 The  amber stop codon approach allows the synthesis of 

a selectively modified protein by incorporating UAAs using a specifically designed orthogonal pair of 

complementary amber tRNACUA and aminoacyl-tRNA synthetase (Figure 8).188,190 

Selectively isotope-labeled (15N-labeled) proteins can be prepared for structure determination by NMR 

spectroscopy.181 Compared to heterologous protein expression in E. coli, the cell-free system allows for 

rapid reactions in small reaction volumes and introduces the isotope-labeled amino acids in a resource-

efficient manner with reduced isotope scrambling effects.191–193 Furthermore, the CFPS system allows for 

high-throughput production of amino-acid specific isotope-labeled proteins in high yields. Proteins 

obtained from crude reaction mixtures can be measured by NMR spectroscopy after simple dialysis to 

remove low-molecular weight compounds and without chromatographic purification (Figure 8).191,194 

Freeze-dried CFPS systems are important tools as educational kits for teaching the basics of molecular and 

synthetic biology, particularly protein synthesis, fluorescence, and enzyme kinetics. BioBits™, for example, 

is a commercially available lyophilized CFPS system that contains the complete transcription and 

translation machinery from the cell lysate. Users can simply start reactions by adding water and the DNA 

templates for various fluorescent proteins (Figure 8).195,196 

Living cells respond to environmental changes by controlling gene expression through various DNA-

modifying regulators, RNAs, and proteins. To study these complex regulatory processes, in vitro genetic 

circuits, also called biosensors, have been developed in vitro using the cell-free expression system and 

further verified in in vivo systems (Figure 8).197,198 Shin and Noireaux demonstrated synthetic genetic 

circuits of transcription rate regulation using various polymerases, including various E. coli sigma factors, 

T7 and T3 bacteriophage RNA polymerases.199 In addition, Chizzolini et al. characterized a strong influence 

of different T7 transcriptional promoters at the transcriptional level compared to the translational level. 

They simultaneously quantified the mRNA and protein levels of one-, two- and three-gene operons using 

Spinach RNA aptamers and fluorescent proteins encoded on the same plasmid.200 Additionally, genetic 

circuits with RNA-regulatory elements that control gene expression via transcriptional processes (RNA 

transcriptional attenuators), catalysis (ribozymes) and translation (sRNAs, RNA riboswitches, RNA 

aptamers, RNA thermometers) have been investigated.198,201  Currently, cell-free biosensor engineering is 

important for environmental and clinical applications to develop low-cost biosensors that can detect 

chemicals, nucleic acids, and pathogens with high sensitivity and selectivity (Figure 8).202 Thavarajah et al. 
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demonstrated a fluoride-sensing riboswitch-based biosensor that can monitor fluoride-contaminated 

groundwater with a detection limit of 50 µM fluoride concentration.203 Recently, Hunt et al. developed a 

SARS-CoV-2 CFPS paper-based toehold switch biosensor. In the unbound state of viral RNA, the ribosome 

binding site (RBS) and start codon are sequestered, resulting in translation inhibition. Upon binding of 

SARS-CoV-2 RNA to the toehold switch, the RBS and start codon are released, inducing translation of the 

NanoLuc bioluminescent reporter protein.204 Moreover, these toehold switch biosensors have been used 

to detect Zika and Ebola virus sequences.205,206 

 

Figure 8. Various applications of CFPS systems. CFPS has gained popularity as a preparative technique with a wide range of 

applications, including expression of difficult-to-synthesize proteins, protein engineering, incorporation of various protein 

modifications, and isotopic labeling. In addition, this technique can be used for educational purposes and as a biosensor. 
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3.1 Riboswitches 

Riboswitches are conserved regulatory elements that have been identified mostly in the 5’-untranslated 

region of mRNAs from bacteria, but also in eukaryotes, including fungi, plants, and algae.12 These 

organisms sense and respond to external changes, such as temperature and metabolite concentration, 

through structural changes in the non-coding RNA elements. Gene expression of the metabolite 

biosynthetic pathway is usually controlled in a cis-acting manner, but an additional trans-acting 

mechanism has been demonstrated for two S-adenosylmethionine (SAM) riboswitches from Listeria 

monocytogenes.207,208 The metabolites, including coenzymes (adenosylcobalamin, flavin mononucleotide, 

S-adenosylmethionine), nucleotide derivatives (adenine, guanine, 2-deoxyguanosine), ions (Mg2+, Mn2+, 

F-), amino acids (lysine, glycine, glutamine), and signaling molecules (cyclic di-guanosine monophosphate 

(c-di-GMP), cyclic di-adenosine monophosphate (c-di-AMP)) are recognized by the known riboswitch 

classes.12,209,210 Riboswitches are crucial for gene regulation processes in many bacteria and these RNA 

regulatory elements are being investigated as novel antimicrobial drug targets.211,212  

Riboswitches are divided into two structurally relevant parts: the aptamer and the expression platform. 

The aptamer contains the conserved RNA sensor that binds its cognate ligand with high specificity and 

micro- to nanomolar affinity and induces folding of the downstream expression platform that controls 

gene expression.13,14,213 In some riboswitches, tandem aptamers containing two aptamer domains have 

been discovered, where both aptamers bind either the same or different ligands.214 Upon ligand binding, 

riboswitches can control gene expression at the level of transcription, translation, as well as mRNA splicing 

and mRNA decay, resulting in either gene activation (on-switch) or gene repression (off-switch) of the 

associated gene (Figure 9).13  

The transcriptional regulatory riboswitches control gene expression by altering the secondary structure 

of the expression platform induced by ligand binding to the aptamer domain.215 The formation of a 

stabilized transcription-terminator stem with subsequent uridine residues at the 3’-end of the riboswitch 

induces RNA polymerase stalling, resulting in transcription termination with release of the DNA template 

and transcribed RNA (Figure 9A, B).13,216,217 Most Bacillus subtilis (B. subtilis) riboswitches regulate gene 

expression through premature transcription termination induced by the formation of Rho-independent 

terminators.13,213  

Many E. coli riboswitches regulate gene expression at the translational level by adjusting the accessibility 

of the ribosome-binding site and the start codon (AUG) to the ribosome. Translation control of 

riboswitches is regulated by the sequestered or released form of the RBS, including the Shine-Dalgarno 
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sequence present in the expression platform. The AUG start codon is located approximately six 

nucleotides downstream of the RBS sequence.218 During translation initiation, the purine-rich RBS 

sequence interacts with 16S ribosomal RNA by Watson-Crick base pairing.219 Upon ligand binding, a 

translational on-switch alters its expression platform to allow the ribosome to bind to the RBS sequence 

of the mRNA. In the case of translational off-switches, ribosome binding to the mRNA is inhibited by 

sequestering the RBS (Figure 9C, D).220 For many translation-regulating E. coli riboswitches, another mRNA 

regulation mechanism has been demonstrated as a consequence of translation inhibition. The E. coli ribB 

FMN-sensing riboswitch regulates its mRNA levels by Rho-dependent transcription termination and the 

E. coli lysC lysine-sensing riboswitch regulates mRNA decay by Rho-dependent transcription termination 

and RNase E-dependent degradation.221–223 

 

Figure 9. Overview of riboswitch mechanisms that control gene expression at the transcriptional and translational levels. (A) 

Transcriptional off-switches inhibit gene expression through a transcriptional termination mechanism. The ligand-unbound state 

forms an anti-terminator hairpin that allows the transcription of the entire gene by RNA polymerase (purple, PDB: 1MSW). Upon 

ligand binding, the intrinsic terminator hairpin is formed, which inhibits the transcription. (B) Transcriptional on-switches activate 

gene expression through a transcriptional elongation mechanism. The ligand-unbound state forms a terminator hairpin that 

terminates transcription. Ligand binding to the aptamer induces anti-terminator formation, allowing transcription to continue. 

(C) Translational off-switches inhibit translation initiation by sequestering the SD sequence and start codon within the expression 

platform upon ligand binding. (D) Translational on-switches activate gene expression by initiating translation. Upon ligand 

binding, the SD sequence and start codon are accessible to the ribosome (brown, PDB: 6O7K), which initiates translation. 

(Adapted from Ariza-Mateos et al.224) 

3.2 Thiamine pyrophosphate-sensing riboswitches 

The thiamine pyrophosphate (TPP)-sensing riboswitches (THI-box) regulate genes involved in the 

biosynthesis and transport of thiamine and its phosphorylated derivatives, as the coenzyme TPP is crucial 
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for enzymes in carbohydrate metabolism.225,226 The conserved sequences of TPP-sensing riboswitches 

have been discovered in many organisms, including bacteria and archaea, and it is the only class of 

riboswitches found in eukaryotes.227 Specifically, these sequences have been found in 3’-UTRs of plants 

and in introns of fungi.228,229 Bacteria can produce thiamine (vitamin B1) on their own, whereas animals 

and fungi require the uptake of thiamine or its analogues.226 

The regulatory mechanisms of TPP-sensing riboswitches are diverse depending on the regulating 

organism. In bacteria, they control gene expression by terminating transcription and inhibiting 

translational initiation, and in eukaryotes, they regulate splicing.230 Specifically, in E. coli, TPP-sensing 

riboswitches regulate thiamine biosynthesis and transport by controlling gene expression of the thiMD 

operon at the translational level and the thiCEFSGH operon at the transcriptional and translational 

levels.231 The E. coli thiM riboswitch controls gene expression of the enzyme hydroxyethylthiazole kinase 

as a translational off-switch.225,230 In the presence of TPP, the thiM expression platform undergoes 

conformational changes that inhibit translation initiation by the sequestered SD sequence (Figure 10A). 

Bastet et al. demonstrated a continuous regulation mechanism of thiM by a Rho-dependent transcription 

termination that occurs after translation regulation.223 Furthermore, Winkler et al. reported a 1000-fold 

discrimination of TPP over its derivatives thiamine and thiamine monophosphate for the thiC riboswitch. 

They determined a TPP affinity of 100 µM for thiM (165 nucleotide (nt) fragment) and 600 nM for thiC 

(240 nt fragment),225 whereas Kulshina et al. demonstrated Mg2+-dependent TPP binding affinities for 

thiM (0.5 mM Mg2+: KD ~ 200 nM; 2.5 mM Mg2+: KD ~ 9 nM).232 

Crystal structures have been determined for the TPP-bound conformations of the E. coli thiM 

riboswitch.233,234 The structures showed that TPP-riboswitches are composed of five helices (P1 to P5) 

connected by terminal loop regions (L3 and L5) and junction bulges (J3-2, J2-4, and J4-5), whereas the 

P2/J3-2/P3/L3 and P4/J4-5/P5/L5 regions form two parallel helices connected to helix P1 by a three-way 

junction (Figure 10B).230 TPP has been shown to bind with its pyrimidine ring to the J3-2 junction bulge 

within the aptamer domain, whereas the negatively charged pyrophosphate residue binds to the J4-5 

junction bulge in the presence of divalent cations (Mg2+, Ba2+, Mn2+). Specifically, the J3-2 junction 

recognizes the 4-amino-5-hydroxymethyl-2-methylpyrimidine (HMP) ring by intercalation of the 

pyrimidine residue between G42 and A43 and further interactions with G19 and G40 (Figure 10C, D).234–

236 Small-angle X-ray scattering (SAXS) data revealed a compact thiM structure in the presence of 

physiological Mg2+ conditions and folding of the aptamer domain upon metabolite binding.237  
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Figure 10. Thiamine pyrophosphate-sensing riboswitch thiM from E. coli. (A) Sequence and secondary structure of the thiM 

riboswitch representing the TPP-unbound and TPP-bound states. In the presence of TPP, the SD sequence (green) and the AUG 

start codon (red) are sequestered and are not accessible to the ribosome for translation initiation. The sequence was obtained 

from E. coli according to Bastet et al.238 (B) Crystal structure of the aptamer domain of thiM (PDB: 7TDA) with bound TPP (green), 

Mg2+ and Mn2+. (C) Interaction between the HMP ring of TPP and the J3-2 region of RNA. The HMP ring intercalates between G42 

and A43 and further interacts with G19 and G40. (D) Interaction between the pyrophosphate group of TPP and the 

pyrophosphate-binding pocket of RNA. The negatively charged phosphate group is associated with divalent Mg2+. The terminal 

phosphate of TPP is coordinated to Mg2+ by G60 and G78. Additionally, C77 and G78 interact with the terminal phosphate of TPP 

through hydrogen bonds. (Adapted from Serganov et al.234) 

The E. coli thiC riboswitch regulates gene expression by terminating transcription and inhibiting 

translation of phosphomethylpyrimidine synthase, which catalyzes the reaction of 5-aminoimidazole 

ribotide to hydroxymethyl pyrimidine phosphate.225,239 The dual regulation of transcription and translation 

by TPP riboswitches occurs during mRNA synthesis of the terminator stem, resulting in the sequestration 

of the RBS sequence and AUG start codon located in this intrinsic terminator stem of the expression 

platform (Figure 11A).240 Furthermore, Chauvier and coworkers demonstrated a regulatory pause site 

near the translation start codon of thiC. They reported a regulatory mechanism of thiC in which co-

transcriptional binding of TPP induces RNA polymerase pausing, triggers Rho-dependent transcription 

termination, and inhibits TPP binding by transcription complexes located at the regulatory pause site.241 
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Thore et al. determined the crystal structure of the Arabidopsis thaliana (A. thaliana) thiC riboswitch, 

which showed the typical conserved secondary structure of TPP-sensing riboswitches, consisting of five 

helices P1 to P5 connected by junctions J3-2 and J2-4 (Figure 11B, C). Junction J3-2 recognizes the HMP 

ring by intercalation of the pyrimidine residue between G30 and A31 and further interactions with G11 

and G28 (Figure 11D). The negatively charged pyrophosphate group is associated with Mg2+ and interacts 

through hydrogen bonding with G48, G64, G65, and G66 of the J4-5 junction (Figure 11E).239,242 

 

Figure 11. Thiamine pyrophosphate-sensing riboswitch thiC. (A) Sequence and secondary structure of the thiC riboswitch 

representing the TPP-unbound and TPP-bound states. In the presence of TPP, the SD sequence (green) and the AUG start codon 

(red) are sequestered and inaccessible to the ribosome for translation initiation. The sequence was obtained from E. coli 

according to Chauvier et al.241 (B) Crystal structure of the TPP-sensing riboswitch thiC from A. thaliana (PDB: 3D2G) with bound 

TPP and Mg2+. (C) Sequence and secondary structure of the TPP-bound aptamer domain of the A. thaliana thiC riboswitch. The 

sequence was used for crystallization. (D) Interaction between the HMP ring of TPP and the J3-2 region of RNA. The HMP ring 

intercalates between G30 and A31 and further interacts with G11 and G28. (E) Interaction between the pyrophosphate group of 

TPP and the pyrophosphate binding pocket of RNA. The negatively charged phosphate group is associated with the divalent Mg2+. 

The terminal phosphate of TPP is coordinated to Mg2+ through hydrogen bonds with G48, G64, C65, and G66. (Adapted from 

Thore et al.239) 
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3.3 Purine-sensing riboswitches 

The classes of purine-sensing riboswitches include hypoxanthine, 2'-deoxyguanosine, 7-aminomethyl-7-

deazaguanine (preQ1), adenine- (Asw), and guanine-sensing (Gsw) riboswitches.243 Gsw and Asw share 

similar and phylogenetically conserved aptamer domain structures. Both switches selectively recognize 

their cognate ligand through Watson-Crick base pair formation with a cytidine or uridine residue, 

respectively, resulting from a single mutation in the conserved aptamer sequence. Nevertheless, Gsw and 

Asw bind different cognate ligands with high specificity and regulate gene expression at the level of 

transcription and translation.244  

The Gsw regulates gene expression of the xpt-pbuX operon of B. subtillis by selectively binding guanine 

with a binding affinity of 5 nM to the aptamer. Transcriptionally regulated gene expression by guanine 

binding is mediated by terminator hairpin formation, which inhibits transcription of the gene in the holo-

state (Figure 12A).243 Serganov et al. demonstrated the characteristic aptamer architecture as a three-way 

junction including the P1 stem, P2/L2, and P3/L3 hairpins (Fehler! Verweisquelle konnte nicht gefunden 

werden.Figure 12B).245 The Watson-Crick interaction between the ligand guanine and the cytidine residue 

(C74) was confirmed by X-ray crystallization and NMR analysis.245,246 Guanine also interacts with U22, U47, 

and U51 via hydrogen bonding (Figure 12C). 

 

Figure 12. Guanine-sensing riboswitch from B. subtilis. (A) Sequence and secondary structure of xpt-pbuX Gsw representing 

guanine-unbound (apo) and guanine-bound (holo) states. In the absence of guanine, the terminator stem was repressed, resulting 

in a transcriptional on-state. Upon guanine binding, the transcriptional terminator stem is formed, which inhibits transcription. 

The tertiary Watson-Crick and non-canonical base pair interactions are indicated by solid and dashed lines, respectively. (Adapted 

from Steinert et al.247) (B) Crystal structure of the guanine-bound (green) Gsw-aptamer (PDB: 1Y27). (C) Guanine binds to C74 via 

Watson-Crick base pairing. Additionally, guanine interacts with U22, U47, and U51 of the Gsw-aptamer via hydrogen bonding. 

(Adapted from Serganov et al.245) 
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While purine riboswitch aptamers are highly conserved, their regulatory mechanisms vary widely. In 

particular, the B. subtilis Asw pbuE regulates gene expression at the transcriptional level, whereas the 

Vibrio vulnificus (V. vulnificus) add riboswitch controls gene expression as a translational on-switch.248,249  

The B. subtilis pbuE (also called ydhL) riboswitch encoding for the purine efflux pump regulates a 

transcriptional on-switch upon adenine binding by modulating a transcriptional anti-terminator sequence 

in its expression platform.244 The binding affinity for adenine (KD = 300 nM) is weaker than that of 2,6-

diaminopurine to pbuE mRNA (KD = 10 nM).245 The pbuE riboswitch is regulated under kinetic control 

where adenine is co-transcriptionally bound while the mRNA is transcribed and folded (Figure 13A). Lemay 

et al. showed that the elongation factor NusA reduces the transcription rate and thus represents an 

additional factor in the regulation mechanism of pbuE in addition to transcription elongation rate and 

transcription pausing.248 Delfosse et al. revealed the crystal structure for the U65C mutant of pbuE Asw 

(Figure 13B). They showed Watson-Crick base pairing between G48 and C74 and further hydrogen bonds 

to U22, U47, and U51, which is similar to the ligand binding of Gsw (Figure 13C). 

 

Figure 13. Adenine-sensing riboswitch from B. subtilis. (A) Sequence and secondary structure of pbuE Asw representing the 

adenine-unbound (apo) and adenine-bound (holo) states.245 In the absence of adenine, the terminator hairpin is formed, resulting 

in a transcriptional off-state. Adenine binding to the aptamer forms the anti-terminator hairpin, allowing transcription. The 

Watson-Crick and non-canonical base pair tertiary interactions are indicated by solid and dashed lines, respectively. (B) Crystal 

structure of the U65C mutant (according to the sequence in Fehler! Verweisquelle konnte nicht gefunden werden.A: U74C) 

adenine-bound (green) Asw-aptamer (PDB: 3IVN). (C) In the U74C mutant (originally: U65C), Asw-aptamer G48 binds to C74 

through Watson-Crick base pairing and further interacts with U22, U47, and U51. (Adapted from Delfosse et al.250) 

The adenine-sensing riboswitch of the human pathogenic Gram-negative bacterium V. vulnificus is located 

in the 5'-UTR of the add gene and regulates gene expression of the downstream adenosine deaminase 

(add) at the level of translational initiation.245 V. vulnificus is found in marine environments, including 
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brackish ponds, estuaries, and coastal regions, and is highly adaptable to changes in its environment with 

respect to the temperature, salinity, and nutrient availability.251 

The add Asw is a translational on-switch in which adenine binds to the aptamer domain and induces 

unmasking of the RBS containing the SD sequence (GAAG) and start codon (AUG). This results in 

accessibility to the ribosome and initiation of translation. The 30S subunit of the ribosome associates with 

the SD sequence of the mRNA, and its anti-SD sequence is located in the 16S ribosomal RNA (rRNA).  

Rieder et al. performed biophysical studies using stopped-flow fluorescence spectroscopy with a 2-

aminopurine (2-AP)-modified 71 nt add Asw aptamer domain and with a 111 nt full-length Asw construct. 

They proposed a thermodynamic control mechanism based on translational activation, as the aptamer is 

conserved even in the presence of the expression domain.249 The previously suggested thermodynamic 

control of the add Asw was further validated by Lemay and coworkers. Structural changes in the aptamer 

and expression platform of Asw upon adenine binding were detected by 2'-hydroxyl acylation using primer 

extension (SHAPE) analysis. Their partial nuclease digestion assay with ribonuclease T1 (RNase T1) 

demonstrated adenine- and Mg2+-induced folding of the aptamer, resulting in an accessible SD sequence 

and start codon for translation initiation. In addition, cell-free in vitro and in vivo (E. coli) β-galactosidase 

assays were performed with riboswitch constructs fused to the lacZ reporter gene. The coupled cell-free 

data, where transcription and translation occur, showed a 2-fold increase in protein production in the 

presence of 500 µM adenine, whereas the uncoupled translation assay performed with in vitro 

transcribed add Asw RNA showed a 3-fold increase in protein expression. The in vivo assays confirmed the 

translational regulatory nature of add Asw, as protein expression was increased 3-fold in the presence of 

500 µM adenine, while the transcriptional construct was unaffected upon adenine addition.248 Further in 

vivo fluorescence assays in E. coli were performed by Dixon et al. using add Asw constructs fused to 

enhanced GFP (eGFP) as a reporter protein and reported ~10-fold increase in eGFP expression for add 

Asw upon 500 µM adenine addition.252 

Reining et al. demonstrated a temperature- and Mg2+-dependent three-state switching mechanism for 

the add Asw (112 nt) using NMR spectroscopy. The two ligand-free (apo) conformations, apoA (adenine-

binding-competent conformation) and apoB (adenine-binding-incompetent conformation), are linked by 

a temperature-dependent equilibrium (KPre) that allows the add Asw to function over a wide temperature 

range (10-37°C). An increase in temperature from 10°C to 30°C changed the apoA population from 12% 

to 40% in an Mg2+-independent manner. In apoB, an alternative secondary structure was determined in 

the 5' region containing a helix-bulge-helix motif capped by a loop and with helices P3, P4, and P5 formed, 
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but without the ligand-binding three-way junction, resulting in a ligand-binding-incompetent 

conformation. Both apo conformations were shown to be functional off-states, in apoA only the SD 

sequence was sequestered and in apoB both the SD sequence and the start codon were sequestered. In 

the presence of adenine, apoA switches to the ligand-bound on-state (holo), which is associated with a 

binding equilibrium (dissociation constant KD) with stabilizing effects by Mg2+ at all temperatures, as 

validated by NMR, isothermal titration calorimetry (ITC), and stopped-flow fluorescence experiments 

(Figure 14A). Furthermore, the switching efficiencies were determined by comparing a two-state and a 

three-state Asw regulation mechanism, and resulted in a switching efficiency of 14% at 5°C for the two-

state model, while higher switching efficiencies were obtained for the three-state model with, 67% 

switching efficiency at 5°C and 83% at 30°C.15  

The combined NMR and single-molecule Förster resonance energy transfer (smFRET) spectroscopy 

analysis of full-length add Asw (112 nt), together with stabilized apoA and apoB mutants, revealed a 

functional on-state character of apoA with an open expression platform, which was previously reported 

as an off-state by Reining et al. In addition, smFRET data revealed heterogeneous aptamer kissing loop 

motifs of apoA and holo conformations.16 The X-ray crystal structure was revealed by Serganov et al. who 

showed a similar X-ray crystal structure and adenine ligand-interaction within the aptamer of the add Asw 

from V. vulnificus compared to the xpt-pbuX Gsw from B. subtilis (Figure 14B, C).245  

Recently, Qureshi et al. demonstrated by NMR spectroscopy and activity assays that the six-domain 

ribosomal protein S1 (rS1) from V. vulnificus, facilitates translation initiation of the structured add Asw 

mRNA by chaperoning and destabilizing its secondary structure. The two N-terminal domains (D1-D2) of 

rS1 are responsible for ribosome binding via protein-protein interactions with the ribosomal protein S2, 

whereas the C-terminal domains (D3-D6) interact with the RNA.17 Furthermore, in vivo and in vitro 

biochemical assays as well as NMR spectroscopy studies demonstrated that the presence of adenine alone 

is not sufficient to induce structural changes to a translational on-switch. The combined incorporation of 

adenine and 30S ribosome including rS1 is essential for the accessibility of the translation initiation site of 

127 nt add Asw.253 
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Figure 14. Adenine-sensing riboswitch from V. vulnificus. (A) Sequence and secondary structure of add Asw representing the 

three-state regulation mechanism with adenine-unbound (apo) and adenine-bound (holo) states. Upon adenine binding, the SD 

sequence and start codon are released leading to translation initiation. Watson-Crick and non-canonical tertiary base pair 

interactions are indicated by solid and dashed lines, respectively. (Adapted from Reining et al.15) (B) Crystal structure of adenine-

bound (green) Asw in the presence of Mg2+ (PDB: 1Y26). (C) Adenine binds to U74 through Watson-Crick base pairing and interacts 

with U22, U47, and U51. (Adapted from Serganov et al.245) 
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4.1 Fluorescent light-up RNA aptamers 

Fluorescent light-up aptamers are structured RNA elements that specifically bind to fluorophores and 

increase their fluorescence by several orders of magnitude. Both components are non-fluorescent in their 

unbound state. Binding of the fluorophore to the binding pocket of the RNA aptamer results in 

stabilization of the planar structure of the fluorophore with enhanced fluorescence activity. (Figure 15).254 

 

Figure 15. General principle of fluorescent light-up RNA aptamers. RNA aptamers and fluorophores are not fluorescent. In its 

unbound state, the fluorophore can dissipate excitation energy through non-radiative decay pathways, such as heat resulting 

from molecular motion. Upon binding of the fluorophore to the RNA aptamer, the planar structure of the fluorogen is stabilized, 

resulting in radiative decay pathways such as fluorescence and phosphorescence with increased fluorescence. (Adapted from 

Ouellet18) 

Since no naturally fluorescent RNAs are known, these fluorescent RNA aptamers were identified using a 

highly effective technique called systematic evolution of ligands by exponential enrichment (SELEX).255 

Here, the RNA sequences of interest are selected from a pool of random RNA sequences based on their 

affinity for the target molecules. This selection process is repeated until an aptamer with the sub-

micromolar affinity to its target ligand is identified.256 Ideal fluorophores are small, non-fluorescent 

ligands that are cell-permeable without cytotoxic and phototoxic properties. RNA aptamer-fluorophore 

complexes have been found for a variety of fluorogens with different excitation and emission 

characteristics (Figure 16).257 
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Figure 16. Overview of the fluorophores that bind to light-up RNA aptamers. The fluorophores are positioned according to their 

excitation and emission wavelengths for the RNA aptamer-fluorophore complexes. In the TO1-biotin and TO3-biotin chemical 

structures, R represents the biotin linker. (Adapted from Trachman and Ferré-D’Amaré257) 

The malachite green aptamer was the first light-up aptamer developed using SELEX.258 However, a major 

drawback of the malachite green ligand is its high reactivity, which induces free radicals upon laser 

irradiation, resulting in degradation of labeled transcripts. Due to cytotoxicity, malachite green aptamers 

are not suitable for in vivo RNA imaging.259 The structure of the malachite green aptamer, consisting of 

two helices (P1, P2), the binding pocket, and the tetraloop, was determined by solution NMR spectroscopy 

(Figure 17A, B). Flinders et al. showed that the malachite green fluorophore interacts with the RNA 

aptamer by intercalation of the aromatic rings of the ligand between the G8-C28 base pair and the RNA 

quadruple formed by the nucleotides C7, G24, G29, and A31 (Figure 17C).260  
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Figure 17. Malachite green RNA aptamer. (A) Sequence and secondary structure of the ligand-bound malachite green RNA 

aptamer (green sphere) in the binding pocket. (B) Solution NMR structure of the malachite green-bound (green) RNA aptamer 

(PDB: 1Q8N). (C) Malachite green intercalates between the base quadruple formed by nucleotides C7, G24, G29, and A31 as well 

as the base pairs G8 and C28. (Adapted from Flinders et al.260) 

In addition, fluorophores that are bound by RNA light-up aptamers are similar to the GFP protein-binding 

fluorophore 4-hydroxybenzylidene imidazolinone (HBI). The fluorophore is fluorescent when 

incorporated into the structure of GFP due to autocatalytic intramolecular cyclization of the amino acids 

Ser65-Tyr66-Gly67.261 In particular, new aptamers have been identified, namely the Spinach RNA aptamer 

that binds the fluorophores 3,5-dimethoxy-4-hydroxybenzylidene imidazolinone (DMHBI) and 3,5-

difluoro-4-hydroxybenzylidene imidazolinone (DFHBI). Paige et al. reported a 20-fold fluorescence 

enhancement of DFHBI upon binding to the 98 nt long Spinach aptamer (Figure 18A).254 Warner and 

coworkers solved the crystal structure of the DFHBI-bound Spinach RNA aptamer, which is composed of 

three helices (P1, P2, P3) connected by two irregular junctions (J1-2, J2-3) (Figure 18B). The fluorophore 

DFHBI is immobilized in the J2-3 junction between a base triplet, a G-quadruplex, and an unpaired G in 

the presence of K+ (Figure 18C).262  

In further studies, modified and improved Spinach RNA aptamers, such as Spinach2, Baby-Spinach, and 

iSpinach variants have been developed. The 96 nt long Spinach2 aptamer binds to the cell-permeable 

DFHBI-1T, a trifluoroethyl derivative of DFHBI, which exhibits improved folding, photo- and thermal 

stability with the potential for in vivo and in vitro applications (Figure 18D).263 Baby-Spinach (51 nt) is a 

compact version of the Spinach RNA aptamer with similar fluorescence properties, consisting of the 

fluorophore-binding region, specifically the junction bulge J2-3 (Figure 18E).262 Autour et al. demonstrated 

the iSpinach RNA aptamer (69 nt) with improved folding, higher DFHBI binding affinity (KD
iSpinach ~ 100 nM 

determined at 25°C and in the presence of K+) and 1.4-fold higher fluorescence in the presence of K+ 

compared to Spinach2.264 

The Broccoli RNA aptamer (49 nt) was designed by a combined SELEX and fluorescence-activated cell 

sorting (FACS) approach, which selected the aptamers that enhanced the fluorescence of the screened 
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fluorophores and functioned in a cellular environment (Figure 18F).265–267 They obtained improved 

thermostability and fluorescence properties for the Broccoli RNA aptamer compared to the Spinach2 RNA 

aptamer upon DFHBI and DFHBI-1T binding. The improved folding in the presence of low cytosolic Mg2+ 

concentrations enabled the Broccoli RNA aptamer for in vivo applications.268  

 

Figure 18. Overview of Spinach and Broccoli RNA aptamers. (A) Sequence and secondary structure of Spinach RNA aptamer with 

DFHBI ligand (green sphere). (B) Crystal structure of Spinach RNA aptamer in the presence of DFHBI ligand and K+ (purple sphere) 

(PDB: 4TS2). (C) DFHBI intercalates between the base quadruple formed by nucleotides G26, G30, G65, and G70 as well as the 

base pairs U61 and A64. Additionally, the unpaired G31 interacts with the DFHBI carbonyl oxygen.262 (D) Sequence and secondary 

structure of Spinach2 RNA aptamer with DFHBI-1T ligand (green sphere). The changed nucleotides compared to the Spinach RNA 

aptamer are marked in red. (E) Sequence and secondary structure of Baby Spinach RNA aptamer with DFHBI-1T ligand (green 

sphere). (F) Sequence and secondary structure of the Broccoli RNA aptamer with DFHBI-1T ligand (green sphere).265 (Adapted 

from Ouellet18) 

4.2 Mango RNA aptamers 

The Mango(I)-RNA aptamer was selected from a diverse and random sequence pool by Dolgosheina et al. 

to bind and enhance the fluorescence of thiazole orange 1-biotin (TO1-biotin) with nanomolar affinity 

(KD ~ 3 nM).269 The co-crystal structure of the Mango-(I) RNA aptamer and TO1-biotin complex revealed a 

three-tiered (T1, T2, and T3) G-quadruplex with T1 and T2 in parallel and T3 in anti-parallel connectivity. 

The ligand TO1-biotin intercalates between the ligand-binding core consisting of U15, A20, A25, and T3 of 

the G-quadruplex (Figure 19A, B). Novel Mango-RNA aptamers were designed to bind TO1-biotin and TO3-

biotin using SELEX and droplet-based microfluidic fluorescence screening. TO3-biotin contains two 

additional carbons in the methine bridge of TO1-biotin, which consists of a benzothiazole ring covalently 
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linked to a quinoline ring by a monomethine bridge.269,270 Autour et al. developed Mango-(II), Mango-(III), 

and Mango-(IV) RNA aptamers with of 1.5-, 4-, and 3-fold improved fluorescence, respectively, compared 

to Mango(I) (Table 1). Binding affinities of TO1-biotin were demonstrated for Mango-(II) with sub-

nanomolar affinity (KD ~ 1 nM), whereas Mango-(III) (KD ~ 6 nM) and Mango-(IV) (KD ~ 11 nM) showed 

weaker binding affinities. The highest binding affinity and improved fluorescence properties in the 

presence of TO3-biotin were demonstrated for Mango-(II) (KD = 1.8 ± 0.1 nM) and Mango-(IV) 

(KD = 10.4 ± 0.1 nM). Mango-(III) binds to TO3-biotin with the lowest binding affinity (KD = 15.0 ± 1.3 nM) 

(Table 1). 

The Mango-(II)-RNA aptamer forms a three-tiered G-quadruplex structure and provides enhanced thermal 

stability and high affinity for TO1-biotin binding due to the insertion  of A15 between G14 and G16, 

resulting in a structural rearrangement of T3 together with the dinucleotide adenines A15 and A25 in this 

region (Figure 19C, D). Further, a resistance to formaldehyde fixation was demonstrated, which is useful 

for in vivo applications.271 Circular dichroism (CD) spectroscopy and thermal melting assays demonstrated 

increased folding stability of Mango-(II) and Mango-(IV) compared to Mango-(I) in the presence of Mg2+.270  

The brightest Mango-(III) RNA aptamer forms a two-tiered G-quadruplex structure with an all-parallel 

connectivity next to the anti-parallel G18 in tier T2. The quadruplex stacks co-axially on a base triplet, 

which further stacks on the A-form duplex in the presence of K+. TO1-biotin intercalates between the G-

quadruplex and the Watson-Crick base pair of the Mango-(III) RNA aptamer (Figure 19E, F).257,272  

Mango-(IV) RNA aptamer has been used in mammalian cells due to its high brightness in vivo.270 Trachman 

et al. determined the crystal structure of the Mango-(IV) RNA aptamer in complex with TO1-biotin as a 

domain-swapped homodimer. Mango-(IV) RNA aptamer forms a three-tiered G-quadruplex with T1 and 

T2 in parallel and T3 in anti-parallel connectivity. Five unpaired nucleobases surround the fluorophore 

binding pocket of the G-quadruplex and do not stack on top of the fluorophore, resulting in an open 

binding pocket. The open binding pocket character allowed Mango-(II) and Mango-(IV) RNA aptamers to 

bind to fluorophores containing propenate (three-carbon) conjugated linkers such as TO3-biotin and TO3-

acetate (Fehler! Verweisquelle konnte nicht gefunden werden.G, H).257,273 
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Table 1. Binding and fluorescence properties of the Mango RNA aptamer complexes. 

RNA aptamer 
TO1-biotin TO3-biotin 

KD [nM] (a) ε (M-1*cm-1) (b) KD [nM] (a) ε (M-1*cm-1) 

Mango-(I) 2.2 ± 0.3 10,850 5.1 ± 0.3 9,300 (c) 

Mango-(II) 0.7 ± 0.3 17,000 1.8 ± 0.1 15,800 (d) 

Mango-(III) 5.6 ± 0.2 43,000 15.0 ± 1.3 10,600 (d) 

Mango-(IV) 11.1 ± 0.8 32,000 10.4 ± 0.1 17,400 (d) 

(a) Binding coefficients from Autour et al.270 

(b) Brightness of the TO1-biotin bound complexes from Trachman et al.257 

(c) Brightness of the TO3-biotin bound Mango-(I) RNA aptamer from Dolgosheina et al.269 

(d) Brightness of the TO3-biotin bound complexes determined from Autour et al.270 

 

 

Figure 19. Overview of Mango RNA aptamers. (A) Sequence and secondary structure of Mango-(I) RNA aptamer with the TO1-

biotin ligand (green sphere). (B) Crystal structure of the Mango-(I) RNA aptamer in the presence of the TO1-biotin ligand (green) 

and K+ (purple sphere) (PDB: 5V3F).274 (C) Sequence and secondary structure of Mango-(II) RNA aptamer with the TO1-biotin 

ligand (green sphere). (D) Crystal structure of the Mango-(II) RNA aptamer in the presence of the TO1-biotin ligand (green) and 

K+ (purple sphere) (PDB: 6C65).275 (E) Sequence and secondary structure of Mango-(III) RNA aptamer with the TO1-biotin ligand 

(green sphere). (F) Crystal structure of the Mango-(III) RNA aptamer in the presence of the TO1-biotin ligand (green), K+ (purple 

sphere), Na+ (red sphere), and Mg2+ (gray sphere) (PDB: 6E8U).272 (G) Sequence and secondary structure of Mango-(IV) RNA 

aptamer with the TO1-biotin ligand (green sphere). (H) Crystal structure of the homodimer Mango-(IV) RNA aptamer in the 

presence of the ligand TO1-biotin (green) and K+ (purple sphere) (PDB: 6V9B).273 
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4.3 Applications of fluorescent light-up aptamers 

Fluorescent RNA aptamers are suitable for a wide range of in vitro and in vivo applications, especially for 

the monitoring of less abundant RNAs. The in vitro approaches with different fluorescent RNA aptamers 

include the RNA visualization in native or denaturing gels as a cost- and time-saving alternative to 

Northern blotting using the cognate ligand of the applied fluorescent RNA aptamer. For Spinach2, Broccoli 

or Mango RNA aptamers, the gel is incubated in the presence of DFHBI-1T or TO1-biotin and appropriate 

K+ concentrations to achieve correct folding of the RNA aptamer.276 With this approach, RNA 

concentrations of ~ 1 fmol could be detected, similar to the detection limit of SYBR Gold staining.267  

The combination of riboswitch and fluorescent RNA aptamer sequences has allowed the development of 

in vitro assays to characterize riboswitch functions or to screen and identify ligands of orphan 

riboswitches.18 To date, most riboswitches have been studied at the protein-level, where the binding of 

metabolites activates or inhibits the expression of fluorescent proteins.18,255 High-throughput screening 

methods have been developed to identify new activators or inhibitors of RNA-modifying enzymes. 

Svensen and Jaffrey demonstrated that the m6A-methylated Broccoli RNA aptamer remained non-

fluorescent, although fluorescence activity was restored in the presence of ALKBH5 RNA demethylase, a 

protein associated with fat mass and obesity.277 

The split-Spinach RNA aptamer probe approach has been used for fluorescence monitoring of ribozyme 

activity, RNA assembly, and even functional imaging of viral genome trafficking.278 Real-time in vitro 

fluorescence monitoring of self-cleaving hammerhead ribozymes was performed using a ribozyme 

sequence linked to a split-Spinach RNA aptamer sequence, where the full-length Spinach RNA aptamer 

sequence is split into two non-functional halves. Upon ribozyme cleavage, the split-Spinach sequence is 

released and can bind to its complementary split-Spinach RNA aptamer sequence, and upon DHBI-1T 

binding, the RNA aptamer exhibits fluorescence.279 Furthermore, the split-Spinach RNA aptamer approach 

has also been demonstrated to target RNA of interest using two vectors encoding the split-Spinach RNA 

aptamers, which were expressed and bound to the target RNA and formed a fluorescent complex after 

ligand binding.255 

The metabolite-binding aptamer domain of riboswitches and fluorescent light-up aptamer fusions offered 

advantageous opportunities to establish protein-free metabolite sensors to investigate the dynamics, 

abundance, and flux of intracellular molecules in vivo. This technique allowed real-time monitoring of 

several metabolites, including adenosine, guanine, adenosine-5'-diphosphate (ADP), guanosine-5'-

triphosphate (GTP), S-adenosylmethionine (SAM)280, cyclic-di-GMP, and cyclic-AMP-GMP281. In addition to 

metabolite detection using Spinach RNA aptamers, the real-time imaging of bacterial proteins in E. coli 
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was established by Song and coworkers. These sensors were designed with a protein-binding aptamer 

domain linked to the Spinach RNA aptamer domain by a transducer sequence. Upon protein binding, the 

secondary structure of the protein-binding aptamer domain changes to allow Watson-Crick base pairing 

of the transducer stem sequence, which induces Spinach RNA aptamer formation and DFHBI binding. The 

protein concentrations of thrombin, MS2 phage coat protein, and streptavidin were initially determined 

in in vitro experiments and later in E. coli cells.282  

Single-molecule RNA imaging has been used to understand in vivo RNA dynamics during various processes 

such as transcription, post-transcriptional modification, translation, splicing and degradation. Cawte et al. 

tracked β-actin mRNA and the long non-coding RNA NEAT1 using single-molecule imaging with Mango 

(II)-RNA aptamers. The folding and fluorescence properties of Mango (II)-RNA aptamer were improved 

using tandem array constructs with multiple aptamers linked together in a row.271
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In this work, HIF1α-AS1 was identified as a functionally important triplex-forming lncRNA in human 

endothelial cells using a combination of bioinformatics techniques, RNA/DNA pulldown experiments, 

and biophysical experiments such as CD and NMR spectroscopy. Through RNA:DNA:DNA triplex 

formation, HIF1α-AS1 downregulates the expression the gene expression of the identified target 

genes, such as EPH receptor A2 (EPHA2) and adrenomedullin ADM in a trans-acting manner, by 

recruiting the repressive human silencing hub (HUSH) complex.  
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HIF1α-AS1 is aDNA:DNA:RNAtriplex-forming
lncRNA interacting with the HUSH complex

Matthias S. Leisegang 1,2,12, Jasleen Kaur Bains 3,12, Sandra Seredinski1,2,
James A. Oo1,2, Nina M. Krause3, Chao-Chung Kuo 4, Stefan Günther 5,
Nevcin Sentürk Cetin6, Timothy Warwick 1,2, Can Cao1, Frederike Boos 1,2,
Judit Izquierdo Ponce1, Shaza Haydar1,2, Rebecca Bednarz 1,
Chanil Valasarajan5,7, Dominik C. Fuhrmann 8, Jens Preussner 5,
Mario Looso 5, Soni S. Pullamsetti 5,7, Marcel H. Schulz 2,9,
Hendrik R. A. Jonker 3, Christian Richter3, Flávia Rezende1,2, Ralf Gilsbach 1,2,
Beatrice Pflüger-Müller1,2, Ilka Wittig 1,2,10, Ingrid Grummt6,
Teodora Ribarska6,11, Ivan G. Costa 4, Harald Schwalbe 3,13 &
Ralf P. Brandes 1,2,13

DNA:DNA:RNA triplexes that are formed through Hoogsteen base-pairing of
the RNA in the major groove of the DNA duplex have been observed in vitro,
but the extent to which these interactions occur in cells and how they impact
cellular functions remains elusive. Using a combination of bioinformatic
techniques, RNA/DNA pulldown and biophysical studies, we set out to identify
functionally important DNA:DNA:RNA triplex-forming long non-coding RNAs
(lncRNA) in human endothelial cells. The lncRNA HIF1α-AS1 was retrieved as a
top hit. Endogenous HIF1α-AS1 reduces the expression of numerous genes,
including EPH Receptor A2 and Adrenomedullin through DNA:DNA:RNA tri-
plex formation by acting as an adapter for the repressive human silencing hub
complex (HUSH).Moreover, the oxygen-sensitiveHIF1α-AS1 is down-regulated
in pulmonary hypertension and loss-of-function approaches not only result in
gene de-repression but also enhance angiogenic capacity. As exemplified here
with HIF1α-AS1, DNA:DNA:RNA triplex formation is a functionally important
mechanism of trans-acting gene expression control.

Long non-coding RNAs (lncRNAs) represent the most diverse, plastic
and poorly understood class of ncRNA1. Their gene regulatory
mechanisms involve formation of RNA-protein, RNA-RNA or RNA-DNA
complexes1. RNA-DNA interactions occur either in heteroduplex

(DNA:RNA) or triplex strands (DNA:DNA:RNA). In triplexes, double-
stranded DNA (dsDNA) accommodates the single-stranded RNA in its
major groove2. The binding occurs via Hoogsteen or reverse Hoogs-
teen hydrogen bonds with a purine-rich sequence of DNA to which the
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RNA strandbinds in a parallel or antiparallelmanner.Hoogsteenbonds
are weaker than Watson-Crick bonds, resulting in Hoogsteen pairing
rules being more flexible3.

Ex vivo characterization of triplex formation relies on a variety of
different biophysical methods including circular dichroism- (CD) and
nuclear magnetic resonance-spectroscopy (NMR)4–6. Even with these
techniques it can be challenging to discriminate DNA-RNA hetero-
duplexes from triplexes and analyses are usually restricted to oligo-
nucleotides of a limited length. Nevertheless, a few lncRNAs have been
suggested to formtriplexeswithdsDNA, however, triplex studies using
living cells are still in early development4,6–13. In silico analyses of RNA-
DNA triplex formation predicted several genomic loci and lncRNAs to
form triplexes14. In line with this, a global approach in HeLa S3 and
U2OS cells to isolate triplex-forming RNAs on a genome-wide scale
yielded several RNA:DNA triplex-forming lncRNAs15.

In addition to the sparse initialfindings of triplex formationwithin
cells, several other open questions remain: What is the physiological
relevance of triplex-forming lncRNAs and are these cell- and tissue-
type specific? What is the mechanism of action of triplex-forming
lncRNAs? Do they disturb transcription in a similar way to R-loops16 or
recruit certain protein complexes to DNA in a site-specific manner?
Regarding the latter aspect, Polycomb Repressive Complex 2 (PRC2)
has been identified as a target of the lncRNAs HOX Transcript Anti-
sense RNA (HOTAIR), FOXF1 Adjacent Non-Coding Developmental
RegulatoryRNA (FENDRR) andMaternally Expressed 3 (MEG3)4,12,13, but,
given the highly promiscuous nature of PRC2, this function remains
controversial. Other examples of protein interactors involve e.g. E2F1
and p300, which are recruited by the triplex-forming antisense lncRNA
KHPS1 to activate gene expression of the proto-oncogene sphingosine
kinase 1 (SPHK1) in cis7,10.

Much of today’s in vitro RNA research heavily relies on immorta-
lized cell lines. Although such model systems are well suited for
transfection or genomic manipulation, they are highly de-
differentiated and exhibit reaction patterns such as unlimited growth
and immortalization - characteristics not observed in primary cells17.
Considering that lncRNAs are expressed in a species-, tissue- and
differentiation-specific manner1, biological evidence for lncRNA func-
tions in primary cells is limited. Among such cells, endothelial cells
stand out due to their well documented importance in regeneration,
angiogenesis and tissue vascularization. Indeed, endothelial cell dys-
function is one of the main drivers of systemic diseases like diabetes
and inflammation18.

Here, we combined molecular biology and biophysics, bioinfor-
matics and physiology to systematically uncover the role of triplex-
forming lncRNAs in endothelial cells. This approach identified HIF1α-
AS1 as a trans-acting triplex-forming lncRNA that controls vascular
gene expression in endothelial cells with implications for vascular
disease.

Results
HIF1α-AS1 is a triplex-associated lncRNA
To identify triplex-associated lncRNAs, we used Triplex-Seq data from
U2OS and HeLa S3 cells15. Triplex-Seq relies on the isolation of RNase
H-resistant RNA-DNA complexes fromcells followedbyDNA- andRNA-
Seq15. RNaseH cleaves the RNA in DNA-RNA heteroduplexes as present
in R-loops19 and has previously been used to distinguish between
heteroduplexes and triplexes20. The Triplex-Seq data comprised all
RNA entities and was filtered for the number of individual lncRNA
genes, resulting in 989 (for HeLa S3, Supplementary Data 1) and 1363
(for U2OS, Supplementary Data 2) different lncRNAs associated with
triplexes, with an overlap of 280 lncRNA genes between the two cell
lines (Fig. 1a). To further narrow down this set of enriched triplex-
associated lncRNAs, parameters for specificity (fold enrichment >10,
-log10(P value peak enrichment)) were increased so that 11 lncRNA
candidates with high confidence remained. Subsequently, these were

correlated to ENCODE and FANTOM5 Cap Analysis of Gene Expression
(CAGE)21–23 data. Of the 11 candidates, only 5 (RMRP, HIF1α-AS1, RP5-
857K21.4, SCARNA2 and SNHG8) were expressed in endothelial cells. All
5 candidates were predicted as non-coding by the online tools Coding
Potential Assessment Tool (CPAT 3.0.0) and coding potential calcu-
lator 2 (CPC2) and at least partially nuclear localized by ENCODE CAGE
(Fig. 1a). To further analyze these candidates, the Triplex-Seq enriched
regions were manually inspected in the IGV browser. This led to the
exclusion of SNHG8 as the triplex-associated regions within this
lncRNA were exclusively within the overlapping small nucleolar RNA
24 (SNORA24) gene. In the case of the other candidates, triplex-
association was within the individual lncRNA gene body. The cumu-
lative fold enrichment of the remaining lncRNAs in the Triplex-Seq
dataset illustrated strong triplex-association (Supplementary Fig. 1a).
To verify the candidates experimentally, RNA immunoprecipitation
(RIP) with antibodies against dsDNA with or without RNase H treat-
ment in human endothelial cells was performed. Cleavage of the RNA
in DNA-RNA heteroduplexes by RNase H19 revealed thatHIF1α-AS1 was
the strongest triplex-associated lncRNA (Fig. 1b).

Genomically, HIF1α-AS1 is located on the antisense strand of the
Hypoxia-inducible factor 1-alpha gene (HIF1A) (Fig. 1c). The lncRNAwas
specifically enriched in nuclear DNA, whereas HIF1α mRNA and 18 S
rRNA were not (Fig. 1d). Moreover, RIP with anti-histone 3 (Fig. 1e)
indicated that HIF1α-AS1 is bound to dsDNA in the chromatin
environment.

HIF1α-AS1 is disease-relevant
Only a few studies have so far documented the biological relevance
of HIF1α-AS1. Increased HIF1α-AS1 expression has been reported in
thoracoabdominal aortic aneurysms24.HIF1α-AS1wasalso suggested as
a biomarker in colorectal carcinoma25. Functionally, HIF1α-AS1 is pro-
apoptotic and anti-proliferative in vascular smooth muscle, Kupffer
and umbilical vein endothelial cells26–28.

As HIF1α is a central regulator of oxygen-dependent gene
expression18, we decided to measure the expression of HIF1α-AS1 in
endothelial cells under altered oxygen and disease conditions.
Hypoxia led to a decrease in HIF1α-AS1 expression in endothelial and
pulmonary artery smooth muscle cells (paSMC) (Fig. 1f, Supplemen-
tary Fig. 1b), which was restored in endothelial cells after 4 h and even
surpassed basal levels after 24 h of normoxic conditions (Fig. 1g).
Importantly,HIF1α-AS1was downregulated in endothelial cells isolated
from human glioblastoma (Supplementary Fig. 1c) and in lungs from
patients with end stage idiopathic pulmonary arterial hypertension
(IPAH) or chronic thromboembolic pulmonary hypertension (CTEPH)
(Fig. 1h). In paSMCs isolated from pulmonary arteries of patients with
IPAH, HIF1α-AS1 was strongly decreased (Supplementary Fig. 1d).
Together, these data demonstrate that HIF1α-AS1 is an oxygen-
dependent and disease-relevant lncRNA.

HIF1α-AS1-triplex binding suppresses target gene expression
Triplex-Seq can provide evidence for existing triplex forming regions
of the RNA (TFR) and triplex target sites (TTS) within the DNA but the
details of exactly which TFR and TTS interact cannot be derived from
Triplex-Seq. To identify the TFRs withinHIF1α-AS1 aswell asHIF1α-AS1-
dependent TTS, a combination of bioinformatics and wet lab
approaches were used: An Assay for Transposase-Accessible Chroma-
tin with high-throughput sequencing (ATAC-Seq) was performed after
HIF1α-AS1 knockdown to identify DNA target sites in human endo-
thelial cells. LNA-GapmeRs targeting HIF1α-AS1 led to a strong knock-
down of the lncRNA (Supplementary Fig. 1e). Triplex Domain Finder
(TDF), a computational tool for the prediction of RNA andDNA triplex-
forming potential14, predicted the TFRs withinHIF1α-AS1 to target DNA
regions around genes that displayed altered ATAC-Seq peaks after
HIF1α-AS1 silencing (Fig. 2a). The software identified three statistically
significant TFRs (TFR1-3) within the pre-processed HIF1α-AS1 RNA
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(Fig. 2b). There was also a high incidence of triplex-prone motifs pre-
dicted in regions whose chromatin state was altered in the ATAC-Seq
data after HIF1α-AS1 knockdown (Fig. 2c, Supplementary Data 3–5). Of
these TTS, 38 overlapped within all three TFRs (Fig. 2d). To identify
which TFR is most strongly associated with triplexes, RIP with S9.6
antibodies recognizing RNA-DNA association was performed. RNA-
DNA associations remaining after RNase H treatment excluded the
possibility that these were RNA-DNA heteroduplexes. Of the three
HIF1α-AS1TFRs, TFR2was identified as the TFRmost resistant to RNase
H (Fig. 2e). TFR2 is located intronically 478 nucleotides (nt) down-
stream of Exon1 and was detected by RT-PCR within nuclear isolated
RNA with primers covering the first 714 nt (E1-I) of the pre-processed
HIF1α-AS1 (Supplementary Fig. 1f). Triplex-prone motifs in the TFR1-3-
overlapping target regions yielded more than 20 different associated
genes, some of which displayed a high number of DNA binding sites
(Fig. 2f). If this binding of the lncRNA is relevant for the individual
target gene, then a change in target gene expression would be
expected. Importantly, in response to the downregulation ofHIF1α-AS1
with LNA-GapmeRs the expression of the following triplex target genes
increased: ADM, PLEC, RP11-276H7.2, EPHA2, MIDN and EGR1 (Fig. 2g).
Interestingly, as exemplified by the target genes HIF1A, EPHA2 and
ADM, the triplex target sites are often located close to the 5ʹ end of the
gene. In this region, histonemodifications, transcription factor binding
and chromatin conformation often have the greatest effect on

promoter function and gene expression (Fig. 2h, Supplementary
Fig. 1g). In order to prove that the triplexes also exist in vivo, Chro-
matin Immunoprecipitation (ChIP) was performed with S9.6 anti-
bodies. After RNaseH treatment, the TTS of EPHA2 andADMwereboth
more resistent to RNase H treatment compared to DNA regions
upstream or downstream of both TTS (Fig. 2i).

These data indicate that HIF1α-AS1 contains triplex forming
regions and target sites important for the regulation of gene
expression.

HIF1α-AS1 TFR2 RNA forms triplexes with EPHA2 and ADM
Our analysis identifiedHIF1α-AS1 TFR2 as the best suited candidate for
verification of triplex formation of the lncRNA using biophysical and
biochemical techniques. To monitor triplex formation of HIF1α-AS1,
EPHA2 was chosen as the target gene due to its abundance of triplex
target sites (Figs. 2f, h), its regulatory potential (Fig. 2g) and its
importance for vascularization29. Triplex domain finder predicted not
the complete TFR2 to bind EPHA2 TTS, but rather a core
TFR2 sequence that binds the TTS. The formation of DNA:DNA:RNA
triplexes between lncRNAHIF1α-AS1TFR2and its proposedDNA target
site within intron 1 of EPHA2 was characterized by electrophoretic
mobility shift assay (EMSA), CD- and solution NMR-spectroscopy.
From electrophoretic mobility shift assay (EMSA) the HIF1α-AS1 TFR2
RNA was found to form a low-mobility DNA-RNA complex with the
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Fig. 1 |HIF1α-AS1 is a triplex- andDNA-associatedRNaseH-insensitive lncRNA in
endothelial cells. aOverview of the identification of endothelial-expressed triplex-
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were overlapped, filtered with high stringency and analyzed for nuclear expression
in endothelial cellswith ENCODEandFANTOM5CAGEdata followedby analyses for
noncoding probability and enriched peaks in the Triplex-Seq data. b RNA-
immunoprecipitation with anti-dsDNA antibody followed by qPCR (RIP-qPCR) tar-
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RNaseH.βAct served as control forRNaseH-mediated degradation.n = 3. c Scheme
of the human genomic locus of HIF1α-AS1. d RT-qPCR after anti-dsDNA-RIP in
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Tukey’s test,n = 3. *(p =0.0002).eRIP-qPCRwith anti-histone3 (H3) inHUVEC.Data
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HIF1α-AS1 in HUVEC treated with hypoxia (0.1% O2) for the indicated time points.
Normoxia served as negative control (CTL).n = 3,One-WayANOVAwith Bonferroni
test. *6 h (p =0.0216), * 24 h (p =0.0035). g RT-qPCR of HIF1α-AS1 in HUVECs
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*Reoxygenation-48h (p =0.04). h RT-qPCR of HIF1α-AS1 in lungs from control
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One-Way ANOVA with Tukey’s test. *IPAH (p =0.0063), *CTEPH (p =0.0005). For
b, d–g, n is defined as number of independent experiments. Data are presented as
mean values ± SEM.
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EPHA2 DNA target sequence (Fig. 3a). We also used CD-spectroscopy
to confirm triplex formation of HIF1α-AS1 TFR2 on EPHA2. The CD
spectrum indicated typical features for triplex formation, such as a
positive small peak at ∼220 nm, two negative peaks at ∼210 nm and
∼240nm and a blue-shift of the peak at ∼270 nm30,31, which was dis-
tinct from the EPHA2DNAduplex or theheteroduplex spectra (Fig. 3b).
This confirmed the existence of EPHA2:HIF1α-AS1 TFR2 triplexes.
Additionally, we performed thermal melting assays and obtained
melting temperatures Tm (RNA-DNA heteroduplex) = 53.48 ±0.32 °C,
Tm (DNA-DNA duplex) = 70.74 ± 0.22 °C and Tm (DNA-DNA-RNA tri-
plex) = 49.52 ± 0.22 °C with a very broad second melting point around
70 °C. The biphasic melting transition is a distinct feature of triplex
formation, which is characterized by a first melting temperature that
corresponds to melting of Hoogsteen hydrogen bonds that stabilize

the triplex and the second for the melting of the Watson-Crick base
pairing at higher temperatures (Fig. 3c). 1H-1D NMR spectra were
recorded for EPHA2DNAduplex (25nt),HIF1α-AS1TFR2RNA (TFO2-23,
23 nt), EPHA2:HIF1α-AS1_TFR2 heteroduplex and EPHA2:HIF1α-
AS1_TFR2 triplex at different temperatures (Fig. 3d). Using 10 eqHIF1α-
AS1 TFR2 RNA, triplex 1H NMR imino signals were observed in a spec-
tral region between 9 and 12 ppm providing further evidence that
HIF1α-AS1 was associated with EPHA2 through Hoogsteen base pairing
(Fig. 3e, Supplementary Fig. 2a). Further, we conducted NMR-
spectroscopic analysis of the triplex: we first measured a 1H,
1H-NOESY spectrum for EPHA2DNAduplex and assigned crosspeaks in
this spectrum of the DNA duplex. We identified 11 G and 12 T imino
proton signals (Fig. 3f). Then, we added the HIF1α-AS1_TFR2 RNA
triplex-forming strand in 10-fold excess [DNA-DNA]:[RNA] = 1:10 and

RIP-qPCR

TFR1
(359-394)

TFR2
(577-629)

TFR3
(4683-4707)

ADM
PLE

C

RP11
-27

6H
7.2

EPHA2
MID

N
EGR1

THBS1

YWHAZ
IER5

GATA2
IN

TS6
HIF1

CSRNP1

SPHK1
KLF

10

HIF1
-A

S1
0

1

2

3

4 * * * * *
0.05

*

d

b

g

a
HIF1α-AS1 pre-RNA sequence
& ATAC-Sequencing

Triplex forming regions (TFR)
Triplex target genes (TTS)

Triplex domain finder

RNase H-insensitive TFR
Regulation of gene expression

RNA-IP
LNA-GapmeR

f

Triplex target
sites

Triplex target
region

Refseq genes

Genomic target regions
e Associated Genes Target Region (hg19) TTS

MIDN 19:1248199-1255919 185
EPHA2;RP11-276H7.2 1:16477700-16482388 114
YWHAZ 8:101962631-101965154 98
PIM3;miR-6821 22:50353432-50360133 75
THBS1 15:39872759-39875007 64
CSRNP1;RP11-331G2.7/2.8 3:39192012-39195398 60
ADM 11:10326217-10327743 45
HIF1α-AS1,HIF1α 14:62161867-62162508 38
PLEC 8:145025665-145026699 37
INTS6;RP11-550E22.3 13:52026060-52027469 36
GATA2 3:128204974-128207502 36
EGR1 5:137799748-137803232 36
MIR22HG 17:1618274-1619657 35
KLF10;LOC927245 8:103667208-103669870 34
MKNK2 19:2049218-2050538 30
GLS,AC005540.3 2:191745573-191746911 28
MGAT4B;SQSTM1 5:179232347-179234390 28
EPHA2 1:16470280-16472363 25
MLF2 12:6861862-6862934 25
ADRB2;SH3TC2 5:148205764-148206226 25
DUSP4 8:29206837-29208764 25
NR2F2 15:96876613-96877845 24
IER5 1:181057847-181059221 20
POLR2L,TSPAN4 11:842075-845608 20

10

20

30

40

50

60

70

80

90

N
um

be
ro

f t
rip

le
x

ta
rg

et
re

gi
on

s

c

TFR1
TFR2

TFR3

h

ADMEPHA2

R
el

. %
 In

pu
t r

ec
ov

er
y

i

Article https://doi.org/10.1038/s41467-022-34252-2

Nature Communications |         (2022) 13:6563 4



semi-quantitatively analyzed the change in the DNA duplex spectrum.
For 7 G- and 6 T-imino protons either a strong or medium attenuation
of cross peak intensities in the imino-imino region of the NOESY
spectrum was observed (Supplementary Fig. 2b). We rationalize this
attenuation as to arise from weakening of the Watson-Crick base
pairing induced by the Hoogsteen interaction with the RNA strand.
From this analysis, we compared predicted Hoogsteen interactions in
the triplex with the detected changes in the NOESY spectrum for

different positions i of RNA relative to DNA duplex strand. Interest-
ingly, the previously predicted position (i = 0) is supported by the
observed attenuations in the NOESY, where 3 G- and 2 T-imino sites
disappear completely and 3 G- and 1 T-imino sites are significantly
attenuated. In total, 12 sites remain unaffected in the DNA duplex
(Supplementary Fig. 2c). Further, based on our interpretation that
Hoogsteen interactions can bemapped from the analysis of cross peak
attenuation in the NOESY, we generated structural models for the

ba

e

triplex

heteroduplex

RNA

DNA duplex

g

c d

f

Fig. 3 | HIF1α-AS1 TFR2 RNA forms in vitro DNA:DNA:RNA triplexes with the
predicted DNA target region in EPHA2. a Electromobility shift assay of EPHA2
DNA duplex and EPHA2:HIF1α-AS1_TFR2 triplex with 15 and 25 equivalents of RNA
(TFO2-23). b Circular dichroism spectra of the EPHA2 DNA duplex (black), the
heteroduplex (dark gray) and EPHA2:HIF1α-AS1-TFR2 (red) measured at 298K.
c Thermal melting assay of the EPHA2 DNA duplex (black), the heteroduplex (dark
gray) and EPHA2:HIF1α-AS1-TFR2 (red). d Sequence of EPHA2 DNA (black) and
HIF1α-AS1-TFR2 RNA (red). Watson-Crick base pairing is indicated with | and the
Hoogsteen base pairing is indicated with *. Changes in the DNA duplex were
quantitatively analyzed using NOESY spectra of duplex and triplex. Imino protons
with strong attenuation (dark blue arrows) or medium attenuation (light blue

arrows) of cross peak intensities in the imino-imino region were observed. e 1H-1D
NMR spectra of the EPHA2 DNA duplex (black), HIF1α-AS1 TFR2 RNA (blue), het-
eroduplex (dark gray) and EPHA2:HIF1α-AS1-TFR2 triplex (red) at 288K.
f Assignment of the imino region of the 1H,1H-NOESY spectrum of EPHA2 DNA
duplex measured at 800MHz and 288K in NMR buffer with 5% D2O. g Cartoon
representation of DNA:DNA:RNA triplex docking studies with the following color
code: DNA strand (blue and gray) and RNA strand (red). This shows an ensemble of
the 20 top-ranked modeled structures for a DNA:DNA:RNA triplex. The figure was
generated by using PyMol 2.5 (Schrödinger, LLC). Source data (for a) are provided
as a Source Data file.

Fig. 2 | HIF1α-AS1 potentially forms DNA:DNA:RNA triplexes. a Overview of the
identification of HIF1α-AS1 triplex forming regions (TFR) and their DNA triplex
target sites (TTS) with triplex domain finder (TDF). HIF1α-AS1 pre-RNA and ATAC-
Seq of HUVECs treated with or without LNA GapmeRs against HIF1α-AS1were used
as input for TDF. RIP and LNA GapmeRs were used to validate the findings of TDF.
b All three TFRs of HIF1α-AS1 have a significantly higher number of DNA triplex
target regions (blue dots) than the random background (boxplots in gray). Boxplot
visualizes the median, first and third quartiles. The whiskers present the 1.5 inter-
quartile range. External gray dots represent outliers. Numbers in brackets are
positions of the individual TFR within HIF1α-AS1 pre-RNA. Analyzed with TDF,
n=200 randomizations. cCircos plot showing the localization of the individual TFR
withinHIF1α-AS1 pre-RNA and its interaction with the chromosomal TTS.dOverlap
of TTS of the individual TFRs of HIF1α-AS1. e Identification of RNase H-resistant
TFRs. RIP with anti-S9.6 with/without RNase H treatment in HUVEC followed by
qPCR for the TFRs. Ratio of %-input recovery with/without RNase H treatment is
shown. n = 8 independent experiments, paired t test. Dotted line represents

normalized values without RNase H treatment. The asterisk indicates that the
%-recovery after RNase H is significantly different for TFR2 compared to TFR1
(p =0.0452) and TFR3 (p =0.0244). f HIF1α-AS1 TFR1-3 overlapping top target
genes, their genomic location and number of TTS identified by TDF. g RT-qPCR of
triplex target genes of TFR2 after knockdown of HIF1α-AS1 in HUVEC. n = 6 inde-
pendent experiments. One-Way ANOVA with Holm’s Sidak test. *ADM (p =
<0.0001), *HIF1α-AS1 (p = <0.0001), *PLEC (p =0.0238), *RP11-276H7.2
(p =0.0238), *EPHA2 (p =0.0238), *MIDN (p =0.023). h Different triplex target
regions of HIF1α-AS1 are shown. Triplex target regions are highlighted in gray,
triplex target sites are shown in blue. Arrows indicate TTS at the 5ʹend. i ChIP-qPCR
with S9.6 antibody with/without RNase H treatment. Dotted line represents nor-
malized values without RNase H. QPCR was performed against EPHA2 or ADM TTS
or regions up- and downstream of the individual TTS. One-Way ANOVA with Bon-
feronni test. n = 5 independent experiments. *EPHA2:up/TTS (p = <0.0001),
*ADM:up/TTS (p = <0.0001), *ADM:TTS/down (p = <0.0001), *EPHA2:TTS/
down (p =0.0321). Data are presented as mean values ± SEM.
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EPHA2:HIF1α-AS1_TFR2 triplex. The ensemble of the 20 top-ranked
structures for the triplex are displayed as cartoon (Fig. 3g).

To confirm the formation of triplexes with lower equivalents,
stabilized triplex formation was investigated: the intermolecular
dsDNA formed by two complementary antiparallel DNA strands was
changed into a hairpin construct, where both DNA strands were linked
with a 5 nt thymidine-linker and duplex formation thus became intra-
molecular. With this approach, triplex formation was obtained with 3
eq RNA, indicating that triplex formation is favored under those con-
ditions as expected. 1H-1D NMR spectra of hairpin EPHA2_CTGA and
15N-labeled HIF1α-AS1 TFR2:EPHA2_CTGA triplex indicated changes in
the Hoogsteen region (9-12 ppm) and the spectral region of imino (12-
14 ppm) and amino signals (7–8.5 ppm) (Supplementary Fig. 3a, b). In
addition to EPHA2, we also tested ADM, a preprohormone involved in
endothelial cell function32. For ADM_CTGA:HIF1α-AS1 TFR2 triplex, the
new imino protons in the Hoogsteen region arose at lower tempera-
tures (Supplementary Fig. 3c and d). For both ADM_CTGA and
EPHA2_CTGA triplex constructs the CD spectra showed an increased
negative ellipticity at ∼240 nm and positive ellipticity at ∼270 nm
(Supplementary Fig. 3e, f). Further, the thermal melting data verified
the triplex stabilization with higher melting temperatures and defined
melting transitions upon DNA hairpin formation. For the EPHA2_CT-
GA:HIF1α-AS1 TFR2 (TFO2-23) triplex we obtained a first melting point
at Tm (1st triplex) = 50.08 ± 0.51 °C, a second melting point Tm (2nd

triplex) = 79.90 ± 0.10 °C and Tm (DNA hairpin) = 80.41 ± 0.10 °C
(Supplementary Fig. 3g). The melting temperature of ADM DNA
duplex Tm (DNA-DNA duplex) = 63.80 ± 0.20 °C increased for the
ADM_CTGA hairpin Tm (DNA hairpin) = 95.76 ± 16.69 °C. For the
ADM_CTGA:HIF1α-AS1 TFR2 (TFO2-23), we obtained a first melting
point Tm (1st triplex) = 40.24 ± 2.62 °C and a second Tm (2nd tri-
plex) = 81.78 ± 0.59 °C (Supplementary Fig. 3h). The data demon-
strate that HIF1α-AS1 TFR2 forms triplexes with EPHA2 and ADM
dsDNA under regular and triplex-stabilized conditions upon DNA
hairpin formation.

TFR2 represses EPHA2 and ADM gene expression
The current data indicate that HIF1α-AS1 forms triplexes with EPHA2
and ADM, however, the mechanistic and functional consequences of
this phenomenon are unclear. To investigate these aspects, gain and
loss of function approaches were performed. Increasing the expres-
sion of HIF1α-AS1 using a dCas9-VP64 CRISPR activation system
(CRISPRa) reduced the expression of EPHA2 and ADM (Fig. 4a). Con-
versely, downregulation of HIF1α-AS1 with a dCas9-KRAB repression
system (CRISPRi) increased the expression of EPHA2 andADM (Fig. 4b).
ConsistentwithHIF1α-AS1 repressing EPHA2 andADMgene expression,
EPHA2 levels increased after knockdown of HIF1α-AS1 (Figs. 2g, 4c).
EPHA2 has a multi-faceted role in angiogenesis29,33,34. In HUVEC,
knockdown of EPHA2 with siRNAs strongly reduced its RNA and pro-
tein expression and inhibited angiogenic sprouting (Fig. 4d and e,
Supplementary Fig. 4a–c). Conversely, a knockdown of HIF1α-AS1with
LNA-GapmeRs increased VEGF-A- and bFGF-mediated angiogenic
sprouting (Fig. 4f, g, Supplementary Fig. 4d), confirming the repressive
effect of HIF1α-AS1 on EPHA2. Additionally, CRISPRi targeting HIF1α-
AS1 or an siRNA-mediated knockdown of the HIF1α-AS1 pre-RNA tar-
geting the intron region next to the TFR2 were performed. Targeting
the intron of HIF1α-AS1 not only decreased the expression of TFR2,
but also increased EPHA2 andADM, whereasHIF1αwasnot significantly
altered (Supplementary Fig. 4e). As expected, both CRISPRi and
siRNA against HIF1α-AS1 intron induced VEGF-A-mediated sprouting
(Fig. 4h and i, Supplementary Fig. 4f, g), whereas CRISPRa and an
overexpression of the first 1200 nt of the HIF1α-AS1 gene (containing
Exon1, the beginning of the intron including TFR2) had the opposite
effect (Fig. 4j and k, Supplementary Fig. 4h, i). The repressive effect of
HIF1α-AS1 on EPHA2was further confirmed byWestern analysis, where
siRNA-mediated knockdown of the HIF1α-AS1 pre-RNA increased

EPHA2 and overexpression of the first 1200 nt of the HIF1α-AS1 gene
decreased EPHA2protein levels (Fig. 4l andm). The beneficial effect on
sprouting is at least partially based on an anti-apoptotic effect as
knockdown of HIF1α-AS1 increased caspase 3&7 activity as measured
by a cell-permeant fluorescent probe (SR-DEVD-FMK) that bound to
active caspase 3 & 7 (Supplementary Fig. 4j). To demonstrate directly
that TFR2 is responsible for the regulation of EPHA2, we replaced TFR2
by genome editing using a recombinant Cas9-eGFP, a gRNA targeting
TFR2 and different single-stranded oligodeoxynucleotides (ssODN)
harboring either the published MEG3 TFR4 or a luciferase control
sequence (Supplementary Fig. 4k). Replacement of the TFR2 with the
MEG3 TFR, which served as a positive control for a functional TFR
repressing TGFBR1 expression4, yielded a reduction in TGFBR1 levels
compared to the luciferasecontrol (Fig. 4n).More importantly, the loss
of TFR2 consequently led to a loss of HIF1α-AS1 TFR2, an upregulation
of EPHA2 and partially of ADM (Fig. 4o, p, Supplementary Fig. 4l), and
also ChIPwith anti-S9.6 led to a reduced detection of the TTSof EPHA2
andADM (Fig. 4q, r). Thesedata demonstrate that TFR2 is functional as
a TFR and represses EPHA2 and ADM gene expression.

HIF1α-AS1 binds to and recruits HUSH to triplex targets
To elucidate the mechanism by which HIF1α-AS1 represses gene
expression, HIF1α-AS1-associated proteins were studied using RNA
pulldown experiments. 3’-biotinylated spliced HIF1α-AS1 lncRNA or 3ʹ-
biotinylated pcDNA3.1+ negative control were incubated in nuclear
extracts from HUVECs and RNA-associated proteins were identified by
electrospray ionization mass spectrometry, which retrieved M-phase
phosphoprotein 8 (MPP8)-a component of the human silencing hub
(HUSH) complex35- as top hit (Fig. 5a–b, Supplementary Data 6). The
HUSH-complex is a nuclearmachinery consistingof the chromodomain-
containing protein MPP8, TASOR (FAM208A) and PPHLN1 (Periphilin),
and was originally thought to mediate gene silencing during viral
infection by recruiting the SET Domain Bifurcated Histone Lysine
Methyltransferase 1 (SETDB1) which methylates H3K935. The HUSH
complex has not yet been studied in vascular cells and an interaction of
its core protein MPP8 with lncRNAs has not been reported. To support
our finding, RIP revealed that HIF1α-AS1 and its TFR2, but not HIF1A
mRNA, interact with MPP8 (Fig. 5c, Supplementary Fig. 5a–b). Further-
more, HIF1α-AS1 was highly enriched with H3K9me3 (Fig. 5d).

To map the RNA binding region of MPP8 on HIF1α-AS1, we used
catRAPID fragments36, an algorithm involving division of polypeptide
and nucleotide sequences into fragments to estimate the interaction
propensity of protein-RNA pairs. This highlighted potential binding
regions within Exon1 (Supplementary Fig. 5c). To substantiate these
data experimentally, ex vivo bindings assays were performed between
fragments ofHIF1α-AS1 and recombinant MPP8 (Fig. 5e) as well as with
HIF1α-AS1 and in vitro translated MPP8 mutants, among them the
mutation in the chromodomain W80A, a chromodomain deletion, an
N- or C-terminal half deletion and a deletion of the Ankyrin repeats
(ANK) (Fig. 5f). MPP8 interacted directly withHIF1α-AS1 full length and
a HIF1α-AS1 mutant lacking Exon2 (Fig. 5g). In contrast and in accor-
dancewith the catRAPIDprediction, deletionof Exon1 (nucleotides 26-
78 in particular) prevented the interaction (Fig. 5g), indicating that this
region of HIF1α-AS1 is critical for the interaction of HIF1α-AS1 with
MPP8. On the protein side, RIP of the MPP8 mutants with anti-His
antibodies followed by RT-qPCR for HIF1α-AS1 revealed that the
interaction ofHIF1α-AS1withMPP8was strongly reduced by a deletion
of the C-terminal half of MPP8, but not by deletion or mutation of the
chromodomain (Fig. 5h). Further, the Ankyrin repeats in the
C-terminus seem to effect the interaction only to a minor extent
(Fig. 5h). Uniprot37 listed three disordered regions, two of them in
the N-terminal half and one in the C-terminal half (Fig. 5f), which could
potentially be involved in the interaction.

To demonstrate that HIF1α-AS1 acts through HUSH complex
recruitment, we first tested whether parts of this complex exist in
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endothelial cells. Proximity ligation assays with antibodies against
MPP8, dsDNA, H3K9me3 and SETDB1 confirmed the association of
MPP8 with dsDNA (Supplementary Fig. 5d), H3K9me3 (Fig. 5i) and
SETDB1 (Fig. 5j) in the nuclei of endothelial cells, indicating that parts
of the complex are present at endothelial chromatin.

ChIP with and without RNase A revealed that targeting of MPP8
and SETDB1, but not NP220, which is another protein associated with
the HUSH complex38 and interacting with HIF1α-AS1 (Fig. 5b), to the

HIF1α-AS1 TTSof EPHA2 and ADMwere attenuated after RNA depletion
(Fig. 6a, Supplementary Fig. 6a, b). A region 5.7 kb downstream of
EPHA2, which harbors different triplex target sites to the one studied
here (Fig. 2h), also appeared to be reduced after RNase treatment the
binding ofMPP8 and SETDB1, but notNP220, indicating thatMPP8 and
SETDB1 might also act there (Supplementary Fig. 6c–e). To demon-
strate the dependence of the interactions with the TTS on HIF1α-AS1,
ChIP experiments with antibodies targeting SETDB1, MPP8 and NP220
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after LNA-GapmeR-mediated knockdown, CRISPRi and CRISPRa of
HIF1α-AS1 were performed. The binding of SETDB1 and MPP8, but not
of NP220, to the triplex target sites ofHIF1α-AS1 -and not to the regions
up- or downstream of the TTS- required the presence of the lncRNA
(Fig. 6b-e, Supplementary Figs. 6f–i and 7a–j) suggesting that these
interactions facilitate epigenetic processes and ultimately regulate
gene expression. ATAC-Seq confirmed that these factors act in the
region of the TTS: After knockdownofHIF1α-AS1, SETDB1 orMPP8, the
chromatin accessibility of both the EPHA2 and ADM transcriptional
start sites were reduced, which was also seen by CRISPRi of HIF1α-AS1
and by LentiCRISPR-mediated deletion of HIF1α-AS1 TFR2 (Fig. 6f,
Supplementary Figs. 7k and 8). LentiCRISPR-mediated deletion of
EPHA2TTSorADMTTS showed similar effects for the TSS of their gene
locus and CRISPRa of HIF1α-AS1 was confirmative by showing the
opposite effectwith increasedopenchromatinat theTSSof EPHA2 and
ADM (Fig. 6f, Supplementary Fig. 8). An increase in accessibility to the
region downstream of the EPHA2 TTS was detected after knockdown
of HIF1α-AS1, SETDB1 and MPP8; however, this could not be validated
with CRISPRi/a for HIF1α-AS1 or LentiCRISPR-dependent HIF1α-AS1
TFR2, EPHA2 TTS or ADM TTS experiments, suggesting that the
regions within the TSS, but not downstream of the EPHA2 TTS, may
contain the most essential repressor regions. These data indicate that
triplex formation by HIF1α-AS1 is important for fine-tuning chromatin
accessibility locally and thereby gene expression of EPHA2 and ADM
through SETDB1 and MPP8.

Discussion
The present study combined molecular biology, bioinformatics, phy-
siology and structural analysis to identify and establish the lncRNA
HIF1α-AS1 as a triplex-forming lncRNA in human endothelial cells.
Through trans-acting triplex formation by a specific region within
HIF1α-AS1, EPHA2 and ADM DNA target sites are primed for their
interaction with the HUSH complex members MPP8 and SETDB1 to
mediate gene repression through control of chromatin accessibility.
Physiologically, the anti-angiogenic lncRNA HIF1α-AS1 is dysregulated
in hypoxia and severe angiogenic and pulmonary diseases like CTEPH,
IPAH and GBM. Thus, the present work establishes a putative link of a
disease-relevant lncRNA and the HUSH complex by triplex formation
resulting in the inhibition of endothelial gene expression.

The interaction of chromatin modifying complexes with lncRNAs
suggests that lncRNAs have targeting or scaffolding functions within
these complexes to modulate chromatin structure and thereby gene
expression.Most studied lncRNAs have been identified to interactwith
complexes such as PRC2, SWI/SNF, E2F1 and p300, e.g. MEG34,
FENDRR12, MANTIS39, and KHPS17,10. In the present work, we identified

another silencing complex that can be targeted by lncRNAs: We
demonstrated that HIF1α-AS1 interacts with proteins of the HUSH
complex, which mediates gene silencing. HUSH is also involved in
silencing extrachromosomal retroviral DNA38. Recently it has been
shown that the HUSH complex, particularly MPP8, which is down-
regulated in many cancer types and whose depletion caused over-
expression of long interspersed element-1 (LINE-1s) and Long Terminal
Repeats, controls type I Interferon signaling involving a mechanism
with dsRNA sensing by MDA5 and RIG-I40. Here we report a direct
interaction of the HUSH complex member MPP8 with HIF1α-AS1.
Moreover, we identified Exon1 of HIF1α-AS1 as being critical for this
function. TheHUSH complex hasnot yet been studied in vascular cells;
it is not known whether its published composition with MPP8, TASOR
and PPHLN135 is valid for endothelial cells. Our data propose that, in
endothelial cells, the HUSH complex member MPP8 interacts with
H3K9me3 andDNAand that SETDB1 andMPP8, but notNP220, repress
gene expression of HIF1α-AS1-specific target genes.

The finding thatHIF1α-AS1 interactswith theC-terminal domainof
MPP8, and not with the chromodomain, was unexpected. The
N-terminus of MPP8 was reported to interact with H3K9me341. Sub-
stitution of Trp80 to alanine (W80A) within the chromodo-
main showed that it is important for H3K9me3 binding41, but also for
other interactions, such as with DNMT3A42. Douse et al. removed the
first 499 aa of MPP8 without impairing HUSH function; the function of
HUSH was, however, only affected by the deletion of the amino acids
500-860, which also contain the predicted ankyrin repeats43. A similar
finding was made for the maintenance of the self-renewal of ground-
state murine embryonic stem cells, where not the chromodomain, but
a C-terminal region of MPP8 was required for function44. The function
of the IDRs within MPP8 were not investigated so far, but disordered
regions are discussed to be potential linkers or binding partners
of RNA45.

We propose that HIF1α-AS1 mediates the anti-angiogenic effects
through triplex-formationwith the receptor tyrosine kinase EPHA2 and
the preprohormone ADM genes. EPHA2 is a major regulator of angio-
genic processes since EphA2-deficient mice displayed impaired
angiogenesis in response to ephrin-A1 stimulation in vivo46. EphA2-
deficient endothelial cells failed to undergo cellmigration and vascular
assembly in response to ephrin-A1 and only adenovirus-mediated
transduction of Epha2 restored the defect46. Additionally, ADM pro-
motes arterio- and angiogenesis32. Both genes were upregulated after
HIF1α-AS1 knockdown, explaining why HIF1α-AS1 knockdown
increased sprouting. However, other HIF1α-AS1 targets are likely to
contribute to the phenotype, such as the proangiogenic genesHIF1A47,
THBS148, EGR149 or NR2F250.

Fig. 4 |HIF1α-AS1 limits EPHA2 andADMexpression throughTFR2. a,bCRISPRa
(a, n = 6 independent experiments) or CRISPRi (b, n = 3 independent experiments)
targeting HIF1α-AS1 in HUVECs followed by RT-qPCR for HIF1α-AS1, EPHA2 and
ADM. Paired t test. A non-targeting gRNA served as negative control (CTL). a:
*AS1 (p =0.0009), *EPHA2 (p =0.0335), *ADM (p =0.0359); b: *AS1 (p =0.0012),
*EPHA2 (p =0.008), *ADM (p =0.0428). c Western blot with (AS1)/without (-, CTL)
LNA knockdown of HIF1α-AS1 in two independent experiments using two different
batches of HUVEC. GAPDH served as control. d–g Representative images (d, f) of a
spheroid assay and quantification (e, g) of the cumulative sprout length of HUVECs
treated with/without siRNAs against EPHA2 (d and e) or LNA GapmeRs targeting
HIF1α-AS1 (f and g). Scale bar, 200 µm. One-Way ANOVA with Bonferroni test.
e: CTL-VEGF-A (n = 12), CTL+VEGF-A (n = 15), EPHA2-VEGF-A (n = 13), EPHA2+VEGF-
A (n = 12); *CTL-/+VEGF-A (p = <0.0001), *EPHA2-/+VEGF-A (p = <0.0001), *CTL/
EPHA2+VEGF-A (p = <0.0001), *CTL/EPHA2-VEGF-A (p =0.0079); g: CTL-basal (n =
21), AS1-basal (n = 26), CTL+VEGF-A (n = 19), AS1+VEGF-A (n = 23), CTL+bFGF (n =
12), AS1+bFGF (n = 32); *VEGF-A (p =0.0495), *bFGF (p =0.0012). h–k Quantifica-
tion of the cumulative sprout length from the spheroid assays with siRNA targeting
the HIF1α-AS1 intron (h, n = 14 replicates), with CRISPRi (i, CTL-basal(n = 10), AS1-
basal (n = 11), CTL+VEGF-A (n = 11), AS1+VEGF-A (n = 14), CTL+bFGF (n = 10),
AS1+bFGF (n = 13)), with CRISPRa (j, CTL-basal (n = 8), AS1-basal (n = 7), CTL+VEGF-

A (n = 10), AS1+VEGF-A (n = 7), CTL+bFGF (n = 5), AS1+bFGF (n = 10)) or after
overexpression (k, CTL-basal (n = 21), 1200-basal (n = 22), CTL+VEGF-A (n = 20),
1200+VEGF-A (n = 18), CTL+bFGF (n = 21), 1200+bFGF (n = 19)) of the first 1200nt of
the HIF1α-AS1 gene (included TFR2, named as 1200). One-Way ANOVA with Bon-
ferroni test. h: *VEGF-A (p =0.0109); i: *VEGF-A (p = <0.0001), *bFGF (p =0.0006); j:
*VEGF-A(p =0.0429), *bFGF(p =0.0489); k: *VEGF-A(p = <0.0001), *bFGF(p =
0.0004). l,mWestern blot with (si) or without (CTL) siRNA-mediated knockdown
ofHIF1α-AS1 targeting the intron (l) orwith (OE)orwithout (CTL) overexpressionof
the first 1200 nt of HIF1α-AS1 (m) in three independent experiments using three
different batches of HUVEC. NONO served as control. n, o, p RT-qPCR of TGFBR1
(n),EPHA2 (o) orADM (p) after replacement ofHIF1α-AS1-TFR2with single-stranded
oligodeoxynucleotides (ssODN) containing MEG3-TFR or a DNA fragment of a
luciferase negative control (Luc). -, no ssODN. n = 5 independent experiments,
Paired t test. n: *(p =0.0018); o: *MEG3(p =0.0187), *Luc (p =0.015); p:
*(p =0.0106). q, r ChIP with anti-S9.6 after replacement of HIF1α-AS1-TFR2 and
qPCR for EPHA2 (q) or ADM (r) TTS. -, no ssODN. One-Way ANOVA with Bonferroni
test. n = 3 independent experiments. q: *MEG3 (p =0.0025), *Luc (p =0 .0024); r:
*Meg3 (p =0.0006), *Luc (p =0.0006). Data are presented as mean values ± SEM.
AS1, HIF1α-AS1. M, marker. Source data (for c, l, m) are provided as a Source
Data file.
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Fig. 5 | HIF1α-AS1 interacts directly with the HUSH complex member MPP8.
a Volcano plot of HIF1α-AS1 protein interaction partners after RNA pulldown assay
and ESI-MS/MS measurements with fold enrichment and p value. n = 5. Significant
proteins are shown above the line (p <0.05). b List of proteins enriched after RNA
pulldown assay, their p value (p, unpaired t test, two-tailed) and absolute fold
change (FC). c RIP with MPP8 antibodies and qPCR for HIF1α-AS1 TFR2. IgG served
as negative control. n = 4 independent experiments, Mann–Whitney test.
*(p =0.0286). d RIP with histone3-lysine9-trimethylation antibodies and qPCR for
HIF1α-AS1 TFR2. IgG served as negative control. n = 3 independent experiments,
Paired t test. *(p =0.0162). e Scheme of the different HIF1α-AS1 RNAs used for
in vitro RNA immunoprecipitation. E1, Exon1; E2, Exon2. f Scheme of the different
MPP8 mutants used for in vitro RNA-immunoprecipitation. IDR intrinsically dis-
ordered region, ANK Ankyrin repeat; Chromo, Chromodomain. g RT-qPCR after
in vitro binding assay of purified MPP8 with in vitro transcribed HIF1α-AS1 RNAs.

MPP8 antibodieswere used for RNA immunoprecipitation (RIP). AnT7-MCS in vitro
transcribed RNA served as negative control (CTL). FL, full length; E1, Exon1; E2,
Exon2. Δ indicates the deleted nt from HIF1α-AS1 full length. n = 4 independent
experiments, One-Way ANOVA with Dunnett’s test. *FL (p =0.018), *ΔE2 117-
652 (p =0.0453). h RT-qPCR after in vitro binding assay of different in vitro trans-
latedHis-taggedMPP8mutants with in vitro transcribedHIF1α-AS1 full length. Anti-
His was used for RNA immunoprecipitation. n = 4 independent experiments, One-
Way ANOVA with Dunnett’s test. *(p =0.0029). i, j Proximity ligation assay of
HUVECs with antibodies against MPP8 and H3K9me3 (i) or MPP8 and SETDB1 (j).
The individual antibody alone served as negative control. Red dots indicate poly-
merase amplified interaction signals. Scale bar indicates 20 µm (i) or 10 µm (j).
Images were representative of three independent experiments. Data are presented
as mean values ± SEM.
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Our data indicate that the TSS region of EPHA2, where changes in
chromatin accessibility were found consistently with knockdown,
CRISPRi/a and LentiCRISPR, may contain repressive elements required
to control the transcription of EPHA2. Other regions, such as the EPHA2
region downstream of the triplex target sites, showed sensitivity to
HIF1α-AS1, MPP8 and SETDB1 knockdown, but could not be validated
by CRISPRi/a or LentiCRISPR. This finding could indicate that this

region is probably sensitive to different transfection methods (elec-
troporation versus transfection reagents) or the use of small RNA
molecules, which was not the case in CRISPR experiments. The rele-
vance of that region for the control of EPHA2 transcription needs to be
further clarified with experiments involving region-specific mutations.

In our unbiased approach, a large number of DNA binding sites
were identified for HIF1α-AS1 with triplex domain finder analysis. The
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bodies with or without RNase A treatment and qPCR for the triplex target sites of
EPHA2 and ADM. Primers against a promoter sequence of GAPDH served as nega-
tive control. n = 4 independent experiments, paired t test. *EPHA2 (p =0.0223),
*ADM (p =0.0221). b, c ChIP with antibodies against SETDB1, MPP8 or NP220 in
HUVECs treatedwith (AS1) orwithout (CTL) LNAGapmeRs againstHIF1α-AS1. QPCR
was performed for EPHA2 TTS (b) or ADM TTS (c). n = 5 independent experiments,
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NTC non-targeting control, TFR triplex forming region, TTS triplex target site. Data
are presented as mean values ± SEM.
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large number is not unusual asmany of these binding sites overlap and
are not identical. Also for other lncRNAs, such as GATA6-AS, FENDRR,
HOTAIR and PARTICLE, many DNA binding sites have been predicted
within their target genes9,14. EPHA2 and ADM, as well as PLEC, RP11-
276H7.2, MIDN and EGR1 contained a large number of DNA binding
sites forHIF1α-AS1 andwere upregulated afterHIF1α-AS1 knockdown. It
is therefore tempting to speculate that similar regulatorymechanisms
may play a role in the regulation of these genes. Despite containing
triplex target sites, several genes were unaffected by changing the
expression level of the triplex-forming RNA. Given the large number of
target sites, this could be a consequenceof redundancywith respect to
target sites or lncRNAs, steric hindering or additional local factors so
far unknown. In fact, beyond Hoogsteen base pairing, the local factors
required for triplex formation have not yet been identified. For
example, it is possible that large protein complexes, like those
involved in splicing interfere with binding. Also, the binding of tran-
scription factors could compete with the lncRNA binding. Obviously,
also the local epigenetic landscape and chromatin state impacts on
triplex binding.

On several occasions, our study takes advantage on the fact that
RNase H cleaves the RNA in DNA-RNA heteroduplexes19, and therefore
enriches triplex-forming RNAs within the pool of DNA-interacting
RNAs. Although this approach has been widely used in the
field4,6,7,13,15,20,51, it is indirect and therefore not perfect. Proteins or
specific local factorsmay shield RNAs resulting in false positive results
and dynamic triplexes, with weak RNA interactions might also be
digested. This is why additional methods, in particular bioinformatics
prediction of Hoogsteen base pairing and ex vivo demonstration of
triplex forming potential are needed to confirm the data obtainedwith
the aid of differential RNase H-digestion.

The evidence for triplex formation by HIF1α-AS1 is substantiated
by a number of findings: Firstly, target recognition byHIF1α-AS1 occurs
via triplex formation involving GA-rich sequences of the DNA targets
and GA-rich sequences within HIF1α-AS1 lncRNA. This has also been
observed for other lncRNAs such as HOTAIR52 and MEG34. Secondly,
the 1H-1D NMR and CD spectroscopy data for HIF1α-AS1 provided
similar but more detailed characteristics for triplex formation, com-
pared with other studies4,5. Thorough NMR analysis of attenuations of
the individual DNA Watson-Crick base-paired nucleotides allows deli-
neation of those base pairs that are markedly affected by triplex for-
mation. From a total of 25 base pairs in the EPHA2_DNA duplex target,
only 13 base-pairs are affected. This observation in turn implies that
not the entire HIF1α-AS1 (TFO2-23) RNA is engaged in interaction with
the DNA target duplex within themajor groove of the DNA duplex, but
substantial parts of the RNA strand retain dynamicflexibilitywhichwas
further assured by our structural modeling. Through the use of het-
eroduplex samples, measurements at different temperatures, a
reduction of equivalents of RNA and triplex analysis with stabilized
DNA hairpin sequences, our study allowed an improved and extended
analysis of triplex formation. Thirdly, in agreement with previous
work5, most of the triplex target sites were located in the promoter
region or introns of the DNA target genes. Fourthly, the triplex for-
mation of HIF1α-AS1 resulted in gene repression, a finding also
observed forother triplex formingRNAs3.We could extend thisfinding
by replacing the TFR2 of HIF1α-AS1 with other sequences, which
abolished the repressive effects.

HIF1α-AS1wasdownregulated in the lungs of patientswith specific
forms of pulmonary arterial hypertension (PAH). PAH is characterized
by several structural changes, remodeling and lesion development in
the pulmonary arteries. A study by Masri et al. demonstrated the
impairment of pulmonary artery endothelial cells from IPAH patients
to form tube-like structures53. CTEPH, a complex disorder with major
vessel remodeling and small vessel arteriopathy, is characterized by
medial hypertrophy, microthrombi formation and plexiform lesions54.
It has been further shown that TGF-ß-induced angiogenesis was

increased by circulating CTEPH microparticles co-cultured with pul-
monary endothelial cells, indicating a pro-angiogenic feedback of
endothelial injury55. Since HIF1α-AS1 knockdown led to an increase in
sprouting, we assume that the loss of HIF1α-AS1 is a compensatory
mechanism, which could be putatively included in the above men-
tioned pro-angiogenic feedback loop. HIF1α-AS1 was also reduced in
endothelial cells isolated from glioblastoma. Typically this pathology
represents a highly angiogenic situation with defective endothelium
and abnormalmorphology56. Additionally,HIF1α-AS1 is pro-apoptotic27

and so the reduction of HIF1α-AS1 could explain the observed
sprouting phenotype by the inhibition of apoptosis. Therefore, it is
tempting to speculate that HIF1α-AS1 harbors atheroprotective roles,
which could be exploited to alter angiogenesis in patients. Strategies
to design such therapeutics require data in other species and in dif-
ferent tissues. HIF1α-AS1 is not endothelial-specific according to CAGE
analysis. A comprehensive analysis on HIF1α-AS1 conservation, espe-
cially of TFR2, is lacking. Initial attempts with BLAT showed that the
first 1000 nt of the pre-processed HIF1α-AS1 including TFR2 were
conserved in primates and pigs, but not in rodents (data not shown). A
potential application could be the promotion of vascular regeneration
after an ischemia damage to promote early blood supply. Indeed, the
post-ischemic healing response is not solely dependent on cardio-
myocyte loss and adaptation but also on the damage response of the
stroma-vascular compartment57. HIF1α-AS1 was downregulated in
hypoxia, but upregulated in the damage-relevant re-oxygenation
phase. This suggests that specifically in that phase where endothelial
proliferation is most needed,HIF1α-AS1 limits the angiogenic response
and therefore advocates itself as a target. Therefore, we propose an
anti-HIF1α-AS1 approach to promote the early angiogenic response to
promote post-ischemia regeneration.

Additionally, the data indicate that triplex formation could have
therapeutic potential. The single nucleotide polymorphism (SNP)
rs5002 (chr11:10326521 (hg19)) was found within the triplex target
site of ADM with phenoscanner, which lists an association with
hemoglobin concentration, red blood cell count and hematocrit58.
Another link between a triplex forming lncRNA and PAH was repor-
ted by a massive upregulation of MEG3 in paSMCs from IPAH
patients. This prevented hyperproliferation after MEG3 knockdown
and a reduced apoptosis phenotype of IPAH-paSMCs involving a
mechanism withmiR-328-3p and IGF1R59. Although triplex formation
was not studied, another study provided evidence that a ribonu-
cleotide sequence can be used to form a potential triple helix to
inhibit gene expression of the IGF1R gene in rat glioblastoma cells60.
MEG3 is known to impair cell proliferation and to promote apoptosis
in glioma cells61. This argues that the binding of a lncRNA to DNA is
potentially involved in PAH and GBM.

Taken together, the findings presented here highlight an impor-
tant pathway of a scaffolding lncRNA within an epigenetic-silencer
complex that has a crucial role in the regulation of endothelial genes.

Methods
Materials
The following chemicals and concentrations were used: Human
recombinant VEGF-A 165 (R&D, 293-VE), Recombinant Human FGF-
basic (154 a.a.) (bFGF, Peprotech, 100-18B), RNase A (NEB, EN0531),
RNase H (NEB, M0297L), Cycloheximide (Sigma, C1988) and human
recombinant TNF-α (Peprotech, 300-01 A). The following antibodies
were used: Anti-H3-pan (Diagenode, C15200011), Anti-dsDNA [35I9
DNA] (Abcam, ab27156), Anti-DNA-RNA Hybrid [S9.6] (Kerafast,
ENH001), Anti-EPHA2 (Bethyl, A302-025-M), Anti-GAPDH (Sigma,
G8795), Anti-HSC70/HSP70 (Enzo Life Sciences, ADI-SPA-820), Anti-
NONO (Bethyl, A300-587A), Anti-MPP8 (Bethyl, A303-051A-M),
Recombinant Anti-6X His tag® antibody [EPR20547] (Abcam,
ab213204, ChIP grade), Anti-H3K9me3 (Diagenode, SN-146-100), Anti-
SETDB1 (Bethyl, A300-121A, for chromatin immunoprecipitation; Santa
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Cruz Biotechnology, ESET (G-4): sc-271488, for Proximity ligation
assay) and Anti-ZNF638/NP220 (Bethyl, A301-548A-M).

Cell culture
Pooled human umbilical vein endothelial cells (HUVECs) were pur-
chased from PromoCell (C-12203, Lot No. 405Z013, 408Z014,
416Z042, Heidelberg, Germany) and originate from umbilical cord/
umbilical vein of caucasians (405Z013: 2 males, 1 female; 408Z014: 2
males, 1 female; 416Z042: 2males, 2 females). HUVECswere cultured in
a humidified atmosphere of 5% CO2 at 37 °C. Fibronectin-coated
(356009, Corning Incorporated, USA) dishes were used to culture the
cells. Endothelial growth medium (EGM), consisting of endothelial
basal medium (EBM) supplemented with human recombinant epi-
dermal growth factor (EGF), EndoCGS-Heparin (PeloBiotech, Ger-
many), 8% fetal calf serum (FCS) (S0113, Biochrom, Germany),
penicillin (50U/mL) and streptomycin (50 µg/mL) (15140-122, Gibco/
Lifetechnologies, USA) was used. For each experiment except ATAC-
Seq, at least three different batches of HUVEC from passage 3 were
used. In case of hypoxic treatments, cells were incubated in a SciTive
Workstation (Baker Ruskinn, Leeds, UK) at 0.1% O2 and 5% CO2 for the
times indicated.

Human embryonic kidney 293 cells (HEK293) (ATCC, Manassas,
USA) and Lenti-X 293 T cells (Takara, 632180, Japan) were cultured in
Dulbecco’s Modified Eagle Medium High Glucose (Gibco) supple-
mented with 8% FCS, penicillin (50U/mL) and streptomycin (50μg/
mL) (15140‐122, Gibco/ Lifetechnologies, USA), in a humidified atmo-
sphere of 5% CO2 at 37 °C.

Analyses of Triplex-Seq data to identify candidate lncRNAs
Triplex-Seq data of U2OS and HeLa S3 was used from15, aligned using
STAR62 and peak-calling was performed with MACS263. Peaks were
intersected with Ensembl hg38 gene coordinates to produce a list of
gene-associated peaks, which was filtered for lncRNAs. The overlap of
U2OS andHeLa S3 lncRNAswasfiltered for high confidence candidates
by applying two cut-off filters for fold enrichment (>10) and -log10(P
value peak enrichment) (>20). The P value for the enrichment of the
peak (i-log10(P value peak enrichment))was calculated using a Poisson
distribution to estimate the expectednumber of readswhich should lie
within the peak region. The enrichments (fold enrichment, P) are then
calculated based on the ratio of observed reads at the peak location
(i.e. the real peak) vs. the expected peak. Next, the candidates were
filtered for the presence of a nuclear value (>0) in ENCODE and for the
presence of a signal (>0) in aorta, artery, lymphatic, microvascular,
thoracic, umbilical vein and vein in FANTOM5 CAGE data21–23. Subse-
quently, the remaining candidates (RMRP, HIF1α-AS1, RP5-857K21.4,
SCARNA2 and SNHG8) were tested for their non-coding probability
with the online tools CPAT64 andCPC265. Lastly, regions enriched in the
Triplex-Seqweremanually inspected in the IGV browser to rule out the
possibility that the signals belong to overlapping genes.

Total and nuclear RNA isolation, Reverse transcription and
RT-qPCR
Total RNA isolation was performed with the RNA Mini Kit (Bio&Sell).
Reverse transcription was performed with SuperScript III Reverse
Transcriptase (Thermo Fisher) and oligo(dT)23 together with random
hexamer primers (Sigma). CopyDNA amplification was measured with
RT-qPCR using ITaq Universal SYBR Green Supermix and ROX as
reference dye (Bio-Rad, 1725125) in an AriaMX cycler (Agilent). Relative
expression of target genes was normalized to ß-Actin or 18 S ribosomal
RNA. Expression levels were analyzed by the delta-delta Ct method
with the Agilent Aria 1.7 qPCR software. Oligonucleotides used for
amplification are listed in Table 1.

For nuclear RNA isolation, cells were resuspended in buffer A1
(10mMHEPES pH 7.6, 10mM KCl, 0.1mM EDTA pH 8.0, 0.1mM EGTA
pH 8.0, 1mM DTT, 40 µg/mL PMSF) and incubated on ice for 15min.

Nonidet was added to a final concentration of 0.75% and cells were
centrifuged (1min, 4 °C, 16,000 × g). The pellet was washed twice in
buffer A1, lysed in buffer C1 (20mMHEPESpH7.6, 400mMNaCl, 1mM
EDTA pH 8.0, 1mM EGTA pH 8.0, 1mM DTT, 40 µg/mL PMSF) and
centrifuged (5min, 4 °C, 16,000 × g). The supernatant was used for
RNA isolation with RNA Isolation the RNA Mini Kit (Bio&Sell).

Knockdown procedures
For small interfering RNA (siRNA) treatments, endothelial cells
(80–90% confluent) were transfected with GeneTrans II according to
the instructions provided by MoBiTec (Göttingen, Germany). The fol-
lowing siRNAs were used: siEPHA2 (Thermo Fisher Scientific,
HSS176396), siSETDB1 (Thermo Fisher Scientific, s19112) and siMPP8
(Thermo Fisher Scientific, HSS123184). The stealth siRNA targeting the
intronofHIF1α-AS1 (approx. 100ntdownstreamofTFR2)wasdesigned
with the Invitrogen BLOCK-iT RNAi designer (Thermo Fisher) and had
the following sequence: 5ʹ-GCC TGG TCC CAA ACA TGC ATC ATA T-3ʹ.
As negative control, scrambled Stealth RNAi™ Med GC (Life technol-
ogies) was used. All siRNA experiments were performed for 48 h.

For Locked nucleic acid (LNA)-GapmeR (Exiqon) treatment, the
transfection was performed with the Lipofectamine RNAiMAX (Invi-
trogen) transfection reagent according tomanufacturer’s protocol. All
LNA-GapmeR transfections were performed for 48h. LNA-GapmeRs
were designed with the Exiqon LNA probe designer and contained the
following sequences:HIF1α-AS1 (1) 5ʹ-GAAAGAGCAAGGAACA-3ʹ and as
a negative Control 5ʹ-AACACGTCTATACGC-3ʹ.

Protein isolation and western blot analyses
HUVECs were washed in Hanks solution (Applichem) and afterwards
lysed with Triton X-100 buffer (20mM Tris/HCl pH 7.5, 150mM NaCl,
10mM NaPPi, 20mM NaF, 1% Triton, 2mM Orthovanadat (OV), 10 nM
Okadaic Acid, protein-inhibitor mix (PIM), 40 µg/mL Phe-
nylmethylsulfonylfluorid (PMSF)). The cells were centrifuged (10min,
16,000× g) and protein concentration of the supernatant was deter-
mined with the Bradford assay. The cell extract was boiled in Laemmli
buffer and equal amounts of protein were separated with SDS-PAGE.
The gels were blotted onto a nitrocellulose membrane and blocked in
Rotiblock (Carl Roth, Germany). After incubation with the first anti-
body, infrared-fluorescent-dye-conjugated secondary antibodies
(Licor, Bad Homburg, Germany) were used and signals detected with
an infrared-based laser scanning detection system (Odyssey Classic,
Licor, Bad Homburg, Germany). Images were acquired with Image
Studio 5.2 (Licor). The following first antibodies and dilutions were
used: Anti-EPHA2 (Bethyl, A302-025-M, 1:1000), Anti-GAPDH (Sigma,
G8795, 1:10000), Anti-HSC70/HSP70 (Enzo Life Sciences, ADI-SPA-
820, 1:2000) and Anti-NONO (Bethyl, A300-587A, 1:5000). The fol-
lowing secondary antibodies and dilutions were used: IRDye® 680RD
Donkey anti-Rabbit IgG Secondary Antibody (LICOR, 926-68073,
1:15000), IRDye® 800CW Donkey anti-Rabbit IgG Secondary Antibody
(LICOR, 926-32213, 1:15000), IRDye® 680RD Donkey anti-Mouse IgG
Secondary Antibody (LICOR, 926-68072, 1:15000) and IRDye® 800CW
Donkey anti-Mouse IgG Secondary Antibody (LICOR, 926-32212,
1:15000).

Human lung samples
The study protocol for tissue donation from human idiopathic pul-
monary hypertension patients was approved by the ethics committee
(Ethik Kommission am Fachbereich Humanmedizin der Justus Liebig
Universität Giessen) of the University Hospital Giessen (Giessen, Ger-
many) in accordancewith national lawandwithGoodClinical Practice/
International Conference on Harmonisation guidelines. Written
informed consent was obtained from each individual patient or the
patient’s next of kin (AZ 31/93, 10/06, 58/15)66.

Human explanted lung tissues from subjects with IPAH, CTEPH or
control donors were obtained during lung transplantation. Samples of
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donor lung tissue were taken from the lung that was not transplanted.
All lungs were reviewed for pathology and the IPAH lungs were clas-
sified as grade III or IV.

PASMC isolation and culture
Pulmonary arterial smooth muscle cells (PASMCs) were handled and
treated as described before67. Briefly, segments of PASMCs, which
were derived from human pulmonary arteries (<2mm in diameter) of
patients with IPAHor from control donors, were cut to expose them to
the luminal surface. Gentle scraping with a scalpel blade was used to
remove the endothelium. The media was peeled away from the
underlying adventitial layer. 1–2mm2 sections of medial explants were
cultured in Promocell smooth Muscle Cell Growth Medium 2 (Pro-
mocell, Heidelberg, Germany). For each experiment, cells from pas-
sage 4-6 were used. A primary culture of human PASMCs was obtained
from Lonza (CC-2581, Basel, Switzerland), grown in SmGM-2 Bulletkit
medium (Lonza) and cultured in a humidified atmosphere of 5%CO2 at
37 °C. Cells frompassages 4–6were used for experiments. For hypoxia
experiments, PASMCs were incubated in hypoxia or normoxia cham-
bers for 24 h in hypoxic medium (basal medium containing 1% FCS for
human PASMCs). Hypoxia chambers were equilibrated with a water-
saturated gas mixture of 1% O2, 5% CO2, and 94% N2 at 37 °C.

Brain microvessel isolation from glioblastoma (GBM) patients
Studies for human glioblastoma were covered by an ethics statement
according to the guidelines of the University of Frankfurt, whose
approval number for autopsy material is GS-249/11 and for resection
material GS-04/09. Human Brain microvessel (HMBV) isolation from
GBM patients was performed exactly as described before39. Within 3 h
post surgery, fresh brain specimenswere obtained fromGBMpatients.

For patientswithout available normal appearing healthy tissue, healthy
material was obtained from epilepsy or dementia patients or autopsy
material within a day postmortem. To isolate HMBV, specimens
obtained in ice-cold MVB (15mM HEPES, 147mM NaCl, 4mM KCl,
3mM CaCl2, 1.2mMMgCl2, 5mM glucose and 0.5% BSA, pH 7.4) were
used. These were cleared using forceps and the tissue was homo-
genized in 3-fold ice-cold MVB buffer by 15 up and down strokes in a
tight-fitting douncer (0.25mm clearance, 10mLWheaton) attached to
an electrical overhead stirrer (2000 rpm, VOS 14, VWR). The homo-
genate was centrifuged (400× g, 10min, 4 °C) and the pellet was
resuspended in fourfold 25% BSA (in PBS). After an additional cen-
trifugation (2000× g, 30min, 4 °C), myelin fat in the top layer was
aspirated. Next, the pellet containing the microvessels was resus-
pended in 3mL ice-cold MVB/ gram startingmaterial. To remove large
vessels and tissue aggregates, the sample was filtered through 100-
micron sterile nylonmesh cell strainer (BD) and themicrovessels were
trapped onto a 40-micron sterile nylon mesh (BD). Afterwards, the
mesh was washed once with ice-cold MVB and the microvessels were
lysed directly with ice-cold RLT-Plus RNA lysis buffer (Qiagen), vor-
texed and stored at −80 °C until use.

CRISPR/dCas9 activation (CRISPRa) and inactivation (CRISPRi)
Guide RNAs (gRNA) were designed with the help of the web-interfaces
of CRISPR design (http://crispr.mit.edu/). CRISPR activation (CRISPRa)
was performed with a catalytically inactive Cas9 (dCas9), which is
fused to the transcription activator VP64 (pHAGE EF1α dCas9-VP64),
whereas CRISPRi was performed with a dCas9 fusion to the KRAB
repressive domain. Bothwere used togetherwith a sgRNA(MS2) vector
containing the individual guide RNA (gRNA) to induce or repress
HIF1α-AS1 gene expression. pHAGE EF1α dCas9-VP64 and pHAGE EF1α

Table 1 | List of primers for RT-qPCR

Name Forward primer (5ʹ−3ʹ) Reverse primer (5ʹ−3ʹ)

b-actin AAAGACCTGTACGCCAACAC GTCATACTCCTGCTTGCTGAT

HIF1α-AS1 (TFR2) CCGAAATCCCTTCTCAGCAG TCTGTGTTTAGCGGCGGAGG

HIF1α-AS1 (E1) GCCCTCCATGGTGAATCGGTCCCCGCG CCTTCTCTTCTCCGCGTGTGGAGGGAG

HIF1α-AS1 (E2) AGGGCTGTTCCATGTTTAGG GTCTATGGATGCCCACATGC

HIF1α-AS1 (E1-I) GCCCTCCATGGTGAATCGGTCCCCGCG CAACCGAAATCCCTTCTCAGCAGCG

RMRP TCCGCCAAGAAGCGTATCCC ACAGCCGCGCTGAGAATGAG

SCARNA2 AGTGTGAGTGGACGCGTGAG AAGTGTAAGCGGGAGGAGGG

RP5-857K21.4 AGAGTGAGGAGAAGGCTTAC TTCTGAGTCCCAGAGGTTAC

HIF1α GCTCATCAGTTGCCACTTCC ACCAGCATCCAGAAGTTTCC

18S rRNA CTTTGGTCGCTCGCTCCTC CTGACCGGGTTGGTTTTGAT

HIF1α-AS1 (TFR1) TCAGACGAGGCAGCACTGTGCACTGAGG TCGCTCGCCATTGGATCTCGAGGAACCC

HIF1α-AS1 (TFR3) GAGCCCTAATCATAGGACTG AGGGTCTGAGGTTTGAGTTC

KLF10 AGCCAGCATCCTCAACTATC GCAGCACTTGCTTTCTCATC

SPHK1 GGAGATGCGCTTCACTCTGG GGAGGCAGGTGTCTTGGAAC

CSRNP1 TGTGGCTGTCACTGCGATAG TGTGGTCCATCTGGCACTTG

INTS6 GCCTGGCACCATGTCAGTAG GCACCAAGGACTCCAGACAC

GATA2 GCAACCCCTACTATGCCAACC CAGTGGCGTCTTGGAGAAG

IER5 AGACCGGGAACGTGGCTAAC TCTCAGCACCGGCTTATCGC

YWHAZ GTGTTCTATTATGAGATTCTGAAC ATGTCCACAATGTCAAGTTGTCTC

THBS1 TGTACGCCATCAGGGTAAAG AAGAAGGTGCCACTGAAGTC

EGR1 ACCCAGCAGCCTTCGCTAAC AGAAGCGGCGATCACAGGAC

MIDN AAGACACCCGGCTCAGTTCG TGAGACATGAGGCCCGCTTC

EPHA2 GGCTGAGCGTATCTTCATTG ACTCGGCATAGTAGAGGTTG

RP11-276H7.2 CCAGACTCCCTTTGCCTACC GCAGAGAAGACCCACGTACC

PLEC CCAAGGGCATCTACCAATCC CACTCCAGCCTCTCAAACTC

ADM TTCCGTCGCCCTGATGTACC ATCCGCAGTTCCCTCTTCCC

TGFBR1 GAGCGGTCTTGCCCATCTTC TTCAGGGGCCATGTACCTTTT
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dCas9-KRAB were a gift from Rene Maehr and Scot Wolfe (Addgene
plasmid # 50918, # 50919)68 and sgRNA(MS2) cloning backbone was a
gift from Feng Zhang (Addgene plasmid # 61424)69. The following
oligonucleotides were used for cloning of the guide RNAs into the
sgRNA(MS2) vector: For CRISPRa of HIF1α-AS1 5ʹ-CACCGGGGC
CGGCCTCGGCGTTAAT-3ʹ and 5ʹ-AAACATTAACGCCGAGGCCGGCC
CC-3ʹ, and for CRISPRi of HIF1α-AS1 5ʹ-CACCGGTCTGGTGAGGA
TCGCATGA-3ʹ and 5ʹ-AAACTCATGCGATCCTCACCAGACC-3ʹ. After
cloning, plasmidswerepurified and sequenced. The transfection of the
plasmids in HUVEC was performed using the NEON electroporation
system (Invitrogen).

CRISPR-Cas9 genome editing with LentiCRISPR
Guide RNAs (gRNA) were selected using the publicly available CRIS-
POR algorithm 5.01 (http://crispor.tefor.net/)70. A dual gRNA approach
consisting of gRNA-A and gRNA-B was used to facilitate the individual
deletions. The gRNAswere cloned into lentiCRISPRv2 vector backbone
with Esp3I (Thermo Fisher, FD0454) according to the standard
protocol71. lentiCRISPRv2 was a gift from Feng Zhang (Addgene plas-
mid #52961; http://n2t.net/addgene:52961; RRID:Addgene_52961)71.

For annealing, the following oligonucleotides were used: HIF1α-
AS1 TFR2: gRNA-A, 5ʹ-CACCGGCTCGTCTGTGTTTAGCGG-3ʹ and 5ʹ-
AAACCCGCTAAACACAGACGAGCC-3ʹ, gRNA-B, 5ʹ-CACCGGTGCGGC
TCAGCCCGAGTC-3ʹ and 5ʹ-AAACGACTCGGGCTGAGCCGCACC-3ʹ;
EPHA2 TTS: gRNA-A, 5ʹ-CACCGTTGCATAGGTTCTATGCCC-3ʹ and 5ʹ-
AAACGGGCATAGAACCTATGCAAC-3ʹ, gRNA-B, 5ʹ- CACCGAAGTGCT
ACCCTCCCTAGA-3ʹ and 5ʹ-AAACTCTAGGGAGGGTAGCACTTC-3ʹ;ADM
TTS: gRNA-A, 5ʹ- CACCGCCGAGAGCAGGAGCGCGCG-3ʹ and 5ʹ-
AAACCGCGCGCTCCTGCTCTCGGC-3ʹ, gRNA-B, 5ʹ- CACCGCGCGTG
GCTGAGGAAAGAA-3ʹ and 5ʹ-AAACTTCTTTCCTCAGCCACGCGC-3ʹ.
After cloning, the gRNA-containing LentiCRISPRv2 vectors were
sequenced and purified. Lentivirus was produced in Lenti-X
293 T cells (Takara, 632180) using Polyethylenamine (Sigma-
Aldrich, 408727), psPAX2 and pVSVG (pMD2.G). pMD2.G was a gift
from Didier Trono (Addgene plasmid #12259; http://n2t.net/
addgene:12259; RRID:Addgene_12259). psPAX2 was a gift from
Didier Trono (Addgene plasmid #12260; http://n2t.net/addgene:
12260; RRID:Addgene_12260). LentiCRISPRv2-produced virus was
transduced in HUVEC with polybrene transfection reagent (Merck-
Millipore, TR-1003-G) and selection was performed with puromycin
(1 μg/mL) for 6 d. Afterwards, genomic DNA was isolated, PCR was
performed followed by agarose gel electrophoresis and ethidium-
bromide staining. The following primers were used: HIF1α-AS1 TFR2
del, 5ʹ-GCGGAGGAAAGAGAAAGGAG-3ʹ and 5ʹ-GAACAGAGAGCCC
AGCAGAG-3ʹ; EPHA2 TTS del, 5ʹ-TCTCCTTACCCTCTAGGGAG-3ʹ and
5ʹ-ATTCTAGGCCCAGAGACCAG-3ʹ; ADM TTS del, 5ʹ-GCGTGGCTG
AGGAAAGAAAG-3ʹ and 5ʹ-GAGAGTGATCTGCCAAGTAC-3ʹ; GAPDH,
5ʹ-TGGTGTCAGGTTATGCTGGGCCAG-3ʹ and 5ʹ- GTGGGATGGGAG
GGTGCTGAACAC-3ʹ.

CRISPR-Cas9 ArciTect genome editing
For genome editing, the ArciTect Cas9-eGFP system was used
according to themanufacturer’s conditions (STEMCELL Technologies,
Köln, Germany). Briefly, ArciTect™ CRISPR-Cas9 RNP Complex solu-
tion was generated with 60μM gRNA and tracrRNA and 3.6 µg Arci-
Tect™ Cas9-eGFP Nuclease. Afterwards, 20 µM single-strand
oligodeoxynucleotide (ssODN) was added to the RNP solution. The
following gRNA was used to target TFR2 of HIF1α-AS1: 5ʹ-
ACGTGCTCGTCTGTGTTTAG-3ʹ. The following ssODNs (Integrated
DNA Technologies, Leuven, Belgium) were used to replace TFR2:
MEG3, 5ʹ-GAG GCACAGCTGGGACGGGCTGCGACGCTCACGTGCTCG
TCTGTGTTGTAATCGCTCCCTCTCTGCTCTCCGATGGGGGTGCGGCT
CAGCCCGAGTCTGGGGACTCTGCGCCTTCTCCGAAGGAAGGCGG-3ʹ,
negative control Luc 5ʹ-GCTGAGGCACAGCTGGGACGGGCTGCGAC
GCTCACGTGCTCGTCTGTGTTGTAATTATCACGCTCGTCGTTCGGTAT

GATGGGGGTGCGGCTCAGCCCGAGTCTGGGGACTCTGCGCCTTCTCC
GAAGGAAG-3ʹ. 400.000 HUVECs were seeded in a 12-well plate and
electroporated in E2 buffer with the NEON electroporation system
(Invitrogen) (1,400V, 1 × 30ms pulse). A full medium exchange was
done every 24 h and cells were incubated for 72 h. For FACS, eGFP-
positive cells were sorted in PBS supplemented with 5% FCSwith a Cell
Sorter SH800S (Sony).

HIF1α-AS1 mutants, pCMV6-MPP8-10xHis and MPP8 mutants
To clone pcDNA3.1 +HIF1α-AS1, HIF1α-AS1 was amplified with PCR
from cDNA (forward primer: 5ʹ-ATATTAGGTACCCGCCGCCGGCG
CCCTCCATGGTG-3ʹ, reverse primer: 5ʹ-ACGGGAATTCTAATGGAACAT
TTCTTCTCCCTAG-3ʹ) and insert and vector (pcDNA3.1+) were diges-
ted with Acc65I/EcoRI and ligated. pCMV6-MPP8-MYC-DDK was
obtained from Origene (#RC202562L3). The plasmid pcDNA3.1 +
HIF1α-AS1_1200 (called TFR2) included the first 1200 nt (hg19,
chr14:62,161,342-62,162,541) of the genomic DNA of the HIF1α-AS1
gene and was synthesized from Biomatik (Canada).

To create pcDNA3.1 +HIF1-AS1-Δexon1 (1-116), pcDNA3.1 +HIF1-
AS1-Δexon2 (117-652), pcDNA3.1 +HIF1-AS1-Δexon1 (26-78) and
pCMV6-MPP8-10xHIS (replacement of c-terminally MYC-DDK by
10xHIS), site-directed mutagenesis was performed with the Q5 Site-
Directed Mutagenesis Kit (NEB) according to the instructions of the
manufacturer. Oligonucleotides and annealing temperatures for
mutagenesiswere calculatedwith theNEBaseChanger online tool from
NEB. The pcDNA3.1 +HIF1α-AS1 and pCMV6-MPP8-Myc-DDK plasmids
served as templates and were amplified with PCR with the following
oligonucleotides to obtain the individual constructs: for pcDNA3.1 +
HIF1α-AS1-Δexon1 (1-116), 5ʹ-ACTACAGTTCAACTGTCAATTG-3ʹ and 5ʹ-
GGTACCAAGCTTAAGTTTAAAC-3ʹ, for pcDNA3.1 +HIF1-AS1-Δexon2
(117-652), 5ʹ-GAATTCTGCAGATATCCAG-3ʹ and 5ʹ-CTTTCCTTCTCTT
CTCCG-3ʹ, for pcDNA3.1 +HIF1α-AS1-Δexon1 (26-78), 5ʹ-AGCGCTGGC
TCCCTCCAC-3ʹ and 5ʹ-TTCACCATGGAGGGCGCC-3ʹ, for pCMV6-
MPP8-10xHIS, 5ʹ-CACCATCATCACCACCATCACTAAACGGCCGGCCGC
GGTCAT-3ʹ and 5ʹ-GTGATGGTGAGAGCCTCCACCCCCCTGCAGCTG
CACTCTGTATGCACCTATTAGC-3ʹ. The plasmids were verified by
sequencing.

The individual MPP8 mutants were generated with the Q5 Site-
DirectedMutagenesis Kit (#E0554S, NEB) according to the instructions
of the manufacturer. To generate primer sequences and calculate
annealing temperatures, the NEBaseChanger™ (NEB) was used. The
pCMV6-MPP8-10xHis plasmid served as template and was amplified
with PCR with the following oligonucleotides to obtain the individual
mutants: W80A, 5ʹ-CAAAGTTCGCgcGAAAGGCTATAC-3ʹ and 5ʹ-TA
AAGAACTTTACCCCCC-3ʹ, Δ55-118, 5ʹ-AGGAAGGATATTCAGAGAC
TATCC-3ʹ and 5ʹ-GTCCTCCTCACTGTCGCC-3ʹ, Δ2-441, 5ʹ-AAGGAA
ATCAGAAATGCATTTGATTTATTTAAATTAACTCCAGAAGAAAAAAAT-
GATGTTTCTG-3ʹ and 5ʹ-CATGGCGATCGCGGCGGC-3ʹ, Δ442-860, 5ʹ-
GGGGGTGGAGGCTCTCAC-3ʹ and 5ʹ-AAGTGTCTTTAATCCTTTTGG
CTCTTTTCTG-3ʹ, Δ600-728, 5ʹ-GTAGCAGAAGAGACAATAAAG-3ʹ and
5ʹ-GGAATCCTCTTGGTCCAG-3ʹ. The final plasmids were verified by
sequencing. In vitro protein synthesis of the MPP8 mutants was per-
formed with the PURExpress kit (E6800, NEB) according to the man-
ufacturer’s protocol.

Purification of pCMV6-MPP8-10xHis
To generate purified MPP8-10xHIS protein, pCMV6-MPP8-10xHIS was
overexpressed in HEK293 by transfection with Lipofectamine 2000
according to the manufacturer’s protocol. After 24 h, cells were lysed
with three cycles of snap freezing in liquid nitrogen and 2% triton
X-100 with protease inhibitors. Recombinant MPP8-10xHis was pur-
ified using HisTrap FF crude columns (Cytiva Europe, Freiburg, Ger-
many, #11000458) with a linear gradient of imidazole (from 20 to
500mM, Merck, Burlington, United States, #104716) in an Äkta Prime
Plus FPLC system (GE Healthcare/Cytiva Europe).
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In vitro transcription and RNA 3ʹend biotinylation
Prior to in vitro transcription, pcDNA3.1 + HIF1α-AS1, pcDNA3.1 +
HIF1α-AS1-Δexon1 (1-116), pcDNA3.1 +HIF1α-AS1-Δexon2 (117-652),
pcDNA3.1 +HIF1α-AS1-Δexon1 (26-78) or control pcDNA3.1+ were lin-
earized with SmaI (Thermo Fisher, FD0663). After precipitation and
purification of linearized DNA, RNA was in vitro transcribed according
to the manufacturers protocol with T7 Phage RNA Polymerase (NEB),
and DNAwas digestedwith RQDNase I (Promega). The remaining RNA
was purified with the RNeasy Mini Kit (Qiagen) and used for binding
reactions with MPP8-10xHis in RIP experiments. For RNA pulldown
experiments, RNA of HIF1α-AS1 or of the control pcDNA3.1+ were fur-
ther biotinylated at the 3ʹend with the Pierce RNA 3ʹend biotinylation
kit (Thermo Fisher).

RNA pulldown assay and mass spectrometry
The RNA pulldown assay was performed similar to39. For proper RNA
secondary structure formation, 150ng of 3ʹend biotinylated HIF1α-AS1
or control RNA was heated for 2min at 90 °C in RNA folding buffer
(10mM Tris pH 7.0, 0.1M KCl, 10mMMgCl2), and then put on RT for
20min. 1 × 107 HUVECs were used per sample. Isolation of nuclei was
performed with the truCHIP™ Chromatin Shearing Kit (Covaris, USA)
according to the manufacturers protocol without shearing the sam-
ples. Folded Bait RNA was incubated in nuclear cell extracts for 3 h at
4 °C. After incubation, samples were UV crosslinked. Afterwards,
Streptavidin M-270 Dynabeads (80 µL Slurry, Thermo Fisher) were
incubated with cell complexes for 2 h at 4 °C. After 4 washing steps
with the lysis buffer of the truCHIP chromatin Shearing Kit (Covaris,
USA), beads were put into a new Eppendorf tube. For RNA analysis,
RNA was extracted with TRIzol (Thermo Fisher). Afterwards, RNA
purification was performed with the RNeasy Mini Kit (Qiagen). If indi-
cated, RT-qPCR was performed. For mass spectrometric measure-
ments in order to reduce complexity, samples were eluted stepwise
from the beads. Beads were resuspended in 50mM ammoniumhy-
drogencarbonate and 1 µL RNAse A. Supernatant was reduced and
alkylated with DTT and chloracetamid, respectively. Remaining Beads
were resuspended in 20 µL 6M Guanidinhydrochlorid (GdmCl),
100mMTris/HCl, pH 8.5, 10mMDTT and incubated at 95 °C for 5min.
Reduced thiols were alkylated with 40mM chloroacetamid and sam-
ples were diluted with 25mM Tris/HCl, pH 8.5, 10% acetonitrile to
obtain a final GdmCl concentration of 0.6M. Proteins of both fractions
were digested with 1 µg Trypsin/LysC (sequencing grade, Promega)
overnight at 37 °C under gentle agitation. Digestion was stopped by
adding trifluoroacetic acid to a final concentration of 0.1%. Peptides
were loaded on multi-stop-and-go tip (StageTip) containing three a
stack of three C18-disks. Both fractions were eluted in wells of micro-
titer plates and peptides were dried and resolved in 1% acetonitrile,
0.1% formic acid. Liquid chromatography/mass spectrometry (LC/MS)
was performed on Thermo Scientific™ Q Exactive Plus equipped with
an ultra-high performance liquid chromatography unit (Thermo Sci-
entific Dionex Ultimate 3000) and a Nanospray Flex Ion-Source
(Thermo Scientific). Peptides were loaded on a C18 reversed-phase
precolumn (ThermoScientific) followedby separationon awith 2.4 µm
Reprosil C18 resin (Dr. Maisch GmbH) in-house packed picotip emitter
tip (diameter 100 µm, 15 cm long from New Objectives) using an gra-
dient from mobile phase A (4 % acetonitrile, 0.1% formic acid) to 40%
mobile phase B (80% acetonitrile, 0.1% formic acid) for 60min fol-
lowed by a second gradient to 80% B for 30min with a flow rate 400
nL/min. Run was finished by washout with 99% B for 5min and ree-
quilibration in 1% B. MS data were recorded by data dependent
acquisition Top 10 method selecting the most abundant precursor
ions in positivemode for HCD fragmentation. The Full MS scan range
was 300 to 2000 m/z with resolution of 70000, and an automatic
gain control (AGC) value of 3E6 total ion counts with a maximal ion
injection time of 160ms. Only higher charged ions (2 + ) were selec-
ted for MS/MS scans with a resolution of 17500, an isolation window

of 2m/z and an automatic gain control value set to E5 ions with a
maximal ion injection time of 150ms. Selected ions were excluded in
a time frame of 20 s following fragmentation event. Fullscan data
were acquired in profile and Fragments in centroidmode by Xcalibur
software. For data analysis MaxQuant 1.5.3.30 and Perseus 1.5.4.1
were used. The enzyme specificity was set to Trypsin, missed clea-
vages were limited to 2. Following variable modifications were
selected: at N-terminus acetylation (+42.01), oxidation ofmethionine
(+15.99), as fixed modification carbamidomethylation (+57.02) on
cysteines. Human reference proteome set from Uniprot (Download
4/2015, 68506 entries) was used to identify peptides and proteins.
False discovery rate (FDR) was set to 1 %. Protein group file was
uploaded to Perseus and data set was cleaned from reverse identifi-
cations and common contaminants. Data were Log2 transformed.
Identification were filtered for 4 valid values in at least one group. To
enable calculation of ratios between sample and control, missing
values were replaced from normal distribution. Positive hits from p
values (p < 0.05) of students t test between experimental groups
were highlighted. The samples were labeled H1-H5 for HIF1α-AS1 and
C1-C5 for the negative control RNA. MaxQuant 1.5.3.30 and Perseus
1.5.4.1 were used to analyze the data.

RNA immunoprecipitation
1 × 107 HUVECs were used per sample. Nuclei isolation was performed
with the truCHIP™Chromatin Shearing Kit (Covaris, USA) according to
the manufacturers protocol without shearing the samples. After pre-
clearing with 20 µL DiaMag Protein A and Protein G (Diagenode), 10%
of the pre-cleared sample served as input and the lysed nuclei were
incubatedwith the indicated antibody or IgG alone for 12 h at 4 °C. The
following antibodies anddilutionswere used: Anti-H3-pan (Diagenode,
C15200011, 1:200), Anti-dsDNA [35I9 DNA] (Abcam, ab27156, 1:200),
Anti-DNA-RNA Hybrid [S9.6] (Kerafast, ENH001, 1:250), Anti-MPP8
(Bethyl, A303-051A-M, 1:250) and Anti-H3K9me3 (Diagenode, SN-146-
100, 1:200). The complexes were then incubated with 50 µL DiaMag
Protein A and Protein G (Diagenode) beads for 3 h at 4 °C, followed by
4washing steps in Lysis Buffer from the truCHIP™Chromatin Shearing
Kit (Covaris, USA). In case of RNase treatments, the samples were
washed once in TE-buffer and then incubated for 30min at 37 °C in
buffer consisting of 50mM Tris-HCl pH 7.5-8.0, 150mM NaCl, 1mM
MgCl2 containing 2 µL RNase H per 100 µL buffer. Afterwards the
samples were washed in dilution buffer (20mmol/L Tris/HCl pH 7.4,
100mmol/L NaCl, 2mmol/L EDTA, 0.5% Triton X-100, 1 µL Superase In
(per 100 µL) and protease inhibitors). Prior to elution, beads were put
into a new Eppendorf tube. RNA was extracted with TRIzol (Thermo
Fisher) followedbyRNApurificationwith theRNeasyMini Kit (Qiagen),
reverse transcription and qRT-PCR.

For the in vitro RIP assays, the individual RNAs were folded as
mentioned above in RNA folding buffer (10mMTris pH 7.0, 0.1M KCl,
10mM MgCl2), and then put on RT for 20min. The binding reactions
with purified MPP8-10xHIS or in vitro translated His-tagged mutants
were performed for 2 h at 4 °C in binding buffer (20mmol/L Tris/HCl
pH8.0, 150mmol/L KCl, 2mmol/L EDTApH8.0, 5mmol/LMgCl2, 2 µL/
mL Superase In and protease inhibitors). After pre-clearing with 20 µL
DiaMag Protein A and Protein G (Diagenode), 5% of the pre-cleared
sample served as input. The mixture was incubated with Anti-MPP8
(Bethyl, A303-051A-M, 1:250) or Recombinant Anti-6X His tag® anti-
body [EPR20547] (Abcam, ab213204, ChIP grade, 1:500) for 3 h at 4 °C.
The complexes were then incubated with 50 µL DiaMag Protein A and
Protein G (Diagenode) beads for 1 h at 4 °C, followed by 4 washing
steps (5min, 4 °C, each) in binding buffer. Elution, RNA extraction and
RT-qPCR were performed as mentioned above. RT-qPCR was per-
formed with primers targeting the remaining multiple cloning site
(MCS) within the in vitro transcribed sequences before (5ʹ-GTG
CTGGATATC TGCAGAATTC-3ʹ) and after (5ʹ-GTGCTGGATATCTGCA
GAATTC-3ʹ) the HIF1α-AS1 sequences.
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Assay for transposase accessibility (ATAC)-sequencing
ATAC-Seq was performed similar to39. 100.000 HUVECs were used for
ATAC library preparation using Tn5 Transposase from Nextera DNA
Sample Preparation Kit (Illumina). Cell pellets were resuspended in
50 µL PBS andmixedwith 25 µL TD-Buffer, 2.5 µL Tn5, 0.5 µL 10%NP-40
and 22 µLH2O. Themixturewas incubated at 37 °C for 30min followed
by 30min at 50 °C together with 500mM EDTA pH 8.0 for optimal
recovery of digested DNA fragments. 100 µL of 50mM MgCl2 was
added for neutralization. The DNA fragments were purified with the
MinElute PCR Purification Kit (Qiagen). Amplification of library toge-
ther with indexing was performed as described elsewhere72. Libraries
were mixed in equimolar ratios and sequenced on NextSeq500 plat-
form using V2 chemistry and assessed for quality by FastQC. Reaper
version 13-100was employed to trim reads after a quality drop below a
mean of Q20 in a window of 5 nt73. Only reads above 15 nt were cleared
for further analyses. Theseweremapped versus the hg19 versionof the
human genome with STAR 2.5.2b using only unique alignments to
exclude reads with uncertain arrangement. Reads were further dedu-
plicated using Picard 2.6.0 (Picard: A set of tools (in Java)74 for working
with next generation sequencing data in the BAM format) to avoid PCR
artefacts leading tomultiple copies of the same original fragment. The
Macs2 peak caller (version 2.1.0)63 as employed in punctate mode to
accommodate for the range of peak widths typically expected for
ATAC-seq. Theminimumqvaluewas set to −4 and FDRwas changed to
0.0001. Peaks overlapping ENCODE blacklisted regions (known mis-
assemblies, satellite repeats) were excluded. Peaks were annotated
with the promoter (TSS + /− 5000 nt) of the gene most closely located
to the center of the peak based on reference data from GENCODE v19.
To compare peaks in different samples, significant peaks were over-
lapped and unified to represent identical regions. The counts per
unified peak per sample were computed with BigWigAverageOverBed
(UCSC Genome Browser Utilities, http://hgdownload.cse.ucsc.edu/
downloads.html). Raw counts for unified peaks were submitted to
DESeq2 (version 1.14.1) for normalization75. Spearman correlations
were produced to identify the degree of reproducibility between
samples using R. To permit a normalized display of samples in IGV, the
raw BAM files were normalized for sequencing depth (number of
mapped deduplicated reads per sample) and noise level (number of
reads inside peaks versus number of reads not inside peaks). Two
factors were computed and applied to the original BAM files using
bedtools genomecov resulting in normalized BigWig files.

For samples used after siRNA-mediated silencing of MPP8 and
SETDB1 as well as the corresponding LNA GapmeR knockdown of
HIF1α-AS1 or samples from CRISPRa, CRISPRi and LentiCRISPR
experiments, the improved OMNI-ATAC protocol76 was used and
samples were sequenced on a Nextseq2000. The resulting data were
trimmed and mapped using Bowtie277. Data were further processed
using deepTools78. For visualization, the IntegrativeGenomicsViewer79

was used.

Electrophoretic mobility shift assay (EMSA)
DNA:DNA:RNA triplex samples were analyzed with EMSA using native
RNA-PAGE. The samples were prepared with 50% glycerol with 0.3 to

0.5 µM concentration. Native-PAGE gels were prepared using 15%
(v/v) polyacrylamide and TA buffer (50mM Tris/acetate, 50mM
sodium acetate, pH 8.3). Bands were separated at constant power
(<1W) for 5 h and were stained with GelRed® (Biotium, USA) and
visualized with the gel documentation imager Gel Doc XR + (Bio-Rad,
USA). The following DNA sequences (Dharmacon) were used for tri-
plex target sites: EPHA2_3_GA, 5ʹ-AGAGGGTAAGGAGATAGGAGAA
ACC-3ʹ and EPHA2_3_CT, 5ʹ-GGTTTCTCCTATCTCCTTACCCTCT-3ʹ.
HIF1α-AS1-TFR2 (TFO2-23) had the following sequence: 5ʹ-GCGG
CGGAGGAAAGAGAAAGGAG-3ʹ.

RNA and DNA Hybridization
By hybridization of the RNA strand to the DNA duplex or DNA hairpin
DNA:DNA:RNA triplexes were formed. First the complementary DNA
single strandswere incubated at 95 °C for 5min in hybridization buffer
(25mM HEPES, 50mM NaCl, 10mM MgCl2 (pH 7.4)) and afterwards
cooled down to RT. Triplex formation was performed by adding RNA
topreviously hybridizeddouble strandedDNA for 1 h at 60 °Cand then
cooled down to RT13. For the 1H-1D NMR, CD and melting curve
experiments, the HIF1α-AS1-TFR2 (TFO2-23) sequence 5ʹ-GCGGCGGA
GGAAAGAGAAAGGAG-3ʹ (length 23 nt, GC = 50.9%) was used in com-
bination with the DNA sequences listed in Table 2.

CD spectroscopy and melting curve analysis
Circular dichroism spectra were acquired on a Jasco J-810 spectro-
polarimeter. The measurements were recorded from 210 to 320 nm at
25 °C using 1 cmpath length quartz cuvette. CD spectra were recorded
on 8 µM samples of each DNA duplex, DNA:RNA heteroduplex and
DNA:DNA:RNA-triplex in 25mMHEPES, 50mMNaCl, 10mMMgCl2 (pH
7.4). Spectra were acquired with 8 scans and the data was smoothed
with Savitzky-Golay filters. Observed ellipticities recorded in milli-
degree (mdeg) were converted to molar ellipticity [θ] = deg x cm2 x
dmol−1. Melting curves were acquired at constant wavelength using a
temperature rate of 1 °C/min in a range from 5 °C to 95 °C. All melting
temperature data was converted to normalized ellipticity and eval-
uated by the following Eq. (1) using SigmaPlot 12.5:

f =
a

ð1 + expð� ðx�x0Þ
b ÞÞ

+
c

ð1 + expð� ðx�x2Þ
d ÞÞ ð1Þ

NMR spectroscopy
All NMR samples were prepared in NMR buffer containing 25mM
HEPES-d18, 50mM NaCl, 10mM MgCl2 (pH 7.4) with addition of 5 to
10% D2O. All samples were internally referenced with 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS). The final NMR sample concentrations
ranged between 50 µM to 300 µM. NMR spectra were recorded in a
temperature range from 278K to 308K on Bruker 600, 800, 900 and
950MHz spectrometers. 1H NMR spectra were recorded with jump-
return-Echo80 and gradient-assisted excitation sculpting81 for water
suppression. 2D 1H,1H-NOESY spectrawere recordedwith jump-return-
Echo80 water suppression on a Bruker 800MHz spectrometer at 288 K

Table 2 | DNA oligos used for 1H-1D NMR, CD and melting curve analysis analysis

Name Sequence (5ʹ−3ʹ) Size Genomic location (hg19)

EPHA2 (GA-rich) GGTTTCTCCTATCTCCTTACCCTCT 25 nt chr1:16,478,543-16,478,567

EPHA2 (CT-rich) AGAGGGTAAGGAGATAGGAGAAACC 25 nt chr1:16,478,543-16,478,567

EPHA2-hairpin GGTTTCTCCTATCTCCTTACCCTCTTTTTTAGAGGGTAAGGAGATAGGAGAAACC 55 nt chr1:16,478,543-16,478,567

ADM (CT-rich) TCTTTCCTCAGCCAC 15 nt chr11:10,326,521-10,326,535

ADM (GA-rich) GTGGCTGAGGAAAGA 15 nt chr11:10,326,521-10,326,535

ADM-hairpin TCTTTCCTCAGCCACTTTTTGTGGCTGAGGAAAGA 35 nt chr11:10,326,521-10,326,535

The constructs used were not smaller than the predicted core TFR2:TTS regions.
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and mixing times of 150ms. NMR data were collected, processed and
analyzed using TopSpin 3.6.2 (Bruker) and Sparky 3.11582.

Structural modeling
Models of the DNA:DNA:RNA triplex were generated by using the
ARIA/CNS software packages83–85. To generate and keep the B-form
DNA duplex, ample modeling distances and dihedral angle restraints
were used. For flexible docking of the RNA on the B-DNA, a starting
structure was generated containing a DNA duplex template and an
extended RNA molecule. The docking was solely driven by hydrogen-
bonds and base-planarity restraints for the triplex. No further
restraints were added for the RNA; leaving it fully flexible during the
conventional simulated annealing stages with cartesian angle dynam-
ics. In total, 2000 models were generated and the 200 best structures
(lowest energy) were used as input for a further refinement in explicit
water using the nucleic acid forcefield with OPLS charges and non-
bonded parameters86. The final ensemble of 20 top-ranked structures
was validated and had no violations. Figure production was done by
using PyMol 2.5 (Schrödinger, LLC).

Spheroid outgrowth assay
Spheroid outgrowth assays in HUVEC were performed as described
in87. Briefly, spheroids were generated by making drops containing
400 HUVECs in a methyl cellulose (20%) (Sigma-Aldrich, M-0512)/cul-
ture medium (80%) mixture onto a square petri dish (Greiner Bio-One,
688102). The dish was incubated overnight in upside down direction.
Afterwards, spheroids were washed gently with PBS and resuspended
in a methyl cellulose (88%)/FCS (12%) mixture and embedded in col-
lagen type I (Corning, 354236) with Medium 199 (Sigma-Aldrich,
M0650−100ML). Stimulation of Spheroidswasperformedwith VEGF-A
165 (1 ng/mL) or bFGF (3 ng/mL) for 16 h. Images were generated with
an Axiovert135 microscope (Zeiss). Sprout numbers and cumulative
sprout lengths were quantified by analysis with the AxioVision soft-
ware 4.8 (Zeiss).

Caspase-3/7 activity assay
The Caspase-3/7 activity assays were carried out using 1×106 HUVEC.
The assay was performed using SR-FLICA Caspase-3/7 assay Kit
(ImmunoChemistry Technologies LLC, 931) following the manu-
facturer’s instructions. Briefly, cells were washed and a 1:5 dilution of
FLICA was added in a dilution of 1:30 to the cell suspension. After an
incubation of 1 h, cells were washed three times with buffer provided
by the kit, counted and diluted to 3000 cells/µL before measuring
emission at 595 nm in aTECAN infiniteM200Proplate reader using the
TECAN i-control 3.7.3.0 software (Männedorf, Switzerland).

Proximity ligation assay (PLA)
The PLA was performed as described in the manufacturer’s protocol
(Duolink II Fluorescence, OLink, Upsalla, Sweden). Briefly, HUVECs
were fixed in phosphate buffered formaldehyde solution (4%), per-
meabilized with Triton X-100 (0.2%), blocked with serum albumin

solution (3%) in phosphate-buffered saline, and incubated overnight
with Anti-dsDNA [35I9 DNA] (Abcam, ab27156, 1:500), Anti-MPP8
(Bethyl, A303-051A-M, 1:500), Anti-H3K9me3 (Diagenode, SN-146-100,
1:500) or Anti-SETDB1 (Santa Cruz Biotechnology, ESET (G-4): sc-
271488, 1:500). Samples were washed and incubated with the respec-
tive PLA-probes for 1 h at 37 °C. Afterwashing, sampleswere ligated for
30min (37 °C). After an additional washing step, the amplification with
polymerase was performed for 100min (37 °C). The nuclei were
stained using DAPI. Images (with Alexa Fluor, 546 nm) were acquired
by confocal microscopy (LSM 510, Zeiss) using the ZEN 3.2 software.

Chromatin Immunoprecipitation
Preparation ofHUVECextracts, crosslinking and isolation of nuclei was
performed with the truCHIP™ Chromatin Shearing Kit (Covaris, USA)
according to the manufacturers protocol. The procedure was similar
to88. The lysates were sonified with the Bioruptur Plus (10 cycles, 30 s
on, 90 s off, 4 °C; Diagenode, Seraing, Belgium). Cell debris was
removed by centrifugation and the lysates were diluted 1:3 in dilution
buffer (20mmol/L Tris/HCl pH 7.4, 100mmol/L NaCl, 2mmol/L EDTA,
0.5% Triton X-100 and protease inhibitors). Pre-clearing was done with
DiaMag protein A and protein G coated magnetic beads (Diagenode,
Seraing, Belgium) for 1 h at 4 °C. As indicated, the samples were incu-
bated over night at 4 °C with the following antibodies and dilutions:
Anti-DNA-RNA Hybrid [S9.6] (Kerafast, ENH001, 1:250), Anti-MPP8
(Bethyl, A303-051A-M, 1:250), Anti-SETDB1 (Bethyl, A300-121A, 1:250)
and Anti-ZNF638/NP220 (Bethyl, A301-548A-M, 1:250). 5% of the sam-
ples served as input. The complexes were collected with 50 µL DiaMag
protein A and protein G coated magnetic beads (Diagenode, Seraing,
Belgium) for 3 h at 4 °C, washed twice for 5min with each of the wash
buffers 1–3 (Wash Buffer 1: 20mmol/L Tris/HCl pH 7.4, 150mmol/L
NaCl, 0.1% SDS, 2mmol/L EDTA, 1% Triton X-100; Wash Buffer 2:
20mmol/L Tris/HCl pH 7.4, 500mmol/L NaCl, 2mmol/L EDTA, 1%
Triton X-100; Wash Buffer 3: 10mmol/L Tris/HCl pH 7.4, 250mmol/L
lithium chloride, 1% Nonidet p-40, 1% sodium deoxycholate, 1mmol/L
EDTA) and finally washed with TE-buffer pH 8.0. In case of RNase
treatments, the samples were washed once in TE-buffer and then
incubated for 30min at 37 °C in buffer consisting of 50mM Tris-HCl
pH 7.5-8.0, 150mMNaCl, 1mMMgCl2 containing 2 µL RNase H or 2 µL
RNase A per 100 µL buffer. Elution of the beads was done with elution
buffer (0.1M NaHCO3, 1% SDS) containing 1x Proteinase K (Diagenode,
Seraing, Belgium) and shaking at 600 rpm for 1 h at 55 °C, 1 h at 62 °C
and 10min at 95 °C. After removal of the beads, the eluate was purified
with the QiaQuick PCR purification kit (Qiagen, Hilden, Germany) and
subjected to qPCR analysis. As a negative control during qPCR, primer
for the promoter of GAPDH were used. The primers are listed in
Table 3.

Triplex domain finder analysis
Triplex formationofHIF1α-AS1waspredictedusing theTriplexDomain
Finder 0.13.2 (TDF)14 with the human pre-spliced HIF1α-AS1 sequence
(NR_047116.1, gene ID 100750246) to target DNA regions around genes

Table 3 | List of primers for ChIP-qPCR

Name Forward primer (5ʹ−3ʹ) Reverse primer (5ʹ−3ʹ)

GAPDH promoter TGGTGTCAGGTTATGCTGGGCCAG GTGGGATGGGAGGGTGCTGAACAC

EPHA2 TTS CAGGTAGCTGCCAATAAGTG AGGGCTTTACCCTCTGAATC

ADM TTS CGCGTGGCTGAGGAAAGAAAGG GCTTTATAAGCGCACGGGTGGG

EPHA2 up (12 kb) TCAGCTGGGAAGCCACTATG TTGCTGCTGCTCTGTGAGTC

EPHA2 down (5.7 kb) CCTCGAATGCATACTCTCAG CATTCTTGTGCGAGGATGTC

ADM up (2.1 kb) GGAGGTCAAGGACAGCTAGGC AGCGAGGTACAGTCGCAGAG

ADM down (3.2 kb) ACGTGCGGTTTAATAAGTTC TGGCATCTGCAAACTGTTTC

Number in brackets indicate the approximal distance to the EPHA2 or ADM TTS.
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with ATAC-Seq peaks upon HIF1α-AS1 silencing. For annotation of
HIF1α-AS1 triplex forming regions across DNA triplex target sites,
genome version hg19 was used. Boxplots of Fig. 2b show the dis-
tribution of triplex prediction from 200 randomizations by shuffling
the positions of the same DNA target regions in the genome. Enrich-
ment was given at a p-value <0.05.

Statistics and reproducibility
Unlessotherwise indicated, data aregiven asmeans ± standarderror of
mean (SEM).Calculationswereperformedwith Prism8.0orBiAS.10.12.
The latterwas alsoused to test for normal distribution and similarity of
variance. For multiple group comparisons ANOVA followed by post
hoc testing was performed and multiplicity adjusted p values were
shown, if indicated. Individual statistics of dependent samples were
performed by two-tailed Student’s t test (paired or unpaired), and if
not normally distributedbyMann–Whitney test.P values of <0.05were
considered as significant. Unless otherwise indicated, n indicates the
number of individual experiments.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The ATAC-Seq data generated in this study have been deposited in the
Sequence Read Archive (SRA) (https://www.ncbi.nlm.nih.gov/sra)
under BioProject ID . The CRISPR ATAC-Seq data generated in this
study have been deposited in the NCBI’s Gene Expression Omnibus
under the GEO Series accession number GSE203252. The mass spec-
trometry proteomics data about HIF1α-AS1 interaction partners iden-
tified in this study have been deposited to the the ProteomeXchange
Consortium via the PRIDE partner repository89 with identifier
PXD023512. Triplex-Seq data was used from15 and is deposited in NCBI
GEO under accession number GSE120850. Ensembl hg38 was used for
the identification of candidate lncRNAs from the Triplex-Seq data.
FANTOM5 ENCODE CAGE expression data was obtained from FAN-
TOM5 website (Gencode v19)21–23. ChIP-Seq datasets were taken from
ENCODE90 and are deposited at NCBI GEO under accession number
GSM733673 for HUVEC H3K4me3, for H3K27Ac under accession code
GSM733691 and for H3K9Ac under GSM733735. Source data are pro-
vided with this paper.
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5.2 Research article: A universal model of RNA·DNA:DNA triplex formation accurately predicts genome-

wide RNA-DNA interactions. 

 

Timothy Warwick, Sandra Seredinski, Nina M. Krause, Jasleen Kaur Bains, Lara Althaus, James A. Oo, 

Alessandro Bonetti, Anne Dueck, Stefan Engelhardt, Harald Schwalbe, Matthias S. Leisegang, Marcel 

H. Schulz and Ralf P. Brandes; Briefings in Bioinformatics 23, bbac445 (2022). 

 

In this article, bioinformatics studies were performed to describe RNA:DNA interactions based on 

triplex sequencing data. The program TriplexAligner, a DNA:RNA triplex prediction tool, was 

implemented with RNA:DNA binding probabilities including DNA:RNA base pairing, Hoogsteen 

interactions that were consistent with in vivo data. The predicted DNA:RNA triplexes were further 

validated by biochemical and biophysical experiments, including EMSA and CD spectroscopy. 

T. Warwick performed the bioinformatics studies, analyzed the data, and wrote the manuscript. S. 

Seredinski performed the triplex sequencing using RNA and DNA interacting complexes ligated and 

sequenced (RADICL-seq). The author of this thesis was involved in the CD measurements, which were 

performed and analyzed by N.M. Krause under the supervision of the author. The corresponding 

sections of the manuscript were written by the author together with N.M. Krause and H. Schwalbe. 
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Abstract

RNA·DNA:DNA triple helix (triplex) formation is a form of RNA–DNA interaction which regulates gene expression but is difficult to
study experimentally in vivo. This makes accurate computational prediction of such interactions highly important in the field of RNA
research. Current predictive methods use canonical Hoogsteen base pairing rules, which whilst biophysically valid, may not reflect
the plastic nature of cell biology. Here, we present the first optimization approach to learn a probabilistic model describing RNA–DNA
interactions directly from motifs derived from triplex sequencing data. We find that there are several stable interaction codes, including
Hoogsteen base pairing and novel RNA–DNA base pairings, which agree with in vitro measurements. We implemented these findings
in TriplexAligner, a program that uses the determined interaction codes to predict triplex binding. TriplexAligner predicts RNA–DNA
interactions identified in all-to-all sequencing data more accurately than all previously published tools in human and mouse and also
predicts previously studied triplex interactions with known regulatory functions. We further validated a novel triplex interaction using
biophysical experiments. Our work is an important step towards better understanding of triplex formation and allows genome-wide
analyses of RNA–DNA interactions.

Keywords: RNA, DNA, Triplex, machine learning, RNA–DNA interaction.

Introduction
Numerous regulatory roles have been ascribed to RNAs [1, 2],
which include interactions with both DNA and proteins. The
RNA–protein interface includes functions such as transcription
factor addressing and recruitment [3], scaffolding of transcription

factor machinery [4] and mediation of histone modifications [5].
Various epigenomic consequences have been attributed to RNA–
DNA interactions, including the functional role of the XIST tran-
script in the silencing of the X chromosome during dosage com-
pensation [6]. Other examples of RNA–DNA interactions include
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RNA–DNA hybrid G-quadruplex [7] and R-loop [8] formation. R-
loops consist of interactions between single-stranded DNA and
RNA via Watson-Crick base pairing and have been implicated
in chromatin condensation and tumorigenesis [9, 10]. Alongside
these, there exists another form of RNA–DNA interaction where
DNA structure is maintained and single-stranded RNA binds in
the major groove of the double helix, resulting in the formation of
an RNA·DNA:DNA triple helix (triplex) [11].

Triplex formation represents an area of epigenetics which,
although known of in a biophysical sense for many years [12],
remains incompletely understood. There are several reasons for
this, chief amongst them being the experimental complexities of
studying triplex formation on a genome-wide scale in living cells.
Experimental probing of triplex formation in the cellular con-
text has previously relied upon methods capturing the genomic
interaction sites of single transcripts [13, 14]. However, regula-
tory transcripts have been implicated in epigenetic mechanisms
across many species, tissues and cell types [15–18]. Herein lies the
importance of developing tools which accurately predict points of
RNA–DNA interaction as putative sites of triplex formation.

Previously published computational tools have relied upon
Hoogsteen base pairing rules [19], which are canonically respon-
sible for triplex formation. Tools implementing Hoogsteen rules
include Triplexator/Triplex Domain Finder [20, 21] and LongTarget
[22]. Whilst usage of canonical rules to predict triplex formation
provides insight into putative RNA–DNA interactions, benchmark-
ing of Triplexator and LongTarget using MEG3 ChOP-seq data [13]
revealed substantial room for improvement in this area [23].
These benchmarking data suggest that accurate prediction of
triplex formation in a cellular context may require the imple-
mentation of as yet unknown base pairing rules which go beyond
the currently used Hoogsteen base pairing rules. Related to this,
there has been work on prediction of triplex-forming RNA and
DNA sequences using previously published triplex interactions
[24], although prediction of complete triplex interactions is not
possible with this method.

Accompanying computational methods for genome-wide
prediction of RNA–DNA interaction have been experimental
methods with similar aims. Foremost amongst these, with
regard to triplex formation, is genome-wide isolation of triplexes
followed by sequencing (triplex-seq) [25]. This method permits the
identification of triplex-forming sequences across the genome
(triplexDNA-seq) and transcriptome (triplexRNA-seq) but lacks
information on the pairing of the sequences with one another.
Outside specifically triplex-mediated RNA–DNA interactions,
there have been a number of published methods designed to
identify all-to-all interactions between transcripts and chromatin
[26–29]. However, the methods with most similar nucleotide
processing protocols to triplex-seq are RNA And DNA Interacting
Complexes Ligated and sequenced (RADICL-seq) [30] and RedC
[31]. These methods collectively identify specific interactions
between transcripts and regions of the genome through ligation of
RNA and DNA via a linker sequence in a proximity-based manner.
RADICL-seq and RedC provide rich sources of data on RNA–DNA
interaction but also remain relatively novel and experimentally
complex. The undertaking of such experiments across a range of
steady-state and differential conditions is therefore not feasible
at this juncture. Consequently, the most widely applicable use
for these data may be as input to machine learning algorithms,
which could permit the prediction of RNA–DNA interactions in a
condition of interest.

Here, we present a method for the prediction of RNA–DNA
interactions based on RNA–DNA binding probabilities learned by

expectation-maximization from triplex-forming sequences iden-
tified in triplexDNA-seq and triplexRNA-seq. Applying these bind-
ing rule sets as substitution matrices in local alignment permitted
more accurate recall of RNA–DNA interactions identified from
RADICL-seq and RedC when compared with previously published
tools. Experimentally validated triplex formation between tran-
scripts and genomic loci could also be recapitulated. A predicted
interaction was also subjected to biophysical validation, where
triplex formation could be experimentally verified ex vivo.

Materials and methods
Triplex sequencing data processing
Publicly accessible triplexDNA-seq data and triplexRNA-seq
data [25] (NCBI Short Read Archive accessions SRR7965691,
SRR7965692, SRR7965693, SRR7965694, SRR7965701, SRR7965702,
SRR7965703) were downloaded and aligned against the hg38
genome and transcriptome, respectively, using Bowtie2 (v2.4.4)
with default parameters [32]. Peaks were called from alignments
using HOMER findPeaks (v4.11.1) with default parameters [33].
Sequences underlying identified peaks were then extracted from
the hg38 genome or transcriptome using bedtools getfasta (v2.27.1)
with the peak coordinates per sample as input [34].

Motif enrichment and processing
Peak sequences were used as input to motif enrichment using
MEME-ChIP (v5.0.5) [35]. Shuffled peak sequences were supplied as
negative sequence input, with the maximum number of enriched
MEME motifs restricted to 16, with a maximum motif length of 32
nucleotides. Significantly enriched motifs were considered to be
those with an E < 0.05. Enriched motifs were subjected to motif
comparison between samples using Tomtom (also part of MEME
Suite), and matches were considered to be present when P < 0.05.
FIMO, another tool contained within MEME Suite, was used to
compute the occurrences of enriched triplex motifs across the
breadths of triplex DNA and RNA peaks. Triplex motif occurrence
was also computed separately for peaks lying in distinct genomic
features as defined by the TxDb.Hsapiens.UCSC.hg38.knownGene
annotation package for R, maintained by Bioconductor [36–38].
Triplex RNA motif occurrence was computed per transcript bio-
type, as defined by EnsDb.Hsapiens.v86 and normalized to tran-
script length [39, 40]. Enriched triplex DNA and RNA motifs were
compared against the JASPAR 2020 [41] and ATtRACT [42] motif
databases, respectively, in order to remove any motifs which were
identical to transcription factor-binding or RNA-binding protein
motifs.

An Expectation-Maximization-based method for
RNA–DNA code optimization
Nomenclature
Assume, we are given a DNA motif D of length l, which is a matrix
D4xl, over � = {A, C, G, T} denoting the set of characters in the DNA
alphabet. Also, we have RNA motif matrix R4xl, for simplicity we
assume that the RNA alphabet has been translated to the DNA
alphabet by exchanging U→T. For simplicity, all motifs considered
here have the same length l. Note that a difference in length
between an RNA and DNA matrix can easily be accounted for by
testing all possible shifts of the smaller matrix against the larger
matrix.

We assume that there is a set of DNA motifs D = {D1, . . . , Dn}
and equivalently a set of RNA motifs R = {R1, . . . , Rn}. For nota-
tional simplicity, we assume that they have the same number of
elements n, although in practice this may change.
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We assume that there exists a mapping code C4x4, which is a
matrix that maps nucleotides from RNA to DNA nucleotides. For
example, CA,A denotes the probability to map an A RNA nucleotide
to an A DNA nucleotide. Entries in the row of the matrix sum to
one, and thus, it holds that

∀r ∈ �,
∑

d∈�

Cr,d = 1 . (1)

The interest in this formulation is to learn the code C that is
behind a given set of motifs R and D.

Code objective value
We define the average column-wise mapping error between a
DNA motif D and an RNA motif R–termed code objective value–
given a defined code matrix C as

objective(R, D, C) =
∑

i∈�,j∈1,...,l abs(Di,j − D̂i,j)

l
, (2)

where D̂ is the projected DNA motif after conversion of R using C

D̂i,j, =
∑

a∈�

Ra,j · Ca,i , (3)

where i ∈ �, j ∈ 1, . . ., l.

Obtaining the best code using quadratic programming
Given the two sets of input motifs from DNA D and RNA R
motifs, we are looking for an optimal code C that describes the
conversion of an RNA motif to a DNA motif, as would be done
when a subsequence of an RNA is aligned to a subsequence in a
DNA sequence, a triplex match.

Assume that we had a known pairing P of the RNA to DNA
motifs, then we would be looking for the code matrix C that
minimizes the code objective value (Eq. (2)) for the pairing of RNA
and DNA matrices

argmin
C

= objective(D,R,P , C), C ∈ C , (4)

where objective(D,R,P ,C) denotes the sum of code objective val-
ues for all defined pairs using Eq. (2) and C denotes the space
of all possible code matrices. The term error in Eq. (4) may be
interpreted as the error of a learned code given the pairings of
motifs it describes. Luckily, we can obtain the code matrix C that
minimizes the code objective value using quadratic programming
efficiently.

An Expectation-Maximization algorithm for finding
optimal code sets
While it is straightforward to obtain a code matrix C that mini-
mizes the code objective value for a given pairing of RNA and DNA
motifs, in practice, the true pairing is not known. Furthermore,
it is unknown whether the triplex binding of all RNA–DNA pairs
follows the same code and the possibility of several code matrices
needs to be considered.

Therefore, we have designed an Expectation-Maximization
algorithm for finding a set of code matrices starting from a
given set of RNA and DNA motifs for which the correct pairing is
unknown.

Conceptually, the algorithm performs the three following steps
to find k many code matrices

Input: D,R, k
generate k random code matrices C∗

1, . . . , C∗
k

1. C1 = C∗
1, . . . , Ck = C∗

k

2. obtain the best pairings for elements in D and R using one
of C1, . . . , Ck

3. for each: i=1, . . . ,k
C∗

i = minimize code of all paired DNA and RNA motifs that
used Ci

repeat at 1. if (C1 �= C∗
1, . . . , Ck �= C∗

k)
Output: final code matrices C∗

1, . . . , C∗
k, pairing P

The second step listed above–where the best motif pairings are
obtained–refers to obtaining the best pair for each RNA motif in
R with a DNA motif in D testing all k code matrices. The best
pair are the indices i, j, h where error(Ri,Dj,Ch) is minimal. In this
process, it is allowed that several elements from R are paired with
the same element in D and vice versa.

In summary, the above EM procedure determines the best pair-
ing between RNA and DNA motifs and determines k code matrices
as a result of the process. Results are output upon convergence
of the algorithm, when all code objective values have been min-
imized and the code matrices are unchanged. Applications using
both simulated and real motif pairs in the course of this work
have shown that the algorithm converges in a small number of
iterations in practice. However, the solution only constitutes a
local minimum; therefore, we run the algorithm many times with
the same input data, e.g. 11 270 times with the real triplex input
motifs.

The code for the steps described above is publicly available at
https://github.com/SchulzLab/Codefinder.

Code processing and annotation
Learned code models, which were output from the Expectation-
Maximization algorithm, were stratified by their objective values
and the total number of motifs incorporated into the model. These
metrics were also used to subset the models and identify the
most promising candidates for further study (objective < 0.75,
total motifs > 50%). In vitro RNA·DNA:DNA triple helix base triplet
stability data [43] were used to compare the affinities of learned
code models versus a size-matched set of random code models.
In short, the normalized dissociation constant of the RNA:DNA
interaction as reported in [43] was multiplied by the probabilities
of nucleotide interaction contained within the code matrix, and
then summed. The relative affinity values for each code model
with total motifs > 10% were also linearly regressed against the
objective values returned from Expectation-Maximization. Fol-
lowing this, high-scoring code models were subjected to hierar-
chical clustering with Euclidean distances and Ward’s method in
order to control for redundancy [44]. The resulting dendrogram
was then cut to produce eight clusters, and the mean code model
for each cluster was computed.

Formulation of TriplexAligner
To be implemented in TriplexAligner, probabilistic code model
values were converted to log odds scores according to [45]. Sub-
sequent score distributions were computed for each code model
with Biostrings::pairwiseAlignment [46], using simulated DNA and
RNA sequences with matching nucleotide proportions relative
to human promoter sequences and known triplex-forming tran-
script sequences, respectively. Arising scores were fitted using a
generalized extreme value distribution [47] with EnvStats::egevd
[48], using maximum likelihood estimation. The parameter values
K and λ could then be identified for each code model. Using

https://github.com/SchulzLab/Codefinder
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these parameters, bit scores (S′) and corresponding E values could
be calculated from local alignment scores (S) of respective code
models according to the following formulas:

S′ = λS − ln(K)

ln2
, (5)

E = mn 2−S′
. (6)

TriplexAligner computes local alignment scores, bit scores and E
values between supplied DNA and RNA sequences for each code
model using Biostrings::pairwiseAlignment and the above formulae,
with the log odds code model supplied as the substitutionMatrix
parameter.

The code for TriplexAligner is publicly available at https://
github.com/SchulzLab/TriplexAligner, where it is formalized as
an R package which may be downloaded, installed and used by
interested parties.

Computational validation of TriplexAligner using
global RNA–DNA interactions
RNA–DNA interactions arising from either RedC (GSE136141)
or RADICL-seq (GSE132192) were used to benchmark the
performance of TriplexAligner compared with the previously
published tools LongTarget and Triplexator. For RedC data,
interactions between RNAs and 5 kb genomic bins were used
for validation if they were present in two separate replicates.
For the RADICL-seq interactions, significant interactions between
RNAs and 5 kb genomic bins were identified according to [30].
Interactions between RNAs and genomic bins were expanded
to include all possible transcripts of the involved RNA gene,
as annotated in TxDb.Hsapiens.UCSC.hg38.knownGene [49] or
TxDb.Mmusculus.UCSC.mm10.knownGene [50] annotation packages
for R [38]. RADICL-seq interactions were limited to those
involving transcripts expressed in accompanying nuclear RNA-
seq data, quantified using Salmon (v 1.6.0) [51]. For each
interaction, involved RNA and DNA sequences were subjected
to RNA·DNA:DNA triple helix prediction using TriplexAligner,
LongTarget and Triplexator. A corresponding negative dataset was
constructed via shuffling of the transcript sequences. LongTarget
was run with default parameters, and Triplexator with -e 20
-l 5. Maximum metrics (TriplexAligner: − log10(E); LongTarget:
MeanStability; Triplexator: Score) were identified per gene-bin
interaction and used as predictive values in subsequent analyses
with pROC and ROCR [52, 53]. Receiver operating characteristic
curves were computed for each method with binomial smoothing
and statistically compared by bootstrapping (n = 2000).

Electrophoretic mobility shift assay
All hybridization steps were performed in 25 mM HEPES, pH 7.4, 50
mM NaCl and 10 mM MgCl2. DNA oligos, spanning the predicted
triplex DNA sequence (20 pmol), were hybridized to DNA duplex
in a thermocycler by heating up for 5 min to 95◦C followed by a
cool down to 24◦C with a rate of 1◦C/ 30 s. For triplex formation,
10 eq of ssRNA (200 pmol), containing the predicted triplex RNA
sequence, was added to the DNA duplex followed by incubation
at 60◦C for 1 h and a cool down to 24◦C with a rate of 1◦C/ 30 s.
RNase H digestion was performed by adding RNase H to a final
concentration of 375 mU/μL to a triplex sample and incubate it
for 30 min at 37◦C. RNase A was added to a triplex sample with a
final concentration of 5 ng/μL and incubated similarly to RNase
H. Samples were applied on a native 15% Polyacrylamide gel in a

running buffer containing 40 mM Tris-Ac pH 8.3 supplemented
with 3 mM magnesium acetate. The gels ran for 6 h at room
temperature with 160 V.

CD spectroscopy and melting curve analysis
Circular dichroism spectra were acquired on a Jasco J-810 spec-
tropolarimeter. The measurements were recorded from 210 to
320 nm at 25◦C using 1 cm path length quartz cuvette. CD spectra
were recorded on 8 μM samples of each DNA duplex, DNA:RNA
heteroduplex and DNA:DNA:RNA-triplex (10 equivalents of RNA
(80 μM)) in 25 mM HEPES, 50 mM NaCl and 10 mM MgCl2 (pH 7.4).
Spectra were acquired with 8 scans and the data were smoothed
with Savitzky–Golay filters. Observed ellipticities recorded in mil-
lidegree (mdeg) were converted to molar ellipticity [�] = deg ×
cm2×dmol−1. Melting curves were acquired at constant wavelength
using a temperature rate of 1◦C/min in a range from 5 to 95◦C. All
data were evaluated using SigmaPlot 12.5. All melting tempera-
ture data were converted to normalised ellipticity and evaluated
by the following equation: f = a/(1 + exp(−(x − x0)/b)) + c/(1 +
exp(−(x − x2)/d)).

Results
Prediction of RNA·DNA:DNA triplex interactions
from captured triplex sequences
In order to predict interactions between DNA and RNA medi-
ated by triplex formation (Figure 1A), we developed TriplexAligner.
TriplexAligner is capable of predicting RNA–DNA interactions with
high accuracy, surpassing currently available methods. Develop-
ment of TriplexAligner (Figure 1B, Supplementary Figure 1) encom-
passed multiple stages and included multiple next-generation
sequencing datasets, alongside machine learning and biophysical
methods. Initially, key sequence elements of triplex-forming RNA
and DNA sequences needed to be identified. For this purpose,
triplexRNA-seq and triplexDNA-seq data from HeLa cells [25]
were analysed and triplex-forming regions were identified by
peak calling. RNA and DNA components of the published triplex
interaction between the MEG3 transcript and the gene locus of
COL15A1 [13] could be clearly identified in the dataset (Figure 1C).
This satisfied the requirement that the input data sufficiently
capture triplex formation taking place in the cellular context.

Identification of short sequences underpinning
triplex formation
The next step in development of TriplexAligner was the identi-
fication of triplex-enriched DNA and RNA regions, along with
associated sequences. Peak calling on triplexDNA-seq data
identified regions most often in intronic areas of the genome
(Figure 2A), although promoter regions were most enriched for
peak occurrence relative to the proportion of the genome covered
(Supplementary Figure 2A). When calling peaks from triplexRNA-
seq data, most peaks were detected in protein-coding transcripts
(Figure 2B). Transcripts with retained introns, followed by
antisense transcripts, were most enriched for triplexRNA-peaks
relative to transcript length (Supplementary Figure 2B).

To identify sequences underpinning triplex-seq peaks, motif
enrichment analysis was performed using MEME-ChIP [35] on
sequences underlying peaks in each sample. Between 22 and 36
significantly enriched motifs were identified per triplexDNA-seq
sample (Figure 2C, left). More motifs were identified in the RNA
samples, which each returned more than 125 enriched motifs
(Figure 2C, right). To investigate the reproducibility of the enriched
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Figure 1. Overview of RNA·DNA:DNA triple helix formation and the
development of TriplexAligner from triplex-seq data. (A) Schematic of
RNA·DNA:DNA triple helix formation and effects on gene expression.
(B) Overview of the development of TriplexAligner. (C) Peak calling
on triplexDNA-seq (blue) and triplexRNA-seq data (red). The displayed
regions reflect the published RNA·DNA:DNA triple helix interaction
between MEG3 and a DNA site in the locus of COL15A1, which results
in the regulation of the downstream gene TGFBR1.

sequences, motifs were compared between samples using Tom-
tom [35]. Both RNA and DNA samples displayed high degrees of
reproducibility, with a minimum of 76% of DNA motifs per sample
having similar motifs in another DNA sample (Figure 2D, top). RNA
motifs were also reproducible, with the minimum percentage of
similar motifs between any two samples being 66% (Figure 2D,
bottom). Individual RNA motifs also exhibited more significant
enrichment than DNA motifs, observable when examining the
five most enriched motifs of each molecule (Figure 2E). The most
enriched RNA motif had an E value of 8.6 × 10−1382, in comparison
to an E value of 4.2 × 10−95 for the most enriched DNA motif.

In order to establish whether enriched triplex motifs reflect
putative regulatory functions of triplex formation, motif occur-
rence in different features and transcripts was compared.
Enriched triplex DNA motifs occurred at higher rates in triplex
DNA peaks residing in promoters, intergenic regions and
introns relative to exonic regions (Figure 2F). Triplex RNA motifs
appeared more often in transcripts lacking open-reading frames–
specifically lincRNAs, antisense transcripts and transcripts with

retained introns–relative to protein coding transcripts (Figure 2G).
Taken together, these findings indicate that triplex formation
between non-coding RNA and non-coding regions of the genome
is best described by reproducible sequence elements. In a
positional sense, triplex motifs did not show any specific pattern
of occurrence within peak regions (Supplementary Figure 2C).

To select triplex motifs to take forward to the next stage of
development, the enriched RNA and DNA motifs were subjected
to several stratification steps. Identical motifs between samples
were removed from the analysis, and motifs previously implicated
in either transcription factor or RNA-binding protein interactions
were excluded in an attempt to isolate sequences of most impor-
tance for triplex formation. Complementary DNA motifs were
also added (Figure 2H), owing to the non-stranded nature of the
analysis. The outcome of these steps were two sets of triplex
motifs, consisting of 192 DNA motifs and 324 RNA motifs, which
were used in the development of TriplexAligner.

Expectation-maximization to learn triplex
formation rules
To learn the putative nucleotide pairing rules which might gov-
ern triplex formation, an Expectation-Maximization (EM) algo-
rithm was used to compute triplex nucleotide pairing probabil-
ities from triplex motifs (Figure 3A). The expectation portion of
the algorithm was formed by pairings of RNA and DNA triplex
motifs. From these pairs, probabilistic models were computed
by quadratic programming, averaged across the pairings and
evaluated for their error per motif pair (here termed the code
objective value). When the objective value was minimized, motif
pairings and probabilistic triplex mapping codes were returned.
Initially, simulated motif sets were used to test the algorithm. The
algorithm was capable of accurately learning nucleotide pairing
probabilities, with an example shown in Figure 3B of the learning
of Watson–Crick base pairing rules from 100 simulated motif
pairs.

The algorithm was subsequently implemented with enriched
triplex motifs as input, across 11 270 separate random initia-
tions (Figure 3C). Results were then probed for several metrics,
including the final objective values and proportion of total motifs
included in the final motif pairings. Results with objective values
less than 0.75 and containing more than 50% of total triplex motifs
represented the most promising results and were subset, resulting
in 801 putative codes. These subset conditions reflect the inten-
tion to find a balance between incorporating as much of the input
data as possible, along with discarding low-scoring codes which
may reflect aberrant starting points of the algorithm (Supple-
mentary Figure 3). High-scoring codes resulting from these steps
were annotated with published in vitro triplex nucleotide disso-
ciation equilibrium constants [43]. The relative binding strengths
were calculated for each code and its reverse complement, with
the maximum then being taken as the value for that code. The
high-scoring mapping codes presented significantly (W = 415474,
P < 2.2 × 10−16, Mann–Whitney U test) greater relative binding
strengths than an identically sized set of randomly generated
codes (Figure 3D). When regressing code objective values from all
results containing more than 10% of all motifs versus relative in
vitro binding strengths, a negative correlation could be seen (R2 =
0.394, P < 2.2 × 10−16, Figure 3E). This correlation suggested that
the code objective values reflect experimental data, making them
appropriate to stratify the codes by. Given that the algorithm used
here minimizes the code objective value, a negative correlation
between this value and in vitro stability directly supports the
approach. Collectively, these data suggest that the probabilistic
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Figure 2. Identification of enriched and reproducible RNA·DNA:DNA triple helix-forming motifs. (A) Distribution of triplexDNA-seq peaks across intronic
regions (I), intergenic regions (IG), exonic regions (E) and promoter regions (p) as annotated in the hg38 genome build by NCBI. (B) Distribution of
triplexRNA-seq peaks across antisense transcripts (AS), long non-coding RNAs (lnc), protein-coding transcripts (PC) and transcripts with retained introns
(RI). (C) Total significantly enriched (E < 0.01) triplexDNA and triplexRNA motifs identified per replicate of triplexDNA-seq and triplexRNA-seq. (D)
Proportions of motifs per replicate with similar (P < 0.05, Tomtom) motifs in accompanying replicates of triplexDNA-seq (blue) or triplexRNA-seq (red).
(E) The five most enriched motifs across all replicates of triplexDNA-seq (left) and triplexRNA-seq (right). (F) Occurrence of triplexDNA motifs per
kilobase of triplexDNA-seq peaks appearing in exonic (E), promoter (P), intergenic (IG) and intronic (I) genomic regions. (G) Occurence of triplexRNA
motifs per kilobase of protein-coding (PC), retained intron (RI), long non-coding (lnc) and antisense (AS) transcripts. (H) Schematic of motif processing
steps, including removal of identical motifs, removal of known protein-binding motifs and inclusion of reverse-complement triplexDNA motifs, which
resulted in the final sets of triplexRNA (red) and triplexDNA (blue) motifs.

codes learned using an expectation-maximization algorithm from
triplex motifs have biophysical relevance in triplex formation.

In order to stratify the codes to be taken forward and imple-
mented in TriplexAligner, high-scoring results (objective value <

0.75, total motifs utilised > 50%) output from the expectation-
maximization algorithm were hierarchically clustered and sub-
jected to tree cutting, resulting in eight distinct code clusters
(Figure 3F–G). Amongst these were partially redundant pairs of
codes (clusters 1 and 2, clusters 3 and 4), resulting from the prob-
abilistic nature of the outputs. Complementary codes (clusters 5
and 7) were also present, reflecting the non-stranded nature of
the input sequencing data. Amongst these codes were canonical
Hoogsteen base pairing rules (C·G:C, U·A:T, G·G:C, A·A:T) [21] along
with previously unreported RNA·DNA:DNA base pairings. The
learning of potentially novel base pairings is a key point of the
naive, unbiased approach taken herein. To determine the poten-
tial worth of these base pairings, an assessment of the returned
codes in the prediction of published RNA–DNA interactions was
carried out.

In order to perform the validation of the stratified codes
returned by the expectation-maximization algorithm, the codes
were implemented as scoring matrices in a new software called
TriplexAligner. TriplexAligner is a local alignment program which
uses Karlin–Altschul statistics [54] to determine subsequences of
triplex formation between RNA and DNA.

TriplexAligner recalls RNA–DNA interactions and
known triplexes
Genome-wide validation of TriplexAligner was carried out using
published RNA–DNA interactions as detected by RADICL-seq [30]
and RedC [31]. Significant interactions between transcripts and 5
kb genomic bins were decomposed to RNA and DNA sequences
and constituted the positive data set. RADICL-seq interactions
were further refined using accompanying nuclear RNA-seq data
[30]. Transcript sequences were shuffled in order to generate a
negative interaction set whilst maintaining nucleotide frequen-
cies. Triplex formation between sequences was then predicted
using TriplexAligner, Triplexator [20] and Long Target [22]. Maximum
scores for each method were computed per RNA–DNA interaction
(Figure 4A) and used as predictive values. All three tools were
able to positively classify RADICL-seq and RedC interactions, with
TriplexAligner returning the greatest area under the receiver oper-
ating characteristic (ROC) curve for both assays (Figure 4B and C,
Supplementary Figure 4A). In both cases, the area under the ROC
curve was significantly greater for TriplexAligner compared with
the other tools (P < 0.05, bootstrapping n = 2000) (Figure 4D).

Upon assessing the performance of each of the individual
mapping codes, which constitute TriplexAligner, it became clear
that code performance varied between both individual codes and
assays. Notably, Code 5 displayed the lowest performance on
both RADICL-seq and RedC data and was only marginally better
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Figure 3. Learning RNA·DNA:DNA triple helix nucleotide pairing rules from motifs using expectation-maximization. (A) Schematic of the expectation-
maximization algorithm used to learn RNA·DNA:DNA triple helix base pairing probabilities from pairings of enriched triplexRNA and triplexDNA motifs.
(B) Example use-case of the expectation-maximization algorithm on simulated sets of motifs (n = 100) which were paired by Watson–Crick base pairing
rules, with corresponding objective values and number of incorrect motif pairs displayed per iteration of the algorithm. (C) Output from the expectation-
maximization algorithm when run on enriched triplexDNA and triplexRNA motifs identified from triplex-seq, displaying the mean objective values
across all code models learned per initiation of the algorithm and the corresponding proportion of motifs included. (D) Correlation between code model
objective values and in vitro RNA·DNA:DNA binding affinities as reported in [43]. Objective values and affinities were subjected to linear regression,
with corresponding coefficient of determination (R2) and P-value displayed on the plot. (E) Comparison in code model affinities between high-scoring
subset (objective value < 0.75, total motifs > 50%) expectation-maximization results and a size-matched set of randomly generated code models (P <

0.001, Wilcoxon signed-rank test). (F) High-scoring expectation-maximization results subjected to hierarchical clustering and tree-cutting (k = 8), with
corresponding clusters, code model affinities, objective values and total motifs assigned displayed. (G) Mean probabilistic code models per cluster of
expectation-maximization results.

than random code performance (Figure 4E, Supplementary Figure
4B). Different transcripts also showed different preferences for
codes. For instance, the two most prevalent lncRNAs in the RedC
dataset–MALAT1 and NEAT1–showed completely different code
preferences. RedC interactions involving MALAT1 were most often
best-predicted by code 3, compared with interactions of NEAT1
which were more heterogeneously predicted, with a tendency
towards code 7 (Supplementary Figure 4C).

Where the above results showcase the ability of TriplexAligner
to recall genome-wide RNA–DNA interactions, we also sought
to demonstrate that TriplexAligner could predict previously
published triplex interactions. Triplex interactions between the
lncRNA SARRAH and a number of cardiac gene promoters (ITPR2,
PARP8, PDE3A, SSBP2 and GPC6) have been reported [55]. When
using TriplexAligner to predict the triplex formation between
SARRAH and these genomic regions, triplex formation at the
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cardiac promoters was predicted with greater − log10(E) values
compared with the control promoter used in the experiment
(GAPDH) (Figure 4G). Of the promoters considered, the best
alignment returned by TriplexAligner was between SARRAH
and ITPR2 (Supplementary Figure 4D). Other published triplex
interactions, between HOTAIR and the promoter region of PCDH7
[56] (Figure 4H, left), as well as the triplex formed between
NEAT1 and the CYP4F22 promoter [25] (Figure 4H, right) returned
− log10(E) values of 5.84 and 18.0, respectively.

If implemented in a genome-wide manner, TriplexAligner could
also be used to identify regulatory regions of RNAs which are
important to triplex formation. Here, triplex formation between
an exemplary RNA (Neat1) and promoter sequences of genes
differentially expressed after Neat1 knockout [57] was predicted
using TriplexAligner. It was evident that a specific region of the
Neat1 transcript was implicated in predicted triplex formation
(Figure 4I), indicating a region of putative regulatory importance
in the transcript.

TriplexAligner code models are biophysically
valid
To assess the biophysical validity of the code models used in
TriplexAligner, maximal RADICL-seq pair alignments of each code
were computed. The alignment with the greatest − log10(E) value
was that implementing code 7. RNA and DNA oligonucleotides
representing maximally scoring subsequences of this interaction
(Figure 5A) were submitted for analysis by electrophoretic mobil-
ity shift assays (EMSA), circular dichroism (CD) spectroscopy and
melting curve analysis.

When the double-stranded DNA was incubated with single-
stranded RNA and subjected to an EMSA, an RNaseH-resistant
band could be observed in the gel separate from the double-
stranded DNA alone (Figure 5B). RNaseH resistance indicates that
the formed structure was not an R-loop [58] and could therefore
be an RNA·DNA:DNA triple helix. When subjected to CD spec-
troscopy, a distinct negative peak at 230 nm was present when
RNA and DNA were mixed, along with a shifted and prominent
main peak at 270 nm (Figure 5C). These shifts were not visi-
ble when double-stranded DNA alone or mixed single-stranded
DNA and single-stranded RNA (heteroduplex) were tested. In
melting assays, two melting points could be assigned to the
curve obtained from the mixed double-stranded DNA and single-
stranded RNA (Figure 5D). In contrast, only single melting points
could be assigned to double-stranded DNA alone and heterodu-
plex inputs.

These results indicate that RNA–DNA interactions positively
predicted by TriplexAligner have the potential to be biophysically
valid triplexes, even when only a small portion of the predicted
triplex is tested.

Discussion
Unlike previously published tools for the prediction of triplex for-
mation, TriplexAligner uses probabilistic nucleotide pairing models
learned from sequencing of triplex-forming DNA and RNA to pre-
dict triplexes. Compared with discrete and canonical Hoogsteen
base pairing rules, this resulted in the improved recall of all-to-
all RNA-DNA interactions. This demonstrates that formation of
RNA–DNA interactions is more complex than simple base pairing
rules, and therefore, prediction of such interactions requires more
malleable models such as those proposed here.

The nature of the input data originating from triplexRNA-seq
and triplexDNA-seq [25], and the fact that we wanted to integrate

triplex codes into local alignment methods, has led us to our for-
mulation using RNA-to-DNA matrices. We showed that optimiza-
tion of the code matrices and the corresponding motif pairs can
be formulated as a code mixture problem using an expectation-
maximization algorithm [59]. The use of this algorithm permitted
the estimation of triplex motif pairings, and subsequently RNA–
DNA base pairing probabilities whose error (objective) could be
minimized. In practice, the algorithm converged in few itera-
tions. The drawbacks of expectation-maximization [60] either had
a minimal impact (quick convergence) or could be effectively
overcome (many initiations to cover the search space). Thus,
the algorithm provided useful information for implementation
in TriplexAligner. Notably, if more complex formulations of RNA-
to-DNA interaction would be considered, the optimization would
likely become more challenging and a straightforward integration
into existing local alignment approaches may become impossible.
Here, we were able to use the established Karlin–Altschul statistic
to directly generate E-values for the triplex alignments, which is a
novel contribution compared with established tools. Nevertheless,
more complex formulations of RNA-to-DNA interaction would
require alternative machine learning approaches, such as neural
network-based approaches.

The naive, unbiased manner in which the expectation-
maximization algorithm used herein was formulated meant that
the returned code models are a heterogeneous mix of known,
canonical Hoogsteen base pairings [21] along with previously
unreported RNA–DNA base pairings. Due to the probabilistic
nature of the code models, it was initially challenging to
determine whether these putative novel base pairings were
genuinely interesting, or artefacts. In the validation carried
out in the course of this work, it could be shown that these
unconventional pairings are also good predictors of RNA–DNA
interaction. The question remains, however, whether these base
pairings are involved in true biophysical interaction between RNA
and DNA molecules, or whether their roles are more complex.
For example, seeing as the roles of proteins in triplex formation
remain unknown, it could be that these non-canonical base
pairings are important for the recruitment of co-factors important
for stabilization of the triplex structure.

Interestingly, it could be demonstrated that different tran-
scripts may have different preferences for the code with
which their interactions were predicted. The examples given
here–MALAT1 and NEAT1–are both lncRNAs which have been
previously shown to interact with chromatin [61]. However, when
their RNA–DNA interactions are predicted by TriplexAligner, they
are best-predicted with different codes. These two lncRNAs have
been proposed to carry out functions at similar genomic loci–
namely actively transcribed genes–but to bind at distinct sites in
these regions. Therefore, interactions underpinned by different
codes would facilitate this process. Inferring functional roles of
different types of triplex formation would constitute an exciting
and important future research area.

When investigating the relative performance of each of
the codes learned by the expectation-maximization algorithm
described herein, we could observe differences in performance
of codes between datasets. For example, code 1 was the
highest performing code in prediction of RADICL-seq RNA–DNA
interactions but was outperformed by codes 4, 2 and 3 in recall of
RedC interactions. Given the distinct nature of the methods used
to identify these RNA–DNA interactions, it is difficult to establish
whether these are true differences in performance or merely
reflect the subtle differences between the wet-lab methodologies.
For instance, it may be that one of the methods enriches trans
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Figure 4. Computational validation of TriplexAligner using RNA–DNA interaction data and published RNA·DNA:DNA triple helix interactions. (A)
Schematic outlining the computational validation of TriplexAligner, using global RNA–DNA interactions identified by either RADICL-seq or RedC and
subjecting the corresponding RNA and DNA sequences to prediction of RNA·DNA:DNA triplex formation with TriplexAligner, Triplexator and LongTarget.
Negative interaction data were generated by shuffling of RNA sequences. (B) ROC curves summarizing performance of TriplexAligner (orange), Triplexator
(blue) and LongTarget (grey) in prediction of RADICL-seq RNA–DNA interactions. (C) ROC curves summarizing performance of TriplexAligner (orange),
Triplexator (blue) and LongTarget (grey) in prediction of RedC RNA–DNA interactions. (D) Comparison of area under the ROC curves displayed in B and C
(Non-sign. P > 0.05, * P < 0, 05, *** P < 0.001, bootstrapping (n = 2000)). (E) Area under the ROC curves of individual TriplexAligner code models for RADICL-
seq and RedC RNA–DNA interactions. (F)TriplexAligner ROC curves for cis (RNA gene locus and interaction site on the same chromosome, solid line) and
trans (RNA gene locus and interaction site on different chromosomes, dashed line) RNA–DNA interactions arising from RADICL-seq (purple) and RedC
(orange) data. (G)TriplexAligner -log10(E) values for predicted interactions between lncRNA SARRAH and published interacting promoters ITPR2, PARP8,
PDE3A, SSBP2 and GPC6, in comparison to the negative control promoter of GAPDH. (H)TriplexAligner predictions of published RNA·DNA:DNA triplex helix
formation between the lncRNAs NEAT1 and HOTAIR and the promoter regions of CYP4F22 and PCDH7, respectively. (I) Schematic of the lncRNA Neat1
showing most commonly predicted sites of RNA·DNA:DNA triple helix formation in the lncRNA against multiple gene promoters dysregulated after
Neat1 knockout.

interactions more so than the other or fails to effectively remove
interactions arising from nascent transcription. Another aspect
to consider is species differences, given that the RADICL-seq data
used here arise from murine cells, and the RedC from human
material. Naively, we would not expect this to make a difference.
However, so little is known about the conditions which facilitate
triplex formation; there could be unknown species-specific co-
factors which favour different triplex base pairings.

When compared with Triplexator, the most widely used tool
for prediction of triplex formation, outputs from TriplexAligner

differ in a number of aspects. Most notable is that triplexes
predicted by TriplexAligner tend to be far broader than those
predicted by Triplexator. There are several potential reasons for
this observation, all of which are figurative, given the lack of wet-
lab data. From a technical perspective, the implementation of
TriplexAligner as a local aligner using Karlin–Altschul statistics [54]
means that the score metric is highly dependent on the width of
the alignment, and thus, broad alignments are more likely to be
reported as interacting regions. Triplexes predicted by Triplexator
are - by default - a minimum length of 20 base pairs. During
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Figure 5. Biophysical validation of interacting DNA and RNA sequences as predicted by TriplexAligner. (A) Maximal scoring DNA (blue) and RNA
(red) subsequences across RADICL-seq interactions as predicted by TriplexAligner, which were synthesized in vitro and used in subsequent biophysical
experiments investigating RNA·DNA:DNA triple helix formation. (B) EMSA using combinations of DNA and RNA (shown in A), as either double-stranded
DNA (dsDNA), double-stranded DNA and single-stranded RNA (dsDNA + ssRNA) and single-stranded DNA in combination with single-stranded RNA
(heteroduplex). RNA·DNA:DNA triple helix formation was investigated in RNase-free conditions (- RNase), in combination with RNaseH or in combination
with RNaseA. (C) CD spectroscopy of double-stranded DNA and single-stranded RNA (Triplex, black), double-stranded DNA (dsDNA, blue) and single-
stranded DNA with single-stranded RNA (Heteroduplex, red). (D) Melting analysis DNA and RNA molecules (described in C), with melting points labelled
and annotated.

prediction of RADICL-seq and RedC interactions, the widths of
Triplexator-predicted interactions did not exceed 30 base pairs. In
comparison, the alignments reported by TriplexAligner exceeded
100 base pairs on a number of occasions. Due to technical and
financial restraints, it is challenging to experimentally determine
whether these alignments are reflected in biological systems.
However, longer tracts of triplex formation could permit increased
specificity of interactions between transcripts and genomic loci,
thereby mediating more precise regulatory relationships between
RNAs and target genes. Alongside this, longer tracts of interaction
could result in increased stability, increasing the robustness of the
regulatory mechanism. Alternatively, the long tracts of interaction
predicted by TriplexAligner may provide the conditions for RNA–
DNA interaction to take place along the length of the tract in a
dynamic manner. This would entail that the entire length is not
interacting at any one time, and instead, sub-tracts of RNA and
DNA interact when spatio-temporal conditions are favourable.

Whilst TriplexAligner recalls RNA–DNA interactions more accu-
rately than previously published tools, it remains imperfect. There
exist a variety of reasons for this. In TriplexAligner, the assumption
is made that triplex formation takes place between two linear
molecules, consequently disregarding the influence of higher
order structures. Whilst TriplexAligner does not consider chro-
matin state, it was previously shown that triplexDNA-seq data
isare enriched in regions of open chromatin [25]. It is therefore
likely that motifs used to develop TriplexAligner arose from open
chromatin, in spite of the previously reported repressive functions
of triplex formation [62–64]. Consequently, triplexDNA-seq and
therefore TriplexAligner could be biased towards triplex formation
with activatory functions. Validating the effects of chromatin con-
formation on triplex formation would require non-steady-state
data, where both differential chromatin states and differential
triplexDNA-seq regions could be identified, and these data do not
currently exist.

Beyond chromatin conformation, it is also possible that triplex
formation is influenced by more complex 3D structures of both
RNA and DNA. Sites of predicted triplex formation are correlated
with 3D genome structure [65], but it is unclear when triplexes
form relative to the establishment of 3D genomic structures. It
is also likely that the secondary structures of triplex-forming
transcripts affect on the formation of triplexes. Transcripts can
fold into complex structures, resulting in regions with divergent
accessibility [66]. This would restrict regions of RNA which are

free to interact with DNA, alongside forming new interfaces which
are irrecoverable from linear molecules. Integration of features
beyond linear RNA and DNA sequences therefore represents an
important future research topic. Experimental methods to exam-
ine high-resolution 3D structures of nucleic acids, such as RNA
SHAPE [67], remain complex and challenging. However, progress
in this field would provide further insight into the 3D require-
ments for RNA–DNA interactions to successfully form. Here again,
the roles of proteins in the facilitation of RNA–DNA interactions
are unclear, but likely highly important. The incorporation of
2D RNA structure prediction, such as tools available from the
ViennaRNA package [68], into TriplexAligner could be a useful
addition to the tool. In addition, the use of RNA aligners which
consider secondary and tertiary structures [69–71], could be con-
sidered as a downstream analysis option, in order to compare
triplex-forming RNA structures and identify important regulatory
structures, which may facilitate triplex formation.

TriplexAligner was developed with the aim of providing
researchers with a method of predicting RNA–DNA interactions
which is grounded in data. By leveraging of triplex-forming
sequences captured in next-generation sequencing experiments,
TriplexAligner reports predictions with a basis in data, and which
extend beyond canonical and discrete base pairing rules. As such,
TriplexAligner is a unique tool with the potential to direct wet-lab
research on regulatory RNA networks and thereby further clarify
the role of RNA–DNA interactions in epigenetics.

Key Points

• Short, reproducible sequence motifs can be identified
from triplexRNA- and triplexDNA-seq data.

• Expectation-Maximization can be used to learn RNA–
DNA base pairing rules from enriched motifs.

• Both canonical Hoogsteen base pairing rules and previ-
ously unreported base pairing rules were identified by
this approach and could be positively correlated with
previous in vitro work.

• Implementation of the learned RNA–DNA base pairings
in a local alignment program permitted the more accu-
rate prediction of RNA–DNA interactions than previously
published gold-standard tools.
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• An RNA–DNA interaction predicted in the course of this
analysis could be shown to be a biophysically valid
RNA·DNA:DNA triple helix in vitro.

Data availability
Accession numbers for published data used in this study are
detailed in Materials and Methods.
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In this work, the interaction of the ribosomal protein S1 (rS1) with the 5’-UTR of the adenine sensing 

riboswitch (Asw) from the human pathogenic bacterium V. vulnificus was characterized by solution 

NMR spectroscopy and biological activity assays. The rS1 domains D3 and D4 are responsible for the 

mRNA binding and domain D5 for chaperone activity. Thus, the RNA chaperone character induces 

translation initiation by destabilizing the secondary structure of the riboswitch. The in vitro 

transcription-translation data demonstrated the importance of the mRNA-binding domains D3-D5 for 

efficient translation, as protein expression decreased in the absence of each domain. The presence of 

rS1 mediated a population shift of Asw from the hairpin conformation (14% at 35°C) to the single-

stranded conformation (86% at 35°C).  
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Boris Fürtig *

Institute for Organic Chemistry and Chemical Biology, Center for Biomolecular Magnetic Resonance (BMRZ), Johann
Wolfgang Goethe-Universität, Frankfurt am Main, Hessen 60438, Germany

Received May 23, 2018; Revised July 31, 2018; Editorial Decision August 02, 2018; Accepted August 03, 2018

ABSTRACT

Initiation of bacterial translation requires that the
ribosome-binding site in mRNAs adopts single-
stranded conformations. In Gram-negative bacteria
the ribosomal protein S1 (rS1) is a key player in re-
solving of structured elements in mRNAs. However,
the exact mechanism of how rS1 unfolds persistent
secondary structures in the translation initiation re-
gion (TIR) is still unknown. Here, we show by NMR
spectroscopy that Vibrio vulnificus rS1 displays a
unique architecture of its mRNA-binding domains,
where domains D3 and D4 provide the mRNA-binding
platform and cover the nucleotide binding length of
the full-length rS1. D5 significantly increases rS1’s
chaperone activity, although it displays structural
heterogeneity both in isolation and in presence of
the other domains, albeit to varying degrees. The
heterogeneity is induced by the switch between the
two equilibrium conformations and is triggered by
an order-to-order transition of two mutually exclu-
sive secondary structures (�-strand-to-�-helix) of
the ‘AERERI’ sequence. The conformational switch-
ing is exploited for melting of structured 5′-UTR’s, as
the conformational heterogeneity of D5 can compen-
sate the entropic penalty of complex formation. Our
data thus provides a detailed understanding of the in-
tricate coupling of protein and RNA folding dynamics
enabling translation initiation of structured mRNAs.

INTRODUCTION

RNA chaperones form a sequentially and structurally di-
verse class of proteins. They are important for promoting
many RNA-regulated cellular processes (1). By destabiliz-
ing secondary structures of RNA (2,3) they accelerate RNA

refolding and thus resolve RNAs trapped in misfolded, non-
functional conformations. In contrast to RNA helicases,
RNA chaperones do not require an external energy source.
Early on, it was suggested that RNA chaperones decrease
energy barriers between non-native RNA structures and
thus assist the conformational search of RNAs for their
native fold (4,5). The driving force for the unfolding reac-
tion, however, has remained elusive. An ‘entropy transfer’
model was proposed, in which disordered regions––as fre-
quently found in RNA and in protein chaperones – serve as
energy reservoir. According to this model, binding induces
a disorder-to-order transition within the chaperone to com-
pensate the order-to-disorder transition of the substrate (6).

RNA chaperone activity is abundant in all organisms
and necessary for many RNA-binding proteins required for
RNA function, transcription and decay. One prime example
is the ribosomal protein S1 (rS1) that exhibits RNA chaper-
one activity. It is associated to the small ribosomal subunit
(30S), where it locates within the cleft between the head and
platform on the solvent accessible side of the ribosome (7–
9). Particularly, it is close to the 3′-end of the 16S rRNA
and thus spatially close to the anti-Shine-Dalgarno (anti-
SD) sequence (10). Here, 5′-untranslated regions (5′-UTRs)
with their complementary SD-sequence are positioned dur-
ing translation initiation (11). During translation initiation,
proper positioning of the start codon AUG is crucial for
setting the correct reading frame. Typically, the positioning
for the correct reading frame is guided by ribosomal RNA
provided that a single-stranded and strong SD-sequence is
present in the mRNA transcript (12–14). However, produc-
tive binding to the 16S rRNA is often hampered, as either
the SD-sequence found in the mRNA displays poor com-
plementarity or is sequestered in intra-molecular base pair-
ing interactions (15). In these cases, the rS1 is pivotal for
translation initiation (16,17).

rS1 has a modular structure. In Gram-negative bacte-
ria it generally consists of altogether six imperfect oligonu-
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cleotide binding fold (OB fold) motifs (16,18). These OB
fold motifs constitute a five-stranded antiparallel �-barrel
composed of ∼75 amino acids and preferentially bind to
single-stranded RNAs (19,20). They are connected via link-
ers of 10–15 amino acids that provide the rS1 with the flexi-
bility and the adaptability needed for recognition of miscel-
laneous mRNAs. Furthermore, the motifs vary in sequence
and thereby tune the biological function of each domain.
The two N-terminal domains (D1-D2) function as plat-
form for ribosome-binding through protein-protein inter-
actions with the ribosomal protein S2 (8,21), while the four
C-terminal domains (D3-D6) harbor the mRNA-binding
site (16). Thus, rS1 contains a protein- and an RNA-binding
site in a single protein, mediating interactions between pro-
teins and RNAs. In line with this ability, rS1 is known to
activate the RegB endonuclease of the T4 bacteriophage
(22,23) and also acts as a host factor during infection with
Qβ phage as an integral part of the replication machinery
(24,25). Moreover, as the majority of initiation in prokary-
otes requires accessibility of both, the SD sequence and the
AUG start codon to the ribosome (26,27), the central role of
rS1 is to recruit single-stranded regions within the 5′-UTR
of mRNA transcripts. Recently, it was shown that rS1 is
also critically needed in the establishment of translation by
polysomes (28).

Generally, mRNA-based regulation of translation in bac-
teria can proceed via three different mechanisms: masking
of the ribosomal binding site (RBS), preventing accommo-
dation of the mRNA into the decoding channel or indirect
competition due to steric clashes (29). These three mech-
anisms have in common that the initiation region of the
mRNA is involved in molecular interaction either in trans
with other RNAs and proteins or in cis with sequences up-
stream from the initiation codon (30–32). To drive transla-
tion of highly structured mRNAs that either mask the RBS
or prevent accommodation, rS1’s ability to melt local sec-
ondary structures is exploited (33). This function is essential
as rS1 deletion is lethal to prokaryotic cells (34).

Here, we characterize the interaction of the rS1 pro-
tein from the human pathogenic bacterium Vibrio vulnifi-
cus with the structured 5′-UTR of the adenine-sensing
riboswitch (Asw) from the same organism (35). The ri-
boswitch controls the translation of the adenosine deami-
nase from the add gene and modulates the expression levels
by a novel three-state-mechanism enabling a temperature-
compensated regulation of translation by the ligand adenine
(36–41). The regulation involves the switch between seques-
tration and liberation of the ribosome-binding site.

Here, we show for rS1 from V. vulnificus by activity as-
says and solution NMR that the core region for the mRNA
interaction is composed of domains D3, D4 and D5 and
that these domains contribute differently in the interplay
with structured mRNAs. Domains D3 and D4 adopt sta-
ble OB folds and provide a platform for mRNA-binding. In
sharp contrast, domain D5 adopts an intrinsically bistable
fold that exhibits a conformational equilibrium between
a predominantly structured (D5OB) and a predominantly
unstructured (D5res-�) state. We find that conformational
switching is triggered by a �-strand-to-�-helix transition,
thus involves an order-to-order transition on the secondary
structure level, leading to a domain-wide order-to-disorder

transition. Our study provides insights into how the rS1 ex-
ploits its modular domain architecture to enable translation
of structured RNAs, by locally melting RNA secondary
structure.

MATERIALS AND METHODS

Expression and purification of rS1 constructs

All proteins were cloned with NcoI and BamHI as restric-
tion sites into an in-house modified pKM260 vector (pKM-
TX). They were expressed as fusion proteins in BL21(DE3)
cells carrying a N-terminal polyhistidine (His6) and thiore-
doxin (trx) tag (His6-trx-TEV-rS1construct, see also Sup-
plementary Table S1). For isotope labeling cells were grown
in M9 medium supplemented with 1 g/l 15NH4Cl and either
2 g/l 13C-glucose or 4–10 g/l 12C-glucose. Expression was
induced at OD600 = 0.6–0.8 with 0.5 mM isopropyl �-D-
1-thiogalactopyranoside (IPTG). Proteins were expressed
over night at 16–20◦C and were purified via HisTrap HP
(GE Healthcare) columns using 50 mM Tris/HCl (pH 8),
300 mM NaCl, 10 mM imidazol and 10 mM �-mercapto-
ethanol as lysis buffer. The tag was cleaved using TEV
(tabacco etch virus) protease and removed via HisTrap HP
column. All proteins were further purified via size exclusion
chromatography (Superdex 75 or Superdex 200 columns,
26/60, GE Healthcare) with the NMR buffer 25 mM potas-
sium phosphate (pH 7.2) 150 mM KCl, 5 mM DTT. In case
of rS1-D4 low yields were obtained in the soluble fraction,
hence the size exclusion chromatography was omitted and
instead the rS1-D4 was transferred into NMR buffer using
PD-10 columns (GE Healthcare).

RNA preparation

The short RNA fragments Asw-6 to Asw-14 were purchased
from Dharmacon carrying 2′-ACE protecting groups. They
were deprotected and desalted using the manufacturers’
protocol. Lyophilized RNA was reconstituted with NMR
buffer (25 mM potassium phosphate (pH 7.2) 150 mM KCl,
5 mM DTT).

Full-length Asw (112 nt) was transcribed with a 5′-
hammerhead ribozyme from PCR template via in vitro tran-
scription as described in (39). Asw-42 was transcribed with-
out ribozyme and with an additional G at the 5′-end to en-
hance transcription yield. The sequences are listed in Sup-
plementary Table S2. For both RNAs 3′-homogeneity was
achieved following the instructions in (42). The RNAs were
purified either by HPLC or PAGE and were refolded by
thermal denaturation at 95◦C, subsequent tenfold dilution
with ice cold water and incubation on ice for 1 h. They were
exchanged into NMR buffer (25 mM potassium phosphate
(pH 7.2), 150 mM KCl, 5 mM DTT) using centrifugal con-
centrators (Sartorius AG).

Electrophoretic mobility shift assay (EMSA)

The EMSAs were performed at constant RNA concentra-
tion (4 �M) and increasing amounts of protein (0–25 equiv-
alents). All samples were prepared in EMSA buffer (25 mM
potassium phosphate (pH 7.2), 75 mM KCl, 5 mM DTT)
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and were incubated for 30 minutes on ice. Bands were sepa-
rated on discontinuous gels (6%/12% PAGE) at low powers
(<500 mW, 3.5–5.0 V/cm) in a Tris-acetate buffer (50 mM
Tris (pH 8.3), 100 mM sodium acetate). The band separa-
tion was optimized for each rS1-construct in order to allow
migration of the RNP and the free RNA into the gel (rS1:
500 mW, 14 h; rS1-D3456: 250 mW, 14 h; rS1-D345: 250
mW, 14 h; rS1-D34: 500 mW, 7 h; rS1-D45: 500 mW, 7 h).
The RNA was visualized upon staining with GelRed® (Bi-
otium) and subsequent excitation of the bands at 254 nm.

CD RNA chaperone assay

RNA chaperone assays were performed on a JASCO J-810
spectrophotometer using a 1 mm path length cuvette screen-
ing a range from 220 to 320 nm. All CD experiments were
acquired in NMR buffer (25 mM potassium phosphate (pH
7.2), 150 mM KCl, 5 mM DTT) at a Asw-42 concentration
of 10 �M. The assays were performed at 10◦C. 0–4 equiv-
alents of the respective protein were stepwise added to the
RNA. Each titration point was measured with ten scans and
the data was smoothed. In case of rS1-D345 the chaperone
assay was additionally performed at 25◦C and 35◦C. CD
melting curve of Asw-42 was measured at a wavelength of
264 nm in a range from 10 to 95◦C. Temperature dependent
CD spectra of free Asw-42 were acquired in a range from
220 to 320 nm using three scans per temperature interval.
The temperature ranged from 10◦C to 65◦C using 5◦C in-
tervals. The CD spectra were smoothed and evaluated using
Microsoft Excel 2010 and SigmaPlot 11.0.

In vitro transcription-translation assay

The coupled transcription-translation assays were per-
formed as described previously (43) using the shifted green
fluorescent protein to monitor expression levels. The pro-
tein was synthesized from plasmid (pIVEX 2.3d) containing
T7 regulatory elements, a strong RBS and the sequence of
sGFP. To study the influence of rS1-constructs on transla-
tion efficiency, the assays were performed as duplicates with
rS1-depleted ribosomes reconstituted in S100 extract. The
respective rS1-proteins were added in equimolar ratios to
the ribosome concentration. 25 �l reactions were performed
in 96-well V-shape microplate (Greiner Bio-One, Fricken-
hausen, Germany) at 30◦C for 1 h. 20 �l of the reaction was
transferred in �Clear® 384-well flat bottom microplates
(Greiner Bio-One, Frickenhausen, Germany). The fluores-
cence measurements were performed with an Inifinite® 200
PRO plate reader (Tecan, Männedorf, Switzerland) using
an excitation wavelength of 484 nm and emission wave-
length of 510 nm.

NMR spectroscopy

All samples were prepared in NMR buffer (25 mM potas-
sium phosphate (pH 7.2), 150 mM KCl, 5 mM DTT and
5–7% D2O). Trimethylsilylpropanoic acid (TSP) was used
as chemical shift standard.

NMR experiments were performed on Bruker spectrom-
eters (either 600, 800, 900 or 950 MHz; Rheinstetten, Ger-
many) equipped with cryoprobes. Standard Bruker pulse

sequences as distributed with Topspin 3.5 were used (44–
51). Data was processed using Topspin 3.5 (Bruker, Rhe-
instetten, Germany) and analyzed with Sparky 3.114 (52).
Assigned chemical shifts for rS1-D5 and rS1-D345 are de-
posited under BMRB accession codes 27489 and 27490, re-
spectively.

All NMR titrations were performed at 35◦C with protein
concentrations of 100 �M. For each titration point 1H–15N-
BEST-TROSY was acquired keeping all acquisition param-
eters constant. For rS1-D34 the RNAs were added step-
wise in molar ratios of [RNA]:[protein]: 0, 0.1, 0.2, 0.3, 0.6,
1, 2, 4, 5.5 and the titration experiments were performed
at 600 MHz. For rS1-D345 the titration was performed at
950 MHz with stepwise adding Asw-42 in molar ratios of
[RNA]:[protein]: 0, 0.1, 0.2, 0.3, 0.6, 1, 2.

Chemical shift perturbations were calculated us-

ing �δ =
√

(0.1 · δN)2 + (�δH)2. Dissociation con-
stants were determined as described in (53) by plot-
ting largest CSP against the RNA concentration and
fitting with � δobs = �δmax{([P]0 + [R]0 + [KD]) −√

([P]0 + [R]0 + [KD])2 − 4[P]0[R]0}/2[P]0.

RESULTS

Delineation of mRNA-interaction-core of rS1 from V. vulnifi-
cus

In order to dissect the function of the individual mRNA-
binding domains, we investigated several fragments of the
binding region (D3–D6, Figure 1A) and studied their inter-
action with the adenine-sensing riboswitch. We used the 112
nucleotide long full-length add Asw and in addition a 42 nu-
cleotide long fragment of this riboswitch ranging from G85
to U125 (from here on referred as Asw-42, see also Figure
1C). Asw-42 contains the translation initiation region (TIR)
of the full-length Asw including the helix P5 followed by the
SD sequence (GAA) and the start codon (AUG). This RNA
provides a single-stranded 3′-end and an AU-rich sequence
within the structured TIR of the riboswitch as constitutive
binding platform for rS1 (54).

We probed RNA-binding ability for eight rS1 constructs
(Figure 1A and B) with the full-length add Asw as RNA
substrate in electrophoretic mobility shift assays (EMSAs).
In line with previously reported results (16), the full-length
rS1 binds the RNA with an apparent KD

rS1 of 3 ± 1 �M.
Deletion of the first two domains D1 and D2, responsible
for ribosome-binding, results in proteins that retain the full
RNA-binding ability. Removal of domain D6 does not sig-
nificantly reduce the affinity towards RNA. However, dele-
tion of D5 considerably decreases the RNA-binding affin-
ity of rS1 (Figure 1B). Nevertheless, as RNA-binding to the
two-domain protein rS1-D34 is detected this construct rep-
resents the minimal unit for mRNA-binding. In sharp con-
trast, no RNA-binding for rS1-D45 (Supplementary Figure
S1) or for the single-domain fragments (D3, D4, D5) could
be detected within the tested concentration range.

In order to evaluate the RNA-melting properties of the
rS1 constructs, we performed CD titration experiments with
Asw-42. Thermal unfolding was used as a benchmark for
the single-stranded RNA state (Figure 1D and E). The ob-
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Figure 1. RNA-binding and –chaperone activity of rS1 and its truncated versions. (A) Schematic overview of the rS1 constructs used in this study. Fragments
are aligned according to their amino acid sequence. Sequence identities compared to domain D3 are displayed on the top. (B) Electrophoretic mobility shift
assays (EMSAs) of selected rS1 constructs, using full-length add Asw (4 �M) as RNA substrate. Increasing protein concentrations are depicted on the top
of the gels. The EMSAs were performed on discontinuous gels and only the resolving phases are displayed. Bands reporting on complex formation or free
RNA are labeled with RNP or Asw, respectively. Two bands are observed for the free RNA, as the ligand-free riboswitch adopts two conformations (apoA
and apoB) (38). In case of the full-length rS1 these states are also resolved for the RNP, since the EMSA was performed at higher powers in order to ensure
migration of the complex into the resolving phase of the gel. In addition for the full-length rS1 a high-molecular species was observed (<5%) that did not
migrate into the resolving phase of the discontinuous gel (not displayed). (C) Schematic overview of add Asw constructs. Asw-42 is highlighted in blue and
the location of the P5 helix is indicated. The add gene from V. vulnificus including the transcription start site (TSS) and the open reading frame (ORF)
is displayed on the top. (D) Thermal unfolding of Asw-42 (10 �M) to visualize the red-shift of CD maxima upon RNA melting. Temperature-dependent
CD spectra of Asw-42 are shown. They were used as a benchmark for CD titration experiments reporting on RNA melting. (E) rS1-induced unfolding of
Asw-42 (10 �M) as measured by CD spectra. All CD titration experiments were carried out at 10◦C. Molar ratios of [protein]:[RNA] are depicted in the
plots. The maximal shifts are displayed.

served red-shift and ellipticity decrease of the CD spec-
trum of Asw-42 in the presence of four equivalents of rS1
reports on considerable distortions of base pairing within
the RNA und thus a protein-induced unfolding. This indi-
cates purely single-stranded conformation of the RNA in
the complex. The red-shift is of the same magnitude as ob-
served during thermal unfolding of the RNA. The deletion
of the ribosome-binding domains reduces the chaperone ac-
tivity by 26%. Further deletion of domain D6 leads to no
additional reduction in unwinding capacity. In line with the
binding affinity, the two-domain construct rS1-D34 is still
able to unwind the RNA but with significantly decreased
capability. Therefore, the three-domain protein rS1-D345
contains the full chaperone activity of the mRNA-binding

region. For this construct, the chaperone activity was also
studied as a function of temperature (Supplementary Fig-
ure S2). We find that the stability of the RNA is decreased in
the presence of four equivalents of rS1-D345 at all temper-
atures, where the largest destabilization is observed at 10◦C
(��G ≈ −3.7 kcal/mol). This further corroborates that the
rS1 protein actively melts the RNA.

Consistent with reported results, our data show that even
upon deletion of domain D6 and the ribosome-binding do-
mains D1 and D2 mRNA-binding of rS1 is essentially re-
tained (23). This observation emphasizes the exceptional
importance of domains D3-D5 for the interplay with mR-
NAs; they constitute the mRNA-interaction core of rS1.
Additional deletions within this core region lead to a se-
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vere loss of RNA-binding and chaperone activity. We find
that deletion from the N-terminal end has a more dramatic
effect, since removal of D3 completely diminishes the RNA-
binding ability (Supplementary Figure S1). Furthermore,
deletion of domain D5 from the core region significantly
reduces the RNA-binding and chaperone activity, suggest-
ing that domain D5 is also crucial in establishing the full
magnitude of rS1–mRNA interaction. The binding behav-
ior for V. vulnificus rS1 is therefore in stark contrast to that
of E. coli rS1, where activity assays show that domain D4
and D5 are sufficient for mRNA-binding (23).

Delineation of the functional core of rS1

We further investigated the functional importance of rS1-
domains for translation by use of in vitro transcription-
translation assays (Supplementary Figure S3). Therefore,
we studied the influence of the full-length rS1 and also its
truncated mutants increasingly lacking the mRNA-binding
domains on the expression of sGFP. In line with the EM-
SAs, the in vitro assays show that deletion of domain D6
does not significantly reduce the expression levels of sGFP,
whereas additional deletion of domain D5 reduces the ex-
pression level to ∼77%. Further deletion of D4 reduces the
sGFP expression to a basal level. Complete lack of mRNA-
binding domains leads to inhibition of translation. These
findings suggest that the mRNA-binding domains D3–D5
are necessary for efficient translation. Again a significant ef-
fect of D5 deletion on rS1 function is observed. Moreover,
in case of Vibrio rS1 domains D3 and D4 need to act in tan-
dem, since deletion of D4 diminishes the capability of rS1
to promote translation. In contrast, rS1-D12 inhibits trans-
lation probably by preventing ribosome-binding of residual
E. coli rS1 that is present in the cell-free reaction mix.

NMR spectroscopic investigation of the mRNA-interaction
core

The different rS1 constructs were structurally characterized
by solution NMR spectroscopy (Figure 2A, see also Sup-
plementary Figure S4), where the overall protein fold was
probed by 1H–15N-BEST-TROSY experiments. Such 1H–
15N correlation spectra serve as a fingerprint of the protein
fold. A large dispersion of amide signals reports on well-
folded proteins. Particularly, for proteins with high beta
sheet contents the resonances are generally distributed over
a wide ppm range

Here, we find that the multi-domain constructs (rS1-
D345, rS1-D34 and rS1-D45) dominantly exhibit well-
dispersed resonances and the stepwise removal of domains
does not substantially perturb the overall fold. The distribu-
tion of the amide signals indicates OB fold motifs. However,
the D5 containing multi-domain proteins display severe res-
onance overlap around 8.5 ppm, pointing towards struc-
tural disorder within the respective constructs (Supplemen-
tary Figure S5). This crowding of signals can be addressed
to domain D5. In isolation, this domain exhibits poorly dis-
persed resonances that are in addition broadened, indicative
of a rather dynamic unstructured state. In stark contrast,
the spectra of the isolated domains D3 and D4 display the
characteristics of OB-fold motifs. Given the high homology

Figure 2. Comparison of the mRNA-binding core domains by NMR and
sequence. (A) 1H–15N-BEST-TROSY spectra of rS1 constructs as indi-
cated. The spectrum of rS1-D345 was acquired at 35◦C and 950 MHz. All
other spectra were acquired at 30◦C and 600 MHz. (B) Domain sequences
were aligned using the Multiple Sequence Alignment tool from Clustal
Omega (68–70). Sequence identities in comparison to domain D3 are dis-
played on the right. Secondary structure elements were computed using
SWISS-MODEL (71–74) and are displayed on the top. Identical residues
are highlighted.

of domains D3, D4 and D5 and further the fact that these
are forming together the mRNA-binding core (Figures 1
and 2B), this finding was unexpected.

Further, the resonances of D3 and D4 can be unambigu-
ously assigned and the chemical shifts can subsequently be
interpreted as structural reporters of the respective protein
structure. The superposition of the individual spectra re-
sults overall in the spectrum of the two-domain protein rS1-
D34.

The mRNA-interaction-core of rS1 is thus organized in
two regions. D3 and D4 together are capable to bind and un-
wind RNA, whereas domain D5 lacks a single well-defined
structure. Nevertheless, its presence significantly increases
the activity of the preceding domains. We thus decided to
study both regions (rS1-D34 and rS1-D5) in separation, in
order to gain insight into each functional contribution to
the rS1–mRNA-interaction.

rS1-D34 harbors the mRNA-binding platform

First, we elucidated the RNA-binding behavior of rS1-D34
by solution NMR. We acquired 1H–15N-BEST-TROSY ex-
periments of 15N-labeled rS1-D34 in the presence of in-
creasing amounts of RNA. For our interaction studies we
used six different RNAs of increasing length originating
from the expression platform of the riboswitch (Table 1).

In addition to the structured Asw-42, we also included
RNAs containing only the single-stranded 3′-end of the ri-
boswitch (Asw-6 to Asw-14). They were used for probing
the minimal nucleotide length within the RNA-binding site
of rS1-D34.

We find that rS1-D34 binds the Asw-42 and Asw-14 with
an apparent KD of 12.5 ± 1.5 �M, comparable to the affini-
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Table 1. RNA-binding affinities of rS1-D34 for 5′-truncated Asw constructs obtained by NMR

Sequence (5′-3′)
RNA length
(nt) KD

a (�M)
�Gfree-complex b

(kcal/mol)

Asw-42 see Figure 1C 42 13 ± 1 −6.9 ± 0.1
Asw-14 112-GAA GA CUC AUG AAU 14 12 ± 1 −6.9 ± 0.1
Asw-12 114-A GA CUC AUG AAU 12 27 ± 3 −6.4 ± 0.1
Asw-10 116-A CUC AUG AAU 10 57 ± 6 −5.9 ± 0.1
Asw-8 118-UC AUG AAU 8 197± 50 −5.2 ± 0.2
Asw-6 120-AUG AAU 6 >1000 >−4.2

aThe KD values for the corresponding RNA lengths are listed and they were obtained by fitting largest CSPs with � δobs = �δmax{([P]0 + [R]0 + [KD]) −√
([P]0 + [R]0 + [KD])2 − 4[P]0[R]0}/2[P]0 (see also, Supplementary Figure S6). Errors were obtained from fitting procedure (53).

bFree energy of complex formation was calculated as �G f ree−complex = −RT · ln( 1
KD

). Errors were calculated using Gaussian error propagation.

ties of full-length rS1. Furthermore, from our NMR titra-
tions a minimal length for productive binding of 14 nu-
cleotides can be inferred, as we do not observe an increase in
binding affinity for the 42 nt long Asw-42 (see also, Supple-
mentary Figure S6). Further, we find that rS1 preferentially
binds to the single-stranded TIR of the riboswitch (Supple-
mentary Figure S7).

Upon addition of increasing amounts of Asw-14 to rS1-
D34 we observe large chemical shift perturbations (CSPs)
affecting residues that are conserved within both domains.
Most of the amide resonances display population-averaged
resonances upon addition of the RNA (e.g. H230, R341),
where the observed peak position shifts on a line between
the free and the complexed protein state. Here, the exchange
rate is larger than the frequency difference between the two
states (kex > �ν), reporting on a predominantly fast ex-
changing system. However, the largest shifts (CSP > 0.2
ppm) are accompanied by severe line-broadening of the re-
spective resonances (e.g. Y205, I220, R252, Y290, L303,
V306, see also Figure 3A). For those amino acids, the amide
signal is not detectable in the early course of titration, as
here the larger frequency difference ranges in the same order
of magnitude as the exchange rate (kex ∼ �ν). This is indica-
tive of an intermediate exchange process between the free
and bound state of the protein. Most of the resonances can
be recovered at higher amounts of RNA, as increasing lig-
and concentrations shift the overall exchange rates towards
‘fast exchange’ conditions ( kex = kon [L] + kof f ) (55). From
this, we can estimate a lower limit for the exchange rate be-
tween the free and Asw-14 bound rS1-D34 of kex ∼ 200 s−1.
In case of L217, T221, V228, F248, D251, V255, S307 and
N352 the resonances remain in intermediate exchange (Fig-
ure 3C).

In line with reported results, our data show that the
RNA-binding site involves strands �2, �3 and �5 and con-
tains several key residues characterized by aromaticity or
positive charges (1,20,56). In particular, Y205, R252, R254
in D3 and Y290, R341 in D4 display large perturbations
in the presence of RNA (Figure 3A). The basic side chains
enable charge compensation of the sugar-phosphate back-
bone, facilitating RNP formation directed by electrostatic
interactions. The aromatic side chains of H230 and of Y205
and Y290 can engage in interactions with RNA nucle-
obases. Presumably, they interfere with base pairing inter-
actions in the RNA and hence maintain residual chaperone
activity within rS1-D34, as observed in the CD chaperon-

ing assay. Furthermore, many amide resonances (e.g. I220,
V306) distributed within the primary contact site experience
large CSPs, due to RNA-induced structural rearrangements
of the binding interface.

To investigate structural rearrangements and to probe for
changes in the dynamical properties within rS1-D34 fur-
ther, we acquired and analyzed heteronuclear NOEs, longi-
tudinal and transverse 15N relaxation rates for rS1-D34 in
its RNA free form and at saturating RNA concentrations
(Supplementary Figure S8). In the absence of RNA both
domains tumble together, as they exhibit similar global dy-
namics. The increase in R2 as well as the decrease in R1 rates
in the presence of Asw-14 are indicative of a slower tumbling
system and report on complex formation.

Taken together, in rS1-D34 both domains are struc-
turally linked. They present a continuous surface for RNAs,
where both domains equally contribute to RNA-binding,
accommodating a stretch of 14 nucleotides. This finding
is very conspicuous, as an RNA-binding length of 10–15
nucleotides has been reported for the full-length rS1 from
E. coli (16,57). In other words, rS1-D34 already covers the
size of RNA that the full-length rS1 is known to bind. This
strongly supports the idea that domain D5 plays a different
role in mRNA-interaction in V. vulnificus rS1.

rS1-D5 from V. vulnificus populates two distinct states

Domains D5 from V. vulnificus and E. coli rS1 display a se-
quence identity of 90% (Supplementary Figure S9). Both
domains contain highly conserved amino acids, where alto-
gether 64 out of 71 amino acids are identical and additional
five are homologous. Aliprandi et al. state that even in isola-
tion, the E. coli D5 homolog is well-folded, where the large
dispersion of the resonances is in line with the predicted
OB-fold motif (56). However, their NMR data evidence for
the isolated domain a certain degree of heterogeneity. Fur-
ther we now show, that the D5 from V. vulnificus exhibits
structural disorder, not only present in the isolated domain
but also observable in the respective multi-domain rS1 con-
structs. In order to evaluate the origins of the structural het-
erogeneity of domain D5, we analyzed rS1-D5 from V. vul-
nificus in depth by NMR.

We first acquired temperature-dependent 1H–15N-HSQC
spectra of rS1-D5, screening a range from 8◦C to 35◦C (Fig-
ure 4, see also Supplementary Figure S10). Intriguingly, low
temperatures revealed that for rS1-D5 two distinct confor-
mational states are detectable. The major state (D5res-�) is

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/46/20/10917/5075031 by U

B Frankfurt/M
ain user on 09 February 2023



Nucleic Acids Research, 2018, Vol. 46, No. 20 10923

Figure 3. Interaction of rS1-D34 with Asw-14. (A) Superposition of 1H-15N-BEST-TROSY acquired at 35◦C and 600 MHz. NMR titration was performed
with 100 �M 15N-labeled rS1-D34. Unlabeled Asw-14 was added stepwise with ratios ranging from 0 to 5.5 equivalents. The molar ratio ([RNA]:[protein])
is color coded within the superimposed spectra. (B) Cartoon representations of D3 and D4 model structures that were generated in SWISS-MODEL
(71–74) using the PDB entry 2KHI (18) as template for homology modeling. Observed chemical shift perturbations of binding site reporters are plotted
and color coded according to CSP values. The surface is displayed and solvent exposed residues are additionally shown as sticks. Surface binding site
reporters are annotated and basic and aromatic residues are highlighted. (C) Chemical shift perturbations, calculated as described in the method section,
between free and bound rS1-D34 are plotted as function of rS1-D34 sequence. Horizontal line indicates threshold value that was used to identify binding
site reporters (53). Asterisks mark residues that are undetectable due to RNA-induced exchange broadening. Missing values represent either prolines or
undetectable residues (G213, R250, W311, N313, N315 are exchange broadened at 35◦C. D249, T253, K314, L346, A269 and C349 could not be assigned
as the amide resonances were absent from 1H–15N-correlation spectra).

populated to 92% (Supplementary Table S3) and displays
the poor signal dispersion of a predominantly unstructured
state. In contrast, the minor state, D5OB

, exhibits well-
dispersed resonances (Figure 4A) and is in overall agree-
ment with the reported E. coli D5 backbone amide chemical
shifts (56). Both D5 states interconvert on the millisecond
timescale, causing the observed peak broadening at elevated
temperatures.

Conformational switch of sequence element induces domain
heterogeneity

We analyzed the D5res-� state of rS1-D5 by multidimen-
sional NMR. For rS1-D5 altogether 92 resonances in the
1H-15N-HSQC are expected, but at 12◦C 154 backbone sig-
nals were visible. Using triple resonance experiments, we
were able to assign 91 residues to the D5res-� state (Figure
4B). Under native conditions S373 to L383, D388 to S397
and additionally G385 and R407 were not assignable due
to the lack of cross peaks in the 3D experiments. Never-
theless, we were able to transfer the respective assignments
from non-native conditions using 8 M urea as denaturing
agent. The assignment of the D5OB state could not be as-

sured, since this state is at maximum populated to 8%. The
signal pattern, however, indicates OB-fold formation.

The temperature series and urea titration experiments re-
veal residual secondary structure in the D5res-� state of rS1-
D5 within residues D423 to G432 (Supplementary Figure
S10). In order to identify the fold of proteins, chemical shifts
of backbone atoms are utilized, as their values strongly cor-
relate with local structure. Particularly, the deviations of the
observed chemical shifts from random coil values are a pow-
erful tool for identification of secondary structure from ex-
perimental data. We determined the residual structure in
the predominantly unstructured D5res-� state by use of 1H,
15N and 13C secondary chemical shifts (58) and TALOS-
N (59) (Figure 5). Our data identifies the existence of an
�-helix spanning from A424 to I429. Within the predomi-
nantly folded state D5OB the fifth �-strand (E427 to L431)
is located exactly in this region. This finding implies that
the particular amino acid sequence ‘AERERI’ is capable of
switching between two secondary structure elements, a �-
strand and an �-helix. Notably, within the OB-fold motif
the �5-strand is the closing strand that binds to both, �3
and �4 (Supplementary Figure S11). It potentially locks the
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Figure 4. The two conformational states of rS1-D5. (A) 1H–15N-HSQC
spectra were acquired at the displayed temperatures and at 900 MHz. (B)
Annotated resonance assignment for D5res-�. The spectrum (acquired at
12◦C and 900 MHz) is identical to the spectrum in panel (A) but to ex-
clusively display the predominantly unstructured D5 state, the 1H–15N-
HSQC is plotted at higher contour levels.

anti-parallel �-sheet, following the pattern �3–�2–�1–�4–
�5, into a �-barrel structure by forming a parallel �-sheet
between strand �3 and �5. The �-strand-to-�-helix transi-
tion of this closing strand will inevitably have an impact on
the structural integrity of the whole OB-fold motif.

We wondered whether the switching sequence exhibits an
intrinsic preference for �-helical structures and thereby pro-
motes the observed order-to-order transition from �-strand
to �-helix. Therefore, we analyzed the secondary structure
propensities of the switching sequence ‘AERERI’ that is
highly conserved amongst gammaproteobacteria (Supple-
mentary Figure S12). For comparison, the corresponding
regions of D3 (‘RDRTRV’) and of D4 (‘EERRRI’) were
also included into the analysis. We performed sequence-
based secondary structure predictions and modeled peptide
structures for all core domains (Supplementary Figures S13
and S14). Both prediction methods indicate a preference for
�-helical structures for the switching regions of domains
D3 to D5. Further, we compared the switching sequences
of all core domains with protein structures deposited in the
PDB. We were able to identify the respective sequences also
in other proteins (right hand side of Supplementary Fig-
ure S13), where the peptide sequences dominantly adopt �-
helical structures, supporting a general preference for this
secondary structure element.

Taken together, the switching regions of all core domains
display a tendency towards �-helical structures and this
propensity seems to be more pronounced within D4 and
D5. The transition to such an �-helix would inevitably de-
stroy the integrity of the OB-fold, yet the bistability is only
observed for D5.

Figure 5. Structural characteristics of the D5res-� state. The chemical shifts
of backbone atoms are sensitive for local structure. Their deviations from
random coil values can be used for determination of secondary structure
based on experimental data. In the upper plot the fractional secondary
structure as calculated from TALOS-N is plotted against the protein se-
quence (59), where an �-helix is found between A424-I429. The lower plots
display 1H, 15N and 13C secondary chemical shifts as a function of residue
number. They were calculated as � = �obs − �rc (58), where �obs are the ob-
served chemical shifts and �rc are the random coil chemical shifts. �rc were
generated using the Javascript provided by Alex Maltsev, on the website
of the University of Copenhagen (http://www1.bio.ku.dk/english/research/
bms/research/sbinlab/groups/mak/randomcoil/script; 18 April 2018). The
expected secondary structure element is indicated within the plot with
arrows. All secondary chemical shift values indicate �-helical structure
of the sequence stretch A421-G432. The largest values coincide with the
AERERI sequence, strongly pointing towards �-helical structure of this
particular sequence. In case of �CB and �N the secondary chemical shifts
for N448 are truncated and have a value of 1.9 and 5.7, respectively. As-
terisks mark not observed resonances. For clarity primary sequence and
secondary structure elements of both rS1-D5 states are displayed on the
very top of the figure.

Conformational heterogeneity of D5 is preserved in multi-
domain constructs

We determined the populations of the two D5 states within
the multi-domain rS1 constructs using different reporter
signals, well resolved in both states. We chose G378, G389,
G412 and G432 as reporters for structural order, as these
glycines are located either directly within �-strands or in
the direct vicinity. Their assignments within D5OB were
achieved by homology, as these glycines are conserved also
in D3 and D4. Furthermore, W354 and W398 indole res-
onances were used as indicators for domain-domain inter-
actions. The unstructured states of both indole resonances
could be unambiguously assigned, as W398 is the sole tryp-
tophan within D5 (Figure 4) and W354 is located close
to the C-terminus of rS1-D34 and hence is unstructured.
Both resonances could be additionally correlated with those
stemming from the folded state via an Nzz-exchange exper-
iment using rS1-D345 (Supplementary Figure S15). Partic-
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Figure 6. Structural heterogeneity of D5 in presence of preceding domains and RNA. (A) The 1H–15N-HSQC of rS1-D5 was acquired at 35◦C and 950
MHz and an excerpt of tryptophan indole region is displayed to illustrate the res-� state. (B) and (C) displays excerpts of tryptophan indole region of
rS1-D345 in the absence and presence of two equivalents Asw-42, respectively. For the NMR titration experiments, 1H–15N-BEST-TROSY (NS = 96)
spectra were acquired at 35◦C and 950 MHz. Unlabeled Asw-42 was added stepwise with ratios ranging from 0 to 2 equivalents. In the presence of RNA
a huge intensity decrease of rS1-D345 resonances was observed. Hence, the titration end point was additionally acquired with more number of scans
(NS = 256). This spectrum was used for determination of D5-populations and is displayed in panel (C). Positive 1D projections are displayed within the
spectra. W-Hε1 resonances of D5res-�are annotated in red and of D5OB in blue. (D) Schematic overview of tryptophan-mediated domain stabilization.
(E) The populations of the two D5 states are plotted against rS1 constructs. Populations of each reporter signal were determined from their intensities as
P(D5OB) = 100 · I OB

I OB+Ires−α and vice versa. The populations were averaged over all reporter peaks for each rS1-construct. Error bars represent standard
deviation of the average. (F) D5 population of rS1-D345 is plotted in the absence and presence (2 equivalents) of Asw-42. The rS1-D345-induced melting
of Asw-42 was also monitored by NMR and is displayed in Supplementary Figure S7.

ularly, W354 and W398 side chain signals are sensitive re-
porters of D5 heterogeneity as they exhibit large signal in-
tensities allowing identification of low populations of the
D5res-� state even in the context of multi-domain constructs.

We find that the presence of preceding domains stepwise
increases the population of the folded D5OB state. While in
isolation domain D5 populates the D5OB state only by 8%,
the presence of D4 in rS1-D45 leads to a population ratio
close to equality (Figure 6E and Supplementary Table S3).
Furthermore, the presence of both, D3 and D4 drives do-
main D5 almost exclusively into the D5OB state (82%). The
stabilization of the D5OB state within the respective multi-
domain constructs is probably induced by the order pro-
moting properties of tryptophan side chain (60) as the in-
dole moiety can participate in hydrophobic interactions and
in hydrogen bonding (61).

We classify the five tryptophans of rS1-D345 into two
groups. Three ‘domain-tryptophans’ are conserved within

domains D3 (W225), D4 (W311) and D5 (W398) and they
are located in the internal loop between the �3-strand
and the �4-strand. Two ‘linker-tryptophans’ (W267 and
W354) are conserved within inter-domain linkers between
D3–D4 or D4–D5, respectively (Figure 6D). The linker-
tryptophans are part of a PWX-motif. This motif is also
found in other nucleic acid-binding proteins, in which the
PWX-motif packs against the side chain of a phenylalanine
that is conserved in the protein core (62). In line, we find
evidence that the linker-tryptophans as found here, inter-
act with the preceding domain-tryptophans. In case of the
W225–W267 pair we find direct cross peaks in the 1H-15N-
NOESY-HSQC of rS1-D34 between the two tryptophan
side chains and also between mutual neighboring amino
acids (Supplementary Figure S16). Due to signal overlap,
such direct NOE evidence for tryptophan-tryptophan in-
teraction could not easily be detected for the larger con-
structs. However, the interaction can also be detected from
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chemical shift analysis. Comparison of rS1 constructs of
different length reveals that succeeding domains (D4 in rS1-
D34 and D5 in rS1-D345) lead to chemical shift perturba-
tions within the internal loop between �3- and �4-strands
of the preceding domain (D3 in rS1-D34 and D4 in rS1-
D345). Largest CSPs cluster around the indole resonances
of domain-tryptophans (Supplementary Figures S17 and
S18).

Taken together, domain-tryptophans are engaged in in-
teractions with linker-tryptophans forming hydrophobic
clusters and thus guiding and positioning adjacent do-
mains in close proximity. The formation of these two-
tryptophan centered hydrophobic clusters are important for
the protein-architecture, as they mediate the stabilization
of rS1’s fold. The domain-domain contacts induce stabi-
lization of the succeeding domain. Domain D3 is the most
stable domain within rS1-D345 and we observe that it in-
creases the stability of domain D4. Both domains together
stabilize the OB-fold of domain D5. We do not observe
any cooperative influence between domains D5 and D6. In
line, domain D6 lacks the stability promoting tryptophan
residues both in the linker connecting D5 and D6 as well as
within the domain D6.

RNA-binding reintroduces conformational heterogeneity of
D5

We investigated the properties of the extended RNA-
binding core rS1-D345 upon interaction with Asw-42 by
NMR titration experiments (Figure 6). We acquired a series
of 1H-15N-BEST-TROSY spectra of rS1-D345 by stepwise
increasing the RNA molar ratio from 0 to 2 equivalents. Al-
ready after the first titration point the average signal inten-
sities decline at least by a factor of two and remain below
50% during the course of titration. We conclude that the
interaction between rS1-D345 and Asw-42 is within the in-
termediate exchange regime. Therefore, the RNA-binding
reporters (Y205, H230, Y290, R341) as found in rS1-D34
cannot be recovered even at higher RNA concentrations.
Nevertheless, the overall chemical shift perturbations in do-
mains D3 and D4 (Supplementary Figure S19) agree be-
tween the extended three-domain (rS1-D345) and the essen-
tial two-domain (rS1-D34) RNA-binding core.

The intensity ratios between the free and bound rS1-
D345 state show that particularly for D3 and D4 the sig-
nal loss is most prominent (Supplementary Figure S19, left
panel). With two equivalents of Asw-42 the average signal
intensities of these two domains decrease to 37%. D5 reso-
nances display average intensity ratios between the free and
bound state >80%. Notably, the remaining D5 resonances
do not display significant CSPs (Supplementary Figure S19,
right panel). We observe that the presence of RNA unfolds
the OB-fold of D5, as increased population of the res-� state
is detected at saturating RNA concentrations (Figure 6C).
This shift of the population ratio is most likely driven by
the intrinsic property of the ‘AERERI’ sequence to adopt
�-helical structures. It is presumably a direct consequence
of RNA-binding that induces dissociation of domain D5
by competing out the domain-domain contacts between D4
and D5 leading to the �5-to-� transition as observed for the
isolated D5 domain (Figure 6F).

DISCUSSION

We have investigated the structural basis of the RNA-
binding and chaperone behavior of the rS1 protein from
Vibrio vulnificus. The full-length protein composed of six
homologues domains is able to melt RNA secondary struc-
tures upon binding. The minimal functional core is com-
posed of domains D3 and D4, covering a stretch of 14
single-stranded nucleotides. We dissected the contribution
of each of the four C-terminal domains to binding affinity
and chaperone activity. While domain D6 is nearly dispens-
able, deletion of D5 renders both affinity and activity to a
minimum level. Domain D3 and domain D4 form the pro-
tein’s functional core and operate in tandem. In contrast,
for the rS1 from E. coli it was proposed that individual do-
mains consecutively bind the RNA and mediate melting by
capturing single-stranded conformations in multiple small
substeps (33).

Although, the rS1 from V. vulnificus displays high degree
of sequence identity (∼86%) to its homolog from E. coli we
find that the V. vulnificus rS1 protein displays remarkable
structural differences. For all E. coli rS1 RNA-binding do-
mains it is reported that they adopt structured OB-fold mo-
tifs. For the single-domains D4, D5 and D6 NMR struc-
tures were reported (18). Whereas the structures of D4 and
D6 exhibit a tight bundle of conformations, the structure
of D5 is rather loosely defined. Furthermore, it was found
that within a fragment containing domains D3 to D5, D4
and D5 are in close contact forming a continuous interac-
tion surface, while D3 is mainly dissociated from the other
domains (18,56). Further, the minimal fragment for RegB
activation is formed by D4 and D5 (23).

In contrast for the V. vulnificus rS1 only domains D3 and
D4 exhibit a single stable and well-ordered conformation.
For domain D5 an unusual structural behavior is found that
is key to modulate RNA-binding. This domain can pop-
ulate two conformational states. In one of the two equi-
librium conformations D5 exhibits a well-structured OB-
fold. In the second conformation, the local refolding of the
sequence ‘AERERI’ from the OB-fold closing �5-strand
that is essentially required to stabilize the OB-fold to �-
helix leads to an overall unstructured state with local resid-
ual �-helical secondary structure. Therefore, D5 contains a
switching sequence that by forming either the mutual exclu-
sive �-helix or �-strand conformation triggers a full change
of the domain’s structure. This �-helix to �-strand confor-
mational switch is reminiscent to the changes in transformer
proteins, but with the exception that those are bistable sys-
tems of two fully folded conformations (63). As the switch-
ing sequence is highly conserved in � -proteobacteria it
might be a functional feature of rS1 proteins allowing do-
main 5 to act as dynamic joint between RNA binding do-
mains 3 and 4 and regulatory domain 6. As the popula-
tion of the two states will be affected by further interactions
throughout the domain, the second conformation could be
easily overlooked in proteins from organism other than V.
vulnificus where the equilibrium is shifted more to the D5OB

state.
The RNA chaperone activity of V. vulnificus rS1 is man-

ifested in its ability to destabilize the secondary structure
of RNAs. Whereas in the absence of the protein the ex-
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Figure 7. Intrinsic structural heterogeneity of domain D5. Schematic representation of the D5OB and D5res-� conformational states within the rS1 con-
structs (A) rS1-D5, (B) rS1-D45 and (C) rS1-D345. The populations are displayed in the scheme. (D) D5 populations in the absence and presence of
Asw-42.

pression platform module ASW-42 adopts predominantly
its hairpin conformation (14% at 35◦C), presence of rS1 in-
duces a significant shift in population towards the single-
stranded conformation (86% at 35◦C) (Supplementary Fig-
ure S2). Delineated from the above described CD RNA
chaperone assay, this can be expressed in terms of free en-
ergy between the hairpin and single-strand conformation
that is changed by interaction with rS1 from �Ghp-ss(35◦C,
0 eq rS1-D345) = 1.1 kcal/mol to �Ghp-ss(35◦C, 4 eq rS1-
D345) = –1.0 kcal/mol. Notably, the change towards the
single-stranded conformation is strongly dependent on the
stoichiometry (Figure S7) and the temperature (Figure S2).
Whereas the supra-stoichiometric amounts of rS1 can lead
to shifts in the equilibrium of ��G(4 eq) = −2 kcal/mol,
sub-stoichiometric amounts only contribute to ��G(0.5
eq) = −0.7 kcal/mol. However, both changes significantly
indicate the RNA melting capacity of rS1.

For the rS1 from V. vulnificus the RNA chaperone ac-
tivity is intimately linked to the structural dynamics of the
three domains of the mRNA interaction core. Upon RNA-
binding domain D5 is released from its associated state, re-
flected in a twofold increase of the D5 res-� population from
18% to 36% (Figure 7). The displacement of D5 upon in-
teraction is presumably of allosteric nature as the binding
sites for the RNA and D5 onto the mRNA-binding plat-
form D3–D4 only minimally overlap. As the release of D5
increases the structural heterogeneity in the protein, it can
compensate the loss of entropy upon complex formation
and promote the exothermic (�Gfree-complex < –7 kcal/mol)

binding reaction. Due to the conformational heterogene-
ity of D5, the resulting RNA-protein complex is a ‘fuzzy’
complex. The positive influence on affinity towards mRNA
and the increased ability to stabilize single-stranded confor-
mations (Supplementary Figure S7) in presence of D5 can
be attributed to its dynamic disordered behavior in the res-
� state. Such a remote effect of complex stabilization has
already been documented for several protein-protein com-
plexes. In these cases, the direct interaction is mediated by
structured domains but dynamic disordered parts that do
not contribute directly increase the affinity of complex for-
mation manifold. A comparable example is the formation
of a dynamic ‘fuzzy’ complex of the two protein domains
KID and KIX, containing flanking disordered regions close
to the interaction site (64). The kinase-inducible domain
(KID) binds its interaction domain (KIX) by a segment of
29 amino-acids, while the rest of the protein stays disor-
dered and does not take part in the direct interaction. How-
ever, deletion of the flanking disordered region decreases the
affinity 5-fold (65).

From an overall functional point of view, the protein rS1,
as an RNA chaperone, shall be responsible to mediate the
translation initiation by melting structured TIRs. Follow-
ing Sabatier’s principle for catalysts (66) it therefore needs
to bind, unwind and subsequently release the mRNA chain
without falling into an over stabilized conformational state
(67). The intricate linkage of nearly equally stable protein
and RNA conformational states is exactly what is needed
for this function to be fulfilled.
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3. Doetsch,M., Fürtig,B., Gstrein,T., Stampfl,S. and Schroeder,R.
(2011) The RNA annealing mechanism of the HIV-1 Tat peptide:
Conversion of the RNA into an annealing-competent conformation.
Nucleic Acids Res., 39, 4405–4418.

4. Herschlag,D. (1995) RNA chaperones and the RNA folding problem.
J. Biol. Chem., 270, 20871–20874.

5. Woodson,S.A. (2010) Taming free energy landscapes with RNA
chaperones. RNA Biol., 7, 677–686.

6. Tompa,P. and Csermely,P. (2004) The role of structural disorder in the
function of RNA and protein chaperones. FASEB J., 18, 1169–1175.

7. Sengupta,J., Agrawal,R.K. and Frank,J. (2001) Visualization of
protein S1 within the 30S ribosomal subunit and its interaction with
messenger RNA. Proc. Natl. Acad. Sci. U.S.A., 98, 11991–11996.

8. Byrgazov,K., Grishkovskaya,I., Arenz,S., Coudevylle,N., Temmel,H.,
Wilson,D.N., Djinovic-Carugo,K. and Moll,I. (2015) Structural basis
for the interaction of protein S1 with the Escherichia coli ribosome.
Nucleic Acids Res., 43, 661–673.

9. Wilson,D.N. and Nierhaus,K.H. (2005) Ribosomal proteins in the
spotlight. Crit. Rev. Biochem. Mol. Biol., 40, 243–267.

10. Shine,J. and Dalgarno,L. (1974) The 3′-terminal sequence of
Escherichia coli 16S ribosomal RNA: complementarity to nonsense
triplets and ribosome binding sites. Proc. Natl. Acad. Sci. U.S.A., 71,
1342–1346.

11. Yusupova,G.Z., Yusupov,M.M., Cate,J.H.D. and Noller,H.F. (2001)
The path of messenger RNA through the ribosome. Cell, 106,
233–241.

12. Kaminishi,T., Wilson,D.N., Takemoto,C., Harms,J.M., Kawazoe,M.,
Schluenzen,F., Hanawa-Suetsugu,K., Shirouzu,M., Fucini,P. and
Yokoyama,S. (2007) A Snapshot of the 30S ribosomal subunit
capturing mRNA via the Shine-Dalgarno interaction. Structure, 15,
289–297.

13. Yusupova,G., Jenner,L., Rees,B., Moras,D. and Yusupov,M. (2006)
Structural basis for messenger RNA movement on the ribosome.
Nature, 444, 391–394.

14. Steitz,J.A. and Jakes,K. (1975) How ribosomes select initiator regions
in mRNA: base pair formation between the 3′ terminus of 16S rRNA
and the mRNA during initiation of protein synthesis in Escherichia
coli. Proc. Natl. Acad. Sci. U.S.A., 72, 4734–4738.

15. Studer,S.M. and Joseph,S. (2006) Unfolding of mRNA secondary
structure by the bacterial translation initiation complex. Mol. Cell,
22, 105–115.

16. Subramanian,A.R. (1983) Structure and functions of ribosomal
protein S1. Prog. Nucleic Acid Res. Mol. Biol., 28, 101–142.

17. Kolb,A., Hermoso,J.M., Thomas,J.O. and Szer,W. (1977) Nucleic
acid helix-unwinding properties of ribosomal protein S1 and the role
of S1 in mRNA binding to ribosomes. Proc. Natl. Acad. Sci. U.S.A.,
74, 2379–2383.

18. Salah,P., Bisaglia,M., Aliprandi,P., Uzan,M., Sizun,C. and
Bontems,F. (2009) Probing the relationship between Gram-negative
and Gram-positive S1 proteins by sequence analysis. Nucleic Acids
Res., 37, 5578–5588.

19. Murzin,A.G. (1993) OB(oligonucleotide/oligosaccharide
binding)-fold: common structural and functional solution for
non-homologous sequences. EMBO J., 12, 861–867.

20. Draper,D.E. and Reynaldo,L.P. (1999) RNA binding strategies of
ribosomal proteins. Nucleic Acids Res., 27, 381–388.

21. Loveland,A.B. and Korostelev,A.A. (2017) Structural dynamics of
protein S1 on the 70S ribosome visualized by ensemble cryo-EM.
Methods, 2, 1–12.

22. Ruckman,J., Ringquist,S., Brody,E. and Gold,L. (1994) The
bacteriophage T4 regB ribonuclease. Stimulation of the purified
enzyme by ribosomal protein S1. J. Biol. Chem., 269, 26655–26662.

23. Bisaglia,M., Laalami,S., Uzan,M. and Bontems,F. (2003) Activation
of the RegB endoribonuclease by the S1 ribosomal protein is due to
cooperation between the S1 four C-terminal modules in a
substrate-dependant manner. J. Biol. Chem., 278, 15261–15271.

24. Wahba,A.J., Miller,M.J., Niveleau,A., Landers,T.A.,
Carmichael,G.G., Weber,K., Hawley,D.A. and Slobin,L.I. (1974)
Subunit I of G beta replicase and 30 S ribosomal protein S1 of
Escherichia coli. Evidence for the identity of the two proteins. J. Biol.
Chem., 249, 3314–3316.

25. Takeshita,D., Yamashita,S. and Tomita,K. (2014) Molecular insights
into replication initiation by Q� replicase using ribosomal protein S1.
Nucleic Acids Res., 42, 10809–10822.

26. de Smit,M.H. and van Duin,J. (1994) Control of translation by
mRNA secondary structure in Escherichia coli. A quantitative
analysis of literature data. J. Mol. Biol., 244, 144–150.

27. de Smit,M.H. and van Duin,J. (1994) Translational initiation on
structured messengers. Another role for the Shine-Dalgarno
interaction. J. Mol. Biol., 235, 173–184.

28. Andreeva,I., Belardinelli,R. and Rodnina,M. V. (2018) Translation
initiation in bacterial polysomes through ribosome loading on a
standby site on a highly translated mRNA. Proc. Natl. Acad. Sci.
U.S.A., 0, 201718029.

29. Duval,M., Simonetti,A., Caldelari,I. and Marzi,S. (2015) Multiple
ways to regulate translation initiation in bacteria: mechanisms,
regulatory circuits, dynamics. Biochimie., 114, 18–29.

30. Serganov,A. and Nudler,E. (2013) A decade of riboswitches. Cell,
152, 17–24.

31. Kortmann,J. and Narberhaus,F. (2012) Bacterial RNA thermometers:
molecular zippers and switches. Nat. Rev. Microbiol., 10, 255–265.

32. Nahvi,A., Sudarsan,N., Ebert,M.S., Zou,X., Brown,K.L. and
Breaker,R.R. (2002) Genetic control by a metabolite binding mRNA.
Chem. Biol., 9, 1043–1049.

33. Qu,X., Lancaster,L., Noller,H.F., Bustamante,C. and Tinoco,I.
(2012) Ribosomal protein S1 unwinds double-stranded RNA in
multiple steps. Proc. Natl. Acad. Sci. U.S.A., 109, 14458–14463.

34. Duval,M., Korepanov,A., Fuchsbauer,O., Fechter,P., Haller,A.,
Fabbretti,A., Choulier,L., Micura,R., Klaholz,B.P., Romby,P. et al.
(2013) Escherichia coli ribosomal protein S1 unfolds structured
mRNAs onto the ribosome for active translation initiation. PLoS
Biol., 11, 12–14.

35. Mandal,M. and Breaker,R.R. (2004) Adenine riboswitches and gene
activation by disruption of a transcription terminator. Nat. Struct.
Mol. Biol., 11, 29–35.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/46/20/10917/5075031 by U

B Frankfurt/M
ain user on 09 February 2023

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gky746#supplementary-data


Nucleic Acids Research, 2018, Vol. 46, No. 20 10929

36. Rieder,R., Lang,K., Graber,D. and Micura,R. (2007) Ligand-induced
folding of the adenosine deaminase A-riboswitch and implications on
riboswitch translational control. ChemBioChem., 8, 896–902.

37. Neupane,K., Yu,H., Foster,D.A.N., Wang,F. and Woodside,M.T.
(2011) Single-molecule force spectroscopy of the add adenine
riboswitch relates folding to regulatory mechanism. Nucleic Acids
Res., 39, 7677–7687.

38. Reining,A., Nozinovic,S., Schlepckow,K., Buhr,F., Fürtig,B. and
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Vanessa de Jesus, Nusrat S. Qureshi, Sven Warhaut, Jasleen Kaur Bains, Marina S. Dietz, Mike 

Heilemann, Harald Schwalbe and Boris Fürtig; Nature Communications 12, 4723 (2021) 

 

In this article, the dynamic network between the translational adenine-sensing riboswitch of V. 

vulnificus, the ribosomal protein S1 and the ribosome was investigated by NMR spectroscopy as well 

as in vivo and in vitro assays. It was shown that the addition of the ligand adenine is not sufficient to 

unwind the secondary structure of the riboswitch to its translational on-state. The chaperone activity 

of rS1, which is present in the 30S ribosomal subunit, allows the melting of the riboswitch expression 

platform and releases the ribosome binding site for translation initiation.  

V. de Jesus performed the in vivo assays, electromobility shift assays, microscale thermophoresis as 

well as NMR experiments and wrote the manuscript. The author of this thesis designed and prepared 

the adenine-sensing riboswitch constructs used in the cell-free expression system. The rS1 protein 

was expressed and purified. The cell-free system was established with a riboswitch-modulated sGFP 

sequence to test the influence of adenine. The data were analyzed and the corresponding paragraph 

in the manuscript was prepared. 
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ARTICLE

Switching at the ribosome: riboswitches need
rProteins as modulators to regulate translation
Vanessa de Jesus 1, Nusrat S. Qureshi1, Sven Warhaut1, Jasleen K. Bains1, Marina S. Dietz 2,

Mike Heilemann 2, Harald Schwalbe 1 & Boris Fürtig 1✉

Translational riboswitches are cis-acting RNA regulators that modulate the expression of

genes during translation initiation. Their mechanism is considered as an RNA-only gene-

regulatory system inducing a ligand-dependent shift of the population of functional ON- and

OFF-states. The interaction of riboswitches with the translation machinery remained unex-

plored. For the adenine-sensing riboswitch from Vibrio vulnificus we show that ligand binding

alone is not sufficient for switching to a translational ON-state but the interaction of the

riboswitch with the 30S ribosome is indispensable. Only the synergy of binding of adenine

and of 30S ribosome, in particular protein rS1, induces complete opening of the translation

initiation region. Our investigation thus unravels the intricate dynamic network involving RNA

regulator, ligand inducer and ribosome protein modulator during translation initiation.
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During translation initiation, messenger RNA (mRNA) and
the 30S ribosome form a complex that is stabilized by
interactions between mRNA, ribosomal RNA (rRNA) and

ribosomal proteins (rproteins). The mRNA contains a ribosome
binding site (RBS) of approx. 30 nucleotides (nt) around the start
codon that includes the evolutionary conserved Shine-Dalgarno
(SD) sequence 5’-GGAGGA-3’1,2. Translation initiation requires
the coupling of the opening of mRNA secondary structure in the
translation initiation region and binding of the 30S ribosome3.
The opening of mRNA secondary structure is transient and often
too short for recruiting the 30S ribosome4. To circumvent this
short opening, the 30S is already bound to an mRNA standby
site4–7 and shifts into place to form a specific complex with the
SD-mRNA and the anti-SD-rRNA interaction only if the SD-
mRNA site becomes accessible.

Sensing of the accessibility of the SD sequence thus is one
mechanism to regulate translation initiation8. In fact, transla-
tional riboswitches, cis-acting regulation elements that bind to a
specific inducer ligand found in bacteria, modulate this
accessibility9,10. Up to now, it is assumed that binding of an
inducer ligand is sufficient for translational riboswitches to
interfere with the dynamic shift between non-specific standby
binding and specific binding of the 30S9,11. The adenine-sensing
add riboswitch (ASW) from the human pathogenic bacterium
Vibrio vulnificus regulates translation in an inducer ligand-
dependent (characterized by the dissociation constant KD) and
temperature-compensated (characterized by the equilibrium
constant Kpre) manner and functions over a broad temperature
range12,13. In the absence of adenine, ASW populates two sec-
ondary structures (apoB and apoA) (Fig. 1, Supplementary
Fig. 1). Both, apoB and apoA are functional OFF-states as they
sequester the SD in stable base pair interactions that preclude
translation initiation. The add riboswitch can bind adenine post-
transcriptionally and operates under thermodynamic control, as
shown by in vitro and in vivo studies14. Gene regulation of the
add riboswitch is independent from the coupling of transcrip-
tion and translation. It is clear that the kinetics of ligand binding

and structural switching between apoA and apoB has to occur
on a timescale faster than translation initiation12,15. It was
shown that the rate limiting step in regulation is dependent on
the RNA refolding rate, which is independent from adenine
concentration12. Little is known about the interaction of trans-
lational riboswitches and the ribosome, since X-ray crystal-
lography or cryo-EM studies are difficult as the regulatory
relevant interactions are transient. However, NMR studies
capable of detecting such transient interactions are challenging
because of the size of the investigated system of more than 800
kDa, which contains the riboswitch mRNA and the 30S ribo-
some. Here, we succeed in applying solution NMR spectroscopy
of various reconstituted adenine-sensing riboswitch-30S
ribosome complexes to investigate both the influence of the
inducer ligand adenine and the ribosomal modulator protein
rS1 and unravel a synergistic regulatory switch to a functional
ON-state.

Results and discussion
We investigated the riboswitch (ASW14–140) containing 18
nucleotides within the coding region of the mRNA as a standby
site for ribosome binding (Fig. 1a). The inducer ligand adenine
binds to ASW with a KD of 0.6 μM at 25 °C12. The helix P4 of
ASW14–140 was only partially opened up to 20% at 25 °C, and
complete opening was never reached even at saturating con-
centrations of the inducer ligand (Fig. 1b, Supplementary Fig. 1).

The footprint of bound 30S ribosome comprises 30 nucleotides
that start 15 nt upstream of the start codon (position −15)16. The
adenine-induced opening of RNA structure in ASW14–140, how-
ever, only affected nucleotides up to position −9, nucleotide A111
(Supplementary Fig. 1). This ligand-induced partial opening of P4
in ASW14–140 was not sufficient to initiate translation. In other
words, the interaction of adenine alone with ASW14–140 was
insufficient to enable the complete accommodation of the mRNA
into the ribosome, as the neighboring helix P5 ultimately impe-
ded binding. Therefore, we here determined the additional factors
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that interact with the riboswitch to enable full accommodation in
the ribosomal tunnel.

rS1 modulates riboswitch activity. When inserted prior to the
shifted green fluorescent protein (sGFP) gene, the riboswitch
retained its regulatory function in vivo. Expression of sGFP under
the control of the ASW led to an adenine-dependent increase of
translated sGFP levels (Fig. 2a). Adenine concentrations in the
range between 0.5 mM and 2mM increased sGFP expression by
~3- to ~4-fold, respectively.

Since, the inducer ligand adenine alone could not account for a
structural transition to the functional ON-state, the results of the
in vivo experiments suggested that there must be additional
factors of the bacterial translation machinery that positively
interfered with the riboswitch. Several ribosomal proteins exhibit
ATP-independent RNA chaperone activity that accelerates
opening of RNA secondary structure17,18. Chaperone activity
has been reported for rproteins rS1217,19, and in particular rS120.
rS1 is essential for translation initiation in Gram-negative
bacteria21. Bound to the 30S ribosome22–25, it recruits mRNAs
for translation initiation by binding to AU-rich sequences. We
thus investigated the functional role of rS1 in assisting riboswitch-
mediated gene regulation. rS1 concentrations cannot be easily
manipulated in vivo26, as knock-out of rS1 is lethal27. Thus, we
investigated its role in a reconstituted coupled transcription-
translation assay (Fig. 2b) to determine rS1’s function in the
riboswitch-mediated regulation of gene expression. In line with
the in vivo experiments, addition of adenine resulted in an
increase of sGFP expression in the presence of rS1. However, the
regulation efficiency diminished to basal levels in the absence of
rS1, decreasing by a factor of 1.6 upon removal of rS1. The
switching behavior could be restored upon addition of rS1.

Native composite gel electrophoreses revealed complex forma-
tion of ASW14–140 with 30 S ribosomes (Supplementary Fig. 2).
As the cognate ribosome from V. vulnificus is not accessible for
practical and biosafety reasons, the interaction is studied here
with the homologous E. coli ribosome. The 3′-end of the 16S
rRNA in E. coli which harbors the aSD sequence is nearly
identical (identity = 98%) to that of V. vulnificus (Supplementary
Fig. 11) supporting the validity of using E. coli ribosomes to study
the molecular basis of translation initiation for the add riboswitch
from V. vulnificus. Binding of ASW14–140 to the 30S ribosome
was dependent on the presence of rS1 as shown by microscale
thermophoresis (MST) (Fig. 2c, Supplementary Fig. 3). The

binding constants of apo and holo ASW14–140 to 30SΔS1
ribosomes were KD = 4000 ± 800 nM and 2200 ± 200 nM,
respectively. By stark contrast, binding of ASW14–140 to 30S
ribosomes was substantially increased (KD = 320 nM (apo) and
130 nM (holo)). The affinity increase was nearly four-fold larger
in the holo-state hinting at synergistic structural effects of the rS1
protein and the inducer ligand adenine (Supplementary Fig. 4).
Notably, the affinity of the riboswitch was further increased to
KD

30SΔS1+vvrS1 = 60 nM (holo) when the rS1 protein from E. coli
was exchanged to rS1 from V. vulnificus (Supplementary Fig. 3b).
To show that rS1 acts within the 30S complex, the KD of V.
vulnificus rS1 towards 30S was determined to be 170 nM and
further NMR experiments reported on a tight binding to the 30S
ribosome (Supplementary Fig. 5). The observation that adenine
binds more weakly to the ASW than the ribosome hints at a
structural and functional synergistic effect of the inducer ligand
and the ribosome.

30S ribosome-bound rS1 opens expression platform in holo
state. To delineate the structural basis for the increased affinity,
we characterized conformational changes induced by stoichio-
metric amounts of rS1 and the 30S ribosome using solution NMR
spectroscopy to map the base pairing interactions within
ASW14–140 in eight different experimental setups (Fig. 3a, Sup-
plementary Fig. 6). In the absence of inducer ligand adenine (apo
state), the conformations apoB and apoA were found to be in
equilibrium. In both conformations, helices P4 and P5 were
closed. This structural behavior was generally maintained irre-
spective of the presence of rS1 alone or in the presence of the
ribosomal particle without rS1 (30SΔS1). In a titration with rS1,
minor effects towards a destabilization of base pairs in the helices
P4 and P5 in the translation initiation region were detected at
saturating levels of rS1 (Supplementary Fig. 7). Although, in
absence of inducer ligand the expression platform was unre-
sponsive against rS1 alone and 30SΔS1, it was slightly responsive
against the full ribosomal particle, however the closed con-
formational state was still the dominant conformation (Fig. 3b).
In the presence of adenine (holo state), the equilibrium was
shifted away from apoB towards the holo conformation with
partial opening of helix P4 and closed helix P5. By stark contrast
to the apo state, the holo state of the riboswitch was much more
susceptible to conformational changes upon interaction with rS1
and 30S. At 1:1 stoichiometry, addition of rS1 led to an opening
of P4 and P5 by 50%. However, addition of 30S containing rS1 led
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to complete destabilization of the apoB conformation, complete
opening of helices P4 and P5 and release of nucleotides 82–115 to
adopt single strand conformation.

We built a molecular model of the initiating ribosome in
complex with the 5′-end of the ASW mRNA, restrained by the
base pairing structure derived from the NMR experiments
(Fig. 4). The effect of rS1 on opening of the translation initiation
site (P4, P5 and the single stranded 3′ nucleotides) was
accompanied by a stabilization of base-pairs stemming from P1,
P2 and the connecting loops and junctions of ASW14–140,
therefore the ligand bound aptamer was modeled in its compact
tertiary structure. Base pairs from position 82 to 115 (P4 and P5)
were molten by the 30 S complex and thus the nucleotides were
kept in single stranded conformation. Consequently, the RBS
including the SD sequence and neighboring secondary structure
elements impeding productive mRNA binding becomes accessible
for interaction with the 16S rRNA (Fig. 4c). The model showed

that only if helix P5 was single stranded steric clash between r-
proteins and mRNA could be avoided at the entrance of the
tunnel. At this point, melting of P5 is a unique feature that only
occurs through ribosome-bound rS1.

Here, rS1 exerts its RNA chaperoning function20 directly at the
ribosome, fulfilling its role in mRNA delivery by keeping the
ribosome binding site on the mRNA in a single-stranded
conformation. As it is shown that rS1 promotes partial mRNA
unfolding also in other riboswitches28, facilitating single stranded
conformations within the effector domains of translational
riboswitches might be a general function of rS1. However, for
the ASW, the observed unfolding of this part of the riboswitch is
prerequisite for productive incorporation of the mRNA into the
30S ribosome.

In summary, we found that for translational riboswitches
binding of the inducer ligand stabilizes the aptamer domain
and destabilizes the sequestering effect of the cis-acting
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complementary strand precluding SD opening. However, the
presence of ligand and riboswitch RNA alone was insufficient to
completely release the ribosome binding site. To achieve complete
opening, the interaction with the translation machinery and in
particular with the rS1 protein was essential. A translational ON-
state in the complex between the riboswitch and the 30S ribosome
became effectively populated only when both, the inducer ligand
and the modulator rS1 were present. Only then, the SD sequence
is completely released and could base pair with the aSD sequence
of the 16S rRNA leading to correct positioning of the start codon.
Thus, our model delineates all required components for
translation initiation by riboswitches. We note that our data for
the adenine-sensing riboswitch are consistent with the standby
model of translation initiation4,5,29. Further, it challenges the
“RNA-only” model of riboswitch function, as translational
regulation only occurs upon concerted yet dynamic interaction
of mRNA, 30S ribosomes and associated modulator proteins.

Methods
DNA template. The DNA template of 127 nt adenine-sensing riboswitch (ASW)
from Vibrio vulnificus is flanked by two restriction sites and two ribozymes at both
ends in order to maintain 3′- and 5′-end homogeneity:

GAATTC (EcoRI) – TAATACGACTCACTATAG (T7 Pol) – GGTATGAAGC
CTGATGAGTCCGTGAGGACG AAAGACCGTCTTCGGACGGTCTC
(Hammerhead ribozyme) – GCTTCATATAATCCTAATGATATGGTTT GGGA
GTTTCTACCAAGAGCCTTAAACTCTTGATTATGAAGTCTGTCGCTTTATC
CGAAATTTTATAAAGAGAAGACTCATGAATTACTTTGACCTGCCG (127
nucleotide ASW) – GGGTCGGCATGGCATCTCCACCTC CTCGCGGTCCGA
CCTGGGCTACTTCGGTAGGCTAAGGGAGAAG (HDV ribozyme) – CCCG
GG (SmaI).

Riboswitch preparation. 13C–15N-labeled 127-nucleotide add ASW was synthe-
sized by in vitro transcription with T7 RNA polymerase from linearized plasmid
DNA31. The 13C–15N-labeled (rATP, rCTP, rGTP, rUTP) nucleotides for tran-
scription were purchased from Silantes (Munich, Germany). The construct was
purified by preparative polyacrylamide gel electrophoresis according to standard
protocols32. The construct was folded in water for 5 min at 95 °C and immediately
diluted 10-fold with ice-cold water. The RNA was buffer-exchanged into NMR
buffer (25 mM potassium phosphate, 150 mM KCl, 5 mM MgCl2, pH 7.2). For
protein-RNA studies, 5 mM DTT was added.

Purification of rS1, rS1ΔD6 and rS1ΔD56. The rS1 sequence was taken from
Vibrio vulnificus (strain CMCP6). rS1, rS1ΔD6 and rS1ΔD56 were expressed in
BL21(DE3) cells carrying a N-terminal polyhistidine- and thioredoxin-tag. Cell
cultures were grown in LB-medium at 37 °C. At OD600 0.6–0.8, protein expression
was induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) and
incubated over night at 20 °C. The culture was harvested and resuspended in
50 mM Tris-HCl (pH 8), 300 mM NaCl, 10 mM imidazole, 10 mM β-mercapto-
ethanol. The protein was purified from the soluble fraction with a 5 mL HisTrap
column (GE Healthcare) using 50 mM Tris-HCl (pH 8), 300 mM NaCl, 500 mM
imidazole, 10 mM β-mercapto-ethanol for elution. Tags were cleaved overnight
and at 4 °C using TEV protease and removed via a second HisTrap column. The
protein was further purified by size exclusion chromatography on a HiLoad 26/60
S75 column (GE Healthcare) using NMR buffer (25 mM potassium phosphate,
150 mM KCl, 5 mM DTT, pH 7.2).

Purification of 30S ribosomes and rS1-depleted 30S ribosomes. 30S ribosomes
were purified based on His-tagged proteins L7/L12 following the single step pro-
tocol from Ederth et al.33 Briefly, E. coli strain JE28 was grown in LB medium
supplemented with 50 µg/mL kanamycin at 37 °C. At OD600 0.6, the culture was
harvested by centrifugation at 4000 g for 5 min. The cell pellet was resuspended in
lysis buffer (20 mM Tris–HCl pH 7.6, 10 mMMgCl2, 150 mM KCl, 30 mM NH4Cl)
supplemented with 0.5 mg/mL lysozyme, 50 µL DNase 1 (2000 U/mL) and cOm-
plete™ Protease Inhibitor Cocktail tablet (Roche) and further lysed using a
Microfluidizer M-110P (Microfluidics, USA) in a final volume of 50 mL. The lysate
was clarified by centrifuging twice at 38420 g at 4 °C, 20 min each. For affinity
purification, a HisTrap column (Ni2+ sepharose pre-packed, 5 mL, GE Healthcare)
was connected to an ÄKTA prime chromatography system (GE Healthcare) pre-
equilibrated in lysis buffer. After loading the lysate, the column was washed with 10
column volumes of 7 mM imidazole in lysis buffer. The purification of 30SΔS1
ribosomes was performed as described before. To elute the ribosomal S1 protein,
the column was washed with 1.5 M NH4Cl in lysis buffer. To elute 30S ribosomes, a
decreasing magnesium concentration gradient was applied from 10 mM to 1 mM
magnesium. Fractions were concentrated to 1 mL using centrifugal filter units
(Vivaspin 20, MWCO 30000) and loaded onto a sucrose gradient of 20% to 50%

sucrose in sucrose gradient buffer (20 mM Tris-HCl, pH 7.6, 300 mM NH4Cl,
5 mM Mg(OAc)2, 0.5 mM EDTA and 7 mM β-mercapto-ethanol). Gradients were
centrifuged for 16 h at 100000 g and 4 °C, fractionated with a Piston Gradient
Fractionator (BioComp Instruments, Canada) and analyzed by SDS gel electro-
phoresis (Supplementary Fig. 8). 30S ribosomes were stored in sucrose buffer at
4 °C. Concentration of 30S ribosomes were determined at A260 where 1 A260

correspond to 72 pmol/mL34. To avoid disturbing effects of sucrose, sample con-
centration was determined in 1:100 dilutions after buffer exchange.

30S ribosome stability and integrity of NMR samples. High resolution NMR
experiments require that the sample of the macromolecular complex has to be pure
from contaminating proteins and nucleic acids, it must be monodispersed and due
to the experimental restraints of the technique highly concentrated. Purity of the
final 30S ribosomes utilized in all subsequent experiments was judged by gel-based
analysis in comparison to similarly purified 50S and 70S particles (Supplementary
Fig. 8).

Ribosomes were further analyzed by Western Blot using a 6x-His Tag Antibody
(Thermo Fischer) that allows selective detection of the modified ribosomal protein
L12. The Western Blot with this specific antibody clearly shows that 30S particles
are free of impurities of 50S protein components.

Integrity of ribosomes were further analyzed by native composite gel
electrophoresis and quantitative mass spectrometry (Supplementary Fig. 9). After
acquiring NMR experiments, the NMR samples were analyzed for RNA integrity
and 30S ribosome stability. RNA integrity was checked by denaturing
polyacrylamide gel electrophoresis (Supplementary Fig. 8). Theoretically, RNA
could possibly be degraded by co-purification of RNases during ribosome
preparation. Ribosome stability was further analyzed by loading the measured
samples on another sucrose gradient (Supplementary Fig. 10).

Electrophoretic mobility shift assay (EMSA). The EMSAs to investigate RNA-S1
binding were performed at constant RNA concentration (4 µM) and increasing
amounts of protein (0–10 equivalents) in the absence and presence of adenine. All
samples were prepared in EMSA buffer (25 mM potassium phosphate, 75 mM KCl,
5 mM DTT, pH 7.2) and were incubated for 30 min on ice. Bands were separated
on continuous gels (8% PAGE) at low powers (<500 mW, 3.5 V/cm) in TAM buffer
(40 mM Tris, 20 mM acetic acid, 5 mM MgCl2, pH 8.3). The RNA was visualized
upon staining with GelRedTM (Biotium) and subsequent excitation of the bands at
254 nm.

Native composite gel. For the analysis of ribosome stability and electrophoretic
mobility shift assays, native composite gels were performed which allow the
migration of native ribosomes into the gel35. Optimized composite gels were
composed of 1.76% acrylamide and 0.68% agarose. Therefore, 13.5 mL of 0.92%
agarose solution was cooled to 65 °C. Subsequently, 3 mL of prewarmed buffer
(0.2 M Tris, 0.125 M acetic acid, 35% (w/v) sucrose) were added to the agarose
solution. Then, 1 mL of acrylamide (29:1 acrylamide:bisacrylamide), 8.5 µL of
Triton-X100 and MgCl2 (5 mM) was added and heated to 65 °C. Polymerization
was induced by adding 100 µL of APS and 20 µL of TEMED and poured imme-
diately into a prewarmed gel chamber. The gel was polymerized for 1 h at 4 °C. A
pre-run was conducted at 200 V for 30 min under water cooling. The running
buffer (40 mM Tris, 25 mM acetic acid, 5 mM MgCl2) was exchanged.

The 127 nt add riboswitch was prepared by the ligation of a 97 nt fragment
(G14–G110) with the Cy5-labeled 30 nt RNA (A111-G140) (Dharmacon) as
described before36. The RNA was pre-incubated with 1.4 equivalents of adenine.
Ribosome concentration was increased from 1 to 10 equivalents at a constant RNA
concentration of 1.28 µM. All samples were prepared in NMR buffer (25 mM
potassium phosphate, 150 mM KCl, 5 mM MgCl2, pH 7.2) and a final glycerol
concentration of 10% as loading buffer. Samples were loaded and the gel was run
for 1 hour and 20 min at 200 V under water cooling. Bands were visualized by UV
shadowing, fluorescence scan and further stained with Coomassie.

Ribosomal RNA extraction. rRNA of 30S ribosomes were analyzed by agarose gel
electrophoresis. Therefore, rRNA was extracted with 1 vol. eq. PCI. Aqueous phase
was mixed with gel loading dye and analyzed by 1% agarose gel electrophoresis.
The RNA was visualized upon staining with GelRedTM (Biotium).

NMR Spectroscopy. All experiments were performed at 25 °C in NMR buffer
(25 mM potassium phosphate, pH 7.2, 150 mM KCl, 5 mM MgCl2) and 5% to 10%
D2O. For protein-RNA studies, 5 mM DTT was added. For ligand bound RNA, 1.4
equivalents of 13C-15N-labeled adenine was added. 13C-15N-labeled adenine was
synthesized as described37.

All spectra were referenced to DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid).
Nitrogen-15 and Carbon-13 chemical shifts were indirectly referenced using the
ratio of the gyromagnetic ratios of proton to 15N (0.101329118) and 13C
(0.251449530), respectively38.

For titration experiments of the 15N-labeled 127 nucleotide add adenine-
sensing riboswitch with the ribosomal S1 protein, the RNA concentration was set
to 40 µM. The unlabeled protein rS1 was stepwise added to the RNA in ratios
ranging from 0 to 5.
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For the investigation of mRNA-ribosome complexes with the 127 nucleotide
ASW, samples were prepared with a concentration of 35 µM ribosomes and RNA,
since higher concentrations lead to aggregation of the ribosomes.

NMR experiments were performed on an 800 MHz, 900 MHz or 950MHz
NMR spectrometer equipped with a 5 mm, z-axis gradient 1H {13C, 15N} TCI
cryogenic probe.

BEST-TROSY (Band‐selective Excitation Short‐Transient - Transverse
relaxation-optimized spectroscopy) experiments were recorded to observe 1H, 15N
correlations of 15N isotope labeled RNA39. Spectra were recorded using a modified
pulse program40.

NMR Experiments were analyzed using Bruker Biospin software TopSpin 3.5.
Assignments were performed using the software Sparky 3.11441.

Microscale thermophoresis. The 127 nt add riboswitch was prepared by the
ligation of a 97 nt fragment (G14–G110) with the Cy5-labeled 30 nt RNA
(A111–G140) (Dharmacon) as described before36. 30SΔS1 ribosomes were labeled
with Monolith NT Protein Labeling kit red-maleimide according to the protocol
(NanoTemper Technologies). The Cy5-labeled 127 nt riboswitch (30 nM) was
incubated with a 1:1 dilution series of 30S ribosomes (36 µM) and 30SΔS1 ribo-
somes (31 µM) in the absence and presence of adenine (500 µM). Labeled 30SΔS1
(30 nM) was incubated with a 1:1 dilution series of rS1 (3 µM). The complexes were
incubated for 30 min at 25 °C in NMR buffer (25 mM potassium phosphate, pH
7.2, 150 mM KCl, 5 mM MgCl2, 5 mM DTT) supplemented with 0.4 mg/mL BSA
(New England Biolabs), 0.05% Tween20 and RNasin (Promega, Germany). The
reactions were transferred to hydrophobic capillaries and measured with a
microscale thermophoresis (MST) device (NanoTemper Monolith NT.115, Ger-
many). After a primary capillary scan, the thermophoresis experiments were car-
ried out at 25 °C with an excitation and MST power of 40% each. Four scans were
recorded for each sample. The analysis was performed using MO.Affinity Analysis
and the evaluation strategy T-Jump.

In vivo assay of adenine-sensing riboswitch regulated gene expression. BL21
(DE3) E. coli cells were transformed with pUC19 plasmid containing T7 regulatory
elements and shifted green fluorescent protein (sGFP) gene under the translational
control of the adenine-sensing riboswitch ASW14–122. For a pre-culture, a single
colony was picked and added to 5 mL M9 minimal medium containing 100 mg/mL
ampicillin and IPTG and incubated in a thermoshaker (37 °C, 120 rpm) overnight.
The pre-culture was used to inoculate 50 mL M9/ampicillin main cultures with
varying adenine and IPTG concentrations in biological triplicates with a start
OD600 of 0.1, which was grown in a thermoshaker (37 °C, 120 r.p.m.). The pro-
duction of sGFP was monitored via fluorescence emission (λex = 484 nm and λem
= 510 nm) with a Tecan Infinite M200 pro microplate reader (Tecan, Männedorf,
Switzerland). For error estimation, three biological independent samples were
measured in triplicates. Results were normalized to the growth condition of 0 mM
adenine and 0 mM IPTG. As additional control, untransformed BL21(DE3) E. coli
cells were measured.

Coupled in vitro transcription-translation assay. The coupled in vitro
transcription-translation assays and the cell extract preparation were performed as
previously described42 to monitor protein expression levels of shifted green
fluorescent protein (sGFP). The cell-free protein expression reactions were per-
formed with in-house made S100 cell extracts from E. coli strain BL21 StarTM(DE3)
and rS1-depleted ribosomes (final concentration 0.46 µM). The S100 extract pre-
paration was adapted from the S30 extract protocol by Schwarz et al.43 Our pre-
paration differs at the dialysis step. Here, the S100 extract was dialyzed at 4 °C
against dialysis buffer (10 mM Tris/acetate (pH 8.2), 14 mM Mg(OAc)2, 60 mM
KOAc, 0.5 mM DTT) using a dialysis membrane (MWCO 12-14 kDa, ZelluTrans,
Carl Roth, Germany). The dialysis was performed for 3 h and the buffer was
exchanged every hour. After dialysis the S100 extract was centrifuged at 40000 rpm
and 4 °C for 5 h under vacuum (Beckman Coulter OptimaTM L-90 K). The protein
is synthesized from a pUC19 plasmid containing T7 regulatory elements. The sGFP
gene is under the translational control of the adenine-sensing riboswitch
ASW14–122 that contains a weak ribosome-binding site and the start codon AUG.
The 30 µL reactions were performed as triplicates in µClear® 384-well flat bottom
microplates (Greiner Bio-One, Frickenhausen, Germany) at 25 °C for 2 h. The
production of sGFP was monitored via sGFP fluorescence (λex = 470 nm and
λem = 515 nm) with a Tecan Spark® microplate reader (Tecan, Männedorf, Swit-
zerland). For error estimation, one biological sample was measured in triplicates.
Native 70S ribosomes were used as positive control.

Structural modeling of mRNA-ribosome complexes. The riboswitch structure
was modeled into the mRNA decoding channel of the 30S ribosome.

For the structural modeling, the 30S ribosomal pre-initiation complex structure
with the PDB ID 5lmn was chosen. The proteins IF1, IF3 and Thx were removed
from the structure.

The adenine-sensing riboswitch structure was built as follows: the holo aptamer
structure (C13–G83) with the PDB ID 1y26 was used as starting point. Here, the
nucleotides C13 and G83 were removed from the structure.

To build the single stranded region of the mRNA, the online tool RNAthread
(ROSIE) was used44,45. Here, the single stranded mRNA from the 5lmn structure
with 20 nucleotides was used as input structure. The nucleotides were replaced in
steps of 10–20 nucleotides with the desired ASW sequence. The resulting structure
was then renumbered accordingly to the ASW sequence using the
renumber_PDB tool.

Sequences were aligned in bins of two, each containing two overlapping
nucleotides. The alignment was performed in Pymol. This procedure ensured
preservation of the correct backbone geometry. The redundant nucleotides from
the alignment were removed manually in text editor. The mRNA in the 5lmn
structure was replaced by the modeled ASW structure, maintaining the same
position of the GAG triplet (G110–G112) from the Shine–Dalgarno sequence, that
base pairs with the rRNA (C1536–C1538).

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability
The data needed to evaluate the conclusions in the paper are present in the paper and/or
the supplementary information, and are available from the corresponding author upon
reasonable request. The structural model that was generated in this study based on the
publically available structures 1Y26 and 5MLN is provided in Supplementary
Data 1. Source data are provided with this paper.
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modified to an inactive puromycin using an ortho-nitrophenylalanine protecting group. In addition, 

the modified puromycin was protected by a second protecting group, thio-coumarylmethyl. The 

photolysis processes upon wavelength-selective irradiation were characterized by UV/Vis-, IR and 

time-resolved NMR spectroscopy. Furthermore, the translation inhibition effects of the modified 

puromycin upon illumination were investigated in a cell-free transcription-translation assay using 
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ABSTRACT: Photocleavable protecting groups (PPGs) play a pivotal
role in numerous studies. They enable controlled release of small
effector molecules to induce biochemical function. The number of PPGs
attached to a variety of effector molecules has grown rapidly in recent
years satisfying the high demand for new applications. However, until
now molecules carrying PPGs have been designed to activate function
only in a single direction, namely the release of the effector molecule.
Herein, we present the new approach Two-PPGs-One-Molecule
(TPOM) that exploits the orthogonal photolysis of two photoprotecting
groups to first release the effector molecule and then to modify it to
suppress its induced effect. The moiety resembling the tyrosyl side chain
of the translation inhibitor puromycin was synthetically modified to the
photosensitive ortho-nitrophenylalanine that cyclizes upon near UV-
irradiation to an inactive puromycin cinnoline derivative. Additionally, the modified puromycin analog was protected by the thio-
coumarylmethyl group as the second PPG. This TPOM strategy allows an initial wavelength-selective activation followed by a
second light-induced deactivation. Both photolysis processes were spectroscopically studied in the UV/vis- and IR-region. In
combination with quantum-chemical calculations and time-resolved NMR spectroscopy, the photoproducts of both activation and
deactivation steps upon illumination were characterized. We further probed the translation inhibition effect of the new synthesized
puromycin analog upon light activation/deactivation in a cell-free GFP translation assay. TPOM as a new method for precise
triggering activation/deactivation of effector molecules represents a valuable addition for the control of biological processes with
light.

■ INTRODUCTION

In recent years, photocleavable protecting groups (PPGs) have
become a powerful tool for light-induced release of effector
molecules in Chemical Biology.1−8 The list of novel “caged”
effector molecules is constantly growing. Besides their
biological function, they satisfy a large number of different
photophysical requirements9 including high quantum yield
φ,10 absorption at λ > 350 nm,11−14 high absorption coefficient
ε,15 rapid uncaging,16,17 applicability for two-photon uncag-
ing,18,19 and wavelength-selective photolysis20 as well as
biocompatibility,21,22 and solubility under physiological con-
ditions,23 cell permeability,24−26 to name a few important
design criteria of PPGs.
Here, we describe a new strategy that enables the light-

controlled activation and subsequent deactivation of effector
molecules. Figure 1 schematically demonstrates our approach:
in addition to the conventional photocleavable protecting
group (marked in orange), whose photochemical release
activates an effector molecule, the compound contains a
second photoresponsive group (marked in blue), ideally

Received: March 15, 2021
Published: July 8, 2021

Figure 1. Schematic representation of a doubly caged effector
molecule. PPG 1 (orange) is attached to the functional group of the
molecule. A second protecting group is incorporated as a part of the
active structure (blue triangle). Both can be removed selectively upon
orthogonal irradiation (with λ1 and λ2), which activates or deactivates
the effector molecule.
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without affecting the biological activity induced by the effector.
The “uncaged” effector molecule after the first irradiation (λ1)
can subsequently be deactivated by irradiation at a different
wavelength (λ2) as a response of the photoreaction induced by
absorption of the second photocleavable protecting group.
Achieving practical applicability of this process requires a
number of aspects: 1. The first protecting group is able to
suppress the biological activity of the effector molecule. 2. Both
involved PPGs need to have absorption spectra with little
spectral overlap enabling independent, wavelength-selective
photoprocesses. 3. The second PPG attached to the effector
induces a modification that should not induce a significant loss
of effector activity. After removing the second PPG, the
effector molecule has to be inactive; thus, the effector molecule
has to be chemically modified in the second step.
To develop the new method TPOM, we selected puromycin

as a naturally occurring antibiotic with widespread application
in biochemical studies. The aminonucleoside puromycin
produced by Streptomyces alboniger is a universal translation
inhibitor of the peptidyl transferase reaction. Furthermore, it is
frequently utilized to visualize newly synthesized proteins.27

Puromycin mimics the phenylalanyl-tRNA (Phe-a-tRNA)
(Scheme 1). It enters the ribosome and incorporates itself
into the growing peptide chain. As amide, the puromycin rest
cannot be released during translation. Antibodies raised against
these conjugates carrying puromycin on the C-terminal are
used to detect nascent chains.28 Puromycin acts codon
independently, does not rely on soluble translation factors,
and does not induce EF-Tu-GTPase activity.29 Interestingly, at
low concentration (e.g., 0.04 μM) puromycin does not act as
an inhibitor, but binds specifically to newly synthesized full-
length proteins at their C-terminus.30 Puromycin acts non-
selectively and exhibits a high toxicity in humans. This high
toxicity has prevented its application as an antibiotic.
Nonetheless, the use of puromycin continues to be of vital
importance for mechanistic studies of gene expression
regulation under physiological and pathological conditions.31

Previously,16,17,32,33 we developed two photolabile puromy-
cin derivatives protected by a single PPG: either by 6-
nitroveratryl oxycarbonyl (NVOC-puromycin) or by 7-N,N-
(diethylaminocumarin-4-yl)-methoxycarbonyl (DEACM-puro-
mycin). Both photosensitive derivatives showed promising
potential for photocontrolled release of puromycin.
Our new puromycin derivative developed here extends the

use of PPGs to two fundamental processes: the release of
puromycin as an effector by light and the subsequent
deactivation of this effector, again by light. In designing such
a molecule, we came across previous related approaches of
sequential photocleavage of different effectors from multi-
protected substrates. Klan et al. reported a monochromophoric
linker to orthogonally release two different effectors.34

Similarly, Singh et al. developed a novel approach based on
a synthesized o-hydroxycinnamate derivative that enables the
controlled release of alcohol and carboxylic acid.35 Sterner et
al. developed light-sensitive diarylethene-based competitive
inhibitors that upon irradiation with UV light were able to
undergo an electro-cyclization affecting their affinity for the
active site of an allosteric bienzyme complex.36 These previous
approaches could not be transferred to the controlled
activation and deactivation of puromycin, because the
introduced photolabile groups are incompatible for release of
a functional puromycin.

Our approach is based on work by Schultz et al., who
demonstrated a technique in which a protein containing
photosensitive 2-nitrophenylalanine (2-NPA) was expressed
and site-specifically photocleaved.37 The photochemistry of 2-
NPA involves a cinnoline-forming photocyclization after UV-
light illumination. The reported tolerance of puromycin to
different structural modifications38−42 inspired us to modify
the amino acid part O-methyl-L-tyrosine of conventional
puromycin to the photoactivable o-nitrophenylalanine. In
such a derivative, the new photosensitive puromycin analogue
(o-nitro-puromycin II) would structurally resemble the 3′end
of tRNAPhe and contain a photosensitive group (Scheme 1).
Additionally, as is the case with the conventional puromycin,
the photoprotection of the α-amino group of modified o-nitro-
puromycin (II) with a coumarylmethyl derivative as the
carbamate (I) allows control of the release of biologically
active o-nitro-puromycin (II). Simultaneously, the introduced

Scheme 1. Schematic Representation of the Strategy of a
Puromycin Analog with Two Photoactivatable Groupsa

aTop: Structural similarity between 3′-end of a phenylalanyl-tRNA
and the aminonucleoside antibiotic puromycin. Below: (Step 1)
Uncaging of thio-coumarin group and release of active o-nitro-
puromycin upon irradiation at 470 nm. (Step 2) Light-induced photo-
cyclization at 355−365 nm to the inactive cinnoline derivative.
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o-nitrophenylalanine part enables a different photochemistry
initiating the photocyclization to the nonactive cinnoline
derivative III, due to the lack of the α-amino group.

■ RESULTS AND DISCUSSION
We synthesized thio-DEACM-nitro-puromycin (I) in nine
steps (Scheme 2). Starting from 7-amino-4-methyl coumarin,

we prepared the alcohol DEACM-OH 4 by condensation of
coumarin 1 to the enamine 2 followed by treatment with
sodium periodate to the aldehyde 3 which was subjected to the
reduction using sodium borohydride to yield DEACM-alcohol
4.17 Using DEACM as one of the two photolabile groups in the
TPOM strategy posed, however, a challenging obstacle exists
for the intended photocyclization due to the high absorption of
4 that is released as a byproduct together with the effector
molecule o-nitro-puromycin (II) (Figures S24 and S25). The
attempt to generate the selectivity by applying single- and two-
photon-induced uncaging of the nitrophenyl part and
DEACM, respectively, remained unsuccessful, despite the
large difference in the two-photon cross section. In the

presence of DEACM an energy transfer to the nitrophenyl part
takes place preventing a selective uncaging of DEACM during
the activation step. Additionally, we observed by light-coupled
NMR experiments that released DEACM-OH (with high ε =
20 800 M−1 cm−1) absorbs the incident light intended for the
photocyclization and undergoes a photo side-reaction to an
unknown byproduct (Figure S15). To circumvent this
disadvantage, we tested other PPG derivatives as the photolysis
efficiency depends strongly on the type of the substituents of
the coumarin scaffold (Figure 2).3,21,43−45 As is apparent from

the UV spectra, diethylamino-thiocoumarylmethyl (thio-
DEACM) combines the advantages of the different derivatives
as it features a diethylamino group on position 7 and a strong
electron-withdrawing group at position 2. Incorporation of
thio-DEACM would thus enable an excitation of the first PPG
to yield an activation of the thio-DEACM-nitro-puromycin (I)
with visible light. Of particular importance for the on/off
functionality is its absorption gap around 370 nm (Figure 2,
red area), which is advantageous in view of the deactivation
step.
Therefore, thio-coumarin alcohol 7 was synthesized as

follows (Scheme 2): Alcohol 4 was converted to ester 5 with
acetic acid catalyzed by DCC and subsequently thionylated by
Lawesson’s reagent.46 6 was hydrolyzed providing the desired
alcohol 7. Alcohol 7 was further activated by conversion to the
nitro-phenyl carbonate 8 as an intermediate, which then reacts
without further purification with the commercially available 2-
nitrophenylalanine to yield carbamate 9. In the last step, the
obtained carbamate 9 was treated with puromycin-amino-
nucleoside in the presence of the coupling reagents EDCI and

Scheme 2. Synthesis of Caged thio-DEACM-ortho-nitro-
puromycin Ia

a(a) 7-Diethylamino-4-methylcoumarin 1 (1 equiv), DMF−DMA (2
equiv), DMF, 160°C, 7 h; (b) 2 (1 equiv), NaIO4 (3 equiv), THF/
H2O 1:1, rt, 5 h; (c) 3 (1 equiv), NaBH4 (1.5 equiv), EtOH, rt, 4 h,
98%; (d) 4 acetic acid, DCC, DMAP, CH2Cl2, reflux, 4 h; (e) 5
Lawesson′s reagent, toluene, reflux, 24 h, (f) 6 1.25 M HCl in ethanol,
reflux, 15 h; (g) 7 (1 equiv), DMAP (2 equiv), 4-NO2Ph-
chloroformate (2 equiv), CH2Cl2, rt, 7 h; (h) 8 (1 equiv) 2-nitro-
phenylalanine.HCl (1 equiv), DMAP (2 equiv), DIPEA (20 equiv),
CH2Cl2, rt, 24 h; (i) 9 (1 equiv), EDCI (1 equiv), NHS (1 equiv),
Puromycin aminonucleoside (1 equiv), DMF, 0°−rt, 24 h. Synthesis
procedure and characterization of thio-DEACM-nitro-puromycin
(I,10) are presented in the Supporting Information (pp S2−S20).

Figure 2. Main absorption bands of different coumarin derivatives in
1:1 acetonitrile/water mixtures. From left to right: BhCM (black, λmax
= 327 nm), DBMAC and BMAC (purple and blue, λmax = 353 nm),
DCMAC (cyan, λmax = 357 nm), DEACM (green, λmax = 380 nm),
BDEACM (orange, λmax = 406 nm), mc-DBMAC (red, λmax = 425
nm/441 nm), thio-DEACM (dark red, λmax = 470 nm). Correspond-
ing synthesis procedures and characterizations of 4-hydroxymethyl-
coumarin derivatives are presented in the Supporting Information (pp
S10−S11).
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NHS to yield doubly caged thio-DEACM-nitro-puromycin (I)
in 43% yield after reversed-phase chromatography.
Since the modified puromycin analogue (II) varies from

different reported nitrobenzyl scaffolds,47,48 we decided to first
verify the photosensitivity of the o-nitro-puromycin (II) by
examining the proposed cyclization reaction by real-time laser-
NMR.49 We synthesized o-nitro-puromycin (II) as described
in the Supporting Information (pp S7−S9). The laser-coupled
1H NMR experiment showed that irradiation at 488 nm does
not affect o-nitro-puromycin (II), which is favorable for the
planned wavelength-selective uncaging of thio-DEACM
(Figure S12) that should occur before the cyclization step.
In the case of 355 nm laser irradiation, most signals stemming
from the nitrophenyl ring and the amino nucleoside part of the
illuminated compound (II) decayed exponentially (Figure 3a).

This decay was accompanied by a corresponding rise of new
photoproduct signals. As an example, Figure 3b shows the
exponential signal decay at 5.82 and 8.12 ppm and a signal
increase at 6.10 and 8.30 ppm, respectively. The new signals
could be assigned to the expected cinnoline derivative III.
Interestingly, an HPLC-purification of an irradiated sample
containing all photoproducts showed a subsequent photo-
induced cleavage of the cinnoline derivative III to the
nucleoside and amino acid moieties as a consecutive reaction
of derivative III (Figure 3c and 3d). Noteworthy, controlled
irradiation of the amino acid part 2-nitrophenylalanine at

355 nm, as the only photolabile fragment of o-nitro-puromycin
(II), led also to a cyclized cinnoline without a carboxylic acid
group. Contrary, the same laser irradiation of conventional
phenylalanine without the nitro group resulted in no structural
changes confirming the photoreaction of the 2-nitrophenyla-
lanine part, excluding any photodegradation of the amino acid
itself (Figure S12).
The photophysical properties of the thio-coumarylmethyl

and 2-nitrophenylalanine groups of the respective photocages
were examined. In search of a deactivation wavelength that is
within the absorption gap of thio-DEACM, several wavelengths
between 280 and 450 nm were tested for the photocyclization
of o-nitro-puromycin (II) in separate illumination experiments,
although o-nitro-puromycin (II) seems to barely absorb
beyond 300 nm (Figure 4, green line). DFT-calculated UV/

vis absorption spectra of o-nitro-puromycin (II) and its
cinnoline photoproduct III show that successful uncaging is
achievable with wavelengths up to 420 nm (Figure S20a). An
activation wavelength λa = 470 nm was applied to remove the
thio-DEACM, while deactivation was performed at λd =
365 nm. Both the activation and deactivation wavelengths are
within the spectral window suitable for biological applications.
The cyclization of o-nitro-puromycin (II) without thio-
DEACM attached is shown in Figure 4. Based on DFT
calculations the emerging absorption band at 240 nm can be
assigned as the main absorption band of the cinnoline
photoproduct (Figure S20a). The deactivation step of o-
nitro-puromycin (II) successfully proceeds via an intermediate
to a cinnoline photoproduct. Considering the NMR results,
further decomposition reactions can be explained by the higher
illumination power compared to the UV/vis experiments.
During the activation step, the absorption bands of the thio-
DEACM 7 part of I at 474 and 250 nm disappear (Figure 5a,
blue spectrum compared to green spectrum) (Figure S16). A
residual band at 271 nm (Figure 5a, green solid line) can be
assigned to the desired uncaging product o-nitro-puromycin
(II) (Figure 5a, green area), indicating a successful activation
of the compound. Upon thio-DEACM cleavage, the alcohol
derivative thio-DEACM-OH is formed, in agreement with a
previous report.50 This particular thio-coumarin chromophore
undergoes further photolysis upon 470 nm illumination, which
yields DEACM-OH, but additional photoproducts are
possible.46 Irradiating pure thio-DEACM-OH at the activation
wavelength in a separate experiment (Figures S17 and S18a)
confirms the presence of DEACM-OH and another photolysis
product absorbing around 370 nm. The latter was identified by

Figure 3. Laser-coupled NMR experiment for tracking the photolysis
reaction of o-nitro-puromycin (II). Estimated Light power: 1 W.
NMR-sample: 500 μM in HEPES/D2O (10%), 355 nm. 1H-spectrum
measured after every 0.5 s irradiation. (a and b) Time-resolved 1H-
spectra and normalized peak integrals of H1′ and H2 corresponding
to the two compounds showing the decay of o-nitro-puromycin (II)
and the accumulation of the photoproducts III and IV. (c) Spectra
after HPLC purification of irradiated sample of o-nitro-puromycin II
showing: (d) photocyclized puromycin-cinnoline III and the release
of aminonucleoside puromycin IV as final photolysis step in
comparison with the initial structure before irradiation of o-nitro-
puromycin (II).

Figure 4. Absorbance spectra of o-nitro-puromycin (II) during
continuous illumination at λd = 340 nm in 1:1 acetonitrile/water
mixture before (green), after 5 min (gray line), and after 2.8 h (red)
of illumination resulting in cinnoline product III. The arrows
underline the direction of absorption change during the first 5 min
of illumination in gray and during the following 2.7 h in red.
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mass spectrometry (Figure S14) and NMR spectroscopy. The
results indicate the formation of a coumarylmethyl hydrogen
sulfate derivative DEACM-OSO3

− as the major photoproduct
of photolyzed thio-DEACM-OH.
Since the absorption spectrum of the doubly caged

compound (I) is in principle an additive superposition of the
individual components, with slightly red-shifted absorption
bands (Figure S16), the uncaging products are hardly
distinguishable in the UV/vis region. IR-experiments after
illumination reveal, however, absorption changes that clearly
confirm uncaging (Figure 5b). The newly appearing positive
absorption band at 2337 cm−1 in combination with the
vanishing band at 1728 cm−1 demonstrate the release of CO2
from the carbamate linker during illumination taking place in
the last step of uncaging.37 Two other prominent absorption
changes can be observed for IR bands at 1579 and 1522 cm−1

characteristic for ring vibrations of the coumarin moiety,
confirming its photolysis. Compared to the reported DEACM-
puromycin17 the uncaging wavelength could successfully be
red-shifted by about 100 nm without a significant loss of
quantum yield (1.7%, Figure S18; 69% conversion within
2 min of light exposure: 2 × 1016 photons/s). In combination
with the high extinction coefficient ε474 nm = 17464 M−1 cm−1

this results in a reasonable uncaging cross section φ·ε =
297 M−1 cm−1.
Figure 6 shows the deactivation step of a sample previously

activated with 470 nm light. It contains the side products of the
first uncaging step. Upon exposure to 365 nm the absorption
band in the UV-region undergoes a bathochromic shift, which
is indicative for the formation of a cinnoline product as known
from DFT-calculations (Figure S20a). Regardless of the fact

that the thio-DEACM side products absorb at the deactivation
wavelength (λd), the UV/vis experiments unambiguously show
that the deactivation step is not inhibited. Comparing the two
uncaging quantum yields (φo‑nitro‑puro/cinnoline = 2.5%,
φDEACM‑OSO3

−
/DEACM−OH = 0.1%) reveals that the deactivation

of nitro-puromycin is favored over the photolysis of DEACM-
OSO3

− (Figures S18b and S20b, approximately 33%
deactivated within 3 min of illumination: 5 × 1015 photons/
s). Further changes of the absorption around 370 nm confirm a
subsequent side reaction of the thio-coumarin photoproduct.
The remaining band is assigned to DEACM-OH (Scheme 4).
Additionally, the loss of the nitro-functionality of the oNB

moiety at 1390 cm−1 and the symmetric stretch mode of the
amino group at 3516 cm−1 confirm the deactivation of the
central functional group of puromycin (Figure 6b). The
formation of the cyclization product can be verified by the
positive bands at 1139 and 1165 cm−1 that can be assigned to
vibrational modes of the cinnoline moiety including the NN
double bond in accordance to DFT calculated modes (Figure
6b). For the presumed deactivation mechanism, water has to
be eliminated in the last step, which is supported by the
positive absorption change at 3569 cm−1. A double uncaging
can be carried out directly with 365 nm (Figures S22 and S23).
Analysis of the absorption changes during the first 8 min
reveals that both the activation and deactivation step occur
simultaneously to a certain extent.
We used the newly developed TPOM puromycin to control

protein synthesis in a cell-free coupled transcription−trans-
lation system (Figure 7). The expression inhibition induced by
the released o-nitro-derivative of puromycin was monitored
using shifted green fluorescent protein (sGFP) in a microplate
reader. We monitored the sGFP expression as a function of
increased concentrations of puromycin (Figure S27a) and o-

Figure 5. (a) Absorption spectra of activation in 1:1 acetonitrile/
water mixture. Thio-DEACM-nitro-puromycin (I) before (blue line)
and after 14 min illumination at 470 nm (green line), which is
identical to the (2x(7):1x(II)) weighted overlay (black dotted line) of
the synthesized o-nitro-puromycin (II) (green area) and the
illuminated thio-DEACM (7) (gray area). (b) Difference IR-spectra
measured every 60 s in DMSO during continuous illumination of (I)
at the activation wavelength (470 nm) evolving from the black (zero
line: no illumination of the starting compound (I)) to the green line
(photoproduct of the activation step: o-nitro-puromycin (II)). DFT-
calculated vibrational modes as sticks of thio-DEACM-nitro-
puromycin (I) (circles) and o-nitro-puromycin (II) (square). (c)
Determination of quantum yield by light induced absorption changes
monitoring the photoinduced release of CO2 upon irradiation of (I)
at 2337 cm−1 with a fit through the first 8 data points (500 s of
illumination) (p S30).

Figure 6. (a) UV/vis spectroscopic study of deactivation in 1:1
acetonitrile/water mixture. Starting material is the activated sample
including side products (green line). After illumination at 365 nm for
1 h a spectrum (red line) arises, which can be reconstructed by the
overlay (black dotted line) of illuminated o-nitro-puromycin (II) (red
area) and the illuminated thio-DEACM with 365 nm for 1 h (gray
area). (b) Difference IR-spectra measured every 60 s in DMSO of o-
nitro-puromycin (II) including side product with illumination at
365 nm evolving from the black (zero line: no illumination of the
sample) to the red line (photoproducts of the deactivation step:
including cinnoline product III). DFT-calculated vibrational modes as
sticks of o-nitro-puromycin (II) (squares) and cinnoline product III
(triangles).
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nitro-puromycin analog (II) concentration, resulting in a 5-
fold and 3-fold inhibition, respectively (Figure 7a). Apparently,
the structural modification of conventional puromycin by
introducing the NO2-group and by removing the para-methoxy
group diminishes the inhibition activity of (sGFP) translation.
However, the deactivation by protecting the primary α-amino
group with thio-DEACM to the carbamate (I) was successful,

since sGFP expression levels were comparable to those without
any inhibitor addition. This and the effect of illumination at
488 and 365 nm were examined by using native PAGE analysis
(Figure 7b), since thio-DEACM and sGFP absorption curves
overlap justifying the fluorescence decay of this sample (Figure
S27b).
In the next step, upon laser irradiation at 488 nm thio-

DEACM was cleaved releasing o-nitro-puromycin (II) that
inhibits almost 80% of the initial sGFP expression. In contrast,
thio-DEACM-nitro-puromycin (I) and o-nitro-puromycin (II)
which were deactivated by a 365 nm and 488/365 nm
irradiation, respectively, did not show inhibition of the sGFP
expression (Figures 7b and S27b). These results are in
accordance with our above-mentioned spectroscopic and
analytical investigations. Thus, thio-DEACM-nitro-puromycin
(I) shows no inhibition effect and can be activated through
488 nm irradiation releasing the active o-nitro-puromycin (II).
This compound can be again deactivated by a subsequent
irradiation at 365 nm releasing the photocyclized cinnoline
puromycin derivative. The same observation was made, when
thio-DEACM-nitro-puromycin I was illuminated at 365 nm
directly (Figure 7b and c). An obvious direct interpretation is
that at 365 nm the cleavage of thio-DEACM and the
cyclization to the cinnoline ring are simultaneously occurring
events.

■ CONCLUSION

Here, we designed and probed TPOM as a new method to
release and then destroy the function of a low molecular weight
effector molecule in a biological system. A part of the active
structure of the target molecule is synthetically modified to a
second photoresponsive scaffold that undergoes a structural
change to one or more inactive molecules upon wavelength
selective irradiation. To demonstrate this dual function, we
synthesized thio-DEACM-nitro-puromycin (I), a double
photoresponsive analog of the frequently used aminonucleo-
side antibiotic puromycin. To achieve the required chromatic

Scheme 4. Reaction Sequence Summarya

aDoubly caged Puromycin (thio-DEACM-nitro-puromycin I) is inactivated by thio-DEACM. After illumination at 470 nm the coumarin cage is
removed, while the biologically active o-nitro-puromycin (II) is regenerated (activation step: green area). In a parallel pathway, two other
photoproducts are produced as byproducts after photolysis of thio-DEACM: DEACM-OH and DEACM-OSO3

−. In the deactivation pathway, o-
nitro-puromycin (II) undergoes a photocyclization, resulting in a cinnoline product III, which is inactive due to the missing amino group
(deactivation step: red area). Furthermore, the cinnoline moiety splits from the remaining puromycin scaffold. In this reaction route, the byproduct
DEACM-OSO3

− from the first step vanishes, leaving only the DEACM-OH behind.

Figure 7. (a) Inhibition of sGFP expression with increasing o-nitro-
puromycin (II) concentration. 1 mM o-nitro-puromycin (II) results
in a 3-fold inhibition of sGFP expression. (b and c) thio-DEACM-
nitro-puromycin (I) was illuminated, respectively with LEDs at
365 nm, 365/488 nm, and 488 nm, and the effects of the illumination
wavelength were tested by native PAGE analysis of sGFP expression
and compared with non-illuminated thio-DEACM-nitro-puromycin
(I) (w/o illumination) and sGFP control sample without addition of
inhibitor (sGFP control).
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orthogonality, several 4-hydroxycoumarin derivatives were
synthesized and screened. To report the successfully photo-
cyclization of o-nitro-puromycin II, a laser-coupled 1H NMR
experiment was performed showing a light-induced formation
of the cinnoline derivative followed by the release of
puromycin aminonucleoside (Scheme 4). The successful
activation/deactivation upon blue light uncaging of thio-
DEACM and subsequent near-UV-induced photocyclization
of o-nitro-puromycin analog II were confirmed by IR-
measurements and DFT calculations. Furthermore, steady-
state spectroscopy revealed a side path of coumarin by-
products. Finally, with in vitro transcription−translation
experiments we examined the controlling ability of the
translation inhibition effect of thio-DEACM-nitro-puromycin
I. The expression inhibition was monitored using shifted green
fluorescent protein (sGFP). The cleavage of thio-DEACM
released the active o-nitro-puromycin II, which can be in turn
deactivated by irradiating with λd. Moreover, direct deactiva-
tion of thio-DEACM-nitro-puromycin I was also observed. The
introduction of the Two-PPGs-One-Molecule method for
restricting the activity of target biomolecules is a promising
strategy and a significant addition to the continuously growing
toolbox of spatiotemporally photocontrolled elements for
biological applications.
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Abstract
The ongoing pandemic of the respiratory disease COVID-19 is caused by the SARS-CoV-2 (SCoV2) virus. SCoV2 is a 
member of the Betacoronavirus genus. The 30 kb positive sense, single stranded RNA genome of SCoV2 features 5′- and 
3′-genomic ends that are highly conserved among Betacoronaviruses. These genomic ends contain structured cis-acting 
RNA elements, which are involved in the regulation of viral replication and translation. Structural information about these 
potential antiviral drug targets supports the development of novel classes of therapeutics against COVID-19. The highly 
conserved branched stem-loop 5 (SL5) found within the 5′-untranslated region (5′-UTR) consists of a basal stem and three 
stem-loops, namely SL5a, SL5b and SL5c. Both, SL5a and SL5b feature a 5′-UUU CGU -3′ hexaloop that is also found among 
Alphacoronaviruses. Here, we report the extensive 1H, 13C and 15N resonance assignment of the 37 nucleotides (nts) long 
sequence spanning SL5b and SL5c (SL5b + c), as basis for further in-depth structural studies by solution NMR spectroscopy.

Keywords SARS-CoV-2 · 5′-UTR  · SL5b + c · SL5b · SL5c · Solution NMR spectroscopy · COVID19-NMR

Biological context

The ongoing global pandemic associated with the corona-
virus disease (COVID-19) is caused by the human Betac-
oronavirus SARS-CoV-2 (SCoV2), a close relative of the 
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severe acute respiratory syndrome (SARS) causing agent 
SARS-CoV. Betacoronaviruses have large positive sense, 
single-stranded RNA genomes, with highly conserved 5′- 
and 3′-untranslated regions (UTRs) that do not code for 
viral proteins. These structured UTRs are highly conserved 
among Betacoronaviruses and are important for the repli-
cation, balanced transcription of subgenomic mRNAs and 
translation of viral proteins. (Yang and Leibowitz 2015) 
So far, most efforts for the development of new antiviral 
drugs target the proteins of SARS-CoV-2. The structured 
regulatory elements of the approx. 30,000 nucleotides (nts) 
long RNA genome remain unexploited as potential target 
sites for antiviral drugs. Between different Coronaviruses, 
the sequence of the individual elements varies, but their 
secondary structures reveal remarkably high conservation, 
suggesting a critical importance for viral viability and patho-
genesis. (Madhugiri et al. 2016) Until now, a large number 
of sequence-based computational predictions and different 
chemical probing approaches have been reported to map the 
architecture of these viral RNA elements. (Zhao et al. 2020; 
Huston et al. 2021; Lan et al. 2021; Manfredonia and Incar-
nato 2021; Rangan et al. 2021) However, to establish the 
viral RNA as an antiviral drug target, high-resolution struc-
tural data are important that can also visualize structural 
dynamics and tertiary structure interactions. In response to 
the pandemic situation, the international COVID19-NMR 
initiative (https:// covid 19- NMR. de) has set the goal to pro-
vide this information by solution NMR, in order to initi-
ate and guide structure-based drug screening, design and 
synthesis. The structured parts of the SARS-CoV-2 genome 
have been divided into fragments in a ‘divide and conquer’ 
approach, allowing us to determine the secondary struc-
tures of these RNA elements. (Wacker et al. 2020) Further, 

fragment screening campaigns demonstrated that the RNA 
structural elements can be targeted differentially, revealing 
low micromolar binding affinities specific to molecules of 
low molecular weight. (Sreeramulu et al. 2021).

An intriguing example of an RNA regulatory element 
from SARS-CoV-2 is the comparably large structural ele-
ment of SL5 spanning nts 149–265. The entire SL5 ele-
ment consists of four helices, joining three sub-elements 
with stem loop motifs to the SL5 basal stem by a four-way 
junction. These sub-elements are termed SLs 5a, 5b and 5c. 
Interestingly, SL5 is forming junction-connected elements in 
the genomes of both Alpha- and Betacoronaviruses. (Mad-
hugiri et al. 2014, 2016) The regulatory function of SL5 
has been linked to maintaining efficient viral replication. 
(Chen and Olsthoorn 2010; Guan et al. 2011) In SL5b, an 
apical hexaloop sequence is found that is identical to the 
loop in SL5a (5'-UUU CGU -3′). Similar loop sequences with 
5′-UUY CGU -3′ motifs can also be found in members of the 
Alphacoronavirus genus, suggesting a conserved function 
e.g. in viral packaging. (Masters 2019) Interestingly, cur-
rently available sequencing data for new SCoV-2 variants 
emerging since March 2020 show that the 5′-UUU CGU -3′ 
loop in SL5a remains conserved compared to the original 
virus strain, while a C241U mutation resulting in a 5′-UUU 
UGU-3′ loop appeared in SL5b.

In SCoV2, SL5 contains the first 29 nts of the open read-
ing frame ORF 1a/b that codes for nsp1, the first of the non-
structural proteins (Fig. 1) including the start codon A266 
to G268, suggesting that the complex structural arrange-
ment in SL5 is important for translation initiation. The 
SL5b stem-loop contains nucleotides 228 to 252 (25 nts), 
while the downstream located SL5c consists of 10 nts, 253 
to 262. We report here the NMR chemical shift assignments 

Fig. 1  A Schematic overview of 5′-UTR RNA elements of the 
SCoV2 genome. Black: SL5 element; AUG start codon and the 5′-ter-
minal structural elements of the open reading frame ORF1a/b are 
highlighted in grey. B Elements used for the NMR-based divide-and-
conquer approach. C Predicted secondary structures of RNA (sub-)

elements used for the NMR chemical shift assignment of SL5b + c 
reported here. Genomic region, numbering and sample titles are 
given. B/C Black regions according to genomic sequence, grey 
regions contain stabilizing nucleotides. The actual investigated RNAs 
are represented by the sequences including the grey regions

https://covid19-NMR.de


191H, 13C and 15N chemical shift assignment of the stem-loops 5b + c from the 5′-UTR of SARS-CoV-2  

1 3

for SL5b + c (nts 227–263) containing both stems, which 
was aided by assigning the isolated SL elements based on 
initial 1H and 15N assignments of all sub-elements of SL5 
(a–c) and the basal stem. (Wacker et al. 2020) More recently, 
we reported the chemical shift assignments including 13C 
chemical shifts for SL5a. (Schnieders et al. 2021).

Methods and experiments

Sample preparation

RNA synthesis for NMR experiments: For DNA template 
production, the sequences of SL5b + c (genomic nucleotides 
227 to 263) and SL5b_GC, (5′-G-(genomic 227 to 252)-CC-
3′) (Fig. 1C), together with the T7 promoter were gener-
ated by hybridization of complementary oligonucleotides 
and introduced into the EcoRI and NcoI sites of a plasmid, 
based on the pSP64 vector (Promega) encoding an HDV 
ribozyme (Schürer et al. 2002). RNAs were transcribed as 
HDV ribozyme fusions to obtain homogeneous 3′-ends. 
The recombinant vectors pHDV-5_SL5b + c and pHDV-5_
SL5b_GC were transformed and amplified in the Escheri-
chia coli strain DH5α. Plasmid-DNA was purified with a 
large scale DNA isolation kit (Gigaprep; Qiagen) according 
to the manufacturer’s instructions and linearized with Hin-
dIII prior to in-vitro transcription by T7 RNA polymerase 
[P266L mutant, prepared as described in (Guillerez et al. 
2005; Schnieders et al. 2020)]. 15 ml transcription reac-
tions [20 mM DTT, 2 mM spermidine, 200 ng/µl template, 
200 mM Tris/glutamate (pH 8.1), 40 mM Mg(OAc)2, 12 mM 
NTPs, 32 µg/ml T7 RNA Polymerase, 20% DMSO (b + c) 
or 0% DMSO (b_GC)] were performed to obtain sufficient 
amount of RNA. Preparative transcription reactions (6 h at 
37 °C and 70 rpm) were terminated by addition of 150 mM 
EDTA. SL5b + c and 5SL5b_GC RNAs were purified as 
follows: RNAs were precipitated with one volume of 2-pro-
panol at − 20 °C overnight. RNA fragments were separated 
on 12–15% denaturing polyacrylamide (PAA) gels and visu-
alized by UV shadowing at 254 nm. SL5b + c and SL5b_GC 
containing RNA bands were excised from the gel and then 
incubated for 30 min at − 80 °C, followed by 15 min at 
65 °C. The elution was done overnight by passive diffusion 
into 0.3 M NaOAc, precipitated with EtOH and desalted via 
PD10 columns (GE Healthcare). Residual PAA was removed 
by reversed-phase HPLC using a Kromasil RP 18 column 
and a gradient of 0–40% 0.1 M triethylammonium acetate 
in acetonitrile. After freeze-drying of RNA-containing frac-
tions and cation exchange by  LiClO4 precipitation (2% in 
acetone), the RNA was folded in water by heating to 80 °C 
followed by rapid cooling on ice. Buffer exchange into NMR 
buffer (95%  H2O/5%  D2O, 25 mM potassium phosphate 
buffer, pH 6.2, 50 mM potassium chloride) was performed 

using Vivaspin centrifugal concentrators (2 kDa molecular 
weight cut-off). The purity of SL5b + c and SL5b_GC was 
verified by denaturing PAA gel electrophoresis and homo-
geneous folding was monitored by native PAA gel electro-
phoresis, loading the same RNA concentration as used in 
NMR experiments. 100%  D2O samples were prepared by 
lyophilisation and redissolving in identical volumes of pure 
 D2O to keep the buffer salt concentration constant.

Using this protocol, three NMR samples of SL5b + c were 
prepared: a 350 µM uniformly 15N- and two uniformly 13C, 
15N-labelled samples (750 µM in buffer with 95%  H2O/5% 
 D2O and 430 µM in buffer with 100%  D2O). In addition, two 
uniformly 13C, 15N-labelled samples of SL5b_GC were pre-
pared: an  H2O sample at a concentration of 510 µM in buffer 
with 95%  H2O/5%  D2O and a  D2O sample at a concentration 
of 300 µM in buffer with 100%  D2O. For the divide-and-con-
quer approach, the unlabelled single stem-loop 5c (Fig. 1C) 
was purchased from Horizon Discovery LTD (Cambridge, 
UK). The sample was processed by reversed-phase HPLC 
identical to the in-vitro transcribed samples.  LiClO4 precipi-
tation, buffer exchange, folding check and sample prepara-
tion was performed as mentioned above (1.1 mM in NMR 
buffer with 95%  H2O/5%  D2O, 1.0 mM in NMR buffer with 
100%  D2O).

NMR experiments

NMR experiments were carried out at the Weizmann Insti-
tute (WIS) using a Bruker AVIII 600 MHz NMR spectrom-
eter equipped with a 5 mm, z-axis gradient 1H  [13C, 15N]-TCI 
prodigy probe and a Bruker AVANCE Neo 1 GHz spec-
trometer equipped with a 5 mm, z-axis gradient 1H  [13C, 
15N]-TCI cryogenic probe and at the Center for Biomolecu-
lar Magnetic Resonance (BMRZ) at the Goethe University 
Frankfurt using Bruker NMR spectrometers from 600 to 
800 MHz, which are equipped with AVANCE Neo, AVII-
IHD, AVIII and AVI consoles and the following cryogenic 
probes: 5 mm, z-axis gradient 1H  [13C, 31P]-TCI cryogenic 
probe (600 MHz), 5 mm, z-axis gradient 1H/19F  [13C, 15N]-
TCI prodigy probe (600 MHz), 5 mm, z-axis gradient 1H 
 [13C, 15N]-TCI cryogenic probe (600 MHz), 5 mm, z-axis 
gradient 1H  [13C, 15N,31P]-QCI cryogenic probe (700 MHz) 
and 13C-optimized 5 mm, z-axis gradient 13C  [15N, 1H]-TXO 
cryogenic probe (800 MHz).

Experiments were performed in a temperature range 
spanning 274 to 298 K. NMR spectra were processed and 
analysed using Topspin (versions 3.6.2 to 4.1.1), and chem-
ical shift assignment was conducted using Sparky. (Lee 
et al. 2015) NMR data were managed and archived using 
the platform LOGS (2020, version 2.1.54, Signals GmbH 
& Co KG, www. logs. repos itory. com). 1H chemical shifts 
were referenced externally to DSS and 13C and 15N chemical 

http://www.logs.repository.com
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shifts were indirectly referenced from the 1H chemical shift 
as previously described. (Wishart et al. 1995).

Assignment and data deposition

The imino, aromatic and ribose resonances of the SL5b + c 
were assigned using a 13C, 15N-labelled SL5b_GC sample 
and an unlabelled SL5c model RNA (SL5c) (SI Fig. 1).

The assignment of SL5b_GC is described in the follow-
ing using the experiments summarized in SI Table SL5b_
GC. From the imino proton chemical shift assignment by 1H, 
15N-TROSY (SI Fig. 2A), 1H,1H-NOESY (SI Fig. 2B) and 
HNN-COSY (SI Fig. 2C) spectra, the U-C2 and -C4 as well 
as G-C2 and -C6 could be assigned in the 1H, 13C-HNCO, 
and as well for aromatic carbon resonances U-H3/C6 and 
G-H1/C8 in the 1H, 13C-HCCNH (Fig. 2C). Using an 1H,1H-
TOCSY (Fig. 2E) to selectively assign cytidine and uridine 
H5-H6 resonances and 1H, 13C-HSQC's (Fig. 2A, B, and 
F) for aromatic carbon resonances, the pyrimidine base 
C5-H5 and C6-H6 were obtained. Assignment of purine 
C8-H8 was aided by an 1H,1H-x-filter-NOESY (Fig. 2D). 

The latter experiment was also used to confirm assigned 
shifts for aromatic H6/H8 and H1′ found in a 3D-NOESY-
HSQC and 3D-HCN. Additional carbons C4, C5 and C6 for 
adenosine were assigned using a 3D TROSY-HCCH-COSY. 
Nucleobase intra and sequential aromatic-to-ribose H1′ cor-
relations were successfully detected for the predicted helical 
stem part from G-2 to U238 and from U243 to C + 2. The 
H1′ assignments were confirmed by a 3D-NOESY-HSQC 
leading to almost complete H1′ assignments with the help 
of a 1H,13C-HSQC for the H1′–C1′ region (Fig. 2A). From 
here, a 1H,13C-ct-HSQC and 3D-HCCH-TOCSY's with dif-
ferent mixing times gave further insight to the CH ribose 
resonance shifts. A canonical shift analysis for the sugar 
puckers of the almost completely assigned C1′ to C5′ reso-
nances showed a C3′-endo conformation except for the bulge 
and loop nucleotides (Fig. 3). Additionally, chemical shift 
assignments for the nitrogens N1 or N9 could be assigned 
in the 1H,15N-HCN experiment.

The assignments obtained for the SL5b_GC sample 
were transferred to 1H,15N-TROSY, 1H,1H-NOESY, 1H,13C-
HNCO and 1H,13C-HSQC spectra of SL5b + c (Table 1I to 
IV), showing a fit of the shifts of SL5b_GC from nucleotides 

Fig. 2  Spectra of SL5b_GC, in NMR buffer in 95%  H2O/5%  D2O, 
298 K: A 1H,13C-HSQC (C1′–H1′ region), B 1H,13C-HSQC (C5–H5 
region), C HCCNH, D 1H,1H-xfilter NOESY, E 1H,1H-TOCSY and 
F 1H,13C-HSQC (C6–H6/C8–H8 region). Annotation of nucleobase 

assignment uses genomic numbering. Additional closing base pairs 
are annotated with ‘± x’. Dashed lines showing examples of ribose-
to-aromatic atom relations for bases G250 and U251 of the helical 
region. (For experimental details see SI Table 2)
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ranging from C230 to G250. Small chemical shift differ-
ences are in line with the differences in primary chemical 
structure.

The assigned imino resonances of the SL5c sample pro-
vided a starting point for the aromatic proton resonances 
assignment of the 1H,1H-NOESY experiment (for experi-
mental data see SI Table 2). The sequential walk was only 
interrupted by missing cross peaks between G256-H8 to 
A257-H8 in the loop region in both the 95%  H2O and the 
 D2O (Fig. 4A) samples in NMR buffer. Using 1H,1H-TOCSY 
and 1H,13C-HSQC (Fig. 4B and C) the aromatic resonances 
of protons H2, H6, H8 and H5 as well as their corresponding 
carbons except for U262-C5 were obtained. Using a 1H,1H-
NOESY recorded for a sample diluted in  D2O (Fig. 4A), the 
H1′,C1′ ribose resonances were assigned by the analysis of 
intra-nucleotide and sequential NOEs. Similar to this, the 
H2′–C2′ assignments were obtained by identification of 
H1′–H2′ intra- nucleotide and sequential NOEs.

The 5′‑UUU CGU ‑3′ hexaloop in SL5b

The entire SL5 motif (Fig. 1A) spans three stem-loop ele-
ments. Interestingly, SL5a and SL5b both possess the same 
5′-UUU CGU -3′ hexaloop consisting of nucleotides 238–243 
(SL5a: 200–205). While in SL5a, the loop closing stem is 
formed by at least three base pairs, the hexaloop of SL5b 
is closed by a stem consisting of only two GC base pairs, 
preceded by a bulge at residue A235. This bulged A235 
shows downfield shifted signals for the aromatic H2 and 

H8 in the aromatic 1H,13C-HSQC, as typically observed for 
non-stacked purines. (Aeschbacher et al. 2013) Starting from 
H8 of residue G237, assignment of the ribose H1′ and aro-
matic H6/H8 was obtained by a sequential walk obtained in 
an amino nitrogen filtered NOESY (x-filter-NOESY). Loop 
residues U240 and C241 show characteristic C1′–H1′ shifts 
in the 1H,13C-HSQC, which reveal a fingerprint character-
istic for the hexaloop. The overall resonance assignment of 
the hexaloop is in excellent agreement with the observations 
in SL5a. This loop arrangement is similar to a UUCG-tetra-
loop, for which detailed structural restraints are available. 
(Fürtig et al. 2004; Nozinovic et al. 2010).

Remarkably, available sequencing data for observed 
mutations in SARS-CoV2 (Hadfield et al. 2018; Cao et al. 
2021), show significantly different vulnerability for muta-
tions for the two hexaloop sequences. While the SL5a loop 
sequence remained mostly conserved until recently, in 
SL5b mutation C241U appeared in variants emerging since 
March 2020. A first study on mutational frequency indicates, 
among others, high C-to-U mutation rates in the SCoV2 
genome. (Mourier et al. 2021) With the most recent muta-
tion at SL5a C203U, both hexaloop sequences change to 
5′-UUU UGU -3′. With the chemical shifts provided here, the 
delineation of structural differences for mutant versions of 
SCoV2 from changes in chemical shifts can be monitored 
by NMR spectroscopy.

The GAAA‑tetraloop of SL5c

The GAAA-tetraloop of the SL5c stem consists of G256 to 
A259, closed by two GC and one AU base pairs. All three G 
N1–H1 resonances observed for the shorter construct were 
superimposable in the 1H,15N TROSY spectrum of SL5b + c. 
The chemical shifts observed in SL5b + c are in agreement 
with chemical shifts for a GAAA tetraloop (Jucker et al. 
1996). Particularly, the ribose H1′ shift of ~ 3.5 ppm of 
the guanosine residue in the loop closing base pairing is 
characteristic. 31P 1D data support the formation of a typi-
cal GAAA-tetraloop (SI Fig. 3, (Legault and Pardi 1994)). 
Legault and Pardi detected shows a stabilization of the G 
imino 1H (corresponding to G256 in our construct) by inter-
action with a phosphate oxygen in the backbone for a GAAA 
tetraloop. While we could not assign crosspeaks between the 
loop guanosine (G256) and the loop adenosine (A259) that 
would have confirmed the reported loop geometry in SL5c, 
we found an additional imino crosspeak assigned to G256. 
In addition to the imino and amino proton assignment, which 
is consistent with the published chemical shifts for SL5b + c 
(Wacker et al. 2020), complete assignments of the aromatic 
C–H resonances as well as the ribose resonances C1′–H1′ 
and C2′–H2′ were obtained for element SL5c. While in SL5c 
imino signals of base pairs were observable at 298 K, a van-
ishing of these signals as well as appearance of additional 

Fig. 3  Graph of canonical coordinates can1*[Pfit in °] and can2*[γfit 
in °] for SL5b_GC, calculated as in (Cherepanov et  al. 2010). Data 
points are annotated by base numbering as used in the RNA second-
ary structure scheme on the right. Blue (both in the graph and the sec-
ondary structure) highlights residues with non-C3′-endo conforma-
tion or deviations in exocyclic torsion angle γ
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signals and shifting of signals in the aromatic region of SL5c 
was noticed within the larger SL5b + c context. Thus, the 
SL5c stem is more stable and opens only at higher tempera-
tures in the full-length construct (SI Fig. 4).

Summary

We herein present the 1H, 13C, 15N chemical shifts of 
SL5b + c, using two fragments, SL5b_GC and SL5c, that 
subsequently allowed assignment of the SL5b + c element. 
The assignments of the sub-constructs were used as start-
ing points for advancing the SL5b + c assignment. For the 
combined construct, an overall assignment was conducted at 
temperatures of 274 to 298 K. 95% of the aromatic H6–C6 
and H8–C8 resonances were assigned for SL5b + c as well 
as the 8 adenosine H2–C2, and 17 uridine and cytidine 
H5–C5. Carbonyl and other quaternary carbon atoms of the 
nucleobases were partly assigned: in purines (C2: 75%, C4: 
15% and C6: 50%) and pyrimidines (C2: 29% and C4: 24%). 
The assignment of the nitrogen atoms includes 70% N1 for 
purines and 65% N3 for pyrimidines, which represent mostly 
those involved in hydrogen bonding interactions. With the 
assignment transfer 90% of H1′–C1′ chemical shift assign-
ment was obtained. Further ribose resonances for H2′ to H5″ 
and C2′ to C5′ are partially assigned in ranges of 10 to 30%. Ta
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In summary, an assignment of 65% of the 1H, 53% of the 13C 
and 63% of the 15N atoms in the nucleobases of SL5b + c has 
been achieved.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12104- 021- 10053-4.
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Abstract
The stem-loop (SL1) is the 5'-terminal structural element within the single-stranded SARS-CoV-2 RNA genome. It is formed 
by nucleotides 7–33 and consists of two short helical segments interrupted by an asymmetric internal loop. This architecture 
is conserved among Betacoronaviruses. SL1 is present in genomic SARS-CoV-2 RNA as well as in all subgenomic mRNA 
species produced by the virus during replication, thus representing a ubiquitous cis-regulatory RNA with potential functions 
at all stages of the viral life cycle. We present here the 1H, 13C and 15N chemical shift assignment of the 29 nucleotides-RNA 
construct 5_SL1, which denotes the native 27mer SL1 stabilized by an additional terminal G-C base-pair.

Keywords SARS-CoV-2 · 5'-UTR  · SL1 · Solution NMR spectroscopy · COVID19-NMR

Biological context

The 5'-untranslated regions (5'-UTR) of Betacoronavirus 
RNA genomes contain several highly conserved, struc-
tured RNA elements that play essential roles in viral RNA 

synthesis. SL1, the first of these RNA stem-loops, has been 
structurally characterized by NMR spectroscopy in Mouse 
hepatitis virus (MHV), Bovine coronavirus (BCoV), and the 
human coronavirus HCoV-OC43 (Liu et al. 2007). Despite 
local differences in RNA sequences, the ~ 37 nucleotides (nt) 
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stem-loop adopts a very similar secondary structure in all 
three viruses, consisting of two helical parts interrupted by 
a stretch of nucleotides with mismatched bases and capped 
by a less conserved apical loop. Extensive mutational stud-
ies of MHV SL1 accompanied by NMR showed that virus 
viability depends on the sequence of the lower part of SL1 
and on the stability of the upper part of SL1 (Li et al. 2008). 
For SL1 from SARS-CoV, it was shown that it can replace 
MHV SL1 and restore virus replication (Kang et al. 2006), 
suggesting a functionally equivalent role for SL1 in Betac-
oronaviruses in general. Subsequently, for the human patho-
genic viruses MERS-CoV, SARS-CoV, and SARS-CoV-2, 
an additional function for SL1 was described. Here, SL1 is 
involved in viral escape from non-structural protein 1-medi-
ated translational shutdown (Tanaka et al. 2012; Terada et al. 
2017; Tidu et al. 2020). At present, the predicted second-
ary structure of stem-loop SL1 in SARS-CoV-2 (Fig. 1) has 
been experimentally verified (Miao et al. 2020; Wacker et al. 
2020; Iserman et al. 2020; Manfredonia et al. 2020). SL1 is 
formed by nucleotides 7–33 of the 5'-UTR. The 5-base-pair 
(bp) lower helix is separated from the 3-bp upper helix by an 
asymmetric 5-nt internal loop flanked on both sides by A–U 
Watson–Crick (W–C) base-pairs. The UUC CCA  apical loop 
has been mapped as an interaction site with the host protein 
LARP1 (Schmidt et al. 2020).

Methods and NMR experiments

RNAs were synthesized by in vitro run-off transcription from 
linearized DNA plasmids as previously described (Wacker 
et  al. 2020; Schnieders et  al. 2021; Vögele et  al. 2021). 

For DNA template production, the sequence of SL1 (RNA 
sequence 5'gGGU UUA UAC CUU CCC AGG UAA CAA ACCc-
3') together with the T7 promoter was generated by hybridi-
zation of complementary oligonucleotides and introduced 
into the EcoRI and NcoI sites of an HDV ribozyme (Schürer 
et al. 2002) encoding plasmid, based on the pSP64 vector 
(Promega). RNAs were transcribed as a fusion construct with 
the 3'-HDV ribozyme to obtain homogeneous 3RNAs were 
transcribed as a fusion construct with the 3'-HDV ribozyme 
to obtain homogeneous 3'-ends. Transformation and amplifi-
cation of the recombinant vector pHDV-5_SL1 was done in 
the Escherichia coli strain DH5α. Plasmid-DNA was puri-
fied using a large scale DNA isolation kit (Gigaprep; Qiagen) 
according to the manufacturer’s instructions and linearized 
with HindIII prior to in vitro transcription with T7 RNA poly-
merase [P266L mutant, prepared as described in (Guilleres 
et al. 2005)]. RNA amounts sufficient for NMR experiments 
were produced in 15 ml preparative transcription reactions [20 
mM dithiothreitol, 2 mM spermidine, 200 ng/µl plasmid tem-
plate, 200 mM Tris/glutamate (pH 8.1), 30 mM Mg(OAc)2, 
12 mM rNTPs, 32 µg/ml (15N,13C-labelled RNAs)/150 µg/ml 
(uniformly 15N labelled RNA) T7 RNA Polymerase]. After 
1 h incubation time, yeast inorganic phosphatase [9.6 µg/mL 
(15N,13C-labelled RNAs)/4.8 µg/mL (uniformly 15N labelled 
RNA) final concentration] was added. Transcription reactions 
(6 h at 37 °C and 70 rpm) were terminated by addition of 
EDTA (80 mM final concentration) and NaOAc (0.3 M final 
concentration). After transcription, RNAs were precipitated 
by adding 1 volume equivalent of ice-cold 2-propanol and 
incubation for 1 h at − 20 °C. For purification, RNA frag-
ments were separated on 12 % denaturing polyacrylamide 
(PAA) gels and visualized by UV shadowing at 254 nm. SL1 

Fig. 1  a Secondary structure of 
5_SL1 and its genomic position 
within the 5'-UTR of the SARS-
CoV-2 genome. b Detection of 
the W–C base-pairs U13-A26 
and U17-A22 in the lrHNN-
COSY experiment (Table 1, 
XIII.). Adenosine C2H2 reso-
nances (lower spectrum, 1H,13C-
HSQC) were used to assign the 
2J-N1H2 diagonal peaks and 
the corresponding uridine N3 
cross peaks. Note that the A12 
N1H2 resonance is broadened 
beyond detection. The U13-A22 
and U17-A22 correlations are 
shown in black, the other base-
pairs in grey in panel a 
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RNAs were excised from the gel and incubated at − 80 °C for 
30 min, followed by 15 min at 65 °C in 0.3 M NaOAc. Elu-
tion was achieved overnight by passive diffusion into 30 mL 
0.3 M NaOAc solution. RNAs were precipitated by addition 
of 4 volume equivalents of ethanol at − 20 °C overnight. If 
the absorption ratio 220/260 nm of the RNA after dissolving 
in water was higher than 1.5, RNA was desalted via PD10 
columns (GE Healthcare) for the following HPLC. Residual 
PAA was removed by reversed-phase HPLC using a Kromasil 
RP-18 column and a gradient of 0–40 % 0.1 M acetonitrile/
triethylammonium acetate. After freeze-drying of RNA-con-
taining fractions and cation exchange by  LiClO4 precipitation 
[2 % (w/v) in acetone], the RNA was folded in water by heating 
to 80 °C followed by rapid cooling on ice. Buffer exchange 
to NMR buffer (25 mM potassium phosphate buffer, pH 6.2, 
50 mM potassium chloride) was performed using Vivaspin 
centrifugal concentrators (2 kDa molecular weight cut-off, 
Sarstedt). Purity of SL1 was verified by denaturing PAA gel 
electrophoresis and homogenous folding was monitored by 
native PAA gel electrophoresis, loading the same RNA con-
centration as used in NMR experiments (Fig. S1).

Using this protocol, four NMR samples of 5_SL1 were pre-
pared and used for the assignment presented herein: A 0.64 
mM uniformly 15N labelled RNA sample and a 1.2 mM uni-
formly 15N,13C-labelled RNA sample, each in NMR buffer 
with 5 % (v/v)  D2O for a 5 mm Shigemi tube and 7 % (v/v) 
 D2O for a 1.7 mm NMR tube, a 1.33 mM uniformly 15N,13C-
labelled RNA in 99.95 % (v/v)  D2O and an 0.87 mM selec-
tively 15N,13C(A/C)-labelled RNA in NMR buffer (5 % (v/v) 
 D2O).

Assignment strategy and extent 
of assignment

Based on our previously reported assignment of the base-
paired imino groups, the amino groups of base-paired cyti-
dines and the adenosine H2 protons for 5_SL1 (Wacker 
et al. 2020), we have already confirmed the overall second-
ary structure of 5_SL1 consisting of two helical regions. 
For the stably base-paired adenosine and cytidine resi-
dues, we have previously also reported the assignments of 
the hydrogen bond-acceptor nitrogens in the HNN-COSY 
experiment.

Starting from these available assignments and follow-
ing the classical NOE-based strategy, we first assigned 
all anomeric H1′ protons and all aromatic H6 (pyrimi-
dine)/H8 (purine) protons via one single “sequential walk” 
in a 2D NOESY spectrum acquired in  D2O (Table  1, 
I.). For the nucleotides U9/U10, U18/C19, and C20/
C21, the anomeric-aromatic walk was ambiguous in the 
H1′–H6/8-region due to severe signal overlap. However, 
these connectivities could be unambiguously established 

via the intra-nucleotide and sequential H2′i–H8/H6i, (i−1) 
NOEs. Within the H1′–H6/H8 region of the NOESY, 
also the pyrimidine (intraresidual) H5–H6 and adeno-
sine H1′i–H2(i+1) intra−strand, (i+1) cross−strand) NOE signals 
are typically observed. The 2D NOESY experiment, in 
combination with a 2D 1H,1H-TOCSY experiment show-
ing only the pyrimidine H5–H6 cross peaks, thus allowed 
the unambiguous assignment of all pyrimidine H5 and 
adenosine H2 protons. All protonated nucleobase carbons 
as well as the C1’ carbons were assigned in 1H,13C-HSQCs 
optimized for the respective CH-transfer (Table 1, II. and 
III.). Correlations from purine C8H8 and adenosine C2H2 
resonances were used as starting points to assign all aden-
osine and guanosine N7/N9 resonances and adenosine N1/
N3 resonances in the 2D 1H,15N-2JHSQC as described in 
(Wacker et al. 2020), except for the A12 N1 resonance, 
which was not observable, most likely due to exchange 
broadening. For the adenosines, all base 13C nuclei were 
assigned by correlating the C2H2 and C8H8 resonances 
with the quaternary base carbons C4, C5, and C6 in the 3D 
TROSY-(H)CCH-COSY experiment (Table 1, IV.). The 
same experiment also yielded assignments for guanosine 
C4 and C5 resonances. Uridine C2/C4 and guanosine C2/
C6 resonances were assigned by correlating the respec-
tive imino protons to the carbonyl resonances in a 2D 
H(N)CO experiment (Table 1, V.). 15N resonances of all 
exocyclic adenosine amino groups were identified in a 
13C-detected 2D 13C,15N-HSQC (Table 1, VI.). Ribose spin 
systems were connected to their respective nucleobases 
by simultaneously correlating C1’ and C6 (for pyrimidine 
nucleobases) or C8 (for purine nucleobases) to the glyco-
sidic (N1/N9) nitrogen atom in 1H-detected 3D HCN and 
13C-detected 3D (H)CNC experiments (Table 1, VII. and 
VIII.), verifying the sequential NOE-based assignment of 
the H1′ protons. 3D (H)CCH-TOCSY experiments were 
used to identify the carbon resonances of the ribose spin 
systems. Discrimination of C2′ and C3′ was achieved by 
varying the CC-TOCSY mixing time to either correlate 
C1′and C2′ during a short TOCSY mixing time (6 ms) or 
to correlate C1′ to all ribose carbons via a long TOCSY 
mixing time of 18 ms (Table 1, IX). Due to severe reso-
nance overlap of the respective C1′H1′ resonances, the 
carbon spin systems for G6, G7, and G24 were not unam-
biguously resolved. In summary, about 90 % of the ribose 
H2′–H5′/H5″ resonances were assigned via a 3D forward-
directed HCCH-TOCSY experiment (Table 1, X.), a 3D 
13C-NOESY-HSQC (Table 1, XI.) and 2D 13C-filtered/
edited NOESY experiments (Table 1, X. and XI.) on a 
selectively 13C,15N (A/C)-labelled sample.
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Internal loop

According to our previously reported secondary structure 
determination of 5_SL1, the internal loop consists of nucle-
otides A12-U13 and A26–A27-C28 (Wacker et al. 2020). 
A26 and A27 could both be potential interaction partners 
for U13, as observed for the homologous RNA element in 
MHV for A35 and A36 (Liu et al. 2007). However, forma-
tion of a W-C-type U13-A26 interaction was unambigu-
ously observed in the lrHNN-COSY experiment (Table 1, 
XIII. and Fig. 1)), which in turn precluded a significantly 
populated U13-A27 interaction and eventually confined the 
internal loop to nucleotides A12, A27 and A28. The 2JNN 
coupling for U13N3-A26N1 was 4.5 Hz as derived from 
the intensity ratio of cross peak to diagonal peak according 
to  Icross/Idia = –  tan2(πJNNτ) (Bax et al. 1994). For compari-
son, 2JNN couplings for U11N3-A29N1, U10N3-A30N1, and 
U25N3-A14N1 were around 6.4 Hz, 6.6 Hz, and 6.7 Hz, 
respectively. The intraresidual N1 resonance of A12 was 
the only missing signal in the H2-N1/N3 correlation experi-
ment, hinting at severe exchange-induced line-broadening. 
Note that this experiment clearly rules out disappearance of 
signals due to solvent exchange.

Empirical determination of ribose conformation by means 
of the canonical coordinates yielded no significant devia-
tion from A-form helical structure for A12 and C28 (Fig. 2), 
whereas A27 was found to adopt a C2′-endo conformation. 
Qualitative evaluation of glycosidic torsion angles via the 
intensity of the intra-base H1′–H6/H8 NOESY cross peak 
did not reveal a tendency for syn conformation for any of 
the internal loop nucleotides. Furthermore, global chemical 
shift analysis using CS-Annotate (Zhang et al. 2021) sup-
ported a largely stacked arrangement of all nucleobases of 
the internal loop, except for C28 (SI Fig. S2).

Pyrimidine loop

The apical loop of 5_SL1 is formed by nucleotides U17-
A22. For U17-A22, formation of a labile W–C base-pair 
was observed in the lrHNN-COSY (Fig. 1). Overlap of 
the A22 and A27 N1H2 resonances did not allow us to 
derive the 2JNN coupling constant for A22N1-U17N3 in 
the same way as for the other A–U base-pairs as described 
above, but the U17N3 cross peak showed a reduced inten-
sity compared to the canonical A–U base-pairs (Fig. 1). 
Ribose carbon chemical shifts of both nucleotides yielded 
canonical coordinates consistent with A-form conforma-
tion. Taken together, these results indicated that U17-A22 
rather extends the upper helix by one base-pair, while the 
apical loop is a tetraloop formed by nucleotides U18 to 
C21. Linewidths in the TOCSY experiment were narrow 

for U18, C19, C20 and medium for C21, indicating confor-
mational flexibility of this region (Fig. 3). The downfield 
chemical shifts of the U18 and C19 C6H6 groups were 
a further indication that these nucleotides are solvent-
exposed and likely not participate in extensive stacking 
interactions. The Y-rich loop of 5_SL1 is currently dis-
cussed as a binding site for the Y-motif binding protein 
LARP1 (Schmidt et al. 2020). This protein-RNA interac-
tion would severely impact the conformational flexibil-
ity of the involved nucleotides. Thus, the resonances of 
pyrimidines U18, C19, C20 and C21 may serve as valu-
able reporters for future structural investigations of RNA-
protein interactions involving the apical loop of 5_SL1.

Conclusions

It is common in NMR spectroscopy of RNA to consider 
W–C base-pairs as “stable” if the H-bonding imino pro-
ton is significantly protected from solvent-exchange and 
gives rise to an observable imino proton signal. Relying 
on the presence of imino proton signals only, the upper 
helix of SARS-CoV-2 5_SL1 consists only of three stable 
base-pairs, as these signals for U13 and U17 are missing 
even at 275 K. Available secondary structure predictions 
(Tavares et al. 2020; Rangan et al. 2020; Andrews et al. 
2021), however, base pairs U13-A26 and U17-A22 are 
consistently present. We show here that these base pairs 
are at least significantly populated via the lrHNN-COSY 
experiment. This demonstrates the unique ability of solu-
tion NMR spectroscopy to capture subtle differences in 
secondary structure stability under given conditions. In 
SARS-CoV-2, the lower helix appears to be the most sta-
ble part of 5_SL1, which is in contradiction to the putative 
function in genome cyclization and the observed labil-
ity of the lower SL1 helices in MHV, HCoV-OC43, and 
BCoV (Li et al. 2008). Interestingly, long-range RNA-
RNA interactions have been recently mapped for SARS-
CoV-2 involving the 5'-UTR downstream elements SL2 
and SL3 as interaction sites with the 3'-UTR (Ziv et al. 
2020). Thus, the function of genome cyclization might 
have been handed over to other conserved RNA structures 
in SARS-CoV-2 while acquiring distinct functions for SL1 
not yet described for its counterparts in MHV or BCoV. 
These functions may include protecting viral mRNA from 
translation shutdown (Tidu et al. 2020). Our extensive 
assignment of 1H, 13C and 15N chemical shifts for 5_SL1 
provides experimental data as the basis for in-depth struc-
tural characterization of this stem-loop RNA and refines 
the currently available structure models in terms of struc-
tural dynamics, which is essential e.g., for the identifica-
tion of potential drug binding sites.
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Table 1  List of NMR experiments, “(Bruker)” indicates the NMR experiments that were carried out at Bruker BioSpin, Rheinstetten

NMR experiment Experimental parameters

I. 2D 1H,1H NOESY
A: (Bruker) aromatics, in 99.95 %  D2O
B: Iminos and aromatics with excitation 

sculpting
(Hwang and Shaka 1995; Sklenar 1995)

A: 800 MHz, 298 K, ns: 16, sw(f2): 12.0 ppm, sw(f1): 6.5 ppm, aq(f2): 319 ms, aq(f1): 162 ms, 
o1(1H): 4.7 ppm, o2(13C): 118 ppm, o3(15N): 190 ppm, rel. delay: 1.5 s, NOE mixing time: 150 
and 300 ms, time: 14 h

B: 900 MHz, 283 K, ns: 64, sw(f2): 22.2 ppm, sw(f1): 11.8 ppm, aq(f2): 102 ms, aq(f1): 45 ms, 
o1(1H): 4.7 ppm, o2(13C): 110 ppm, o3(15N): 153 ppm, rel. delay: 1.45 s, NOE mixing time: 80 , 
160 and 240 ms, time: 29 h

II. 2D 1H,13C-HSQC
A: Aromatics
B: C1′-H1′
(Bodenhausen and Ruben 1980), optimized 

in-house

A: 700 MHz, 298 K, ns: 4, rel. delay: 1.0 s, sw(f2): 9.2 ppm, sw(f1): 10 ppm, aq(f2): 67 ms, aq(f1): 
85 ms, o1(1H): 4.7 ppm, o2(13C): 142.5 ppm, o3(15N): 153 ppm, INEPT transfer time: 2.7 ms, off-
resonant Q3 shaped pulse for C5 decoupling at 95 ppm with 25 ppm bandwidth, time: 35 min

B: 600 MHz, 298 K, ns: 4, rel. delay: 1.0 s, sw(f2): 8.7 ppm, sw(f1): 22.7 ppm, aq(f2): 84 ms, 
aq(f1): 32 ms, o1(1H): 4.7 ppm, o2(13C): 90.5 ppm, o3(15N): 154 ppm, INEPT transfer time: 
2.9 ms, off-resonant Q3 shaped pulse for C2′ decoupling at 72 ppm with 12 ppm bandwidth, 
time: 20 min

III. 2D 1H,13C-ct-HSQC
All CH, optimized for ribose resonances
(Vuister and Bax 1992)

700 MHz, 298 K, ns: 32, sw(f2): 8.3 ppm, sw(f1): 105 ppm, aq(f2): 102 ms, aq(f1): 16 ms, o1(1H): 
4.7 ppm, o2(13C): 105 ppm, rel. delay: 1.0 s, INEPT transfer time 2.9 ms, constant-time period: 
25 ms, time: 5 h

IV. 3D TROSY-(H)CCH-COSY
Adenine base sin systems
(Simon et al. 2001)

950 MHz, 298 K, ns: 8, sw(f3, 1H): 9.0 ppm, sw(f2, 13C): 26.2 ppm, sw(f1, 13C): 58.1 ppm, aq(f3): 
119 ms, aq(f2): 5.1 ms, aq(f1): 4.6 ms, o1(1H): 4.7 ppm, o2(13C): 142.5 ppm, o3(15N): 150 ppm, 
rel. delay: 1.0 s, time: 21 h

V. 2D BEST-TROSY-H(N)CO 
(Favier and Brutscher 2011; Solyom et al. 

2013)

600 MHz, 283 K, ns: 128, sw(f2): 21.0 ppm, sw(f1): 31 ppm, aq(f2): 63 ms, aq(f1): 13,6 ms, 
o1(1H): 4.7 ppm, o2(13C): 157 ppm, o3(15N): 153 ppm, rel. delay: 0.3 s, HN-INEPT transfer 
time: 5.2 ms, NC-INEPT transfer time 18 ms, time: 1.5 h

VI. 2D 13C-detected 1 C,15N-HSQC
C2/4/6 to Amino-N2/4/6′
(Bermel et al. 2006; Fiala and Sklenár 

2007)

800 MHz, 298 K, ns: 32, rel. delay: 2.5 s, sw(f2, 13C): 50 ppm, sw(f1, 15N): 43 ppm, aq(f2): 51 ms, 
aq(f1): 16 ms, o1(13C): 160 ppm, o2(15N): 86.5 ppm, INEPT CN transfer time: 18 ms, time: 2.5 h

VII. 3D HCN (Bruker)
H6/8/H1′-to-N9/N1, in 99.95 %  D2O
(Fiala et al. 1998)

800 MHz, 298 K, ns: 8, sw(f3, 1H): 8.9 ppm, sw(f2, 13C): 28 ppm, sw(f1, 15N): 31 ppm, aq(f3): 
143 ms, aq(f2): 8.5 ms, aq(f1): 32 ms, o1(1H): 4.7 ppm, o2(13C): 113.5 ppm, o3(15N): 157 ppm, 
rel. delay: 1.0 s, INEPT HC transfer time: 2.8 ms, INEPT CN transfer time: 30 ms, time: 1 d 15 h

VIII. 3D 13C-detected (H)CNC
C1′-to-C6/8
Modified from Fiala et al. (1998)

800 MHz, 298 K,, ns: 24, sw(f3, 13C): 24 ppm, sw(f2, 15N): 34 ppm, sw(f1, 13C): 12 ppm, aq(f3): 
67 ms, aq(f2): 23 ms, aq(f1): 25 ms, o1(13C): 90 ppm, o2(1H): 7.6 ppm, o3(15N): 157 ppm, rel. 
delay: 0.5 s, C6/8-N1/9 transfer time 30 ms, C–H transfer time 2.9 ms (1′) and 2.6 ms (6/8), time: 
2 d 10 h

IX. 3D (H)CCH TOCSY 
A: C1′ to C2′; B: C1′ to C5′
(Kay et al. 1993; Richter et al. 2010)

700 MHz, 298 K, ns: 16, sw(f3,1H): 10.4 ppm, sw(f2,13C): 10.0 ppm, sw(f1,13C): 35.4 ppm, 
aq(f3): 82 ms, aq(f2): 26 ms, aq(f1): 12 ms, o1(1H): 4.7 ppm, o2(13C): 39 ppm, o3(31P): − 1 ppm, 
rel. delay: 1.0 s, CC-TOCSY mixing time (dipsi3 spin-lock): A: 6 ms, B: 18 ms, time: 2 d 2 h

X. 3D FW-directed H(C)CH-TOCSY 
(Schwalbe et al. 1995; Glaser et al. 1996)

700 MHz, 298 K, ns: 8, sw(f3,1H): 8.3 ppm, sw(f2,13C): 38.5 ppm, sw(f1,1H): 4.1 ppm, aq(f3): 87 ms, 
aq(f2): 8 ms, aq(f1): 27 ms, o1(1H): 4.7 ppm, o2(13C): 77 ppm, o3(15N): 155 ppm, rel. delay: 1.0 s, 
constant-time period: 8.3ms; CC-TOCSY mixing time (dipsi3 spin-lock): 9.2 ms, time: 1 d 22 h

XI. 13C-NOESY-HSQC
A: 3D (Bruker) in 99.95 %  D2O; B: 2D, sel. 

13 C,15 N(A,C)-labelled RNA
(Sklenář et al. 1993; Piotto et al. 1992)

800 MHz, 298 K, A (constant time in t2): ns: 8, sw(f3,1H): 12 ppm, sw(f2,13C): 105 ppm, 
sw(f1,1H): 5.9 ppm, aq(f3): 106 ms, aq(f2): 23 ms, aq(f1): 17 ms, o1(1H): 4.7 ppm, o2(13C): 
108.5 ppm, o3(15N): 105 ppm, rel. delay: 1.0 s, HC-INEPT transfer time: 3 ms, constant-time 
period: 8.8 ms, NOE mixing time: 150 ms, time: 1 d 19 h

B: ns: 64, sw(f2): 8.8 ppm, sw(f1,1H): 6.2 ppm, aq(f2): 73 ms, aq(f1): 51 ms, o1(1H): 4.7 ppm, 
o2(13C): 144 ppm, o3(15N): 154 ppm, rel. delay: 0.9 s, HC-INEPT transfer time: 2.8 ms NOE 
mixing time: 200 ms, time: 11 h

XII. 2D 13C,15N(F2)-filtered NOESY
All-to-G/U protons
(Ogura et al. 1996; Zwahlen et al. 1997; 

Breeze 2000; Iwahara et al. 2001)

900 MHz, 298 K, ns: 48, sw(f2): 12 ppm, sw(f1,1H): 9 ppm, aq(f2): 94 ms, aq(f1): 51 ms, o1(1H): 
4.7 ppm, o2(13C): 120 ppm, o3(15N): 117 ppm, rel. delay: 1.5 s, NOE mixing time: 150 ms, time: 
14 h

XIII. 2D 1H,15N-BEST-TROSY-lrHNN-
COSY

(Sklenár et al. 1994; Hennig and William-
son 2000; Farjon et al. 2009; Dingley and 
Grzesiek 1998; Dingley et al. 2008)

600 MHz, 298 K, ns: 512, sw(f2): 9.8 ppm, sw(f1): 88.9 ppm, aq(f2): 87 ms, aq(f1): 14.8 ms, 
o1(1H): 7 ppm, o2(13C): 150 ppm, o3(15N): 192 ppm, rel. delay: 0.3 s, HN-INEPT transfer time: 
19 ms, NN-transfer time 22.5 ms, time: 11 h

XIV. 1H,1H-TOCSY
(Shaka et al. 1988; Hwang and Shaka 1995)

700 MHz, 283 K, ns: 16, sw(f2): 8.8 ppm, sw(f1): 6.2 ppm, aq(f2): 100 ms, aq(f1): 51 ms, o1(1H): 
4.7 ppm, o2(13C): 101 ppm, o3(15N): 85 ppm, rel. delay: 1.0 s, TOCSY mixing time (dipsi3 spin-
lock): 30 ms, time: 3 h
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Data deposition

The BMRB deposition with the accession code 50349 was 
updated with the assignments reported herein.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12104- 021- 10047-2.
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Fig. 2  Plot of γFIT against  PFIT 
as calculated from ribose 13C 
chemical shifts according to 
(Cherepanov et al. 2010). Resi-
dues from the apical loop are 
marked in red, bulge residues 
in black. C34 is omitted due 
to its low-field C2′ chemical 
shift typical for the 3'-termi-
nal nucleotide, resulting in 
exceptionally high values of the 
canonical coordinates

Fig. 3  Expanded region of the 
2D 1H,1H TOCSY experiment 
(Table 1, XIV.) correlating 
pyrimidine H5–H6 proton 
chemical shifts via their 3J cou-
pling. Linewidths are approxi-
mately inversely proportional to 
the base order parameter, result-
ing in sharp signals for flexible 
residues that exhibit a lower 
than the global τc. 1D traces 
for selected residues are shown 
in the 2D. The flexible loop 
residues U18, C19, and C20 and 
the non-native 3'-terminal c34 
are highlighted in red; helical 
residues U9 and U11 are shown 
in black
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Abstract
The SARS-CoV-2 virus is the cause of the respiratory disease COVID-19. As of today, therapeutic interventions in severe 
COVID-19 cases are still not available as no effective therapeutics have been developed so far. Despite the ongoing devel-
opment of a number of effective vaccines, therapeutics to fight the disease once it has been contracted will still be required. 
Promising targets for the development of antiviral agents against SARS-CoV-2 can be found in the viral RNA genome. The 
5′- and 3′-genomic ends of the 30 kb SCoV-2 genome are highly conserved among Betacoronaviruses and contain structured 
RNA elements involved in the translation and replication of the viral genome. The 40 nucleotides (nt) long highly conserved 
stem-loop 4 (5_SL4) is located within the 5′-untranslated region (5′-UTR) important for viral replication. 5_SL4 features an 
extended stem structure disrupted by several pyrimidine mismatches and is capped by a pentaloop. Here, we report extensive 
1H, 13C, 15N and 31P resonance assignments of 5_SL4 as the basis for in-depth structural and ligand screening studies by 
solution NMR spectroscopy.

Keywords SARS-CoV-2 · RNA genome · 5′-UTR  · 5_SL4 · Solution NMR spectroscopy · COVID19-NMR

Biological context

SARS-CoV-2 is a human Betacoronavirus which causes 
the severe acute respiratory syndrome COVID-19. The 
virus contains a large single-stranded ( +) RNA genome 
with a length of approximately 30,000 nt. Besides the 
coding regions for the viral proteins, the genome also 
includes extended, highly structured and conserved 5′- and 
3′-untranslated regions (UTRs) with important functional 
roles in genome replication, transcription of subgenomic 
(sg) mRNAs and the balanced translation of viral proteins. 
So far, efforts aiming at the development of new antiviral 
agents against SARS-CoV-2 have been largely restricted to 
studies of the viral proteins, leaving the potentially vast res-
ervoir of putative drug-targets to be found in the structured, 
conserved and functional genomic RNA elements essen-
tially untapped. Triggered by the COVID-19 pandemic, 
the Covid19-NMR initiative (https:// covid 19- NMR. de) 
has united structural biologists and RNA biologists around 
the globe in a concerted initiative to make these viral RNA 
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elements amenable as therapeutic targets as well as to pilot 
structure-guided drug screening efforts against these RNA 
targets. At the heart of this effort is the conviction that drug 
development can profit from and be efficiently guided by 
high resolution structural data. As a starting point of the 
initiative, the individual structured elements of the SARS-
CoV-2 genome were therefore subjected to high resolution 
structure determination by NMR spectroscopy in a ‘divide-
and-conquer’ approach.

The 5′- region (Fig. 1a) of the SARS-CoV-2 genome con-
sists of eight stem-loop (SL) structures. Stem-loops 5_SL1 
to 5_SL5 are located in the 5′-untranslated region (5′-UTR). 
While the sequences of the individual structural elements 
vary between different coronaviruses, their ubiquitous pres-
ence and highly conserved secondary structures suggest that 
these elements are critically important for viral viability 
and pathogenesis (Madhugiri et al. 2016). Stem-loop 4 of 
the 5′-UTR (5_SL4, nt 86–125), a 40 nt predicted hairpin 
capped by a pentaloop, is structurally conserved among the 
members of the Betacoronavirus family. Interestingly, 5_
SL4 carries an upstream open reading frame (uORF) with its 
AUG start codon as integral part of the stem. This uORF is 

conserved within the Betacoronaviruses. Its function, how-
ever, is still under debate. On the one hand, genetic pressure 
to preserve the uORF has been observed. On the other hand, 
mutations manipulating the uORF yet retaining the 5_SL4 
structure were still viable (Wu et al. 2014). We have recently 
established the secondary structure of 5_SL4 based on ini-
tial 1H and 15N NMR resonance assignments (Wacker et al. 
2020). As a further step to guide structure-based studies of 
5_SL4 amenable we provide here the almost complete 1H, 
13C,15N and 31P NMR chemical shift assignment.

Methods and experiments

In order to adapt 5_SL4 for enzymatic synthesis, the 40 nt 
sequence (residues 86–125 of the SARS_COV2 genome) 
was extended by two guanine residues at the 5′- and two 
cytidine residues at the 3′-end yielding the 44 nt sequence 
5′-GGGUG UGG CUG UCA CUC GGC UGC AUG CUU 
AGU GCA CUC ACGC CC-3′ (5_SL4) with the wt-sequence 
shown in bold letters. In addition, a shorter construct com-
prising only the apical residues 96–116 again flanked by 

Fig. 1  a Sequence and second-
ary structure of the 44 nt 5_SL4 
(top, left) and the smaller 
construct 5_SL4sh (top, right) 
and genomic context of 5_SL4. 
Scheme of the SARS-CoV2 
genome (bottom) and overview 
of cis-acting RNA elements 
of the 5′ genomic end (mid-
dle). b Overlay of the imino 
1H, 15N-BEST-TROSY spectra 
of 5_SL4 (red) and 5_SL4sh 
(black). Assignments are given. 
The asterisks mark signals that 
are visible at a lower contour 
threshold. c Overlay of the aro-
matic region of 1H,13C-HSQC 
spectra of 5_SL4 (red) and 5_
SL4sh (black). Assignments are 
given. Those that only belong 
to the full-length construct are 
highlighted in red
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two G-C base pairs was synthesized (5_SL4sh, 25 nt, 
sequence 5′-GGCAC UCG GCU GCA UGC UUA GUG CC-
3′). Of 5_SL4, a uniformly 15N- and selectively A/C- and 
G/U-13C/15N-labeled samples and of 5_SL4sh a uniformly 
13C/15N-labeled sample were prepared as described in detail 
previously (Wacker et al. 2020). The final RNA concentra-
tions in all NMR samples varied between 0.35 and 0.79 mM 
in 25 mM potassium phosphate buffer, pH 6.2, with 50 mM 
potassium chloride and either 5% or 100% (v/v)  D2O.

NMR measurements were carried out at the Center for 
Biomolecular Magnetic Resonance (BMRZ) on 600, 800, 
900 and 950  MHz Bruker Avance NMR-spectrometers 
equipped with 5-mm cryogenic triple resonance TCI-N 
probe heads, a 700 MHz spectrometer equipped with a quad-
ruple resonance QCI-P probe and an 800 MHz spectrometer 
equipped with a 13C-optimized TXO cryogenic probe (800 
 MHzTXO). 1H chemical shifts were referenced directly to 
an external DSS standard, and 13C, 15N, 31P and chemical 
shifts were indirectly referenced from the 1H chemical shift 
as described earlier (Maurer and Kalbitzer 1996; Wishart 
et al. 1995). All NMR experiments conducted for the reso-
nance assignment of 5_SL4 and 5_SL4sh are summarized in 
Supplementary Table 1. If not indicated otherwise, experi-
ments were performed at 25 °C. NMR data were processed 
using TOPSPIN 4.0.6 software (Bruker, BioSpin, Germany) 
and analyzed using CARA (Keller 2004).

Extent of assignments and data deposition

5_SL4 is a 44 nt long predicted stem-loop capped by an api-
cal loop of five nucleotides (Fig. 1a). Given the rather large 
size of this RNA together with its expected rod-like extended 
shape and high content of canonical base-pairs, unfavora-
ble relaxation behavior is expected to combine with limited 
resonance dispersion to interfere with a complete resonance 
assignment. We therefore also investigated a smaller con-
struct containing only the apical stem loop and the predicted 
C100-U112 mismatch (5_SL4sh, Fig. 1a) to allow for an 
unambiguous sequential assignment of the apical loop as 
well as the acquisition of the chemical shifts of the mismatch 
residues as a prerequisite for the subsequent structure deter-
mination. For transcriptional reasons we added two terminal 
G-C base pairs at the end of the stem in both constructs.

The comparison of the imino 1H,15N-TROSY spectra of 
the full-length construct and 5_SL4sh indicates the complete 
preservation of the RNA structure in the truncated variant 
(Fig. 1b). This is also confirmed by comparing the aromatic 
region of 1H,13C-HSQC spectra recorded for both constructs 
(Fig. 1c). Only residues at the bottom of the 5_SL4sh stem 
display minor shift changes compared to the full length con-
struct as expected.

We have previously reported an initial resonance assign-
ment of 5_SL4 comprising the imino and amino groups and 
extending to the aromatic and H1′ protons (Wacker et al. 
2020). On that basis, we followed essentially the classical 
assignment pathway using the NMR experiments listed in 
Supplementary Table S1. For 5_SL4sh, the assignment of 
the imino- and amino-group resonances could be readily 
transferred from the full length 5_SL4 assignment in 15 N 
HSQC spectra optimized for the imino- and the amino group 
region, respectively. Based on the previous assignment of the 
aromatic proton spins, 1H,13C-sfHMQC and 1H,13C-HSQC 
spectra for the aromatic region served to assign 100% of the 
H2-C2 and H6/8-C6/8 resonances. 3D 13C-NOESY-HSQC 
spectra confirmed this assignment. All of the adenine N1 and 
N3 and the purine N7 and N9 resonances were assigned in 
the lr-1H,15N-HSQC. Nine out of 14 guanine N3 resonances 
were observed in the HNN-COSY spectrum of 5_SL4. With 
the exception of C100, all pyrimidine N3 resonances were 
assigned in the H5(C5C4)N3 spectrum for 5_SL4sh. Out 
of the additional 15 pyrimidine residues in 5_SL4, N3 
signals for 10 were assigned in 1H,15N HSQC and HNN-
COSY spectra. All pyrimidine N1 resonances in 5_SL4 were 
assigned using the carbon detected 3D (H6/8)C6/8N1/9C1′ 
experiments, which also served link the aromatic carbons 
to the C1′ resonances for all residues. Using 1H,13C-HSQC 
and 3D 13C-NOESY-HSQC spectra for the aliphatic region 
100% of the H1′–C1′ and the H5–C5 resonances could be 
assigned. The remaining ribose carbon resonances were 
assigned using 3D (H)CCH-TOCSY spectra. The complete 
assignment of the ribose protons was then achieved by 3D 
HC(C)H-COSY, -TOCSY experiments for 5_SL4 and using 
3D 13C-NOESY-HSQC spectra for 5_SL4sh.

Assignment and ribose conformation of the apical 
loop

5_SL4 is capped by an apical loop comprising nucleotides 
104 to 108 with the sequence 5ʹ-U104GCAU 108-3ʹ. The 
sequential assignment of the loop residues solely from NOE 
contacts was ambiguous. Therefore, we recorded a H(C)
P-CCH-TOCSY spectrum for the 5_SL4sh RNA establish-
ing the sequential ribose spin system assignment for this part 
(Fig. 2a). Furthermore, all 27 31P resonances for 5_SL4sh 
were assigned using this spectrum together with the 1D 31P 
spectrum, which also served to assign the characteristic C25 
cyclic phosphate and the α, β and γ phosphate resonance of 
the 5′-terminal G residue.

Extensive assignment of the ribose carbon spins allows 
for the extraction of canonical coordinates yielding informa-
tion about the sugar pucker mode (Cherepanov et al. 2010; 
Ebrahimi et al. 2001) (Fig. 2b). A C2′-endo conformation 
was found for the apical loop residues G105 to U108, while 
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U104 from the loop and all remaining residues in 5_SL4sh 
adopt a C3′-endo conformation.

Base pairing interactions

In general, the secondary structure of 5_SL4 has been 
established previously by combination of 2D imino 
NOESY data with HNN-COSY spectra (Wacker et  al. 
2020). HNN-COSY spectra verified the identity of the 

canonical Watson–Crick A–U and G–C base pairs in the 
stem-loop structure, while of the three potential G–U base 
pairs, only U87–G124 and G101–U111 could be readily 
identified by virtue of their strong intra-base-pair imino-
imino NOEs in the NOESY spectrum (Wacker et al. 2020). 
For the remaining G–U base pair (G91–U120), only a very 
weak guanine imino resonance was identified. For U87 and 
U111, which possess detectable imino resonances, C2 and 
C4 shifts could be obtained in an 2D H(N)CO spectrum 
(data not shown). Downfield C2 and upfield C4 shifts for 
both U87 and U111 point to a classical wobble-arrange-
ment for the respective G–U base pairs, with the G imino 
group hydrogen bonded to the U C2. For the G91–U120 
base pair, the uridine is missing an imino resonance. In 
order to investigate the C4 chemical shift of this residue 
even in the absence of a stable imino resonance, a H5(C5)
C4 spectrum was recorded (Fig. 3a). The C4 of U120 has 
a resonance frequency very similar to both U87 and U111, 
suggesting a similar Wobble base pair geometry for this 
G–U base pair.

The carbon and nitrogen chemical shifts for carbon 
and nitrogen nuclei not directly bound to protons in the 
C100–U112 mismatch were investigated using 5_SL4sh. 
Since the imino proton of U112 is not observable the 
information about this potential base pair has been very 
limited. The investigation of the smaller construct enabled 
the additional assignment of quaternary carbon spins in 
the pyrimidine nucleobases which can be predictive for 
base functional group hydrogen bonding patterns (Ohlen-
schläger et  al. 2004). Using a 2D H5(C5)C4 spectra, 
100% of the pyrimidine C4 carbon atoms were assigned 
(Fig. 3a). Compared to the C4 carbon chemical shift of 
U115 and U99 whose C4 carbonyl groups are hydrogen 
bonded in A–U base pairs, the C4 of U112 is shifted 
upfield, indicating no involvement of the C4 carbonyl 
group in hydrogen bonding interactions. A 2D H6(C6N1)
C2 experiment was used to identify the C2 resonances of 
all C and U residues of 5_SL4sh (Fig. 3b). The resonance 
of U112 is shifted upfield compared to the of U111 in 
the G–U base pair, for which the C2 carbonyl group is 
hydrogen bonded to the G101 imino group. Taken together 
carbonyl chemical shifts for U112 suggests that neither 
the C2 nor the C4 of this residue is involved in stable 
hydrogen bond interactions. Using 2D H5(C5C4)N3 spec-
tra, seven out of eight cytidine (Fig. 3c) and 100% of the 
uridine N3 nitrogen resonances (Fig. 3d) were assigned. 
The N3 resonance of U112 is shifted upfield compared to 
the N3 of U99 and U115 that are involved in N–H···N type 
hydrogen bonds suggesting that the U112 imino group is 
not involved in such an interaction with C100. The N3 
nitrogen of C100 is not detectable. Hence, the structure 
and putative dynamics of the C100–U112 mismatch are 
still subject for further investigations.

Fig. 2  Assignment and ribose conformation of the 5_SL4 apical loop. 
a H1′C1′ region of a 1H, 13C HSQC spectrum (top) and H(C)P-CCH-
TOCSY spectrum (bottom) recorded for the 5_SL4sh RNA. Sequen-
tial correlations between the residues in the loop are shown as red 
lines. b Canonical coordinates for all but the 3′-terminal residue of 
5_SL4sh The secondary structure of 5_SL4sh is displayed. Residues 
of the apical loop are highlighted in red and assignments are given
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Data deposition

For 5_SL4, we updated the BMRB deposition with code 
50347. For 5_SL4sh a new BMRB entry (50760) was 
created.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12104- 021- 10026-7.
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Fig. 3  Carbon and nitrogen chemical shifts of quaternary carbon and 
the nitrogen spins in the pyrimidine residues. a 2D H5(C5)C4 spec-
trum recorded for 5_SL4 (red) and 5_SL5sh (black). Assignments 
are given. The chemical shift region of the carbon atoms of carbonyl 
groups involved in hydrogen bonds is highlighted with a gray bar. 
The chemical structure of pyrimidine bases is displayed. The H5 
and C4 atoms are highlighted in red. b H6(C6N1)C2 spectra of 5_
SL4sh. Resonance assignments are given. The chemical structure of a 

pyrimidine base is shown with H6 and C2 highlighted in red. c, d 2D 
H5(C5C4)N3 spectra recorded for the cytidines (c) and the uridines 
(d) of 5_SL4sh. The chemical structures of cytidine (C) and uridine 
(U) bases are displayed. The H5 and N3 atoms are highlighted in 
red. The chemical shift of the H5 of C100 is shown as a dashed line. 
The chemical shift region of nitrogen atoms of imino groups that are 
involved in hydrogen bonds is marked with a gray bar
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This article describes the protocols for the large-scale production of more than 80% of all SARS-

CoV-2 proteins for expression and purification of isotope-labeled protein samples for NMR-based 

applications. The protocols were established for a total of 10 full-length and 13 truncated non-

structural protein constructs, as well as nine full-length and seven truncated accessory protein 

constructs. 

The project was designed and coordinated by the Covid-19 NMR consortium. The manuscript was 

prepared by N. Altincekic, S. M. Korn, N. S. Qureshi, M. Dujardin and M. Ninot-Pedrosa. The author 

of this thesis was part of the Covid-19 NMR consortium and the protein production team that 

prepared and purified various isotope-labeled protein samples for NMR spectroscopy. 
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The highly infectious disease COVID-19 caused by the Betacoronavirus SARS-CoV-2
poses a severe threat to humanity and demands the redirection of scientific efforts and
criteria to organized research projects. The internationalCOVID19-NMR consortium seeks
to provide such new approaches by gathering scientific expertise worldwide. In particular,
making available viral proteins and RNAs will pave the way to understanding the SARS-
CoV-2 molecular components in detail. The research in COVID19-NMR and the resources
provided through the consortium are fully disclosed to accelerate access and exploitation.
NMR investigations of the viral molecular components are designated to provide the
essential basis for further work, including macromolecular interaction studies and high-
throughput drug screening. Here, we present the extensive catalog of a holistic SARS-
CoV-2 protein preparation approach based on the consortium’s collective efforts. We
provide protocols for the large-scale production of more than 80% of all SARS-CoV-2
proteins or essential parts of them. Several of the proteins were produced in more than one
laboratory, demonstrating the high interoperability between NMR groups worldwide. For
the majority of proteins, we can produce isotope-labeled samples of HSQC-grade.
Together with several NMR chemical shift assignments made publicly available on
covid19-nmr.com, we here provide highly valuable resources for the production of
SARS-CoV-2 proteins in isotope-labeled form.

Keywords: COVID-19, SARS-CoV-2, nonstructural proteins, structural proteins, accessory proteins, intrinsically
disordered region, cell-free protein synthesis, NMR spectroscopy

INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2,
SCoV2) is the cause of the early 2020 pandemic coronavirus lung
disease 2019 (COVID-19) and belongs to Betacoronaviruses, a
genus of the Coronaviridae family covering the α−δ genera (Leao
et al., 2020). The large RNA genome of SCoV2 has an intricate,
highly condensed arrangement of coding sequences (Wu et al.,
2020). Sequences starting with the main start codon contain an
open reading frame 1 (ORF1), which codes for two distinct, large
polypeptides (pp), whose relative abundance is governed by the
action of an RNA pseudoknot structure element. Upon RNA
folding, this element causes a −1 frameshift to allow the
continuation of translation, resulting in the generation of a
7,096-amino acid 794 kDa polypeptide. If the pseudoknot is
not formed, expression of the first ORF generates a 4,405-
amino acid 490 kDa polypeptide. Both the short and long
polypeptides translated from this ORF (pp1a and pp1ab,
respectively) are posttranslationally cleaved by virus-encoded

proteases into functional, nonstructural proteins (nsps). ORF1a
encodes eleven nsps, and ORF1ab additionally encodes the nsps
12–16. The downstream ORFs encode structural proteins (S, E,
M, and N) that are essential components for the synthesis of new
virus particles. In between those, additional proteins (accessory/
auxiliary factors) are encoded, for which sequences partially
overlap (Finkel et al., 2020) and whose identification and
classification are a matter of ongoing research (Nelson et al.,
2020; Pavesi, 2020). In total, the number of identified peptides or
proteins generated from the viral genome is at least 28 on the
evidence level, with an additional set of smaller proteins or
peptides being predicted with high likelihood.

High-resolution studies of SCoV and SCoV2 proteins have
been conducted using all canonical structural biology approaches,
such as X-ray crystallography on proteases (Zhang et al., 2020)
and methyltransferases (MTase) (Krafcikova et al., 2020), cryo-
EM of the RNA polymerase (Gao et al., 2020; Yin et al., 2020), and
liquid-state (Almeida et al., 2007; Serrano et al., 2009; Cantini
et al., 2020; Gallo et al., 2020; Korn et al., 2020a; Korn et al., 2020b;
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TABLE 1 | SCoV2 protein constructs expressed and purified, given with the genomic position and corresponding PDBs for construct design.

Protein
genome position (nt)a

Trivial name
construct expressed

Size (aa) Boundaries MW (kDa) Homol. SCoV
(%)b

Template PDBc SCoV2 PDBd

nsp1 Leader 180 19.8 84
266–805

Full-length 180 1–180 19.8 83
Globular domain (GD) 116 13–127 12.7 85 2GDT 7K7P

nsp2 638 70.5 68
806–2,719

C-terminal IDR (CtDR) 45 557–601 4.9 55
nsp3 1,945 217.3 76
2,720–8,554
a Ub-like (Ubl) domain 111 1–111 12.4 79 2IDY 7KAG
a Ub-like (Ubl) domain + IDR 206 1–206 23.2 58
b Macrodomain 170 207–376 18.3 74 6VXS 6VXS
c SUD-N 140 409–548 15.5 69 2W2G
c SUD-NM 267 409–675 29.6 74 2W2G
c SUD-M 125 551–675 14.2 82 2W2G
c SUD-MC 195 551–743 21.9 79 2KQV
c SUD-C 64 680–743 7.4 73 2KAF
d Papain-like protease PLpro 318 743–1,060 36 83 6W9C 6W9C
e NAB 116 1,088–1,203 13.4 87 2K87
Y CoV-Y 308 1,638–1,945 34 89

nsp5 Main protease (Mpro) 306 33.7 96
10,055–10,972

Full-lengthe 306 1–306 33.7 96 6Y84 6Y84
nsp7 83 9.2 99
11,843–12,091

Full-length 83 1–83 9.2 99 6WIQ 6WIQ
nsp8 198 21.9 98
12,092–12,685

Full-length 198 1–198 21.9 97 6WIQ 6WIQ
nsp9 113 12.4 97
12,686–13,024

Full-length 113 1–113 12.4 97 6W4B 6W4B
nsp10 139 14.8 97
13,025–13,441

Full-length 139 1–139 14.8 97 6W4H 6W4H
nsp13 Helicase 601 66.9 100
16,237–18,039

Full-length 601 1–601 66.9 100 6ZSL 6ZSL
nsp14 Exonuclease/

methyltransferase
527 59.8 95

18,040–19,620
Full-length 527 1–527 59.8 95 5NFY
MTase domain 240 288–527 27.5 95

nsp15 Endonuclease 346 38.8 89
19,621–20,658

Full-length 346 1–346 38.8 89 6W01 6W01
nsp16 Methyltransferase 298 33.3 93
20,659–21,552

Full-length 298 1–298 33.3 93 6W4H 6W4H
ORF3a 275 31.3 72
25,393–26,220

Full-length 275 1–275 31.3 72 6XDC 6XDC
ORF4 Envelope (E) protein 75 8.4 95
26,245–26,472

Full-length 75 1–75 8.4 95 5X29 7K3G
ORF5 Membrane

glycoprotein (M)
222 25.1 91

26,523–27,387
Full-length 222 1–222 25.1 91

ORF6 61 7.3 69
27,202–27,387

Full-length 61 1–61 7.3 69
(Continued on following page)
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Kubatova et al., 2020; Tonelli et al., 2020) and solid-state NMR
spectroscopy of transmembrane (TM) proteins (Mandala et al.,
2020). These studies have significantly improved our
understanding on the functions of molecular components, and
they all rely on the recombinant production of viral proteins in
high amount and purity.

Apart from structures, purified SCoV2 proteins are required
for experimental and preclinical approaches designed to
understand the basic principles of the viral life cycle and
processes underlying viral infection and transmission.
Approaches range from studies on immune responses
(Esposito et al., 2020), antibody identification (Jiang et al.,
2020), and interactions with other proteins or components of
the host cell (Bojkova et al., 2020; Gordon et al., 2020). These
examples highlight the importance of broad approaches for the
recombinant production of viral proteins.

The research consortium COVID19-NMR founded in 2020
seeks to support the search for antiviral drugs using an NMR-
based screening approach. This requires the large-scale
production of all druggable proteins and RNAs and their
NMR resonance assignments. The latter will enable solution
structure determination of viral proteins and RNAs for
rational drug design and the fast mapping of compound
binding sites. We have recently produced and determined
secondary structures of SCoV2 RNA cis-regulatory elements in
near completeness by NMR spectroscopy, validated by DMS-

MaPseq (Wacker et al., 2020), to provide a basis for RNA-
oriented fragment screens with NMR.

We here compile a compendium of more than 50 protocols
(see Supplementary Tables SI1–SI23) for the production and
purification of 23 of the 30 SCoV2 proteins or fragments thereof
(summarized in Tables 1, 2). We defined those 30 proteins as
existing or putative ones to our current knowledge (see later
discussion). This compendium has been generated in a
coordinated and concerted effort between >30 labs worldwide
(Supplementary Table S1), with the aim of providing pure mg
amounts of SCoV2 proteins. Our protocols include the rational
strategy for construct design (if applicable, guided by available
homolog structures), optimization of expression, solubility, yield,
purity, and suitability for follow-up work, with a focus on
uniform stable isotope-labeling.

We also present protocols for a number of accessory and
structural E and M proteins that could only be produced using
wheat-germ cell-free protein synthesis (WG-CFPS). In SCoV2,
accessory proteins represent a class of mostly small and
relatively poorly characterized proteins, mainly due to their
difficult behavior in classical expression systems. They are
often found in inclusion bodies and difficult to purify in
quantities adequate for structural studies. We thus here
exploit cell-free synthesis, mainly based on previous reports
on production and purification of viral membrane proteins in
general (Fogeron et al., 2015b; Fogeron et al., 2017; Jirasko

TABLE 1 | (Continued) SCoV2 protein constructs expressed and purified, given with the genomic position and corresponding PDBs for construct design.

Protein
genome position (nt)a

Trivial name
construct expressed

Size (aa) Boundaries MW (kDa) Homol. SCoV
(%)b

Template PDBc SCoV2 PDBd

ORF7a 121 13.7 85
27,394–27,759

Ectodomain (ED) 66 16–81 7.4 85 1XAK 6W37
ORF7b 43 5.2 85
27,756–27,887

Full-length 43 1–43 5.2 85
ORF8 121 13.8 32
27,894–28,259
ORF8 Full-length 121 1–121 13.8 32
ΔORF8 w/o signal peptide 106 16–121 12 41 7JTL 7JTL

ORF9a Nucleocapsid (N) 419 45.6 91
28,274–29,533

IDR1-NTD-IDR2 248 1–248 26.5 90
NTD-SR 169 44–212 18.1 92
NTD 136 44–180 14.9 93 6YI3 6YI3
CTD 118 247–364 13.3 96 2JW8 7C22

ORF9b 97 10.8 72
28,284–28,574

Full-length 97 1–97 10.8 72 6Z4U 6Z4U
ORF14 73 8 n.a
28,734–28,952

Full-length 73 1–73 8 n.a
ORF10 38 4.4 29
29,558–29,674

Full-length 38 1–38 4.4 29

aGenome position in nt corresponding to SCoV2 NCBI reference genome entry NC_045512.2, identical to GenBank entry MN908947.3.
bSequence identities to SCoV are calculated from an alignment with corresponding protein sequences based on the genome sequence of NCBI Reference NC_004718.3.
cRepresentative PDB that was available at the beginning of construct design, either SCoV or SCoV2.
dRepresentative PDB available for SCoV2 (as of December 2020).
eAdditional point mutations in fl-construct have been expressed.
n.a.: not applicable.
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TABLE 2 | Summary of SCoV2 protein production results in Covid19-NMR.

Construct
expressed

Yields (mg/L)a

or (mg/ml)b
Results Comments BMRB Supplementary

Material

nsp1 SI1
fl 5 NMR

assigned
Expression only at >20°C; after 7 days at 25°C partial proteolysis 50620d

GD >0.5 HSQC High expression; mainly insoluble; higher salt increases stability
(>250 mM)

nsp2 SI2
CtDR 0.7–1.5 NMR

assigned
Assignment with His-tag shown in (Mompean et al., 2020) 50687c

nsp3 SI3
UBl 0.7 HSQC Highly stable over weeks; spectrum overlays with Ubl + IDR
UBl + IDR 2–3 NMR

assigned
Highly stable for >2 weeks at 25°C 50446d

Macrodomain 9 NMR
assigned

Highly stable for >1 week at 25°C and > 2 weeks at 4°C 50387d

50388d

SUD-N 14 NMR
assigned

Highly stable for >10 days at 25°C 50448d

SUD-NM 17 HSQC Stable for >1 week at 25°C
SUD-M 8.5 NMR

assigned
Significant precipitation during measurement; tendency to dimerize 50516d

SUD-MC 12 HSQC Stable for >1 week at 25°C
SUD-C 4.7 NMR

assigned
Stable for >10 days at 25°C 50517d

PLpro 12 HSQC Solubility-tag essential for expression; tendency to aggregate
NAB 3.5 NMR

assigned
Highly stable for >1 week at 25°C; stable for >5 weeks at 4°C 50334d

CoV-Y 12 HSQC Low temperature (<25°C) and low concentrations (<0.2 mM) favor
stability; gradual degradation at 25°C; lithium bromide in final buffer
supports solubility

nsp5 SI4
fl 55 HSQC Impaired dimerization induced by artificial N-terminal residues

nsp7 SI5
fl 17 NMR

assigned
Stable for several days at 35°C; stable for >1 month at 4°C 50337d

nsp8 SI6
fl 17 HSQC Concentration dependent aggregation; low concentrations favor

stability
nsp9 SI7
fl 4.5 NMR

assigned
Stable dimer for >4 months at 4°C and >2 weeks at 25°C 50621d

50622d

50513
nsp10 SI8
fl 15 NMR

assigned
Zn2+ addition during expression and purification increases protein
stability; stable for >1 week at 25°C

50392

nsp13 SI9
fl 0.5 HSQC Low expression; protein unstable; concentration above 20 µM not

possible
nsp14 SI10
fl 6 Pure

protein
Not above 50 µM; best storage: with 50% (v/v) glycerol; addition of
reducing agents

MTase 10 Pure
protein

As fl nsp14; high salt (>0.4 M) for increased stability; addition of
reducing agents

nsp15 SI11
fl 5 HSQC Tendency to aggregate at 25°C

nsp16 SI12
fl 10 Pure

protein
Addition of reducing agents; 5% (v/v) glycerol favorable; highly
unstable

ORF3a SI13
fl 0.6 Pure

protein
Addition of detergent during expression (0.05% Brij-58); stable
protein

E protein SI14
fl 0.45 Pure

protein
Addition of detergent during expression (0.05% Brij-58); stable
protein

(Continued on following page)
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et al., 2020b). Besides yields compatible with structural studies,
ribosomes in WG extracts further possess an increased folding
capacity (Netzer and Hartl, 1997), favorable for those more
complicated proteins.

We exemplify in more detail the optimization of protein
production, isotope-labeling, and purification for proteins with
different individual challenges: the nucleic acid–binding (NAB)
domain of nsp3e, the main protease nsp5, and several auxiliary
proteins. For the majority of produced and purified proteins, we
achieve >95% purity and provide 15N-HSQC spectra as the
ultimate quality measure. We also provide additional suggestions
for challenging proteins, where our protocols represent a unique
resource and starting point exploitable by other labs.

MATERIALS AND METHODS

Strains, Plasmids, and Cloning
The rationale of construct design for all proteins can be found
within the respective protocols in Supplementary Tables
SI1–SI23. For bacterial production, E. coli strains and
expression plasmids are given; for WG-CFPS, template

vectors are listed. Protein coding sequences of interest
have been obtained as either commercial, codon-optimized
genes or, for shorter ORFs and additional sequences,
annealed from oligonucleotides prior to insertion into the
relevant vector. Subcloning of inserts, adjustment of
boundaries, and mutations of genes have been carried out
by standard molecular biology techniques. All expression
plasmids can be obtained upon request from the
COVID19-NMR consortium (https://covid19-nmr.com/),
including information about coding sequences, restriction
sites, fusion tags, and vector backbones.

Protein Production and Purification
For SCoV2 proteins, we primarily used heterologous
production in E. coli. Detailed protocols of individual full-
length (fl) proteins, separate domains, combinations, or
particular expression constructs as listed in Table 1 can be
found in the (Supplementary Tables SI1–SI23).

The ORF3a, ORF6, ORF7b, ORF8, ORF9b, and ORF14
accessory proteins and the structural proteins M and E were
produced by WG-CFPS as described in the Supplementary
Material. In brief, transcription and translation steps have

TABLE 2 | (Continued) Summary of SCoV2 protein production results in Covid19-NMR.

Construct
expressed

Yields (mg/L)a

or (mg/ml)b
Results Comments BMRB Supplementary

Material

M Protein SI15
fl 0.33 Pure

protein
Addition of detergent during expression (0.05% Brij-58); stable
protein

ORF6 SI16
fl 0.27 HSQC Soluble expression without detergent; stable protein; no expression

with STREP-tag at N-terminus
ORF7a SI17
ED 0.4 HSQC Unpurified protein tends to precipitate during refolding, purified

protein stable for 4 days at 25°C
ORF7b SI18
fl 0.6 HSQC Tendency to oligomerize; solubilizing agents needed
fl 0.27 HSQC Addition of detergent during expression (0.1% MNG-3); stable

protein
ORF8 SI19
fl 0.62 HSQC Tendency to oligomerize
ΔORF8 0.5 Pure

protein
N protein SI20
IDR1-NTD-
IDR2

12 NMR
assigned

High salt (>0.4 M) for increased stability 50618, 50619,
50558, 50557d

NTD-SR 3 HSQC
NTD 3 HSQC 34511
CTD 2 NMR

assigned
Stable dimer for >4 months at 4°C and >3 weeks at 30°C 50518d

ORF9b SI21
fl 0.64 HSQC Expression without detergent, protein is stable

ORF14 SI22
fl 0.43 HSQC Addition of detergent during expression (0.05% Brij-58); stable in

detergent but unstable on lipid reconstitution
ORF10 SI23
fl 2 HSQC Tendency to oligomerize; unstable upon tag cleavage

aYields from bacterial expression represent the minimal protein amount in mg/L independent of the cultivation medium. Italic values indicate yields from CFPS.
bYields from CFPS represent the minimal protein amount in mg/ml of wheat-germ extract.
cCOVID19-nmr BMRB depositions yet to be released.
dCOVID19-nmr BMRB depositions.
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been performed separately, and detergent has been added for
the synthesis of membrane proteins as described previously
(Takai et al., 2010; Fogeron et al., 2017).

NMR Spectroscopy
All amide correlation spectra, either HSQC- or TROSY-based, are
representative examples. Details on their acquisition parameters
and the raw data are freely accessible through https://covid19-
nmr.de or upon request.

RESULTS

In the following, we provide protocols for the purification of
SCoV2 proteins sorted into 1) nonstructural proteins and 2)
structural proteins together with accessory ORFs. Table 1
shows an overview of expression constructs. We use a
consequent terminology of those constructs, which is guided
by domains, intrinsically disordered regions (IDRs) or other
particularly relevant sequence features within them. This study
uses the SCoV2 NCBI reference genome entry NC_045512.2,
identical to GenBank entry MN908947.3 (Wu et al., 2020),
unless denoted differently in the respective protocols. Any
relevant definition of boundaries can also be found in the SI
protocols.

As applicable for a major part of our proteins, we further
define a standard procedure for the purification of soluble
His-tagged proteins that are obtained through the sequence
of IMAC, TEV/Ulp1 Protease cleavage, Reverse IMAC, and
Size-exclusion chromatography, eventually with individual
alterations, modifications, or additional steps. For convenient
reading, we will thus use the abbreviation IPRS to avoid
redundant protocol description. Details for every protein,

including detailed expression conditions, buffers, incubation
times, supplements, storage conditions, yields, and stability,
can be found in the respective Supplementary Tables
SI1–SI23 (see also Supplementary Tables S1, S2) and
Tables 1, 2.

Nonstructural Proteins
We have approached and challenged the recombinant
production of a large part of the SCoV2 nsps (Figure 1),
with great success (Table 2). We excluded nsp4 and nsp6
(TM proteins), which are little characterized and do not reveal
soluble, folded domains by prediction (Oostra et al., 2007;
Oostra et al., 2008). The function of the very short (13 aa)
nsp11 is unknown, and it seems to be a mere copy of the
nsp12 amino-terminal residues, remaining as a protease
cleavage product of ORF1a. Further, we left out the RNA-
dependent RNA polymerase nsp12 in our initial approach
because of its size (>100 kDa) and known unsuitability for
heterologous recombinant production in bacteria. Work on
NMR-suitable nsp12 bacterial production is ongoing, while
other expert labs have succeeded in purifying nsp12 for cryo-
EM applications in different systems (Gao et al., 2020; Hillen
et al., 2020). For the remainder of nsps, we here provide
protocols for fl-proteins or relevant fragments of them.

nsp1
nsp1 is the very N-terminus of the polyproteins pp1a and pp1ab
and one of the most enigmatic viral proteins, expressed only in α-
and β-CoVs (Narayanan et al., 2015). Interestingly, nsp1 displays
the highest divergence in sequence and size among different
CoVs, justifying it as a genus-specificmarker (Snijder et al., 2003).
It functions as a host shutoff factor by suppressing innate
immune functions and host gene expression (Kamitani et al.,

FIGURE 1 | Genomic organization of proteins and current state of analysis or purification. Boxes represent the domain boundaries as outlined in the text and in
Table 1. Their position corresponds with the genomic loci. Colors indicate whether the pure proteins were purified (yellow), analyzed by NMR using only HSQC (lime), or
characterized in detail, including NMR resonance assignments (green).
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2006; Narayanan et al., 2008; Schubert et al., 2020). This
suppression is achieved by an interaction of the
nsp1 C-terminus with the mRNA entry tunnel within the 40 S
subunit of the ribosome (Schubert et al., 2020; Thoms et al.,
2020).

As summarized in Table 1, fl-domain boundaries of nsp1
were chosen to contain the first 180 amino acids, in analogy to
its closest homolog from SCoV (Snijder et al., 2003). In
addition, a shorter construct was designed, encoding only
the globular core domain (GD, aa 13–127) suggested by the
published SCoV nsp1 NMR structure (Almeida et al., 2007).
His-tagged fl nsp1 was purified using the IPRS approach.
Protein quality was confirmed by the available HSQC
spectrum (Figure 2). Despite the flexible C-terminus, we
were able to accomplish a near-complete backbone
assignment (Wang et al., 2021).

Interestingly, the nsp1 GD was found to be problematic in
our hands despite good expression. We observed
insolubility, although buffers were used according to the

homolog SCoV nsp1 GD (Almeida et al., 2007).
Nevertheless, using a protocol comparable to the one for
fl nsp1, we were able to record an HSQC spectrum proving a
folded protein (Figure 2).

nsp2
nsp2 has been suggested to interact with host factors involved
in intracellular signaling (Cornillez-Ty et al., 2009; Davies
et al., 2020). The precise function, however, is insufficiently
understood. Despite its potential dispensability for viral
replication in general, it might be a valuable model to gain
insights into virulence due to its possible involvement in the
regulation of global RNA synthesis (Graham et al., 2005). We
provide here a protocol for the purification of the C-terminal
IDR (CtDR) of nsp2 from residues 557 to 601, based on
disorder predictions [PrDOS (Ishida and Kinoshita, 2007)].
The His-Trx-tagged peptide was purified by IPRS. Upon
dialysis, two IEC steps were performed: first anionic and
then cationic, with good final yields (Table 1). Stability and

FIGURE 2 | 1H, 15N-correlation spectra of investigated nonstructural proteins. Construct names according to Table 1 are indicated unless fl-proteins are shown. A
representative SDS-PAGE lane with final samples is included as inset. Spectra for nsp3 constructs are collectively shown in Figure 3.
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purity were confirmed by an HSQC spectrum (Figure 2) and a
complete backbone assignment (Mompean et al., 2020;
Table 2).

nsp3
nsp3, the largest nsp (Snijder et al., 2003), is composed of a
plethora of functionally related, yet independent, subunits.
After cleavage of nsp3 from the fl ORF1-encoded
polypeptide chain, it displays a 1945-residue multidomain
protein, with individual functional entities that are
subclassified from nsp3a to nsp3e followed by the
ectodomain embedded in two TM regions and the very
C-terminal CoV-Y domain. The soluble nsp3a-3e domains
are linked by various types of linkers with crucial roles in the
viral life cycle and are located in the so-called viral
cytoplasm, which is separated from the host cell after
budding off the endoplasmic reticulum and contains the
viral RNA (Wolff et al., 2020). Remarkably, the nsp3c
substructure comprises three subdomains, making nsp3

the most complex SCoV2 protein. The precise function
and eventual RNA-binding specificities of nsp3 domains
are not yet understood. We here focus on the nsp3 domains
a–e and provide elaborated protocols for additional constructs
carrying relevant linkers or combinations of domains (Table 1).
Moreover, we additionally present a convenient protocol for the
purification of the C-terminal CoV-Y domain.

nsp3a
The N-terminal portion of nsp3 is comprised of a ubiquitin-
like (Ubl) structured domain and a subsequent acidic IDR.
Besides its ability to bind ssRNA (Serrano et al., 2007), nsp3a
has been reported to interact with the nucleocapsid (Hurst
et al., 2013; Khan et al., 2020), playing a potential role in
virus replication. We here provide protocols for the
purification of both the Ubl (aa 1–111) and fl nsp3a (aa
1–206), including the acidic IDR (Ubl + IDR Table 1).
Domain boundaries were defined similar to the published
NMR structure of SCoV nsp3a (Serrano et al., 2007). His-

FIGURE 3 | 1H, 15N-correlation spectra of investigated constructs from nonstructural protein 3. Construct names of subdomains according to Table 1
are indicated unless fl-domains are shown. A representative SDS-PAGE lane with final samples is included as inset. Red boxes indicate protein bands of
interest.
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tagged nsp3a Ubl + IDR and GST-tagged nsp3a Ubl were
each purified via the IPRS approach. nsp3a Ubl yielded mM
sample concentrations and displayed a well-dispersed HSQC
spectrum (Figure 3). Notably, the herein described protocol
also enables purification of fl nsp3a (Ubl + IDR) (Tables 1,
2). Despite the unstructured IDR overhang, the excellent
protein quality and stability allowed for near-complete
backbone assignment [Figure 3, (Salvi et al., 2021)].

nsp3b
nsp3b is an ADP-ribose phosphatase macrodomain and
potentially plays a key role in viral replication. Moreover,
the de-ADP ribosylation function of nsp3b protects SCoV2
from antiviral host immune response, making nsp3b a
promising drug target (Frick et al., 2020). As summarized
in Table 1, the domain boundaries of the herein investigated
nsp3b are residues 207–376 of the nsp3 primary sequence and
were identical to available crystal structures with PDB entries
6YWM and 6YWL (unpublished). For purification, we used
the IPRS approach, which yielded pure fl nsp3b (Table 2). Fl
nsp3b displays well-dispersed HSQC spectra, making this
protein an amenable target for NMR structural studies. In
fact, we recently reported near-to-complete backbone
assignments for nsp3b in its apo and ADP-ribose–bound
form (Cantini et al., 2020).

nsp3c
The SARS unique domain (SUD) of nsp3c has been described
as a distinguishing feature of SCoVs (Snijder et al., 2003).
However, similar domains in more distant CoVs, such as
MHV or MERS, have been reported recently (Chen et al.,
2015; Kusov et al., 2015). nsp3c comprises three distinct
globular domains, termed SUD-N, SUD-M, and SUD-C,
according to their sequential arrangement: N-terminal
(N), middle (M), and C-terminal (C). SUD-N and SUD-M
develop a macrodomain fold similar to nsp3b and are
described to bind G-quadruplexes (Tan et al., 2009), while
SUD-C preferentially binds to purine-containing RNA
(Johnson et al., 2010). Domain boundaries for SUD-N and
SUD-M and for the tandem-domain SUD-NM were defined
in analogy to the SCoV homolog crystal structure (Tan et al.,
2009). Those for SUD-C and the tandem SUD-MC were
based on NMR solution structures of corresponding SCoV
homologs (Table 1) (Johnson et al., 2010). SUD-N, SUD-C,
and SUD-NM were purified using GST affinity
chromatography, whereas SUD-M and SUD-MC were
purified using His affinity chromatography. Removal of
the tag was achieved by thrombin cleavage and final
samples of all domains were prepared subsequent to size-
exclusion chromatography (SEC). Except for SUD-M, all
constructs were highly stable (Table 2). Overall protein
quality allowed for the assignment of backbone chemical
shifts for the three single domains (Gallo et al., 2020) amd
good resolved HSQC spectra also for the tandem domains
(Figure 3).

nsp3d
nsp3d comprises the papain-like protease (PLpro) domain of
nsp3 and, hence, is one of the two SCoV2 proteases that are
responsible for processing the viral polypeptide chain and
generating functional proteins (Shin et al., 2020). The
domain boundaries of PLpro within nsp3 are set by residues
743 and 1,060 (Table 1). The protein is particularly
challenging, as it is prone to misfolding and rapid
precipitation. We prepared His-tagged and His-SUMO-
tagged PLpro. The His-tagged version mainly remained in
the insoluble fraction. Still, mg quantities could be purified
from the soluble fraction, however, greatly misfolded. Fusion
to SUMO significantly enhanced protein yield of soluble PLpro.
The His-SUMO-tag allowed simple IMAC purification,
followed by cleavage with Ulp1 and isolation of cleaved
PLpro via a second IMAC. A final purification step using gel
filtration led to pure PLpro of both unlabeled and 15N-labeled
species (Table 2). The latter has allowed for the acquisition of a
promising amide correlation spectrum (Figure 3).

nsp3e
nsp3e is unique to Betacoronaviruses and consists of a nucleic
acid–binding domain (NAB) and the so-called group 2-specific
marker (G2M) (Neuman et al., 2008). Structural information is
rare; while the G2M is predicted to be intrinsically disordered (Lei
et al., 2018); the only available experimental structure of the nsp3e
NAB was solved from SCoV by the Wüthrich lab using solution
NMR (Serrano et al., 2009). We here used this structure for a
sequence-based alignment to derive reasonable domain
boundaries for the SCoV2 nsp3e NAB (Figures 4A,B). The
high sequence similarity suggested using nsp3 residues
1,088–1,203 (Table 1). This polypeptide chain was encoded in
expression vectors comprising His- and His-GST tags, both
cleavable by TEV protease. Both constructs showed excellent
expression, suitable for the IPRS protocol (Figure 4C). Finally, a
homogenous NAB species, as supported by the final gel of pooled
samples (Figure 4D), was obtained. The excellent protein quality
and stability are supported by the available HSQC (Figure 3) and
a published backbone assignment (Korn et al., 2020a).

nsp3Y
nsp3Y is the most C-terminal domain of nsp3 and exists in all
coronaviruses (Neuman et al., 2008; Neuman, 2016). Together,
though, with its preceding regions G2M, TM 1, the ectodomain,
TM2, and the Y1-domain, it has evaded structural investigations
so far. The precise function of the CoV-Y domain remains
unclear, but, together with the Y1-domain, it might affect
binding to nsp4 (Hagemeijer et al., 2014). We were able to
produce and purify nsp3Y (CoV-Y) comprising amino acids
1,638–1,945 (Table 1), yielding 12 mg/L with an optimized
protocol that keeps the protein in a final NMR buffer
containing HEPES and lithium bromide. Although the protein
still shows some tendency to aggregate and degrade (Table 2),
and despite its relatively large size, the spectral quality is excellent
(Figure 3). nsp3 CoV-Y appears suitable for an NMR backbone
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assignment carried out at lower concentrations in a deuterated
background (ongoing).

nsp5
The functional main protease nsp5 (Mpro) is a dimeric cysteine
protease (Ullrich and Nitsche, 2020). Amino acid sequence and
3D structure of SCoV [PDB 1P9U (Anand et al., 2003)] and
SCoV2 (PDB 6Y2E [Zhang et al., 2020)] homologs are highly
conserved (Figures 5A,B). The dimer interface involves the
N-termini of both monomers, which puts considerable
constraints on the choice of protein sequence for construct
design regarding the N-terminus.

We thus designed different constructs differing in the
N-terminus: the native N-terminus (wt), a GS mutant with the
additional N-terminal residues glycine and serine as His-SUMO

fusion, and a GHM mutant with the amino acids glycine,
histidine, and methionine located at the N-terminus with His-
tag and TEV cleavage site (Figure 5C). Purification of all proteins
via the IPRS approach (Figures 5D,E) yielded homogenous and
highly pure protein, analyzed by PAGE (Figure 5G), mass
spectrometry, and 2D [15N, 1H]-BEST TROSY spectra
(Figure 5H). Final yields are summarized in Table 2.

nsp7 and nsp8
Both nsp7 and nsp8 are auxiliary factors of the polymerase
complex together with the RNA-dependent RNA polymerase
nsp12 and have high sequence homology with SCoV (100% and
99%, respectively) (Gordon et al., 2020). For nsp7 in complex
with nsp8 or for nsp8 alone, additional functions in RNA
synthesis priming have been proposed (Tvarogova et al., 2019;

FIGURE 4 | Rationale of construct design, expression, and IPRS purification of the nsp3e nucleic acid–binding domain (NAB). (A) NMR structural ensemble of the
homologous SCoV nsp3e (Serrano et al., 2009). The domain boundaries as displayed are given. (B) Sequence alignment of SCoV and SCoV2 regions representing the
nsp3e locus. Arrows indicate the sequence stretch as used for the structure in panel (A). The analogous region was used for the design of the two protein expression
constructs shown (C). Left, SDS-PAGE showing the expression of nsp3e constructs from panel (B) over 4 h at two different temperatures. Middle, SDS-PAGE
showing the subsequent steps of IMAC. Right, SDS-PAGE showing steps and fractions obtained before and after TEV/dialysis and reverse IMAC. Boxes highlight the
respective sample species of interest for further usage (D) SEC profile of nsp3e following steps in panel (C) performed with a Superdex 75 16/600 (GE Healthcare)
column in the buffer as denoted in Supplementary Table SI3. The arrow indicates the protein peak of interest containing monomeric and homogenous nsp3e NAB
devoid of significant contaminations of nucleic acids as revealed by the excellent 280/260 ratio. Right, SDS-PAGE shows 0.5 µL of the final NMR sample used for the
spectrum in Figure 3 after concentrating relevant SEC fractions.
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Konkolova et al., 2020). In a recent study including an RNA-
substrate-bound structure (Hillen et al., 2020), both proteins
(with two molecules of nsp8 and one molecule of nsp7 for
each nsp12 RNA polymerase) were found to be essential for
polymerase activity in SCoV2. For both fl-proteins, a previously
established expression and IPRS purification strategy for the
SCoV proteins (Kirchdoerfer and Ward, 2019) was
successfully transferred, which resulted in decent yields of

reasonably stable proteins (Table 2). Driven by its intrinsically
oligomeric state, nsp8 showed some tendency toward
aggregation, limiting the available sample concentration. The
higher apparent molecular weight and limited solubility are
also reflected in the success of NMR experiments. While we
succeeded in a complete NMR backbone assignment of nsp7
(Tonelli et al., 2020), the quality of the spectra obtained for nsp8 is
currently limited to the HSQC presented in Figure 2.

FIGURE 5 | Rationale of construct design, expression, and purification of different nsp5 constructs. (A) Sequence alignment of SCoV and SCoV2 fl nsp5. (B) X-ray
structural overlay of the homologous SCoV (PDB 1P9U, light blue) and SCoV2 nsp5 (PDB 6Y2E, green) in cartoon representation. The catalytic dyad (H41 and C145) is
shown in stick representation (magenta). (C) Schematics of nsp5 expression constructs involving purification and solubilization tags (blue), different N-termini and
additional aa after cleavage (green), and nsp5 (magenta). Cleavage sites are indicated by an arrow. (D, E) An exemplary purification is shown for wtnsp5. IMAC (D)
and SEC (E) chromatograms (upper panels) and the corresponding SDS PAGE (lower panels). Black bars in the chromatograms indicate pooled fractions. Gel samples
are as follows: M: MW standard; pellet/load: pellet/supernatant after cell lysis; FT: IMAC flow-through; imidazole: eluted fractions with linear imidazole gradient; eluate:
eluted SEC fractions from input (load). (F) SEC-MALS analysis with ∼0.5 µg of wtnsp5 without additional aa (wtnsp5, black) with GS (GS-nsp5, blue) and with GHM
(GHM-nsp5, red)) in NMR buffer on a Superdex 75, 10/300 GL (GE Healthcare) column. Horizontal lines indicate fractions of monodisperse nsp5 used for MW
determination. (G) A SDS-PAGE showing all purified nsp5 constructs. The arrow indicates nsp5. (H) Exemplary [15N, 1H]-BEST-TROSY spectra measured at 298 K for
the dimeric wtnsp5 (upper spectrum) and monomeric GS-nsp5 (lower spectrum). See Supplementary Table SI4 for technical details regarding this figure.
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nsp9
The 12.4 kDa ssRNA-binding nsp9 is highly conserved among
Betacoronaviruses. It is a crucial part of the viral replication
machinery (Miknis et al., 2009), possibly targeting the 3’-end
stem-loop II (s2m) of the genome (Robertson et al., 2005). nsp9
adopts a fold similar to oligonucleotide/oligosaccharide-binding
proteins (Egloff et al., 2004), and structural data consistently
uncovered nsp9 to be dimeric in solution (Egloff et al., 2004;
Sutton et al., 2004; Miknis et al., 2009; Littler et al., 2020). Dimer
formation seems to be a prerequisite for viral replication (Miknis
et al., 2009) and influences RNA-binding (Sutton et al., 2004),
despite a moderate affinity for RNA in vitro (Littler et al., 2020).

Based on the early available crystal structure of SCoV2 nsp9
(PDB 6W4B, unpublished), we used the 113 aa fl sequence of
nsp9 for our expression construct (Table 1). Production of either
His- or His-GST-tagged fl nsp9 yielded high amounts of soluble
protein in both natural abundance and 13C- and 15N-labeled
form. Purification via the IPRS approach enabled us to separate fl
nsp9 in different oligomer states. The earliest eluted fraction
represented higher oligomers, was contaminated with nucleic
acids and was not possible to concentrate above 2 mg/ml. This
was different for the subsequently eluting dimeric fl nsp9 fraction,
which had a A260/280 ratio of below 0.7 and could be
concentrated to >5 mg/ml (Table 2). The excellent protein
quality and stability are supported by the available HSQC
(Figure 2), and a near-complete backbone assignment (Dudas
et al., 2021).

nsp10
The last functional protein encoded by ORF1a, nsp10, is an
auxiliary factor for both the methyltransferase/exonuclease
nsp14 and the 2′-O-methyltransferase (MTase) nsp16.
However, it is required for the MTase activity of nsp16
(Krafcikova et al., 2020), it confers exonuclease activity to
nsp14 in the RNA polymerase complex in SCoV (Ma et al.,
2015). It contains two unusual zinc finger motifs (Joseph et al.,
2006) and was initially proposed to comprise RNA-binding
properties. We generated a construct (Table 1) containing an
expression and affinity purification tag on the N-terminus as
reported for the SCoV variant (Joseph et al., 2006). Importantly,
additional Zn2+ ions present during expression and purification
stabilize the protein significantly (Kubatova et al., 2020). The
yield during isotope-labeling was high (Table 2), and tests in
unlabeled rich medium showed the potential for yields exceeding
100 mg/L. These characteristics facilitated in-depth NMR
analysis and a backbone assignment (Kubatova et al., 2020).

nsp13
nsp13 is a conserved ATP-dependent helicase that has been
characterized as part of the RNA synthesis machinery by
binding to nsp12 (Chen et al., 2020b). It represents an
interesting drug target, for which the available structure (PDB
6ZSL) serves as an excellent basis (Table 1). The precise
molecular function, however, has remained enigmatic since it
is not clear whether the RNA unwinding function is required for
making ssRNA accessible for RNA synthesis (Jia et al., 2019) or
whether it is required for proofreading and backtracking (Chen

et al., 2020b). We obtained pure protein using a standard
expression vector, generating a His-SUMO-tagged protein.
Following Ulp1 cleavage, the protein showed limited protein
stability in the solution (Table 2).

nsp14
nsp14 contains two domains: an N-terminal exonuclease
domain and a C-terminal MTase domain (Ma et al., 2015).
The exonuclease domain interacts with nsp10 and provides
part of the proofreading function that supports the high
fidelity of the RNA polymerase complex (Robson et al.,
2020). Several unusual features, such as the unusual zinc
finger motifs, set it apart from other DEDD-type
exonucleases (Chen et al., 2007), which are related to both
nsp10 binding and catalytic activity. The MTase domain
modifies the N7 of the guanosine cap of genomic and
subgenomic viral RNAs, which is essential for the
translation of viral proteins (Thoms et al., 2020). The
location of this enzymatic activity within the RNA synthesis
machinery ensures that newly synthesized RNA is rapidly
capped and thus stabilized. As a strategy, we used
constructs, which allow coexpression of both nsp14 and
nsp10 (pRSFDuet and pETDuet, respectively). Production of
isolated fl nsp14 was successful, however, with limited yield
and stability (Table 2). Expression of the isolated MTase
domain resulted in soluble protein with 27.5 kDa mass that
was amenable to NMR characterization (Figure 2), although
only under reducing conditions and in the presence of high
(0.4 M) salt concentration.

nsp15
The poly-U-specific endoribonuclease nsp15 was one of the very
first SCoV2 structures deposited in the PDB [6VWW, (Kim et al.,
2020)]. Its function has been suggested to be related to the
removal of U-rich RNA elements, preventing recognition by
the innate immune system (Deng et al., 2017), even though
the precise mechanism remains to be established. The exact
role of the three domains (N-terminal, middle, and C-terminal
catalytic domain) also remains to be characterized in more detail
(Kim et al., 2020). Here, the sufficient yield of fl nsp15 during
expression supported purification of pure protein, which,
however, showed limited stability in solution (Table 2).

nsp16
The MTase reaction catalyzed by nsp16 is dependent on nsp10 as
a cofactor (Krafcikova et al., 2020). In this reaction, the 2’-OH
group of nucleotide +1 in genomic and subgenomic viral RNA is
methylated, preventing recognition by the innate immune
system. Since both nsp14 and nsp16 are in principle
susceptible to inhibition by MTase inhibitors, a drug targeting
both enzymes would be highly desirable (Bouvet et al., 2010).
nsp16 is the last protein being encoded by ORF1ab, and only its
N-terminus is formed by cleavage by the Mpro nsp5. Employing a
similar strategy to that for nsp14, nsp16 constructs were designed
with the possibility of nsp10 coexpression. Expression of fl nsp16
resulted in good yields, when expressed both isolated and
together with nsp10. The protein, however, is in either case

Frontiers in Molecular Biosciences | www.frontiersin.org May 2021 | Volume 8 | Article 65314813

Altincekic et al. Large-Scale Production of SARS-CoV-2 Proteome

https://www.frontiersin.org/journals/molecular-biosciences
www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


unstable in solution and highly dependent on reducing buffer
conditions (Table 2). The purification procedures of nsp16 were
adapted with minor modifications from a previous X-ray
crystallography study (Rosas-Lemus et al., 2020).

Structural Proteins and Accessory ORFs
Besides establishing expression and purification protocols for
the nsps, we also developed protocols and obtained pure mg
quantities of the SCoV2 structural proteins E, M, and N, as well
as literally all accessory proteins. With the exception of the
relatively well-behaved nucleocapsid (N) protein, SCoV2 E, M,

and the remaining accessory proteins represent a class of
mostly small and relatively poorly characterized proteins,
mainly due to their difficult behavior in classical expression
systems.

We used wheat-germ cell-free protein synthesis (WG-
CFPS) for the successful production, solubilization,
purification, and, in part, initial NMR spectroscopic
investigation of ORF3a, ORF6, ORF7b, ORF8, ORF9b, and
ORF14 accessory proteins, as well as E and M in mg quantities
using the highly efficient translation machinery extracted
from wheat-germs (Figures 6A–D).

FIGURE 6 |Cell-free protein synthesis of accessory ORFs and structural proteins E andM. (A) Screening for expression and solubility of different ORFs using small-
scale reactions. The total cell-free reaction (CFS), the pellet after centrifugation, and the supernatant (SN) captured on magnetic beads coated with Strep-Tactin were
analyzed. All tested proteins were synthesized, with the exception of ORF3b. MW, MW standard. (B) Detergent solubilization tests using three different detergents, here
at the example of the M protein, shown by SDS-PAGE andWestern Blot. (C) Proteins are purified in a single step using a Strep-Tactin column. For ORF3a (and also
for M), a small heat-shock protein of the HSP20 family is copurified, as identified by mass spectrometry (see also * in PanelD). (D) SDS-PAGE of the 2H, 13C, 15N-labeled
proteins used as NMR samples. Yields were between 0.2 and 1 mg protein per mL wheat-germ extract used. (E) SEC profiles for two ORFs. Left, ORF9b migrates as
expected for a dimer. Right, OFR14 shows large assemblies corresponding to approximately 9 protein units and the DDM detergent micelle. (F) 2D [15N, 1H]-BEST-
TROSY spectrum of ORF9b, recorded at 900 MHz in 1 h at 298 K, on less than 1 mg of protein. See Supplementary Tables SI13–SI19 and Supplementary Tables
SI19, SI20 for technical and experimental details regarding this figure.
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ORF3a
The protein from ORF3a in SCoV2 corresponds to the accessory
protein 3a in SCoV, with homology of more than 70% (Table 1).
It has 275 amino acids, and its structure has recently been
determined (Kern et al., 2020). The structure of SCoV2 3a
displays a dimer, but it can also form higher oligomers. Each
monomer has three TM helices and a cytosolic β-strand rich
domain. SCoV2 ORF3a is a cation channel, and its structure has
been solved by electron microscopy in nanodiscs. In SCoV, 3a is a
structural component and was found in recombinant virus-like
particles (Liu et al., 2014), but is not explicitly needed for their
formation. The major challenge for NMR studies of this largest
accessory protein is its size, independent of its employment in
solid state or solution NMR spectroscopy.

As most other accessory proteins described in the
following, ORF3a has been produced using WG-CFPS and
was expressed in soluble form in the presence of Brij-58
(Figure 6C). It is copurified with a small heat-shock protein
of the HSP20 family from the wheat-germ extract. The
protocol described here is highly similar to that of the
other cell-free synthesized accessory proteins. Where
NMR spectra have been reported, the protein has been
produced in a 2H, 13C, 15N uniformly labeled form;
otherwise, natural abundance amino acids were added to
the reaction. The proteins were further affinity-purified in
one step using Strep-Tactin resin, through the Strep-tag II
fused to their N- or C-terminus. For membrane proteins,
protein synthesis and also purification were done in the
presence of detergent.

About half a milligram of pure protein was generally obtained
per mL of extract, and up to 3 ml wheat-germ extract have been
used to prepare NMR samples.

ORF3b
The ORF3b protein is a putative protein stemming from a
short ORF (57 aa) with no homology to existing SCoV proteins
(Chan et al., 2020). Indeed, ORF3b gene products of SCoV2
and SCoV are considerably different, with one of the
distinguishing features being the presence of premature stop
codons, resulting in the expression of a drastically shortened
ORF3b protein (Konno et al., 2020). However, the SCoV2
nucleotide sequence after the stop codon shows a high
similarity to the SCoV ORF3b. Different C-terminal
truncations seem to play a role in the interferon-
antagonistic activity of ORF3b (Konno et al., 2020). ORF3b
is the only protein that, using WG-CFPS, was not synthesized
at all; i.e., it was neither observed in the total cell-free reaction
nor in supernatant or pellet. This might be due to the
premature stop codon, which was not considered.
Constructs of ORF3b thus need to be redesigned.

ORF4 (Envelope Protein, E)
The SCoV2 envelope (E) protein is a small (75 amino acids),
integral membrane protein involved in several aspects of the
virus’ life cycle, such as assembly, budding, envelope formation,
and pathogenicity, as recently reviewed in (Schoeman and
Fielding, 2020). Structural models for SCoV (Surya et al.,

2018) and the TM helix of SCoV2 (Mandala et al., 2020) E
have been established. The structural models show a pentamer
with a TM helix. The C-terminal part is polar, with charged
residues interleaved, and is positioned on the membrane surface
in SCoV. E was produced in a similar manner to ORF3a, using the
addition of detergent to the cell-free reaction.

ORF5 (Membrane Glycoprotein, M)
The M protein is the most abundant protein in the viral
envelope and is believed to be responsible for maintaining
the virion in its characteristic shape (Huang et al., 2004). M is a
glycoprotein and sequence analyses predict three domains: A
C-terminal endodomain, a TM domain with three predicted
helices, and a short N-terminal ectodomain. M is essential for
viral particle assembly. Intermolecular interactions with the
other structural proteins, N and S to a lesser extent, but most
importantly E (Vennema et al., 1996), seem to be central for
virion envelope formation in coronaviruses, as M alone is not
sufficient. Evidence has been presented that M could adopt two
conformations, elongated and compact, and that the two forms
fulfill different functions (Neuman et al., 2011). The lack of
more detailed structural information is in part due to its small
size, close association with the viral envelope, and a tendency
to form insoluble aggregates when perturbed (Neuman et al.,
2011). The M protein is readily produced using cell-free
synthesis in the presence of detergent; as ORF3a, it is
copurified with a small heat-shock protein of the HSP20
family (Figure 6B). Membrane-reconstitution will likely be
necessary to study this protein.

ORF6
The ORF6 protein is incorporated into viral particles and is
also released from cells (Huang et al., 2004). It is a small
protein (61 aa), which has been found to concentrate at the
endoplasmic reticulum and Golgi apparatus. In a murine
coronavirus model, it was shown that expressing ORF6
increased virulence in mice (Zhao et al., 2009), and results
indicate that ORF6 may serve an important role in the
pathogenesis during SCoV infection (Liu et al., 2014). Also,
it showed to inhibit the expression of certain STAT1-genes
critical for the host immune response and could contribute to
the immune evasion. ORF6 is expressed very well in WG-
CFPS; the protein was fully soluble with detergents and
partially soluble without them and was easily purified in the
presence of detergent, but less efficiently in the absence
thereof. Solution NMR spectra in the presence of detergent
display narrow but few resonances, which correspond, in
addition to the C-terminal STREP-tag, to the very
C-terminal ORF6 protein residues.

ORF7a
SCoV2 protein 7a (121 aa) shows over 85% homology with
the SCoV protein 7a. While the SCoV2 7a protein is produced
and retained intracellularly, SCoV protein 7a has also been
shown to be a structural protein incorporated into mature
virions (Liu et al., 2014). 7a is one of the accessory proteins, of
which a (partial) structure has been determined at high
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resolution for SCoV2 (PDB 6W37). However, the very
N-terminal signal peptide and the C-terminal membrane
anchor, both highly hydrophobic, have not been
determined experimentally yet.

Expression of the ORF7a ectodomain (ED) with a GB1 tag
(Bogomolovas et al., 2009) was expected to produce reasonable
yields. The IPRS purification resulted in a highly stable protein, as
evidenced by the NMR data obtained (Figure 7).

ORF7b
Protein ORF7b is associated with viral particles in a SARS context
(Liu et al., 2014). Protein 7b is one of the shortest ORFs with 43
residues. It shows a long hydrophobic stretch, which might
correspond to a TM segment. It shows over 93% sequence
homology with a bat coronavirus 7b protein (Liu et al., 2014).
There, the cysteine residue in the C-terminal part is not
conserved, which might facilitate structural studies. ORF7b has
been synthesized successfully both from bacteria and by WG-
CFPS in the presence of detergent and could be purified using a
STREP-tag (Table 2). Due to the necessity of solubilizing agent

and its obvious tendency to oligomerize, structure determination,
fragment screening, and interaction studies are challenging.
However, we were able to record the first promising HSQC, as
shown in Figure 7.

ORF8
ORF 8 is believed to be responsible for the evolution of
Betacoronaviruses and their species jumps (Wu et al.,
2016) and to have a role in repressing the host response
(Tan et al., 2020). ORF 8 (121 aa) from SCoV2 does not
apparently exist in SCoV on the protein level, despite the
existence of a putative ORF. The sequences of the two
homologs only show limited identity, with the exception of
a small 7 aa segment, where, in SCoV, the glutamate is
replaced with an aspartate. It, however, aligns very well
with several coronaviruses endemic to animals, including
Paguma and Bat (Chan et al., 2020). The protein
comprises a hydrophobic peptide at its very N-terminus,
likely corresponding to a signal peptide; the remaining
part does not show any specific sequence features. Its

FIGURE 7 | 1H, 15N-correlation spectra of investigated structural and accessory proteins. Construct names according to Table 1 are indicated unless fl-proteins
are shown. A representative SDS-PAGE lane with final samples is included as inset.
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structure has been determined (PDB 7JTL) and shows a
similar fold to ORF7a (Flower et al., 2020). In this study,
ORF8 has been used both with (fl) and without signal peptide
(ΔORF8). We first tested the production of ORF8 in E. coli,
but yields were low because of insolubility. Both ORF8
versions have then been synthesized in the cell-free system
and were soluble in the presence of detergent. Solution NMR
spectra, however, indicate that the protein is forming either
oligomers or aggregates.

ORF9a (Nucleocapsid Protein, N)
The nucleocapsid protein (N) is important for viral genome
packaging (Luo et al., 2006). The multifunctional RNA-
binding protein plays a crucial role in the viral life cycle
(Chang et al., 2014) and its domain architecture is highly
conserved among coronaviruses. It comprises the N-terminal
intrinsically disordered region (IDR1), the N-terminal RNA-
binding globular domain (NTD), a central serine/arginine-
(SR-) rich intrinsically disordered linker region (IDR2), the
C-terminal dimerization domain (CTD), and a C-terminal
intrinsically disordered region (IDR3) (Kang et al., 2020).

N represents a highly promising drug target. We thus focused
our efforts not exclusively on the NTD and CTD alone, but, in
addition, also provide protocols for IDR-containing constructs
within the N-terminal part.

N-Terminal Domain
The NTD is the RNA-binding domain of the nucleocapsid (Kang
et al., 2020). It is embedded within IDRs, functions of which have
not yet been deciphered. Recent experimental and bioinformatic
data indicate involvement in liquid-liquid phase separation
(Chen et al., 2020a).

For the NTD, several constructs were designed, also
considering the flanking IDRs (Table 1). In analogy to the
available NMR [PDB 6YI3, (Dinesh et al., 2020)] and crystal
[PDB 6M3M, (Kang et al., 2020)] structures of the SCoV2
NTD, boundaries for the NTD and the NTD-SR domains
were designed to span residues 44–180 and 44–212,
respectively. In addition, an extended IDR1-NTD-IDR2
(residues 1–248) construct was designed, including the
N-terminal disordered region (IDR1), the NTD domain,
and the central disordered linker (IDR2) that comprises
the SR region. His-tagged NTD and NTD-SR were purified
using IPRS and yielded approx. 3 mg/L in 15N-labeled
minimal medium. High protein quality and stability are
supported by the available HSQC spectra (Figure 7).

The untagged IDR1-NTD-IDR2 was purified by IEC and
yielded high amounts of 13C, 15N-labeled samples of 12 mg/L
for further NMR investigations. The quality of our
purification is confirmed by the available HSQC
(Figure 7), and a near-complete backbone assignment of
the two IDRs was achieved (Guseva et al., 2021; Schiavina
et al., 2021). Notably, despite the structurally and
dynamically heterogeneous nature of the N protein, the
mentioned N constructs revealed a very good long-term
stability, as shown in Table 2.

C-Terminal Domain
Multiple studies on the SCoV2 CTD, including recent crystal
structures (Ye et al., 2020; Zhou et al., 2020), confirm the domain
as dimeric. Its ability to self-associate seems to be necessary for
viral replication and transcription (Luo et al., 2006). In addition,
the CTD was shown to, presumably nonspecifically, bind ssRNA
(Zhou et al., 2020).

Domain boundaries for the CTD were defined to comprise
amino acids 247–364 (Table 1), in analogy to the NMR structure
of the CTD from SCoV (PDB 2JW8, [Takeda et al., 2008)]. Gene
expression of His- or His-GST-tagged CTD yielded high amounts
of soluble protein. Purification was achieved via IPRS. The CTD
eluted as a dimer judged by its retention volume on the size-
exclusion column and yielded good amounts (Table 2). The
excellent protein quality and stability are supported by the
available HSQC spectrum (Figure 7) and a near-complete
backbone assignment (Korn et al., 2020b).

ORF9b
Protein 9b (97 aa) shows 73% sequence homology to the SCoV
and also to bat virus (bat-SL-CoVZXC21) 9b protein (Chan et al.,
2020). The structure of SCoV2 ORF9b has been determined at
high resolution (PDB 6Z4U). Still, a significant portion of the
structure was not found to be well ordered. The protein shows a
β-sheet-rich structure and a hydrophobic tunnel, in which bound
lipid was identified. How this might relate to membrane binding
is not fully understood at this point. The differences in sequence
between SCoV and SCoV2 are mainly located in the very
N-terminus, which was not resolved in the structure (PDB
6Z4U). Another spot of deviating sequence not resolved in the
structure is a solvent-exposed loop, which presents a potential
interacting segment. ORF9b has been synthesized as a dimer
(Figure 6E) using WG-CFPS in its soluble form. Spectra show a
well-folded protein, and assignments are underway (Figure 6F).

ORF14 (ORF9c)
ORF14 (73 aa) remains, at this point in time, hypothetical. It
shows 89% homology with a bat virus protein (bat-SL-
CoVZXC21). It shows a highly hydrophobic part in its
C-terminal region, comprising two negatively charged residues
and a charged/polar N-terminus. The C-terminus is likely
mediating membrane interaction. While ORF14 has been
synthesized in the wheat-germ cell-free system in the presence
of detergent and solution NMR spectra have been recorded, they
hint at an aggregated protein (Figure 6E). Membrane-
reconstitution of ORF14 revealed an unstable protein, which
had been degraded during detergent removal.

ORF10
The ORF10 protein is comprised of 38 aa and is a hypothetical
protein with unknown function (Yoshimoto, 2020). SCoV2
ORF10 displays 52.4% homology to SCoV ORF9b. The protein
sequence is rich in hydrophobic residues, rendering expression
and purification challenging. Expression of ORF10 as His-Trx-
tagged or His-SUMO tagged fusion protein was possible;
however, the ORF10 protein is poorly soluble and shows
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partial unfolding, even as an uncleaved fusion protein. Analytical
SEC hints at oligomerization under the current conditions.

DISCUSSION

The ongoing SCoV2 pandemic and its manifestation as the
COVID-19 disease call for an urgent provision of therapeutics
that will specifically target viral proteins and their interactions
with each other and RNAs, which are crucial for viral
propagation. Two “classical” viral targets have been addressed
in comprehensive approaches soon after the outbreak in
December 2019: the viral protease nsp5 and the RNA-
dependent RNA polymerase (RdRp) nsp12. While the latter
turned out to be a suitable target using the repurposed
compound Remdesivir (Hillen et al., 2020), nsp5 is undergoing
a broad structure-based screen against a battery of inhibitors in
multiple places (Jin et al., 2020; Zhang et al., 2020), but with, as of
yet, the limited outcome for effective medication. Hence, a
comprehensive, reliable treatment of COVID-19 at any stage
after the infection has remained unsuccessful.

Further viral protein targets will have to be taken into
account in order to provide inhibitors with increased
specificity and efficacy and preparative starting points for
following potential generations of (SARS-)CoVs. Availability
of those proteins in a recombinant, pure, homogenous, and
stable form in milligrams is, therefore, a prerequisite for
follow-up applications like vaccination, high-throughput
screening campaigns, structure determination, and mapping
of viral protein interaction networks. We here present, for the
first time, a near-complete compendium of SCoV2 protein
purification protocols that enable the production of large
amounts of pure proteins.

The COVID19-NMR consortium was launched with the
motivation of providing NMR assignments of all SCoV2
proteins and RNA elements, and enormous progress has
been made since the outbreak of COVID-19 for both
components [see Table 2 and (Wacker et al., 2020)].
Consequently, we have put our focus on producing proteins
in stable isotope-labeled forms for NMR-based applications,
e.g., the site-resolved mapping of interactions with compounds
(Li and Kang, 2020). Relevant to a broad scientific community,
we here report our protocols to suite perfectly any downstream
biochemical or biomedical application.

Overall Success and Protein Coverage
As summarized in Table 2, we have successfully purified 80%
of the SCoV2 proteins either in fl or providing relevant
fragments of the parent protein. Those include most of the
nsps, where all of the known/predicted soluble domains have
been addressed (Figure 1). For a very large part, we were able
to obtain protein samples of high purity, homogeneity, and
fold for NMR-based applications. We would like to point out
a number of CoV proteins that, evidenced by their HSQCs,
for the first time, provide access to structural information,
e.g., the PLpro nsp3d and nsp3Y. Particularly for the nsp3
multidomain protein, we here present soluble samples of

almost the complete cytosolic region with more than
120 kDa in the form of excellent 2D NMR spectra
(Figure 3), a major part of which fully backbone-assigned.
We thus enable the exploitation of the largest and most
enigmatic multifunctional SCoV2 protein through
individual domains in solution, allowing us to study their
concerted behavior with single residue resolution. Similarly,
for nsp2, we provide a promising starting point for studying
the so far neglected, often uncharacterized, and apparently
unstructured proteins.

Driven by the fast-spreading COVID-19, we initially left out
proteins that require advanced purification procedures (e.g.,
nsp12 and S) or where a priori information was limited (nsp4
and nsp6). This procedure seems justified with the time-saving
approach of our effort in favor of the less attended proteins.
However, we are in the process of collecting protocols for the
missing proteins.

Different Complexities and Challenges
The compilation of protein production protocols, initially guided
by information from CoV homologs (Table 1), has confronted us
with very different levels of complexity. With some prior
expectation toward this, we have shared forces to quickly
“work off” the highly conserved soluble and small proteins
and soon put focus into the processing of the challenging
ones. The difficulties in studying this second class of proteins
are due to their limited sequence conservation, no prior
information, large molecular weights, insolubility, and so forth.

The nsp3e NAB represents one example where the available
NMR structure of the SCoV homolog provided a bona fide
template for selecting initial domain boundaries (Figure 4).
The transfer of information derived from SCoV was
straightforward; the transferability included the available
protocol for the production of comparable protein amounts
and quality, given the high sequence identity. In such cases,
we found ourselves merely to adapt protocols and optimize yields
based on slightly different expression vectors and E. coli strains.

However, in some cases, such transfer was unexpectedly not
successful, e.g., for the short nsp1 GD. Despite intuitive domain
boundaries with complete local sequence identity seen from the
SCoV nsp1 NMR structure, it took considerable efforts to purify
an analogous nsp1 construct, which is likely related to the
impaired stability and solubility caused by a number of
impacting amino acid exchanges within the domain’s flexible
loops. In line with that, currently available structures of SCoV2
nsp1 have been obtained by crystallography or cryo-EM and
include different buffers. As such, our initial design was
insufficient in terms of taking into account the parameters
mentioned above. However, one needs to consider those
particular differences between the nsp1 homologs as one of
the most promising target sites for potential drugs as they
appear to be hotspots in the CoV evolution and will have
essential effects for the molecular networks, both in the virus
and with the host (Zust et al., 2007; Narayanan et al., 2015; Shen
et al., 2019; Thoms et al., 2020).

A special focus was put on the production of the SCoV2 main
protease nsp5, for which NMR-based screenings are ongoing. The
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main protease is critical in terms of inhibitor design as it appears
under constant selection, and novel mutants remarkably
influence the structure and biochemistry of the protein (Cross
et al., 2020). In the present study, the expression of the different
constructs allowed us to characterize the protein in both its
monomeric and dimeric forms. Comparison of NMR spectra
reveals that the constructs with additional amino acids (GS and
GHM mutant) display marked structural differences to the wild-
type protein while being structurally similar among themselves
(Figure 5H). The addition of two residues (GS) interferes with the
dimerization interface, despite being similar to its native
N-terminal amino acids (SGFR). We also introduced an active
site mutation that replaces cysteine 145 with alanine (Hsu et al.,
2005). Intriguingly, this active site mutation C145A, known to
stabilize the dimerization of the main protease (Chang et al.,
2007), supports dimer formation of the GS added construct (GS-
nsp5 C145A) shown by its 2DNMR spectrum overlaying with the
one of wild-type nsp5 (Supplementary Table SI4). The NMR
results are in line with SEC-MALS analyses (Figure 5F). Indeed,
the additional amino acids at the N-terminus shift the
dimerization equilibrium toward the monomer, whereas the
mutation shifts it toward the dimer despite the N-terminal aa
additions. This example underlines the need for a thorough and
precise construct design and the detailed biochemical and NMR-
based characterization of the final sample state. The presence of
monomers vs. dimers will play an essential role in the inhibitor
search against SCoV2 proteins, as exemplified by the particularly
attractive nsp5 main protease target.

Exploiting Nonbacterial Expression
As a particular effort within this consortium, we included the so
far neglected accessory proteins using a structural genomics
procedure supported by wheat-germ cell-free protein synthesis.
This approach allowed us previously to express a variety of
difficult viral proteins in our hands (Fogeron et al., 2015a;
Fogeron et al., 2015b; Fogeron et al., 2016; Fogeron et al.,
2017; Wang et al., 2019; Jirasko et al., 2020a). Within the
workflow, we especially highlight the straightforward
solubilization of the membrane proteins through the addition
of detergent to the cell-free reaction, which allowed the
production of soluble protein in milligram amounts
compatible with NMR studies. While home-made extracts
were used here, very similar extracts are available
commercially (Cell-Free Sciences, Japan) and can thus be
implemented by any lab without prior experience. Also, a
major benefit of the WG-CFPS system for NMR studies lies in
the high efficiency and selectivity of isotopic labeling. In contrast
to cell-based expression systems, only the protein of interest is
produced (Morita et al., 2003), which allows bypassing extensive
purification steps. In fact, one-step affinity purification is in most
cases sufficient, as shown for the different ORFs in this study.
Samples could be produced for virtually all proteins, with the
exception of the ORF3b construct used. With new recent insight
into the stop codons present in this ORF, constructs will be
adapted, which shall overcome the problems of ORF3b
production (Konno et al., 2020).

For two ORFs, 7b and 8, we exploited a paralleled production
strategy, i.e., both in bacteria and via cell-free synthesis. For those
challenging proteins, we were, in principle, able to obtain pure
samples from either expression system. However, for ORF7b, we
found a strict dependency on detergents for follow-up work from
both approaches. ORF8 showed significantly better solubility
when produced in WG extracts compared to bacteria. This
shows the necessity of parallel routes to take, in particular, for
the understudied, biochemically nontrivial ORFs that might
represent yet unexplored but highly specific targets to consider
in the treatment of COVID-19.

Downstream structural analysis of ORFs produced with CFPS
remains challenging but promising progress is being made in the
light of SCoV2. Some solution NMR spectra show the expected
number of signals with good resolution (e.g., ORF9b). As expected,
however, most proteins cannot be straightforwardly analyzed by
solution NMR in their current form, as they exhibit too large objects
after insertion intomicelles and/or by inherent oligomerization. Cell-
free synthesized proteins can be inserted into membranes through
reconstitution (Fogeron et al., 2015a; Fogeron et al., 2015b; Fogeron
et al., 2016; Jirasko et al., 2020a; Jirasko et al., 2020b). Reconstitution
will thus be the next step for many accessory proteins, but also forM
and E, which were well produced byWG-CFPS.We will also exploit
the straightforward deuteration in WG-CFPS (David et al., 2018;
Wang et al., 2019; Jirasko et al., 2020a) that circumvents proton
back-exchange, rendering denaturation and refolding steps obsolete
(Tonelli et al., 2011). Nevertheless, the herein presented protocols for
the production of non-nsps by WG-CFPS instantly enable their
employment in binding studies and screening campaigns and thus
provide a significant contribution to soon-to-come studies on
SCoV2 proteins beyond the classical and convenient drug targets.

Altogether and judged by the ultimate need of exploiting
recombinant SCoV2 proteins in vaccination and highly
paralleled screening campaigns, we optimized sample amount,
homogeneity, and long-term stability of samples. Our freely
accessible protocols and accompanying NMR spectra now
offer a great resource to be exploited for the unambiguous and
reproducible production of SCoV2 proteins for the intended
applications.
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GLOSSARY

aa Amino acid

BEST Band-selective excitation short-transient

BMRB Biomagnetic resonance databank

CFPS Cell-free protein synthesis

CoV Coronavirus

CTD C-terminal domain

DEDD Asp-Glu-Glu-Asp

DMS Dimethylsulfate

E Envelope protein

ED Ectodomain

fl Full-length

GB1 Protein G B1 domain

GD Globular domain

GF Gel filtration

GST Glutathione-S-transferase

His Hisx-tag

HSP Heat-shock protein

HSQC Heteronuclear single quantum coherence

IDP Intrinsically disordered protein

IDR Intrinsically disordered region

IEC Ion exchange chromatography

IMAC Immobilized metal ion affinity chromatography

IPRS IMAC-protease cleavage-reverse IMAC-SEC;

M Membrane protein

MERS Middle East Respiratory Syndrome

MHV Murine hepatitis virus

Mpro
Main protease

MTase Methyltransferase

N Nucleocapsid protein

NAB Nucleic acid–binding domain

nsp Nonstructural protein

NTD N-terminal domain

PLpro Papain-like protease

RdRP RNA-dependent RNA polymerase

S Spike protein

SARS Severe Acute Respiratory Syndrome

SEC Size-exclusion chromatography

SUD SARS unique domain

SUMO Small ubiquitin-related modifier

TEV Tobacco etch virus

TM Transmembrane

TROSY Transverse relaxation-optimized spectroscopy

Trx Thioredoxin

Ubl Ubiquitin-like domain

Ulp1 Ubiquitin-like specific protease 1

WG Wheat-germ.
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5.10 Research article: 1H, 13C and 15N chemical shift assignment of the stem-loop 5a from the 5′-UTR 
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* These authors contributed equally to this work. 

 

In this work, the stem-loop 5a (SL5a) located in the 5'-UTR of the SARS-CoV-2 genome was 
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Abstract
The SARS-CoV-2 (SCoV-2) virus is the causative agent of the ongoing COVID-19 pandemic. It contains a positive sense 
single-stranded RNA genome and belongs to the genus of Betacoronaviruses. The 5′- and 3′-genomic ends of the 30 kb 
SCoV-2 genome are potential antiviral drug targets. Major parts of these sequences are highly conserved among Betacoro-
naviruses and contain cis-acting RNA elements that affect RNA translation and replication. The 31 nucleotide (nt) long 
highly conserved stem-loop 5a (SL5a) is located within the 5′-untranslated region (5′-UTR) important for viral replication. 
SL5a features a U-rich asymmetric bulge and is capped with a 5′-UUU CGU -3′ hexaloop, which is also found in stem-loop 
5b (SL5b). We herein report the extensive 1H, 13C and 15N resonance assignment of SL5a as basis for in-depth structural 
studies by solution NMR spectroscopy.

Keywords SARS-CoV-2 · 5′-UTR  · SL5a · Solution NMR spectroscopy · COVID19-NMR

Biological context

SCoV-2 is a member of the Betacoronavirus family and con-
tains a large single-stranded (+) RNA genome with a length 
of approx. 30,000 nucleotides (nts) (Hu et al. 2020; V’kovski 
et al. 2020). The RNA genome of the virus not only contains 
the coding regions for the viral proteins, but also extended 
and highly structured 5′- and 3′-UTRs, as well as internal 
structured RNA elements with important functional roles 
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in genome replication, transcription of subgenomic (sg) 
mRNAs and the balanced translation of viral proteins (Mad-
hugiri et al. 2016; Kelly et al. 2020; Tidu et al. 2020). While 
the development of antiviral therapeutics against COVID-
19 is primarily focused on the viral proteins, the highly 
structured RNA elements provide an extensive reservoir of 
additional drug targets to be exploited. The architecture of 
the RNA genome of SCoV2 and related viruses has so far 
been investigated mainly by sequence-based computational 
predictions and by chemical probing approaches in vitro and 
in vivo (e.g. Manfredonia et al. 2020; Rangan et al. 2020). 
Although structural probing methods have been established 
to map RNA-small molecule interactions even in cells (Mar-
tin et al. 2019), these tools are unable to define the tertiary 
structure and dynamics of the RNA-elements in the SCoV-2 
genome with sufficiently high resolution to enable structure-
based drug design by virtual screening.

While the sequences of the individual structural elements 
vary between different Coronaviruses, their ubiquitous pres-
ence and highly conserved secondary structures suggest 
that these elements are critically important for viral viabil-
ity and pathogenesis (reviewed in Madhugiri et al. 2016). 
One example of such an important structure is stem-loop 
5 (SL5). SL5 is structurally conserved in the genomes of 
Alpha- and Betacoronaviruses and has been shown to be 
crucial for efficient viral replication (Chen and Olsthoorn 
2010; Guan et al. 2011).

In SCoV-2, SL5 consists of four helices including nts 
149–297 of the 5′-UTR and the first 29 nts of the Nsp1 
coding region (Suppl. Figure 1A). Sub-elements are joined 
to the SL5 basal stem by a four-helix junction. These sub-
elements are termed SLs 5a, 5b and 5c. SL5a consists of 
31 nucleotides and represents the largest of the three stem-
loops. Intriguingly, the apical loop sequences of SL5a and 
SL5b are identical (5′-UUU CGU -3′) and belong to the 
5′-UUY CGU -3′ motif, which is also found in Alphacorona-
viruses. This high level of sequence conservation suggests 
functional importance, e.g. in viral packaging (Masters 
2019). Thus, we have recently obtained secondary structure 
models of SL5a-c and the basal stem segment of SL5 based 
on initial 1H and 15N assignments (Wacker et al. 2020). In 
order to characterize SL5a further, we provide here a near 
complete 1H, 13C and 15N chemical shift assignment.

Methods and experiments

Sample preparation

RNA synthesis for NMR experiments: For DNA template 
production, the sequence of SL5a together with the T7 pro-
moter was generated by hybridization of complementary oli-
gonucleotides and introduced into the EcoRI and NcoI sites 

of an HDV ribozyme encoding plasmid (Schürer et al. 2002), 
based on the pSP64 vector (Promega). RNAs were tran-
scribed as HDV ribozyme fusions to obtain a homogeneous 
3′-end. The recombinant vector pHDV-5_SL5a was trans-
formed and amplified in the Escherichia coli strain DH5α. 
Plasmid-DNA was purified using a large scale DNA isola-
tion kit (Gigaprep; Qiagen) according to the manufacturer’s 
instructions and linearized with HindIII prior to in-vitro 
transcription using the T7 RNA polymerase P266L mutant, 
which was prepared as described in (Guillerez et al. 2005). 
15 ml transcription reactions [20 mM DTT, 2 mM spermi-
dine, 200 ng/µl template, 200 mM Tris/glutamate (pH 8.1), 
40 mM Mg(OAc)2, 12 mM NTPs, 32 µg/ml T7 RNA Poly-
merase, 20% DMSO] were performed to obtain sufficient 
amounts of SL5a RNA (5′-pppGGG CUG CUU ACG GUU 
UCG UCC GUG UUG CAG CCC-3′). Preparative transcrip-
tion reactions (6 h at 37 °C and 70 rpm) were terminated 
by addition of 150 mM EDTA. SL5a RNA was purified as 
follows: RNAs were precipitated with one sample volume of 
ice-cold 2-propanol. RNA fragments were separated on 15% 
denaturing polyacrylamide (PAA) gels and visualized by UV 
shadowing at 254 nm. SL5a RNA was excised from the gel 
and eluted using the following protocol: The gel fragments 
were granulated in two gel volumes 0.3 M NaOAc solution, 
incubated for 30 min at − 80 °C, followed by 15 min at 
65 °C. The RNA was further eluted from gel fragments over-
night by passive diffusion into 0.3 M NaOAc, precipitated 
with EtOH and desalted via PD10 columns (GE Healthcare). 
Residual PAA was removed by reversed-phase HPLC using 
a Kromasil RP 18 column and a gradient of 0–40% 0.1 M 
acetonitrile/triethylammonium acetate. After freeze-drying 
of RNA-containing fractions and cation exchange by  LiClO4 
precipitation (2% in acetone), the RNA was folded in water 
by heating to 80 °C followed by rapid cooling on ice. Buffer 
exchange to NMR buffer (25 mM potassium phosphate 
buffer, pH 6.2, 50 mM potassium chloride) was performed 
using Vivaspin centrifugal concentrators (2 kDa molecular 
weight cut-off). Purity of SL5a was verified by denaturing 
PAA gel electrophoresis and homogenous folding was moni-
tored by native PAA gel electrophoresis, loading the same 
RNA concentration as used in NMR experiments.

Using this protocol, two NMR samples of SL5a, an 
810 µM uniformly 15N- and a 680 µM uniformly 13C,15N-
labeled sample, were prepared and used for the assignment 
presented herein.

NMR experiments

NMR experiments using the 15N-labeled RNA were car-
ried out at the Karolinska Institute (KI) using a Bruker 
AVANCEIII 600 MHz NMR spectrometer equipped with 
a 5 mm, z-axis gradient 1H  [13C, 15N, 31P]-QCI cryogenic 
probe. All NMR experiments with the 13C,15N-labeled RNA 
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were conducted at the Center for Biomolecular Magnetic 
Resonance (BMRZ) at the Goethe University (GU) Frank-
furt using Bruker AVIIIHD NMR spectrometers from 600 
to 800 MHz, which are equipped with the following cryo-
genic probes: 5 mm, z-axis gradient 1H  [13C,31P]-TCI cryo-
genic probe (600 MHz), 5 mm, z-axis gradient 1H  [13C, 15N, 
31P]-QCI cryogenic probe (700 MHz) and 13C-optimized 
5 mm, z-axis gradient 13C, 15N  [1H]-TXO cryogenic probe 
(800 MHz).

At BMRZ and KI, experiments were performed at 298 K 
if not indicated otherwise. NMR spectra were processed and 
analyzed using Topspin versions 4.0.8 (GU) and 3.6.2 (KI). 
The chemical shift assignment was conducted using Sparky 
(Lee et al. 2015). NMR data were managed and archived 
using the platform LOGS (2020, version 2.1.54, Signals 
GmbH & Co KG, www.logs.repos itory .com). 1H chemi-
cal shifts were referenced externally to DSS, and 13C and 
15N chemical shifts were indirectly referenced from the 1H 
chemical shift as described earlier (Wishart et al. 1995).

We have previously reported the imino and cytidine 
amino resonance assignment of SL5a (Wacker et al. 2020) 
that allowed us to determine the base pairing in this RNA 
element. The location of stable base pairs is confirmed by 
through space 2hJNN coupling constants (Dingley et al. 2008) 
reported in Suppl. Table S1. These assignments were avail-
able from experiments conducted on a 15N-labeled RNA 
sample and provided starting points of the aromatic proton 
resonance assignment using 1H,1H-NOESY (Tables 1 I, 2 
I) and (H)C(CCN)H (Tables 1 IV, 2 V) experiments linking 
the imino proton resonances to the aromatic protons and car-
bons (Fig. 1a and b). The remaining H6/8–C6/8 resonances 
in the aromatic 1H,13C-HSQC spectrum (Tables 1 II, 2 III) 
were assigned using a 3D 13C-NOESY-HSQC experiment 
(Table 1 VII), which was selective for the aromatic region. 
Cytidine and uridine C5-H5 resonances were assigned using 
1H,1H-TOCSY (Table 1 VI, Fig. 1e) and 1H,13C-HSQC 
spectra (Table 1 III, Fig. 1d). Furthermore, quaternary car-
bon atoms were assigned using an HNCO type experiment 
(Table 2 IV) and the TROSY relayed HCCH-COSY experi-
ment (Table 1 VIII). The 13C-detected 3D CNC spectrum 
(Table 1 V, Fig. 1c) linked the aromatic carbons to the ano-
meric C1′ resonances, where the nitrogen dimension aided 
in distinguishing between purine and pyrimidine nucleotides 
as well as between uridines and cytidines. Also, by corre-
lating C6/8 to C1′, resonance overlap is minimized given 
the broader signal distribution in the carbon as opposed to 
the respective proton dimensions. Based on C1′ resonances 
obtained from the CNC spectrum and from sequential 
assignment in the NOESY spectra, H1′–C1′ correlations 
were assigned in the 1H,13C-HSQC spectrum (Table 1 III, 

Fig. 1f). A continuous sequential walk of H1′-to-H6/H8 
was possible for both helices (Fig. 1c). The H1′–C1′ assign-
ment was further confirmed with a 3D 13C-NOESY-HSQC 
experiment (Table 1 IX), which was selective for the C1′ 
resonances. Using two different 3D HCCH TOCSY experi-
ments (Table 1 X, XI and XII), the remaining ribose carbon 
resonances C2′–C5′ were assigned. The two experiments 
differed in the TOCSY mixing time such that with a short 
mixing time of 6 ms, C2′ and C3′ resonances could be dis-
tinguished by intensity differences, while with a long mixing 
time of 18 ms also C4′ and C5′ carbons were correlated to 
the C1′ resonances.  

The U‑rich bulge

One of the structural features of the SL5a RNA is an asym-
metric U-rich bulge (Fig. 1c). In this likely more dynamic 
part of the RNA, a near to complete sequential walk (H6/8 to 
H6/8 or H1′) was possible and thus, all aromatic H6/8–C6/8 
correlations were assigned. With the aromatic assignment 
at hand, the strong imino resonance of a uridine involved 
in non-canonical base pairing was assigned to residue 
U194 using the (H)C(CCN)H experiment at 283 K. From 
observation of this signal, the formation of a base pairing 
involving U194 and likely either U211 or U212 is suggested. 
This is further supported by an imino-to-imino NOE con-
tact between U194 and a non-canonical uridine at 273 K. 
Furthermore, from the U194 carbon chemical shifts in the 
HNCO experiment, we conclude that the hydrogen bond-
ing interaction is mediated through the C2 carbonyl group 
(Fürtig et al. 2003; Ohlenschläger et al. 2004). The exist-
ence of a GU- wobble base pair involving residues U195 
and G210 has not been confirmed, yet. However, broadened 
imino proton resonances for an additional guanosine and 
uridine, which are taking part in non-canonical interactions, 
are observed at low temperature (283 K).

The 5′‑UUU CGU ‑3′ hexaloop

In addition to the U-rich asymmetric bulge (Fig. 1c), SL5a 
features a 5′-UUU CGU -3′ hexaloop, which also caps the 
helix of SL5b in the 5′-UTR. Except for residue U205, all 
aromatic loop assignments were derived from sequential 
NOE correlations, e.g. H6/8 to H5 or H1′ to H6/8 sequential 
contacts. Since the central residues of this loop sequence, 
5′-UUCG-3′, resemble a highly abundant and well-char-
acterized tetraloop sequence (Cheong et  al. 1990; Für-
tig et al. 2004; Nozinovic et al. 2010), we asked, whether 
structural features of this UUCG tetraloop are also found 
within the 5′-UUU CGU -3′ hexaloop of SL5a. While the 

http://www.logs.repository.com
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Table 1  List of NMR experiments conducted at KI and BMRZ at 298 K

# NMR experiment Experimental parameters Characteristic parameters

I 1H,1H-NOESYKI

Jump-return water suppression
A Aromatics: 600 MHz, ns: 64, sw(f2): 21.0 ppm, 

sw(f1): 11.9 ppm, aq(f2): 81 ms, aq(f1): 56 ms, 
o1(1H): 4.7 ppm, o3(15N): 153 ppm, rel. delay: 
1.5 s, time: 25 h

B Iminos: 600 MHz, ns: 128, sw(f2): 21.0 ppm, 
sw(f1): 11.9 ppm, aq(f2): 81 ms, aq(f1): 25 ms, 
o1(1H): 4.7 ppm, o3(15N): 153 ppm, rel. delay: 
1.0 s, time: 16 h

A NOE mixing time 150 ms, JR-delay 167 µs
B NOE mixing time 150 ms, JR-delay 52 µs

II 1H,13C-HSQCBMRZ

Aromatic region
(Bodenhausen and Ruben 1980)

800 MHz, ns: 8, sw(f2): 8.6 ppm, sw(f1): 
24.8 ppm, aq(f2): 75 ms, aq(f1): 38 ms, o1(1H): 
4.7 ppm, o2(13C): 143 ppm, o3(15N): 153 ppm, 
rel. delay: 1.0 s, time: 1 h

INEPT transfer time 2.7 ms (1JCH 185 Hz), off-
resonant Q3 shaped pulse for C5 decoupling at 
95 ppm with 25 ppm bandwidth

III 1H,13C-CT-HSQCBMRZ

Full
(Vuister and Bax 1992)

700 MHz, ns: 40, sw(f2): 10.0 ppm, sw(f1): 
95.6 ppm, aq(f2): 73 ms, aq(f1): 17 ms, o1(1H): 
4.7 ppm, o2(13C): 107 ppm, o3(15N): 153 ppm, 
rel. delay: 1.0 s, time: 7 h

INEPT transfer time 2.8 ms (1JCH 180 Hz), CT 
period 25 ms (1JCC 40 Hz)

IV (H)C(CCN)HBMRZ

Aromatics-to-imino
(Piotto et al. 1992; Sklenár et al. 

1996; Wöhnert et al. 2003)

800 MHz, ns: 256, sw(f3): 20.9 ppm, sw(f2): 
9.9 ppm, aq(f3): 67 ms, aq(f2): 32 ms, o1(1H): 
4.7 ppm, o2(13C): 137 ppm, o3(15N): 154 ppm, 
rel. delay: 1.5 s, time: 16 h

CC-TOCSY mixing time 28 ms

V 3D 13C-detected CNCBMRZ

C6/8-to-C1′
(Sklenar et al. 1993a)

800 MHz, ns: 24, sw(f3): 24.5 ppm, sw(f2): 
34.7 ppm, sw(f1): 12.0 ppm, aq(f3): 67 ms, 
aq(f2): 6 ms, aq(f1): 20 ms, o1(13C): 90 ppm, 
o2(1H): 4.7 ppm, o3(15N): 157 ppm, rel. delay: 
0.5 s, time: 48d h

C6/8-N1/9 transfer time 30 ms, C–H transfer time 
2.9 ms (1′) and 2.6 ms (6/8)

VI 1H,1H-TOCSYKI

Excitation sculpting water sup-
pression

(Shaka et al. 1988; Shaka and 
Hwang 1995)

600 MHz, ns: 16, sw(f2): 8.8 ppm, sw(f1): 
6.2 ppm, aq(f2): 100 ms, aq(f1): 51 ms, o1(1H): 
4.7 ppm, o2(13C): 99 ppm, o3(15N): 86 ppm, rel. 
delay: 1.5 s, time: 3 h

CC-TOCSY mixing time 40 ms

VII 3D 13C-NOESY-HSQCBMRZ

Aromatics
(Piotto et al. 1992; Sklenar et al. 

1993b)

800 MHz, ns: 16, sw(f3,1H): 8.8 ppm, sw(f2,13C): 
22.0 ppm, sw(f1,1H): 6.2 ppm, aq(f3): 73 ms, 
aq(f2): 7 ms, aq(f1): 20 ms, o1(1H): 4.7 ppm, 
o2(13C): 142.5 ppm, o3(15N): 185 ppm, rel. 
delay: 1.0 s, time: 3 days 4 h

NOE mixing time 200 ms

VIII 3D TROSY-HCCH-COSYBMRZ

Adenine C2-to-C8
(Simon et al. 2001)

800 MHz, ns: 16, sw(f3,1H): 9.0 ppm, sw(f2,13C): 
24.8 ppm, sw(f1,13C): 58.5 ppm, aq(f3): 71 ms, 
aq(f2): 6 ms, aq(f1): 5 ms, o1(1H): 4.7 ppm, 
o2(13C): 142.5 ppm, o3(15N): 150 ppm, rel. 
delay: 1.0 s, time: 1 day 19 h

Bruker standard parameter set

IX 3D 13C-NOESY-HSQCBMRZ

Ribose
(Piotto et al. 1992; Sklenar et al. 

1993b)

600 MHz, ns: 16, sw(f3,1H): 10.4 ppm, sw(f2,13C): 
43.0 ppm, sw(f1,1H): 8.3 ppm, aq(f3): 82 ms, 
aq(f2): 5 ms, aq(f1): 13 ms, o1(1H): 4.7 ppm, 
o2(13C): 82.5 ppm, o3(31P): − 1 ppm, rel. delay: 
1.3 s, time: 2 days 10 h

NOE mixing time 200 ms, HSQC transfer time 
2.9 ms (1JCH 170 Hz)

X 3D (H)CCH-TOCSYBMRZ

ribose C1′-to-C2′
(Kay et al. 1993; Richter et al. 

2010)

600 MHz, ns: 8, sw(f3,1H): 10.4 ppm, sw(f2,13C): 
10.0 ppm, sw(f1,13C): 35.4 ppm, aq(f3): 82 ms, 
aq(f2): 21 ms, aq(f1): 12 ms, o1(1H): 4.7 ppm, 
o2(13C): 76.5 ppm, o3(31P): − 1 ppm, rel. delay: 
1.3 s, time: 1 day 3 h

CC-TOCSY mixing time 6 ms

XI 3D (H)CCH-TOCSYBMRZ

ribose C1′-to-C5′
(Kay et al. 1993; Richter et al. 

2010)

600 MHz, ns: 8, sw(f3,1H): 10.4 ppm, sw(f2,13C): 
10.0 ppm, sw(f1,13C): 35.4 ppm, aq(f3): 82 ms, 
aq(f2): 21 ms, aq(f1): 12 ms, o1(1H): 4.7 ppm, 
o2(13C): 76.5 ppm, o3(31P): − 1 ppm, rel. delay: 
1.3 s, time: 1 day 3 h

CC-TOCSY mixing time 18 ms
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characteristic imino proton resonances of the sheared GU 
base pair in the 5′-UUCG-3′ tetraloop remained elusive in 
SL5a spectra (e.g. 1H 1D or 1H,15N-HSQC), 1H,13C-HSQC 
spectra of the ribose region of SL5a and a 14 nt RNA with 
a 5′-cUUCGg-3′ tetraloop (secondary structure Suppl. 
Figure 1B) yielded a similar peak pattern (Fig. 2a and b). 
Here, it is evident that the chemical shifts of the central 
two nucleotides of the 5′-UUU CGU -3′ hexaloop, U202 and 
C203, are in good agreement with the respective counter-
parts in the 5′-cUUCGg-3′ tetraloop. This observation is also 

reflected in the canonical coordinates (Ebrahimi et al. 2001; 
Cherepanov et al. 2010), which suggest the ribofuranosyl 
ring to adopt the C2′-endo conformation for U202 and C203, 
while the remaining nucleotides (with a complete ribose car-
bon assignment) adopt the canonical C3′-endo conformation 
(Fig. 2c). These spectral data suggest a structural similarity 
between the middle part of the 5′-UUU CGU -3′ hexa- and 
5′-cUUCGg-3′ tetraloop. This might not hold true to the 
same extent for the flanking residues U201 and G204 as 
characteristic resonances are absent in the 1H,13C-HSQC 

Experimental parameters and experiment-specific parameters are given
ns number of scans, sw spectral width, aq acquisition time, o1/2/3 carrier frequencies on channels 1/2/3, rel. delay relaxation delay, CT constant 
time, JR jump-return

Table 1  (continued)
# NMR experiment Experimental parameters Characteristic parameters

XII 3D H(C)CH-TOCSYBMRZ

Ribose C1′-to-H5′
(Kay et al. 1993; Richter et al. 

2010)

700 MHz, ns: 16, sw(f3,1H): 8.6 ppm, sw(f2,13C): 
10.0 ppm, sw(f1,1H): 3.2 ppm, aq(f3): 85 ms, 
aq(f2): 25 ms, aq(f1): 39 ms, o1(1H): 4.7 ppm, 
o2(13C): 76.5 ppm, o3(15N): 153 ppm, rel. delay: 
1.0 s, time: 20 h

CC-TOCSY mixing time 16 ms

Table 2  List of NMR experiments conducted at KI and BMRZ at 283 K

Experimental parameters and experiment-specific parameters are given
ns number of scans, sw spectral width, aq acquisition time, o1/2/3 carrier frequencies on channels 1/2/3, rel. delay relaxation delay, JR jump-
return

# NMR experiment Experimental parameters Characteristic parameters

I 1H,1H-NOESYKI

Jump-return water suppression
600 MHz, ns: 128, sw(f2): 21.0 ppm, sw(f1): 

11.9 ppm, aq(f2): 81 ms, aq(f1): 25 ms, 
o1(1H): 4.7 ppm, o2(13C): 99 ppm, o3(15N): 
153 ppm, rel. delay: 1.0 s, time: 16 h

NOE mixing time 150 ms, JR-delay 52 µs

II BEST-TROSY-HNN-COSYBMRZ

Across hydrogen bond
(Dingley and Grzesiek 1998; Wöhnert et al. 

1999; Dingley et al. 2008)

600 MHz, ns: 64, sw(f3): 21.5 ppm, sw(f1): 
98.9 ppm, aq(f3): 60 ms, aq(f1): 10 ms, 
o1(1H): 4.7 ppm, o2(13C): 140 ppm, 
o3(15N): 184 ppm, rel. delay: 0.3 s, time: 
1.5 h

NN-transfer time 30 ms

III 1H,13C-HSQCBMRZ

Aromatic region
(Bodenhausen and Ruben 1980)

950 MHz, ns: 4, sw(f2): 8.6 ppm, sw(f1): 
26.1 ppm, aq(f2): 63 ms, aq(f1): 31 ms, 
o1(1H): 4.7 ppm, o2(13C): 143 ppm, 
o3(15N): 153 ppm, rel. delay: 1.0 s, time: 
0.5 h

INEPT transfer time 2.7 ms (1JCH 185 Hz), 
off-resonant Q3 shaped pulse for C5 
decoupling at 95 ppm with 25 ppm 
bandwidth

IV H(N)COBMRZ

Imino-to-carbon
(Favier and Brutscher 2011; Solyom et al. 

2013)

950 MHz, ns: 32, sw(f3): 21.0 ppm, sw(f1): 
27.9 ppm, aq(f3): 60 ms, aq(f1): 10 ms, 
o1(1H): 4.7 ppm, o2(13C): 157.5 ppm, 
o3(15N): 153 ppm, rel. delay: 0.3 s, time: 
0.5 h

NC-INEPT transfer time 18 ms (1JCN 28 Hz)

V (H)C(CCN)HBMRZ

Aromatics-to-imino
(Piotto et al. 1992; Sklenár et al. 1996; Wöh-

nert et al. 2003)

700 MHz, ns: 288, sw(f3): 23.0 ppm, sw(f2): 
10.0 ppm, aq(f3): 70 ms, aq(f2): 36 ms, 
o1(1H): 4.7 ppm, o2(13C): 137 ppm, 
o3(15N): 154 ppm, rel. delay: 1.8 s, time: 
21 h

CC-TOCSY mixing time 28 ms



 R. Schnieders et al.

1 3

spectrum of the ribose region (Fig. 2a and b). Thus, the 
detailed loop architecture remains subject to further struc-
tural investigation.

Assignment and data deposition

The nearly complete resonance assignment of SL5a builds 
on the imino resonance assignment published earlier 
(Wacker et al. 2020). Starting from this assignment, all 33 

Fig. 1  Resonance assignment of aromatic protons and carbons and 
the linkage to the ribose. a HCCNH experiment correlating the imino 
protons of guanosines and uridines to the corresponding intranu-
cleobase C8 and C6 resonances, respectively. b 1H,13C-HSQC spec-
trum showing the aromatic H6/8–C6/8 correlations. c 2D plane of the 
13C-detected CNC-experiment correlating C6/8 to C1′. d Transposed 
1H,13C-HSQC spectrum showing the H5–C5 correlations for uridines 
and cytidines. e 1H,1H-TOCSY spectrum linking H5 and H6 in pyri-

midines. f Transposed 1H,13C-HSQC spectrum of the H1′–C1′ region. 
Panel c further shows the secondary structure of SL5a with genomic 
numbering. Positive contours are given in black, negative contours 
are held in red. Experimental details are given in Table 1. Exemplary 
connections between the displayed spectra are demonstrated with the 
gray dashed lines for residues G213 and U191. Assignments of the 
asymmetric bulge and the apical loop are highlighted with bold font

aromatic H6–C6 and H8–C8 correlations were unambigu-
ously assigned. Furthermore, the H2–C2 correlations of 
the two adenosines present in this RNA as well as all of 
the H5–C5 correlations of the uridines and cytidines were 
unambiguously assigned. In addition, the quaternary carbon 
atoms of the nucleobases in purines (C2: 77%, C4: 69%, 
C5: 62% and C6: 92%) and pyrimidines (C2: 15% and C4: 
15%) were partially assigned. Here, uridine C2 and C4 reso-
nances as well as guanosine C2 and  G-1, G188, G198 and 
G208 C6 resonances were assigned at 283 K. Also, non-
protonated tertiary nitrogen atoms of purines (N3: 15% (only 
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adenosines assigned), N7: 100% and N9: 100%) and pyrimi-
dines (N1: 95% and N3: 80% (cytidines)) were successfully 
assigned to a large extent. Within the ribose moieties, 91% of 
the H1′ and 91% of the C1′ atoms were assigned. Within the 
remaining ribose carbon atoms C2′–C5′, 77% were assigned. 
In summary, we assigned 97% of the 1H (H6/8, H5, H2, H1′) 
and 92% of the 13C (C6/8, C5(pyr), C1′) atoms, which are 
considered most important for an in-depth structural char-
acterization. We updated the BMRB deposition with code 
50346.
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In this article, the non-structural protein 10 (Nsp10) involved in the viral replication-transcription 
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Abstract
The international Covid19-NMR consortium aims at the comprehensive spectroscopic characterization of SARS-CoV-2 
RNA elements and proteins and will provide NMR chemical shift assignments of the molecular components of this virus. 
The SARS-CoV-2 genome encodes approximately 30 different proteins. Four of these proteins are involved in forming the 
viral envelope or in the packaging of the RNA genome and are therefore called structural proteins. The other proteins fulfill 
a variety of functions during the viral life cycle and comprise the so-called non-structural proteins (nsps). Here, we report the 
near-complete NMR resonance assignment for the backbone chemical shifts of the non-structural protein 10 (nsp10). Nsp10 is 
part of the viral replication-transcription complex (RTC). It aids in synthesizing and modifying the genomic and subgenomic 
RNAs. Via its interaction with nsp14, it ensures transcriptional fidelity of the RNA-dependent RNA polymerase, and through 
its stimulation of the methyltransferase activity of nsp16, it aids in synthesizing the RNA cap structures which protect the 
viral RNAs from being recognized by the innate immune system. Both of these functions can be potentially targeted by 
drugs. Our data will aid in performing additional NMR-based characterizations, and provide a basis for the identification of 
possible small molecule ligands interfering with nsp10 exerting its essential role in viral replication.

Keywords SARS-CoV-2 · Non-structural protein · Solution NMR-spectroscopy · Covid19-NMR

Biological context

The current worldwide COVID-19 pandemic caused by the 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) has severely impacted nearly every area of human 

life. In the absence of reliable therapeutic options or vac-
cination, research efforts have been increased in order to 
understand molecular characteristics of the functional com-
ponents of the virus. SARS-CoV-2 belongs to the family of 
Coronaviridae, whose members share a distinct pattern in 
their genomic organization (Lai 1990; Snijder et al. 2016). 
In contrast to several other viruses, the large (+)-strand RNA 
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genome of ~ 30 kb requires high fidelity genome replication 
while offering coding space for additional proteins.

The RNA genome of SARS-CoV-2 encodes at least 14 pol-
ypeptides, some of which are cleaved by viral proteases into 
their functional forms. The non-structural protein 10 (nsp10) 
is generated from the first open reading frame of the virus 
(ORF1) through cleavage by the main protease nsp5 to yield a 
139 amino acid protein of 14.8 kDa.

Previous work has been reported on the homologous pro-
teins of nsp10 from SARS-CoV (Bouvet et al. 2014), mid-
dle eastern respiratory syndrome coronavirus (MERS-CoV) 
(Aouadi et al. 2017) and murine hepatitis virus (MHV) (Mat-
thes et al. 2006).

Nsp10 plays numerous roles in coronavirus replication. As 
part of the replicase complex, it interacts with nsp14 (Min-
skaia et al. 2006) to stimulate the exonuclease activity of nsp14 
(Ferron et al. 2017) and thus contributes to the enhanced rep-
lication fidelity of coronaviruses in comparison to other RNA 
viruses. It also increases the catalytic activity of nsp16 (Bouvet 
et al. 2010), which methylates the 2′-hydroxyl group of the 
+1 adenosine of genomic and subgenomic (+)-strand RNAs. 
The presence of this modification prevents the recognition and 
degradation of viral RNAs by the innate immune system of the 
host (Daffis et al. 2010; Züst et al. 2011). Additional regulatory 
functions for nsp10, such as interactions with nsp1 or nsp7, 
have been proposed (Brockway et al. 2004), but these func-
tionalities require additional characterization. In summary, the 
functional diversity of nsp10 during the viral life cycle renders 
it a promising drug target (Wang et al. 2015).

Several structures of nsp10 from SARS-CoV have pre-
viously been solved both in isolation (Joseph et al. 2006; 
Su et al. 2006) and in complex with either nsp14 (Bouvet 
et al. 2012; Ma et al. 2015) or nsp16 (Chen et al. 2011; 
Decroly et al. 2011). The structures showed the presence of 
a completely novel fold including two unusual zinc finger 
motifs. The first zinc finger includes residues C74, C77, H81 
and C90 (SARS-CoV numbering) and is loosely character-
ized as a  Zn2+-binding loop. The second zinc-binding motif 
involving C117, C120, C128, and C130 can be classified as a 
“gag-knuckle” type motif (Krishna et al. 2003). All of these 
residues can also be found in the nsp10 sequence of SARS-
CoV-2 (Krafcikova et al. 2020; Viswanathan et al. 2020). 
Here, we provide a near complete assignment of nsp10 
backbone NMR resonances. Due to the known interaction 
sites with other proteins, this assignment will aid further 
NMR-based structural investigations as well as ligand bind-
ing studies.

Methods and experiments

Construct design

The amino acid sequence of SARS-CoV-2 nsp10 
was obtained from the NCBI reference genome entry 
NC_045512.2, identical to GenBank entry MN908947.3 
(Wu et  al. 2020). The gene was codon-optimized for 
expression in E. coli, commercially synthesized and 
sub-cloned into a pET21b(+) vector (Genscript), carry-
ing an additional sequence at the N-terminus (MGSD-
KIHHHHHH) including a hexa-histidine  (His6)-tag for 
purification.

Sample preparation

The pET21b(+) plasmid containing the nsp10 sequence was 
transformed into T7-Express E. coli cells. Nsp10 was het-
erologously expressed with an N-terminal  His6-tag (Joseph 
et al. 2006). Uniformly 13C,15N-labeled nsp10 protein was 
expressed in M9 minimal medium containing 1 g/L 15NH4Cl, 
2 g/L 13C6-d-glucose and 100 mg/L ampicillin. After the 
 OD600 reached a value between 0.6 and 0.7, the culture was 
induced with 0.5 mM isopropyl-β-d-thiogalactoside (IPTG) 
and supplemented with 50 µM  ZnCl2. The final preparative 
expression was performed at 20 °C, 120 rpm for 12 h. Cells 
from a 2 L culture were harvested at 4000 g for 15 min using 
a Beckmann centrifuge with a JLA 8.1000 rotor. The pellet 
was resuspended in 100 mL of buffer A (25 mM Tris pH 8, 
300 mM NaCl, 5 mM imidazole, 10 mM β-mercaptoethanol) 
and supplemented with 50 µM  ZnCl2, and two protease-
inhibitor tablets (cOmplete™, Roche, Germany). Cells 
were mechanically lysed using Microfluidics M-110P at 
15,000 PSI (pounds per square inch) under continuous ice 
cooling, followed by centrifugation at 4 °C and 38,400×g 
for 45 min using a Beckmann centrifuge with a JA 20 rotor.

The supernatant was further purified using immobilized 
metal ion affinity chromatography (IMAC) followed by size 
exclusion chromatography (SEC). After centrifugation, 
the supernatant was loaded onto a 5 mL HisTrap HP col-
umn (GE Healthcare, USA) connected to an FPLC system 
(Äktapurifier™, GE Healthcare, USA). Elution of the bound 
protein was achieved with a linear gradient of 500 mM imi-
dazole containing buffer A. Protein-containing fractions 
were combined, concentrated using centrifugal concen-
trator devices (VivaSpin20, Sartorius, Germany, MWCO 
10000) and further purified with a 320 mL HiLoad 26/600 
Superdex 75 pg gel filtration column (GE Healthcare, USA) 
using 50 mM sodium phosphate buffer (pH 7.5), 50 mM 
NaCl, 5 mM dithiothreitol (DTT). Purity of the produced 
protein was verified by SDS-PAGE analysis and confirmed 
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using mass spectrometry (MALDI). Finally, the protein 
was concentrated using centrifugal concentrator devices 
(VivaSpin20, Sartorius, Germany, MWCO 10000).

SEC-MALS analysis was performed using a Superdex 
75, 10/300 GL column at a flow rate of 0.5 mL/min, using a 
Wyatt miniDAWN TREOS with a 658 nm laser. Refractive 
index was monitored using a Wyatt Optilab rEX.

NMR experiments

The protein samples were measured in NMR buffer contain-
ing 50 mM phosphate buffer pH 7.5, 50 mM NaCl, 5 mM 
DTT, 95%  H2O/5%  D2O. Spectra were recorded at 298 K 
on Bruker spectrometers ranging from 600 to 950 MHz 
equipped with z-axis gradient 1H{13C,15N} triple resonance 
cryogenic probes and on a Bruker 500 MHz spectrometer 
equipped with a room-temperature triple-resonance probe. 
The spectrometer was locked on  D2O. 1H chemical shifts 
were referenced to DSS at 0.00 ppm and 13C,15N chemical 
shifts were calculated relative to the 1H frequency accord-
ing to (Wishart 2011). All NMR spectra were processed by 
using TopSpin version 3.2 (Bruker Biospin) and analyzed 
and visualized with SPARKY version 3.114 (Lee et  al. 
2015). Parameters of the NMR experiments and spectrom-
eters used in this study are listed in Table 1.

For the sequential backbone resonances assignment, a set 
of 3D NMR experiments including BEST-TROSY (Farjon 
et al. 2009; Solyom et al. 2013) based HNCACB, HN(CO)
CACB, HNCO, HN(CA)CO experiments were used.

For the temperature series, 2D 1H,15N BEST-TROSY 
spectra were measured from 293 to 308 K with 5 K incre-
ments on a 600 MHz spectrometer. Temperature coefficients 
of the amide protons were calculated from a linear fit of a 
chemical shift perturbation as a function of a temperature 
(Baxter and Williamson 1997).

Heteronuclear 15N relaxation experiments ({1H}-15N het-
NOE,  T1 and  T2) were performed at 600 MHz and 298 K 

using a 0.15 mM and a 1.6 mM sample. For determining 
the longitudinal  T1 15N relaxation time, a series of spectra 
with the following relaxation delays was used: 20, 60, 100, 
200, 400, 600, 800, 1200, 1400, 1600, 1800 ms. The trans-
verse 15N relaxation time  T2 was determined from spectra 
with the following relaxation delays: 16.96, 33.92, 67.84, 
101.76, 135.68, 169.60, 203.52, 271.36 ms. The {1H}-15N 
hetNOEs were calculated from the signal intensity ratio  (Ion/
Ioff) obtained from spectra recorded with and without satu-
ration of amide protons with a recovery  (d1) and saturation 
delay of 10 s.

TRACT experiments (Lee et al. 2006) were carried out 
at 500 MHz to determine rotational correlation times at four 
different protein concentrations (1.2 mM, 0.6 mM, 0.3 mM 
and 0.15 mM). A two-dimensional BEST version (Rennella 
and Brutscher 2013) was employed to avoid an underestima-
tion of the correlation time by the contribution of intense 
signals from mobile residues. A total of 21 well-resolved 
cross peaks from structured regions of the protein were cho-
sen for evaluation.

Assignments and data deposition

The backbone chemical shift assignment of nsp10 protein 
was conducted manually by using standard double- and 
triple-resonance NMR experiments on uniformly labeled 
samples at 298 K. With the heteronuclear 3D experiments 
listed above we could assign 89% of the 1H,15N amide sig-
nals and 94% of the total backbone assignment  (Cα—93%, 
 Cβ—95%, C′—92%). When excluding the first twelve N-ter-
minal residues including the  His6-tag, the backbone assign-
ment comprises 92% of the 1H,15N pairs and 95.5% of the 
total resonances  (Cα—96%,  Cβ—95%, C′—96%). Residues 
M1, G2, F28, C29, T59 H60 and the N-terminal  His6-tag 
were not assigned. Assignment of the residues K5 and W135 
is tentative.

Table 1  List of experiments collected to perform the sequence specific assignment of nsp10. Main parameters used are reported

Experiments Time domain data size 
(points)

Spectral width (ppm) Number of scans Delay time (s) NUS %

T1 T2 T3 F1 F2 F3

1H,15N BEST-TROSY 1024 1272 50 (15N) 10.0 (1H) 4 0.3
BEST-TROSY-HN(CO)CACB 208 256 1272 59.7 (13C) 26.0 (15N) 10.0 (1H) 8 0.3
BEST-TROSY-HNCACB 216 256 1272 59.7 (13C) 26.0 (15N) 10.0 (1H) 8 0.3
BEST-TROSY-HN(CA)CO 216 256 1272 12.0 (13C) 26.0 (15N) 10.0 (1H) 8 0.3 25
BEST-TROSY-HNCO 216 256 1272 12.0 (13C) 26.0 (15N) 10.0 (1H) 4 0.3
15N  R1 12 256 2048 – 28.0 (15N) 16.0 (1H) 8 2.0
15N  R2 12 256 2048 – 28.0 (15N) 16.0 (1H) 8 2.0
15N-NOE 2 256 2048 – 28.0 (15N) 16.0 (1H) 80 10
TRACT 28 96 896 – 30.0 (15N) 12.0 (1H) 8–40 0.3
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The number of signals observed in BEST-TROSY exper-
iments is approximately 5% higher than expected for the 
nsp10 protein. Lower intensities for a subset of the signals 
are indicative of the presence of a second minor conforma-
tion in slow exchange on the NMR time scale. The reso-
nances in question were assigned to the last seven C-terminal 
amino acids (Fig. 1). The backbone resonance assignment 
for the main conformation was deposited in the biological 
magnetic resonance bank (BMRB ID: 50392).

Study of nsp10 dynamics

We also characterized the dynamics of nsp10 by perform-
ing {1H}15N heteronuclear NOE experiments for two sam-
ple concentrations (1.6 mM and 0.15 mM) and analyzing 
intramolecular hydrogen bonds using temperature factors 
(Fig. 2). The last nine C-terminal residues from the major 
conformation show low heteronuclear NOEs values, indicat-
ing the high flexibility for this region (Fig. 2b).

Intramolecular hydrogen bonding was analyzed by 
monitoring the amide protons chemical shift changes as a 
function of temperature. Thus, a series of 2D 1H,15N BEST-
TROSY spectra were recorded for a temperature range from 
293 to 308 K in 5 K increments. Temperature coefficients 

calculated from a linear fit of the chemical shift changes with 
values below—4.5 ppb/K are indicative for fast exchange-
able, not hydrogen-bonded amide protons, and temperature 
coefficients higher than—4.5 ppb/K are characteristic for the 
involvement of this amide resonance in hydrogen bonding 
(Baxter and Williamson 1997). The temperature coefficients 
of the C-terminus of nsp10 are consistent with the relaxation 
data, supporting a dynamic nature of this part of the protein. 
The amide group of residue A32 located in the N-terminal 
region shows an extremely high temperature coefficient with 
a positive value of 6.3 ± 0.7 ppb/K, the reason of which is 
not clear (Fig. 2e, f). Furthermore, we performed TRACT 
measurements (Lee et al. 2006) at different concentrations 
and determined concentration-dependent oligomerization 
(Fig. 3a). Experimental τc for the low concentration sample 
(0.15 mM) is 10.7 ns, which is agreement with the mono-
mer value predicted by HydroNMR (10.8 ns) (de la Torre 
et al. 2000). Analysis of the oligomerization status by size 
exclusion chromatography coupled to multiple angle light 
scattering (SEC-MALS) (Fig. 3b) shows that a minor frac-
tion of proteins forms higher order structures, whose mass 
corresponds to a protein dimer.

Fig. 1  1H,15N-BEST-TROSY 
spectrum of 13C,15N-labeled 
SARS-CoV-2 nsp10 (0.4 mM) 
in 50 mM phosphate buffer pH 
7.5, 50 mM NaCl, 5 mM DTT, 
and 5%  D2O measured at 298 K 
on a 950 MHz spectrometer. 
Backbone resonance assign-
ment labels are given. The 
minor conformation adopted by 
the nine C-terminal residues is 
highlighted in blue
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Structural comparison of nsp10 from SARS‑CoV 
and SARS‑CoV‑2

The backbone resonance assignment was used to predict sec-
ondary structure elements of nsp10 using TALOS-N (Shen 

and Bax 2013). Six α-helixes and five β-strands were iden-
tified. Experimentally determined structural elements were 
compared with motifs obtained from the X-ray structure of 
SARS-CoV nsp10 (PDB: 6WQ3) (Fig. 4).

Overall, the structural elements of both proteins are 
similar. Differences can be detected in the location of a 

Fig. 2  Backbone dynamics of nsp10. a Schematic representation of 
an NMR chemical-shift-based TALOS-N secondary-structure predic-
tion of nsp10. b {1H}-15N heteronuclear NOEs measured at 298  K 
and 0.15  mM nsp10 are shown as a function of residue number. c 
The temperature coefficients (Tcoeff) determined from a series of 2D 
1H,15N BEST-TROSY spectra measured from 293 to 308  K with 

5 K increments at 600 MHz. d Overlay of 2D 1H,15N BEST-TROSY 
spectra recorded at 600 MHz at different temperatures (color code is 
shown in the figure). e Selected zoom-in showing residues A32, C86, 
A116 and C140, representing different hydrogen bond strengths. f 
Plot of the amide proton chemical shift (in ppm) as a function of tem-
perature (in K)
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stretch of amino acids that adopts a β-strand conformation 
according to the TALOS-N analysis (aa 54–60), which is 
directly involved in interactions with the complex partner 
nsp16 in the crystal structure (PDB 6WQ3). A second dif-
ference can be observed for some of the C-terminal amino 
acids, which adopt a zinc finger fold, but are classified as 

ß-strands in the TALOS prediction. However, all of the 
assigned cysteine residues show Cβ chemical shifts that 
are indicative of a  Zn2+-ligated form (Fig. 5) (Kornhaber 
et al. 2006).
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Fig. 3  Oligomerization analysis. 
a TRACT analysis. Linear fit 
of τc against protein concentra-
tion from data points at 0.15, 
0.3, 0.6, and 1.2 mM nsp10. b 
SEC-MALS analysis performed 
at 1.2 mM nsp10 shows a minor 
amount of oligomerization, 
which can be assigned to the 
nsp10 dimer by mass determi-
nation

Fig. 4  Schematic representation of an NMR chemical-shift-based 
TALOS-N secondary-structure prediction of nsp10 and its compari-
son with the secondary structure elements obtained from the X-ray 

structure extracted from PDB entry 6WQ3, which shows 100% 
sequence identity between residues S23 and Q144

Fig. 5  13Cα and 13Cβ chemical shifts of the assigned nsp10 cysteines. 
The regions for different chemical states of the cysteines (colored 
areas) are derived from (Kornhaber et al. 2006)
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Abstract
The SARS-CoV-2 genome encodes for approximately 30 proteins. Within the international project COVID19-NMR, we 
distribute the spectroscopic analysis of the viral proteins and RNA. Here, we report NMR chemical shift assignments for 
the protein Nsp3b, a domain of Nsp3. The 217-kDa large Nsp3 protein contains multiple structurally independent, yet func-
tionally related domains including the viral papain-like protease and Nsp3b, a macrodomain (MD). In general, the MDs of 
SARS-CoV and MERS-CoV were suggested to play a key role in viral replication by modulating the immune response of the 
host. The MDs are structurally conserved. They most likely remove ADP-ribose, a common posttranslational modification, 
from protein side chains. This de-ADP ribosylating function has potentially evolved to protect the virus from the anti-viral 
ADP-ribosylation catalyzed by poly-ADP-ribose polymerases (PARPs), which in turn are triggered by pathogen-associated 
sensing of the host immune system. This renders the SARS-CoV-2 Nsp3b a highly relevant drug target in the viral replica-
tion process. We here report the near-complete NMR backbone resonance assignment (1H, 13C, 15N) of the putative Nsp3b 
MD in its apo form and in complex with ADP-ribose. Furthermore, we derive the secondary structure of Nsp3b in solution. 
In addition, 15N-relaxation data suggest an ordered, rigid core of the MD structure. These data will provide a basis for NMR 
investigations targeted at obtaining small-molecule inhibitors interfering with the catalytic activity of Nsp3b.

Keywords SARS-CoV-2 · Non-structural protein · Macrodomain · Solution NMR-spectroscopy · Protein drugability · 
COVID19-NMR
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Biological context

Severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the cause of the pandemic that began in early 
2020 and is accompanied by the respiratory disease 
COVID-19, is the latest member of a Coronaviridae clade, 
which also includes SARS-CoV from 2002 and the Mid-
dle east respiratory syndrome (MERS)-CoV. The severe 
velocity of the virus spread demands rapid action both in 
the development of a vaccine and in the development of 
potent virus inhibitors to weaken or eliminate the symp-
toms, which pose a major threat to the lives of elderly 
people worldwide.

The ~ 30 kb long positive sense single-stranded RNA 
genome of SARS-CoV-2 is one of the largest known virus 
genomes. The SARS-CoV-2 genome contains 14 puta-
tive open reading frames (ORFs). The majority of these 
ORFs was shown to be translated into functional viral 
proteins (Gordon et al. 2020). Among the highly con-
served proteins of Betacoronaviruses (Yoshimoto 2020), 
the ORF1a/b-coded non-structural proteins (Nsps) 1–16 
form the replication/transcription-complex—an incom-
pletely understood network of viral-viral and viral-host 
protein–protein and RNA–protein interactions. Besides the 
membrane-bound Spike protein, which is important for the 
entry of the virus into the cell, a number of Nsps such as 

the two proteases Nsp5 (Mpro) and Nsp3d (PLpro), the 
Nsp3b ADP-ribose-phosphatase macrodomain (MD), and 
the Nsp7/8/12 RNA-dependent RNA polymerase complex 
are obvious drug targets.

Nsp3, the largest Nsp, is one of the most intriguing 
SARS-coronavirus proteins, consisting of a multitude of 
functionally related, but nevertheless independent domains 
(Snijder et al. 2003). The proteolytic processing of Nsp3 
from the full-length ORF1-encoded polypeptide chain 
yields, a 1945 amino acid long multidomain protein. Start-
ing from the N-terminus, its individual functional domains 
are named Nsp3a to Nsp3e followed by the ectodomain, 
which is embedded between two transmembrane regions, 
and the C-terminal CoV-Y domain. Nsp3b is a conserved 
ADP-ribose binding MD. In general, the MDs of SARS 
and MERS are implicated to play a key role in viral repli-
cation and modulate the immune response of the host. The 
MDs are structurally conserved and are thought to enzy-
matically remove ADP-ribose, a common posttranslational 
protein modification. The de-ADP ribosylating function of 
these enzymes has evolved to protect the virus against the 
anti-viral ADP-ribosylation catalyzed by poly-ADP-ribose 
polymerases (PARPs), which are activated by the innate 
immune system of the host upon sensing of pathogens. 
Therefore, the SARS-CoV-2 Nsp3b is a highly relevant 
drug target in the viral replication process.

Table 1  List of experiments collected to perform the sequence specific assignment of apo-Nsp3b (A) and ADP-ribose bound Nsp3b (B). Main 
parameters used are reported

Experiments Time domain data size (points) Spectral width (ppm) ns Delay time (s)

t1 t2 t3 F1 F2 F3

A. apo-Nsp3b
 1H-15N-HSQC 256 2048 36.5 (15N) 16.0 (1H) 4 1.2
 1H-15N best-TROSY 256 2048 36.5 (15N) 16.0 (1H) 4 0.2
 Best-TROSY-HN(CO)CACB 112 64 3072 75.3 (15N) 32.2 (15N) 13.9 (1H) 40 0.25
 Best-TROSY-HNCACB 112 64 3072 75.3 (13C) 32.2 (15N) 13.9 (1H) 40 0.25
 Best-TROSY-HN(CA)CO 104 64 3072 14.7 (13C) 36.5 (15N) 13.9 (1H) 40 0.25

Best-TROSY-HNCO 104 64 3072 14.7 (13C) 36.5 (15N) 13.9 (1H) 4 0.25
 15N  R1 10 128 2048 10.0 (1H) 35.0 (15N) 14.0 (1H) 16 1.2
 15N  R2 10 128 2048 10.0 (1H) 35.0 (15N) 14.0 (1H) 16 1.2
 15N-NOE 2 128 2048 10.0 (1H) 35.0 (15N) 14.0 (1H) 16 3

B. Nsp3b-ADP-ribose
 1H-15N-HSQC 256 2048 36.5 (15N) 16.0 (1H) 4 1.2
 1H-15N best-TROSY 256 2048 36.5 (15N) 16.0 (1H) 4 0.2
 Best-TROSY-HN(CO)CACB 112 64 3072 75.3 (15N) 32.2 (15N) 13.9 (1H) 48 0.25
 Best-TROSY-HNCACB 112 64 3072 75.3 (13C) 32.2 (15N) 13.9 (1H) 40 0.25
 Best-TROSY-HNCO 104 64 3072 14.7 (13C) 36.5 (15N) 13.9 (1H) 4 0.25
 15N  R1 10 128 2048 10.0 (1H) 35.0 (15N) 14.0 (1H) 16 1.2

15N  R2 10 128 2048 10.0 (1H) 35.0 (15N) 14.0 (1H) 16 1.2
 15N-NOE 2 128 2048 10.0 (1H) 35.0 (15N) 14.0 (1H) 16 3
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The research consortium COVID19-NMR, which was 
founded at the end of March 2020, rapidly and publicly sup-
ports the search for antiviral drugs by enabling an NMR-
based screening approach. This requires the large-scale pro-
duction of all drugable proteins and RNAs of SARS-CoV-2, 
as well as an extensive assignment of their NMR resonances 
and the determination of their structures as a prerequisite 
for rational drug design. We provide here the near-complete 
backbone assignment of the SARS-CoV-2 Nsp3b MD and 
thereby enable its exploitation in subsequent applications, 

such as drug screening and interaction mapping with amino 
acid resolution.

Methods and experiments

Construct design

This study uses the SARS-CoV-2 NCBI reference 
genome entry NC_045512.2, identical to GenBank 
entry MN908947.3 (Wu, 2020, #13). The Nsp3b domain 

Fig. 1  1H,15N-HSQC spectrum of the apo (a) and ADP-ribose bound 
(b) forms 13C,15N-labelled SARS-CoV-2 Nsp3b at 650  μM concen-
tration in 25 mM Bis–Tris pH 6.5, 150 mM NaCl, 3 mM TCEP and 

5%  D2O measured at 298 K on a 1.2 GHz Spectrometer with chemi-
cal shift assignment depicted. Backbone NH peaks are labelled with 
their assignments
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includes amino acids V207 to K376 within the full-length 
Nsp3 primary sequence, as reported in previous studies 
10.2210/pdb6YWM/pdb. This sequence was inserted into a 
pET28a( +) vector, containing an N-terminal  His6-tag and a 
tobacco etch virus (TEV) cleavage site. Due to the nature of 
the TEV cleavage site, the produced protein contained three 
artificial N-terminal residues (G-2, H-1, M0) preceding the 
native protein sequence.

Sample preparation

Uniformly 13C,15N-labeled Nsp3b protein was expressed in 
E. coli strain T7express in M9 minimal medium contain-
ing 1 g/L 15NH4Cl (Cambridge Isotope Laboratories), 2 g/L 
13C6-d-glucose (Eurisotop) and 50 μg/mL kanamycin. Pro-
tein expression was induced at an  OD600 of 0.7 with 0.5 mM 

IPTG and the cells were incubated for 13 h at 18 °C and 
120 rpm shaking. The cell pellet was resuspended in buffer 
A (25 mM Tris–HCl–pH 8.0, 150 mM NaCl, 5 mM imida-
zole and 10 mM 2-mercaptoethanol), containing one pro-
tease inhibitor tablet (cOmplete™, Roche, Germany). The 
cells were mechanically lysed with Microfluidics M-110P 
at 15,000 psi (pound per square inch) under cooling with 
ice using three lysis cycles. The lysate was clarified from 
cell debris at maximal centrifugation speed for 45 min 
using a JLA 16.250 rotor. Clarified supernatant was puri-
fied via FPLC using two HisTrap HP columns (2 × 5 mL, 

Fig. 2  Display of TALOS predicted secondary structure for the apo 
(a) and holo (b) Nsp3b. For comparison secondary structure elements 
obtained from X-ray structures and TALOS-N (Shen and Bax 2013) 
are displayed on the top of each plot. For the for residues between 

35 and 53 in the ADP-bound Nsp3b, the predictions were sequence 
based. In case of X-ray structures, the secondary structures were 
extracted with pdbsum (Laskowski et al. 1997) using the pdb entries 
6YWM (apo) and 6YWL (ADP-ribose bound)

Fig. 3  S2 order parameters of the backbone of SARS-CoV-2 Nsp3b 
in its apo form (a) and in complex with ADP-ribose (b). Values close 
to 1 suggest ordered structure on the ps/ns timescale. Errors were 
derived through Monte Carlo error analysis embedded in the fitting 
routine of Bruker software TopSpin3.6 Dynamic Center

◂
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GE Healthcare, USA). Bound protein was washed with 4% 
buffer B (buffer A + 500 mM imidazole) and eluted with 
100% buffer B. Protein containing fractions were pooled and 
subjected to TEV cleavage over night at 4 °C while dialyz-
ing against 25 mM Tris–HCl pH 8.0, 150 mM NaCl, 10 mM 
2-mercaptoethanol. TEV protease and tag were removed 
via a second IMAC purification. Protein containing frac-
tions were pooled and concentrated using Amicon Ultra-4 
filtration devices (regenerated cellulose 10 kDa NMWL) 
and purified with a Superdex 75 26/600 PG (320 mL GE 
Healthcare, USA) using a buffer containing 25 mM Bis–Tris 
pH 6.5, 150 mM NaCl, 3 mM tris-(2-carboxyethyl)-phos-
phin (TCEP). The holo sample was prepared as follows. 
A 100 mM stock solution of ADP-ribose sodium (Sigma 
A0752) was prepared in water. This stock solution was used 
to prepare the Nsp3b-ADP-ribose complex by adding a ten-
fold molar excess to the protein Nsp3b (650 µM).

NMR experiments

All experiments for the backbone assignment of both apo 
and ADP-ribose bound Nsp3b were recorded at 298 K using 
an ultra-high field Avance NEO 1.2 GHz NMR spectrom-
eter, equipped with a 3 mm TCI H/C/N CryoProbe. All spec-
tra were acquired using standard pulse sequences (Favier and 
Brutscher 2011; Lescop et al. 2007; Solyom et al. 2013) and 
processed using the Bruker software TopSpin 4.0.6. For the 
assignment, a set of double and triple resonance experiments 

was performed. The set of NMR experiments used for 
sequence specific assignment is summarized in Table 1.

Relaxation experiments (15N T1, T2 and {1H}–15N 
NOE) were conducted on a Bruker Avance III four-channel 
700 MHz NMR spectrometer equipped with a cryogeni-
cally cooled 5 mm 1H/13C/15N/D Z-gradient probe (TCI), at 
298 K using the TROSY pseudo3D pulse sequences (Zhu 
et al. 2000). The delays for the 15N T1 were 20, 60, 100, 
200, 400, 600, 800 and 1200 ms, while delays of 15.68, 
31.36, 62.72, 94.08, 125.44, 156.80, 188.16 and 219.52 ms 
were used in the 15N T2 experiments. The model free 
approach in the Dynamic Center/Topsin3.6 software was 
used for data analysis and in order to obtain the S2 val-
ues. Data were fitted using a global isotropic model (M1 
included in Dynamic Center software, using the equation: 
j(�) = (2∕5)�c

[

S2∕(1 + (�c�)
2)
]

.
Proton resonances were calibrated with respect to the sig-

nal of 2,2-dimethylsilapentane-5-sulfonic acid (DSS). Nitro-
gen and carbon chemical shifts were referenced indirectly to 
the 1H standard using a conversion factor derived from the 
ratio of NMR frequencies (Wishart et al. 1995).

Assignments and data deposition

The 1H,15N-HSQC spectra showed well-dispersed amide 
signals for both apo (Fig.  1a) and ADP-ribose bound 
Nsp3b (Fig. 1b). Assignments of apo and ADP-ribose 
bound Nsp3b were performed with the program CARA 
(https ://www.nmr.ch). For apo Nsp3b we assigned 98% 

Fig. 4  Chemical shift perturbations (CSPs) between the apo and holo Nsp3b-ADP-ribose complex are plotted as a function of Nsp3b residue 
number. The observed CSPs are mapped onto the crystal structure (6YWL)

https://www.nmr.ch
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of 1H/15N backbone pairs and 98.8, 99.4 and 99.4% of all 
CO, Cα and Cβ chemical shifts, respectively. In the case 
of ADP-ribose Nsp3b we assigned 86% of 1H/15N back-
bone pairs and 83.2, 87.3 and 89.3% of all CO, Cα and Cβ 
chemical shifts, respectively. The unassigned residues of 
the ADP-ribose bound Nsp3b correspond to the stretches 
Asn35-Lys53 and Ile129-Phe130 (see Fig. 2). Further-
more, none of the unassigned peaks are seen in the HSQC 
suggesting exchange broadening of these residues in the 
presence of ADP-ribose.

Secondary structure evaluation was performed using 
chemical shift assignments of five atoms  (HN, Cα, Cβ, 
CO, N) for a given residue in the sequence with TALOS-N 
(Shen and Bax 2013). The results for Nsp3b and ADP-ribose 
bound Nsp3b (Fig. 2) are in good agreement with each other. 
Furthermore, we observed that the dihedral angles predicted 
by TALOS-N (Shen and Bax 2013) for both apo and holo 
Nsp3b are in excellent agreement with the dihedral angles 
found in the apo (6YWM) and holo (6YWL) crystal struc-
tures, indicating that ligand binding does not alter the overall 
the secondary structure within the MD.

Backbone amide order parameters S2 are presented in 
Fig. 3 and reveal an ordered, rigid core of the structure, 
with slightly flexible termini both, for the apo Nsp3b and its 
complexed form with ADP-ribose. The correlation time for 
isotropic tumbling in solution as calculated from the R2/R1 
ratio is 9.15 ± 0.5 and 9.10 ± 0.5 ns for the apo Nsp3b and 
the holo Nsp3b-ADP-ribose complex, respectively (theoreti-
cal MW 18.65 kDa).

ADP-ribose binds to Nsp3b with a dissociation con-
stant  (KD) of 13 µM (Frick et al. 2020). The position of 
the ADP-ribose molecule within the SARS-CoV-2 Nsp3b 
binding site was defined through an NMR characteriza-
tion in solution (Fig. 4). The mapped binding site is in 
good agreement with the binding pocket observed in the 
crystal structure (6YWL). The chemical shift values for 
the 1H, 13C and 15N resonances of apo and holo forms of 
SARS-CoV-2 Nsp3b have been deposited at the BioMa-
gResBank (https ://www.bmrb.wisc.edu) under accession 
numbers 50387 and 50,388, respectively.
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ABSTRACT

The current pandemic situation caused by the Be-
tacoronavirus SARS-CoV-2 (SCoV2) highlights the
need for coordinated research to combat COVID-19.
A particularly important aspect is the development
of medication. In addition to viral proteins, struc-
tured RNA elements represent a potent alternative
as drug targets. The search for drugs that target
RNA requires their high-resolution structural charac-

terization. Using nuclear magnetic resonance (NMR)
spectroscopy, a worldwide consortium of NMR re-
searchers aims to characterize potential RNA drug
targets of SCoV2. Here, we report the characteriza-
tion of 15 conserved RNA elements located at the
5′ end, the ribosomal frameshift segment and the 3′-
untranslated region (3′-UTR) of the SCoV2 genome,
their large-scale production and NMR-based sec-
ondary structure determination. The NMR data are
corroborated with secondary structure probing by
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DMS footprinting experiments. The close agreement
of NMR secondary structure determination of iso-
lated RNA elements with DMS footprinting and NMR
performed on larger RNA regions shows that the sec-
ondary structure elements fold independently. The
NMR data reported here provide the basis for NMR in-
vestigations of RNA function, RNA interactions with
viral and host proteins and screening campaigns to
identify potential RNA binders for pharmaceutical in-
tervention.

INTRODUCTION

Betacoronaviruses contain a large single-stranded RNA
genome of ∼30 000 nucleotides (nts). SCoV2 causing the
COVID-19 disease contains multiple regions with very high
sequence or secondary structure conservation relative to
the 2002 SARS-Coronavirus (SCoV) and other Betacoro-
naviruses (1,2). The function of these putative cis-acting
RNA elements have been characterized in different Beta-
coronaviruses and are associated with regulation of repli-
cation, subgenomic mRNA (sg mRNA) production and
translation (3–5). Structural models for many of these RNA
elements conserved in SCoV2 have been provided by in sil-
ico methods using RNA structure prediction, mutational
covariance analysis or homology models (1,6,7).

Here, we systematically characterize the secondary struc-
tures of all conserved cis-acting RNA elements of SCoV2 by
nuclear magnetic resonance (NMR) spectroscopy, provid-
ing high-resolution experimental secondary structure mod-
els. We analyzed nine RNA constructs representing the
eight stem-loop (SL) domains present at the genomic 5′-
end, two RNA constructs corresponding to cis-acting el-
ements from the ORF1a/b frameshifting region and four
RNA constructs representing functional SLs within the vi-
ral 3′-UTR (Figure 1). These 15 RNA elements were cho-
sen based on their conservation within the Betacoronavirus
family and their importance for viral propagation. A de-
tailed comparison regarding their structural conservation
between SCoV2 and SCoV is shown in Supplementary Fig-
ure S1.

We provide a streamlined pipeline for the fast and unam-
biguous NMR-based assignment of 2D structures in high-
throughput. In a coordinated approach involving labora-
tories at the Goethe-University Frankfurt, the Technical
University of Darmstadt, Case Western Reserve University
(CWRU), and the Catholic University of Valencia, we pro-
duced 20 RNAs in isotopically labeled form representing 15
cis-acting RNA elements of the SCoV2 genome. Here, we
report the NMR spectroscopic investigation to experimen-
tally determine the secondary structure for SL1, SL2+3,
SL4, three substructures of SL5 (SL5stem, SL5a, SL5b+c),
SL6, SL7 and SL8, of the 5′-genomic region (subsequently
denoted ‘5 ’), the attenuator hairpin (att HP) and the three-
stemmed pseudoknot (PK) linked to programmed riboso-
mal frameshifting (PRF), and SL1, SL2, SL3 and the iso-
lated s2m motif from the 3′-UTR (subsequently denoted
‘3 ’)

In addition, we prepared four larger constructs: two con-
structs representing SLs SL1 to SL8 (5′-geRNA, the first

472 nt of the SCoV2 genome) and SL1 to SL4 (5 SL1-4, nts
6–125) from the 5′-genomic end and two constructs from
the 3′-end, the hypervariable region (3 HVR, nts 29 697 to
29 805) and the full-length 337 nt 3′-UTR (3′-UTR, nts 29
534 to 29 870) in 15N-labeled form for NMR investigations.

The NMR structural analyses were conducted at Weiz-
mann Institute Rehovot, Karolinska Institute Stockholm,
Catholic University of Valencia, CWRU and Goethe Uni-
versity Frankfurt (BMRZ). In addition, a DMS footprint-
ing analysis was performed for the 5′- and 3′-genomic ends
of the SCoV2 genomic RNA at CWRU and compared to
the NMR results. Our data will facilitate research efforts
aiming to map interactions with viral and host proteins or
characterize the binding mode of small-molecule ligands
targeting the viral RNA.

We continuously update and report results on the web-
page http://covid19-nmr.de and NMR chemical shift as-
signment in the BMRB (8) (http://www.bmrb.wisc.edu/).

MATERIALS AND METHODS

DMS footprinting

A total of 5 �l of 200 ng/�l purified SCoV2 5′-end and 3′-
UTR RNA were heated to 95◦C for 15 s and flash cooled
on ice for 2 min. A total of 95 �l DMS modification buffer
(100 mM sodium cacodylate, 140 mM KCl, 3 mM MgCl2,
pH 7.5) was added to the RNA sample and incubated for
30 min at room temperature. Two microliter of DMS was
added, and the mixture was incubated at 37◦C with 500 rpm
shaking for 10 min. The methylation reaction was termi-
nated by adding 60 �l of neat �-mercaptoethanol (Sigma-
Aldrich). The modified RNA samples were purified and de-
salted using the RNA-cleanup-and-concentrator-5 column
kit (Zymo Research) to recover RNAs containing more
than 200 nts.

Methylated RNAs were used for reverse transcription
to generate DNA with thermostable group II intron re-
verse transcriptase, third generation (TGIRT-III, InGex),
following the manufacturer’s protocol. The reverse primers
5R2 and 3R2 (Supplementary Table S1) for SCoV2 5′-
end and 3′-UTR, respectively, were commercially synthe-
sized (IDT). The RNA templates were digested using
RNase H (NEB) for 20 min at 37◦C following the re-
verse transcription. The synthesized DNA was sequen-
tially polymerase chain reaction (PCR) amplified using
Phusion DNA polymerase (NEB) with the specific primer
sets (5F1/5R1,5F2/5R2;3F1/3R1,3F2/3R2, see Supple-
mentary Table S1). The following PCR protocol was ap-
plied: denaturing for 30 s at 98◦C, followed by 30 PCR cy-
cles, including denaturing for 5 s at 98◦C, annealing for 10 s
at optimal temperature and extension for 15 s at 72◦C; fi-
nal extension continued for 5 min at 72◦C. PCR products
were desalted using the DNA-cleanup-and-concentrator-5
column kit (Zymo Research). The homogeneity of the am-
plified samples was verified using agarose gel electrophore-
sis prior to sending out for sequencing.

The sequencing was performed on an Illumina HiSeq
2000 system, which used cluster generation and sequenc-
ing by synthesis (SBS) chemistry. The sequence results of
SCoV2 5′-genomic region and 3′-UTR RNA were aligned
against index files and then used to generate the population
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Figure 1. Overview of cis-acting RNA elements of the SCoV2 genome. Black: untranslated regions; orange: coding regions. The SL structures investigated
in this study and their relative positions within the SCoV2 genome are shown schematically. ‘stop’ represents the end of ORF9 coding for the Nucleocapsid
protein.

average and read coverage quality control files (9). The mu-
tational signal of 5′ and 3′ primer overlapping regions and
signal from T and G nucleotides in the sequence were de-
termined to be below background. Raw data showing the
signal intensities for DMS treated samples and untreated
controls are shown in Supplementary Figure S2. The signals
from A and C nucleotides were normalized to the highest re-
activity following 95% Winsorization. The DMS restraint
files for each RNA were used as input to guide folding of
full-length SCoV2 5′-end and 3′-UTR with the fold algo-
rithm from the RNAStructure (10) webserver and visual-
ized by VARNA (11).

RNA synthesis for NMR experiments

Fast RNA production was achieved by distribution and
parallelization of individual synthesis steps. In general, all
RNAs were produced by T7 polymerase-based in-vitro tran-
scription (12). In the DNA template production step, the
sequences of 5 SL1, 5 SL2+3, 5 SL4, 5 SL5stem, 5 SL5a,
5 SL5b+c, 5 SL6, 5 SL7, 5 SL8, 5 SL8loop, PK, 3 SL1,
3 SL2, 3 SL3base and 3 s2m together with the T7 pro-
moter were generated by hybridization of complementary
oligonucleotides and introduced into the EcoRI and NcoI
sites of an HDV ribozyme encoding plasmid based on the
pSP64 vector (Promega). The DNA template for 5 SL1-4
was produced by PCR amplification from the full-length 5′-
genomic region. RNAs were transcribed as HDV ribozyme
fusions to obtain 3′ homogeneity (13). The DNA sequences
of the full-length 5’-genomic region, the 3′-UTR and the hy-
pervariable region (3 HVR) were purchased from Eurofins
Genomics and introduced into the EcoRI and HindIII sites
of the pSP64 vector (Promega). The DNA template for
att HP together with the T7 promoter was generated by
hybridization of complementary oligonucleotides and di-
rectly used for run-off transcription. Isolated RNA hair-
pins 5 SL5b and 5 SL5c were purchased from Dharmacon
and purified according to the manufacturer’s instructions.
All RNA sequences are summarized in Supplementary Ta-
ble S2. The complete vector sequences are available upon
request.

The recombinant vectors were transformed and amplified
in Escherichia coli strain DH5�. Plasmid-DNA (2–10 mg
plasmid per liter SB medium) was purified by Gigaprep (Qi-
agen) according to the manufacturer’s instructions and lin-
earized with HindIII (or SmaI in case of 3 HVR) prior to in-
vitro transcription by T7 RNA polymerase (P266L mutant,
prepared as described in (14)). Four preparative-scale tran-
scriptions (10–15 ml each) were routinely performed in par-
allel. The RNAs were purified as follows: preparative tran-
scription reactions (6 h at 37◦C) were terminated by addi-
tion of ethylenediaminetetraacetic acid (EDTA) and RNAs
were precipitated with 2-propanol. RNA fragments were
separated on 10–12% denaturing polyacrylamide (PAA)
gels and visualized by UV shadowing at 254 nm. Desired
RNA fragments were excised from the gel and RNA was
eluted by passive diffusion into 0.3 M NaOAc, precipi-
tated with EtOH or EtOH/acetone and desalted via PD10
columns (GE Healthcare). Except for the att HP RNA,
residual PAA was removed by reversed-phase HPLC us-
ing a Kromasil RP 18 column and a gradient of 0–40%
0.1 M acetonitrile/triethylammonium acetate. After freeze-
drying of RNA-containing fractions and cation exchange
by LiClO4 precipitation (2% in acetone), each RNA was
folded in water by heating to 80◦C followed by rapid cooling
on ice except for the pseudoknot RNA, which was kept be-
low 40◦C to optimize folding into monomeric form. Buffer
exchange to NMR buffer (25 mM potassium phosphate
buffer, pH 6.2, 50 mM potassium chloride) was performed
using centrifugal concentrators with a suitable molecular
weight cut-off membrane. RNA purity was verified by de-
naturing PAA gel electrophoresis and homogenous folding
was monitored by native PAA gel electrophoresis, loading
the same RNA concentration as used for NMR experiments
(Supplementary Figures S3 and 4).

The RNA constructs representing the entire 5′-genomic
end and the entire 3′-UTR were purified without denaturing
steps in order to maintain the native fold. Thus, transcrip-
tion reactions for 5′-geRNA and 3′-UTR were terminated
by addition of EDTA and RNA was extracted by aqueous
phenolic extraction at pH 4. Phenol was removed by three
cycles of chloroform extraction and subsequent buffer ex-
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change via PD10 columns equilibrated with NMR buffer.
The RNAs were purified by size exclusion chromatography
using a HiLoad 26/60 Superdex 200 pg column. Fractions
containing RNAs of the proper size were identified by de-
naturing and native gel electrophoresis, pooled and concen-
trated by centrifugal concentrators (MWCO: 50 kDa).

One production round of four NMR samples in paral-
lel typically took 10 days from plasmid transformation to
NMR tube filling. Table 1 provides a summary of the pro-
duced RNAs with their isotope labeling scheme, concentra-
tions and site of conducting NMR assignment experiments.

At CWRU, transcription reactions were optimized in in-
dividual trials (15). The RNA constructs were purified by
8–10% denaturing polyacrylamide gel electrophoresis de-
pending on the size of the RNA and eluted in Tris-borate-
EDTA (TBE) buffer. The RNA samples were desalted and
adjusted to <20 �M concentration using Nanodrop (Ther-
moFisher Scientific). All desalted RNA samples were an-
nealed in RNase-free water by heating the sample to 95◦C
for 2 min followed by snap cooling on ice for a mini-
mum 15 min. The annealed samples were concentrated
using a centrifugation filtration system (Amicon) and ex-
changed into NMR buffer. For isotope labeled samples,
uniformly 13C,15N-labeled uridine (rUTP) and guanosine
(rGTP) (Cambridge Isotope Laboratories), and unlabeled
adenosine (rATP) and cytidine (rCTP) (Sigma-Aldrich)
were used in the preparative transcriptions. Comparison of
RNAs prepared in different laboratories yielded close-to-
identical NMR spectra, demonstrating the value of the co-
ordinated research approach within the NMR consortium
Covid19-NMR.

NMR experiments

At BMRZ, NMR measurements were carried out on
Bruker 600, 800, 900 and 950 MHz AVIIIHD or AV NEO
spectrometers equipped with cryogenic triple-resonance
HCN probes, on a Bruker 700 MHz AVIIIHD spec-
trometer equipped with a cryogenic quadruple-resonance
QCI-P probe and a Bruker 800 MHz AVIII spectrom-
eter equipped with a carbon optimized TXO cryogenic
probe. All probes at BMRZ have z-axis pulsed-field gra-
dient accessory. At CWRU, NMR experiments were car-
ried out on Bruker AVIII 900/800 MHz NMR spectrom-
eters equipped with cryogenically cooled HCN triple res-
onance probes and a z-axis pulsed-field gradient acces-
sory. At Valencia, NMR spectra were acquired using a
Bruker AVII 600 MHz NMR spectrometer equipped with
a triple resonance TCI cryogenic probe. NMR experi-
ments at the Weizmann Institute, were conducted on Bruker
AVANCE NEO 1000 and 600 MHz NMR spectrometers
equipped with 5-mm cryogenic triple-resonance HCN TCI
probes and x, y and z-axis pulsed-field gradient acces-
sory. NMR experiments in Stockholm were carried out
on a Bruker 600 MHz AVIII spectrometer equipped with
a cryogenic quadruple-resonance QCI probe and z-axis
pulsed-field gradient accessory. Data were processed and
analyzed using TOPSPIN 4.0 (Bruker BioSpin, Germany)
or NMRpipe/NMRDraw. NMRFAM-SPARKY (16), Cc-
cpNmr (17) or CARA (http://www.cara.nmr-software.org/
downloads/3-85600-112-3.pdf) were used for chemical shift

assignment. Table 2 summarizes the NMR experiments
conducted for all RNAs.

The conducted NMR experiments yielded the follow-
ing information (18): 1H,1H-NOESY experiments (Table 2,
#1, #7) correlate signals from RNA protons through space
within up to 5.0 Å spatial proximity. In A-form RNA he-
lices, sequential imino protons are within this distance and
NOESY spectra thus provide correlation between consecu-
tive base pairs within A-helical regions of the RNA, both
to the next nucleotide within the sequence as well as across
strands. Uridine and guanosine imino protons can be dis-
tinguished by their characteristic 15N chemical shifts in the
1H,15N-TROSY experiment (Table 2, #2), where guanosine
imino protons in canonical G-C base pairs have a chemical
shift between 145 and 150 ppm (� 15N) and uridine imino
protons in canonical A-U base pairs between 160 and 164
ppm (� 15N). Non-canonical U-U or G-U base-pairs re-
sult in upfield shifts of the corresponding imino proton res-
onances to 10–11.5 ppm/10.5–12.5 ppm (� 1H) and 141–
145 ppm/155–160 ppm (� 15N) for guanosine and uridine
residues, respectively. Further evidence for canonical base-
pairing is provided by the HNN-COSY experiment (Table
2, #5), which correlates the donor nitrogen of the guano-
sine or uridine imino group with the acceptor nitrogen
atom of the corresponding cytidine or adenosine residue via
through-space scalar 2hJ-NN coupling. Non-canonical U-
U or G-U base-pairs do not give rise to cross peaks in HNN-
COSY spectra and can thus be distinguished from involve-
ment into canonical base pairing. For unstable A-U base
pairs, for which imino resonances are broadened beyond
detection due to solvent exchange, we recorded long-range
(lr) HNN-COSY experiments correlating the adenosine H2
proton to the uridine imino group across the hydrogen bond
(Table 2, #10). The cytidine amino groups involved in base
pairing can be detected in the 1H,1H-NOESY experiment
due to their strong cross peaks to the partner guanosine
imino protons and can be correlated to their respective N4
nitrogen via an exchange-optimized 1H,15N-HSQC (Table
2, #3). The 1H,15N-CPMG-NOESY experiment (Table 2,
#4) complements imino-to-amino correlations in A-form
helical structural regions of RNAs. With this standard set of
experiments, secondary structure predictions for the above-
mentioned SCoV2 RNAs were probed. Experimental sec-
ondary structures were thus determined for all 15 individual
RNA elements and are described in the ‘Results’ section.

For sufficiently small RNAs (up to ∼35 nt), natural abun-
dance 1H,13C HMQC experiments (Table 2, #11) were mea-
sured and analyzed to further assign aromatic H6/H8 and
H5 protons and anomeric H1′ ribose protons. Assignment
of these NMR signals is essential for the NMR sequential
assignment procedure via 15N-filtered NOESY experiments
in regular A-form conformations (Table 2, #8). The 1H,1H-
TOCSY experiment (Table 2, #9) provides a quick identi-
fication of intra-nucleobase H5-H6 cross peaks for pyrim-
idines in this region, reducing ambiguities resulting from
poor signal dispersion observed for RNAs larger than ∼30
nts in general. Line shapes of these TOCSY cross peaks are
also a good indication for dynamics exhibited by the respec-
tive nucleotide. The strongest signals are usually observed
for highly flexible pyrimidine residues in loops. In addition,
ribose H1′-H2′ cross peaks can be observed for the non-A-
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Table 1. RNA constructs corresponding to individual SCoV2 cis-acting elements, designated according to their location position in the viral genome,
together with the isotope labeling scheme and concentration of the samples, and site where the NMR experiments were conducted

RNA BMRB ID* Isotope labeling Concentration [�M] NMR experiments

5 SL1234
119 nts

15N 446 BMRZ

5 SL1
29 nts

50 349 15N
13C,15N

155
650

BMRZ

5 SL2+3
32 nts

50 344 15N
13C,15N

400
652

BMRZ, Catholic University of Valencia

5 SL4
44 nts

50 347 15N
(13C,15N G, U)
(13C,15N A, C)

775
400
500
250

BMRZ
BMRZ
BMRZ
CWRU

5 SL5stem
69 nts

50 340 15N 700 BMRZ

5 SL5a
33 nts

50 346 15N
13C,15N

807
680

BMRZ, Karolinska Institute

5 SL5b+c
37 nts

50 339 15N
13C,15N

351
728

BMRZ, Weizmann Institute

5 SL5b
25 nts

unlabeled 1200 BMRZ

5 SL5c
12 nts

unlabeled 1500 BMRZ

5 SL6
46 nts

50 351 (15N A, C) (13C,15N G, U)
(13C,15N G, U)

600
250

BMRZ
CWRU

5 SL7
50 nts

** (15N A, C, U)
(13C,15N G)

550 BMRZ

5 SL8
63 nts

50 352 15N 830 BMRZ, Weizmann Institute

5 SL8loop
31 nts

13C,15N G, U 411 BMRZ

att HP
26 nts

** 15N,13C 90 Catholic University of Valencia

PK
69 nts

50 348 15N 700 BMRZ

3 SL1
72 nts

50 342 15N 766 BMRZ

3 SL2
31 nts

50 343 15N
13C,15N

80
405

BMRZ

3 SL3base
90 nts

50 350 15N 230 BMRZ

3 HVR
115 nts

15N,13C G, U 841 BMRZ

3 s2m
45 nts

50 341 15N
13C,15N

388
596

BMRZ

5′-geRNA
472 nts

15N 130 BMRZ

3′-UTR
337 nts

15N 180 BMRZ

*Chemical shift assignment will be continuously updated in BMRB (8).
**Deposition in progress/additional experiments required.

form 2′-endo-puckered ribose conformations in the spectral
region of 4–6 ppm (� 1H).

Guanosine H8 protons and adenosine H8 and H2 pro-
tons are correlated with N7/N9 or N1/N3 nitrogens by a
long-range (lr) 1H,15N-HSQC experiment (Table 2, #6). H2
protons of base-paired adenosines identified in the 1H,1H-
NOESY experiment due to their strong cross peak to the
partner uridine imino proton can thus be used to assign
adenosine N1 and N3 atoms.

NMR experimental data were stored centrally and man-
aged using the scientific data management system LOGS
(19) (https://logs-repository.com). All experimental data
can be downloaded at www.covid19-nmr.de.

RESULTS

All 20 RNA samples for NMR experiments exhibited high
purity and adopted one homogeneous conformation with-
out addition of Mg2+, with the exception of the pseudo-
knot RNA, which formed dimeric species to a significant ex-
tent, as described previously for the PK of SCoV (3). How-
ever, in the absence of Mg2+ and at 283 K, the monomeric
species dominated (Supplementary Figure S3) and NMR
spectra were sufficiently resolved to analyze the imino pro-
tons (Figure 13). Thus, secondary structure could be char-
acterized for the entire set of cis-acting RNAs chosen for
this study. The NMR spectra of the isolated RNA elements
were compared to TROSY spectra for the large 5′-geRNA
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Table 2. A set of NMR experiments to delineate secondary structure

# NMR experiments*
Sample utilized Solvents Groups
detected

Experiment-specific parameter
settings MT References

1 1H,1H-NOESY with
jump-return water
suppression

unlabeled or 15N labeled
Homonuclear NOEs between
iminos and all other sites

NOE mixing time: 150 ms 30 h (56)

2 1H,15N-BEST-TROSY 15N labeled
J-based heteronuclear H,N
correlation for imino groups

Transfer delay � = 5.4 ms to
match 1J(H,N) ∼ 90 Hz

1 h (57,58)

3 1H,15N-HSQC 15N labeled
H,N correlation for amino groups

Relaxation and exchange
optimized transfer delay � =
4.6 ms

1 h (59)

4 1H,15N-CPMG-
NOESY

15N labeled
15N-edited NOESY correlation to
detect NOEs to fast exchanging
protons

NOE mixing time: 150 ms 22 h (60)

5 2D-BEST-TROSY
HNN-COSY
experiments

15N labeled
Through space J-based correlation
of nitrogen atoms acting hydrogen
bond donor and acceptor nitrogen

NN-Transfer of 30 ms 3 h (58,61–63);
in-house
optimization

6 Long range
1H,15N-sfHMQC*

15N labeled
J-based correlation of purine
N7/N9 nitrogens with H8 and
adenine N1/N3 nitrogens with H2

Relaxation optimized transfer
delay � = 20 ms

2 h (64)

7 Hadamard-encoded
NOESY

unlabeled or 15N labeled
Homonuclear NOEs between
imino sites and all other sites
Emphasis on fast exchanging sites

NOE mixing time: 200 ms 2 h (65)

8 13C,15N-filter NOESY
with WATERGATE
water suppression

13C, 15N labeled
X-filter in �1 and �2 to selecting
12C and 14N bound protons, e.g.
H2, H6, H8

NOE mixing time: 250 ms 24 h (66–68)

9 1H,1H-TOCSY with
Excitation sculpting
water suppression

unlabeled or 15N labeled
J-based correlation of H5 and H6
in pyrimidine nucleobases

TOCSY mixing time: 30 ms 4 h (69,70)

10 BEST-long range
HNN-COSY*

15N labeled Long range correlation adenine
H2 to base-paired uridine

8 h in-house im-
provements**

11 1H,13C sfHMQC unlabeled or 15N labeled For aromatic C’s at natural
abundance

5 h-24 h (64)

MT is measurement time.
*marks experiments that can be conducted in D2O, but were conducted in 95% H2O, 5% (v/v) D2O to minimize the need for the production of additional
samples.
**pulse sequence and parameter sets for in-house optimized experiments can be obtained upon request and data sets can be downloaded at covid19-nmr.de.
The first eight experiments have been conducted for all RNA constructs, additional experiments collected for a subset of RNAs are listed.

and 3′-UTR and to DMS footprinting data obtained from
both regions, respectively. DMS footprinting confirmed the
presence of well-defined SLs in both regions, corroborating
the validity of our approach to analyze the structure of cis-
regulatory elements in isolation (Figure 2A and B). NMR
spectra of both large RNA constructs show extensive sta-
ble secondary structure formation in the imino proton re-
gion, with differential dynamic behavior of several struc-
tural motifs (Supplementary Figure S24A and B), similarly
demonstrating independent folding of single SLs. In the fol-
lowing, the secondary structure determination by NMR of
individual SLs is described and compared to the obtained
DMS data. Where possible, SL constructs were stabilized
by terminal G-C base pairs to facilitate in-vitro transcrip-
tion and structure determination and designed to give one
defined structure in prior in-silico predictions in accordance
with phylogenetic conservation. Structure predictions using
RNAstructure for the individual SLs (20) and pKiss for the
PK (21) are shown in Supplementary Figure S5.

5 SL1 5 SL1 spans nucleotides (nts) 7–33 in the 5′-UTR
of the SCoV2 genome. In SCoV, interaction of nsp1 with
SL1 has been shown to be crucial to protect viral RNA
from degradation (22). NMR studies on SL1 derived from
MHV (mouse hepatitis virus) identified a bulged-out ade-
nine corresponding to adenine 27 in SCoV2. Furthermore,
the lower-part of SL1 has been shown to be structurally
labile, which seems to be crucial for virus propagation in
MHV, where SL1 might mediate the cross-talk between the
5′- and the 3′-UTR during viral replication (23). Compu-
tational predictions of the secondary structure of 5 SL1
yielded a single lowest-energy conformation with an asym-
metrical bulge formed by nucleotides 12, 27 and 28 (Sup-
plementary Figure S6). By assignment of imino resonances,
the structural predictions could be confirmed and all ob-
servable slow exchanging imino resonances could be as-
signed from analysis of a 1H,1H-NOESY at 283 K (Fig-
ure 3A). Generally, we observe less intense NOE diago-
nal peaks for residues neighboring the bulge region on the
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Figure 2. Secondary structures of the SCoV2 5′-genomic end and 3′-UTR as determined by DMS-MaPseq. Normalized DMS reactivity indices used to
fold the secondary structures of (A) SCoV2 5′-genomic end and (B) SCoV2 3′-UTR are superimposed with color codes scaled from the highest reactivity set
to 1 (red) to the lowest set to 0 (blue). G and U nucleotides are rendered as white and sites that overlap with sequencing primers are rendered transparent.

loop helix (U13, U25) compared to those neighboring it
on the terminal helix (U10, U11). The terminal helix was
stabilized by one additional G-C base pair to facilitate in-
vitro transcription. Thus, for instance, the imino resonance
of U11 is assignable, while the U13 imino resonance can-
not be detected at all. The imino proton-based secondary
structure determination was consistent with results from
15N-correlated experiments (Figure 3B and C). Addition-
ally, aromatic and amino resonances of base-paired A and
C residues (H2 and H5/H6 resonances) could be assigned
(Supplementary Figure S6). Most of the nucleotides form-
ing 5 SL1 are within the primer binding region in DMS
footprinting experiments, rendering this SL invisible for
DMS analysis (Supplementary Figure S6E).

5 SL2+3 5 SL2 is the most conserved structure in the 5′-
UTR (24). Notably, SL2s from different coronaviruses can
functionally replace each other, even across different genera

(25). SL2 (nts 45–59) of the 5′-UTR is identical to SCoV
SL2. It is thus very likely that it forms the same CUYG-
looped short hairpin structure (26). SL3 contains the tran-
scription regulatory sequence (TRS) essential for the syn-
thesis of sg mRNAs by discontinuous transcription (25).
Among Betacoronaviruses, SL3 (nts 61–65 in SCoV2) is
predicted to be stably formed only for a subset of species,
SCoV among them (4). Invariably, whether as part of a hair-
pin or not, the core sequence (CS-L, CUAAAC) is single-
stranded (4). Unwinding of SL3 by the N protein might
be necessary for TRS function (27). As SL2, SL3 is iden-
tical in sequence between SCoV and SCoV2 (Supplemen-
tary Figure S1). In the present study, we investigated a se-
quence spanning nts 45–75 that contained SLs 2 and 3, the
secondary structure of which is shown in Figure 4. The
presence of the CUYGU pentaloop in SL2, including a
C50:G53 pair and an extrahelical U54 was confirmed by the
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Figure 3. (A) 1H,1H-NOESY, (B) 1H,15N-TROSY and (C) HNN-COSY
spectra for imino-proton correlation of the 5′-genomic end construct
5 SL1 encompassing nts 7–33. Positive contours are given in blue, nega-
tive contours in red. The imino-proton correlations are annotated using
the genomic numbering. Imino-proton correlations in (A) between con-
secutive base pairs are shown in different colors. Included in (C) is the ex-
perimentally observed secondary structures of 5 SL1 with genomic num-
bering. Additional closing base pairs are annotated with ‘±x’. Colors of
boxes are according to the correlations in (A).

NMR data, which were also consistent with the presence of
a UCUAAAC heptaloop closing the SL3 hairpin and en-
compassing the CS-L (Figure 4 and Supplementary Figure
S7). Interestingly, the two stems in this construct, 5 SL2 and
5 SL3 show different stabilities at 283 K. This difference in
stability can be deduced from the difference in imino reso-
nance linewidths for the base pairs of SL2 versus SL3, in line
with the requirement of the viral transcription machinery
to unfold the leader TRS located in SL3. This differential
stability is even more pronounced at 298 K, where the U62
and U63 imino proton resonances of SL3 are broadened be-
yond detection (Supplementary Figure S8). In this regard,
the leader TRS of the Alphacoronavirus TGEV (transmis-
sible gastroenteritis coronavirus) was also found to occupy
the apical loop of a pseudo-stable hairpin by NMR spec-
troscopy (25,28). In agreement with the NMR data, DMS
footprinting showed stable base pairs in the stem of SL2
and a loop G-C base pair indicated by the very low reac-
tivity of C50. However, the lower stability of SL3, evident
from NMR, could not be detected by DMS footprinting
(Supplementary Figure S7). Thus, we tested if Mg2+ ions,
present during DMS treatment, but absent in the NMR
buffer, could modulate the stability of SL3. Strikingly, in the
presence of 3 mM Mg2+, the SL3 is significantly stabilized,
illustrated by an increase of imino proton intensities for U62
and U63 (Supplementary Figure S8). This stabilizing effect
of Mg2+ is even evident at 298 K, where the U62 and U63

Figure 4. (A) 1H,1H-NOESY, (B) 1H,15N-TROSY and (C) HNN-COSY
spectra for imino-proton correlation of the 5′-genomic end construct
5 SL2+3 encompassing nts 45–75. Positive contours are given in blue, neg-
ative contours in red. The imino-proton correlations are annotated using
genomic numbering. Imino-proton correlations in (A) between consecu-
tive base pairs are shown in black. Included in (C) is the experimentally
observed secondary structure of 5 SL2+3 with genomic numbering. Addi-
tional closing base pairs are annotated with ‘±x’. The black box represents
the correlations in (A). The gray boxes marks base pairs which were not
assigned based on imino-to-imino correlations.

imino proton resonances are broadened beyond detection in
the absence of Mg2+, but become clearly observable in the
presence of Mg2+ (Supplementary Figure S8). Thus, ionic
conditions strongly influence the stability of SL3 and might
thereby affect TRS function in vivo.

5 SL4 5 SL4 (nts 86–125) is structurally conserved
among Betacoronaviruses and might function as a spacer
element required for sg mRNA synthesis, mediating proper
relative orientation of SLs 1–3 (29). SL4 carries a short
upstream ORF (uORF), which is also conserved among
Betacoronaviruses. Its function is still subject to specula-
tion, since genetic pressure to select for the presence of a
uORF could be observed, yet manipulations of this uORF
that retain the SL4 RNA structure all yielded viable viruses
(30). Interestingly, an additional short downstream hairpin
structure predicted for MERS-CoV2 might also be present
in SCoV2 (4,6), and is currently under investigation at
BMRZ. Here, we present our results for 5 SL4 depicted in
Figure 5. The NMR data showed the secondary structure
of an SL interrupted by mismatches and capped by a non-
canonical five nucleotide loop (Figure 5). All predicted base
pairs could be detected, including a G-U base pair formed
by residues G91 and U120 by the presence of imino sig-
nals in the non-canonical region (Figure 5B). The imino
NOESY walk is in agreement with a continuous stem for
SL4 with a looped-out U95 and a so far structurally in-
completely characterized, but A-form helix compatible ar-
rangement of the opposing residues C92 and C119 as well as
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Figure 5. (A) 1H,1H-NOESY, (B) 1H,15N-TROSY and (C) HNN-COSY
spectra for imino-proton correlation of the 5′-genomic end construct
5 SL4 encompassing nts 86–125. Positive contours are given in blue, neg-
ative contours in red. The imino-proton correlations are annotated using
the genomic numbering. Imino-proton correlations in (A) between consec-
utive base pairs are shown in different colors. Included in (C) is the experi-
mentally observed secondary structure of 5 SL4 with genomic numbering.
Additional closing base pairs are annotated with ‘±x’. Colors of boxes are
according to the correlations in (A). Gray boxes mark base pairs, which
were not assigned based on imino-to-imino correlations. The asterisk in
(B) marks a signal which is visible at lower contour levels.

C100 and U112. So far, the absence of imino resonances for
residues of the apical loop, which contains two of the three
nucleotides of the start codon of the uORF, precludes any
conclusions about the structure of the loop. Starting from
the assigned imino protons (Figure 5B), 12 of 14 cytidine
amino groups, three out of five adenine amino groups and
eight of 14 guanine amino groups were assigned (Supple-
mentary Figure S9D). The cytidine amino groups served as
starting point to assign the H5 resonances in a 15N-filtered
NOESY spectrum together with a 1H,1H-TOCSY experi-
ment (Supplementary Figure S9B), which also allowed the
connection of the H5 to the H6 of the same pyrimidine
residue. Starting from the H5-H6 cross peaks and the ade-
nine H2 resonances identified in the 1H,1H-NOESY and
the lr-15N-HSQC spectrum (Supplementary Figure S9A),
the non-exchangeable aromatic C-H groups of all residues
but the two uridine residues in the loop could be assigned
in the aromatic-aliphatic walk in the 1H,1H-NOESY spec-
trum (Supplementary Figure S9C). DMS footprinting data
suggest an elongated SL for SL4, ranging from nt 77 to 136.

SL5 (nts 149–294) displays more pronounced structural
divergence among the Betacoronaviruses in comparison to
the upstream elements, but some features are recurring: a
four-helix junction connects the sub-structures SL5a, b, and
c to a long-range base-pairing region forming an extended
helical stem (31). The AUG start codon for ORF1a is inte-

Figure 6. (A) 1H,1H-NOESY, (B) 1H,15N-TROSY and (C) HNN-COSY
spectra for imino-proton correlations of the 5′-genomic end construct
5 SL5stem encompassing nts 150–180 and 265–294. Positive contours are
given in blue, negative contours in red. The imino-proton correlations are
annotated using the genomic numbering. Sequential imino-proton corre-
lations in (A) between neighboring base pairs are shown in colors accord-
ing to the experimentally determined 5 SL5stem RNA secondary struc-
ture schematized as an inset in panel (C). NMR resonances arising from
the tetraloop nucleotides are annotated with small letters and the two ad-
ditional GC closing base pairs at the 5′- and 3′-termini are numbered with
±x, respectively. Colors of boxes are according to the correlations in (A).
Note that the stem is depicted upside down with respect to its orientation
as presented in the overall scheme of Figure 1.

grated into a stable SL5 helical section, resulting in the 3′-
part of SL5 being the N-terminal coding sequence of nsp1
(Figure 1). Sub-structures of SL5 have been associated with
viral replication in MHV and BCoV (Bovine coronavirus)
(32), but no conclusive model for a conserved functional
role of SL5 in Betacoronaviruses is available. We divided
SCoV2 SL5 into the three sub-structures 5 SL5stem (nts
150–180 and 265–294), 5 SL5a (nts 188–218) and 5 SL5b+c
(nts 227–263), shown in Figures 6–8, respectively.

5 SL5stem For the SL5 core stem RNA element, we used
the following construct design: after removal of all pre-
dicted SL sub-parts in the SL5 tree (i.e. a, b and c) the
remaining core stem encompasses nts 150–180 on its 5′-
end and 265–294 on its 3′-end, respectively. This design is
fully in line with the suggested arrangements of the SL5
arms and, in particular, the stem structured detected in the
DMS footprinting experiments (Figure 2A). Notably, the
subgenomic AUG start codon is positioned directly down-
stream of SL5c, starting from nucleotide A266 (Figures 2
and 6). We decided to stabilize the resulting apical end of
5 SL5stem with two additional G-C base pairs in order to
mimick the expected structural rigidity of the nearby four-
way-junction and facilitate assignments of the initial base
pairs. The 5 SL5stem basal end was stabilized with a bona
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Figure 7. (A) 1H,1H-NOESY, (B) 1H,15N-TROSY and (C) HNN-COSY
spectra for imino-proton correlations of the 5′-genomic end construct
5 SL5a encompassing nts 188–218. Positive contours are given in blue, neg-
ative contours in red. The imino-proton correlations are annotated using
the genomic numbering. Imino-proton correlations in (A) between consec-
utive base pairs are shown in different colors. Included in (C) is the exper-
imentally observed secondary structure of 5 SL5a with genomic number-
ing. The HNN-COSY spectrum in (C) was recorded at 298 K. Additional
closing base pairs are annotated with ‘±x’. Colors of boxes are according
to the correlations in (A).

fide UUCG tetraloop (33), which allowed transcription of
the RNA from one DNA template and resulted in a suffi-
ciently compact and homogeneously folded RNA, despite
its relatively large size of 69 nt. For convenience, we dis-
play the 5 SL5stem in an upside-down arrangement with
respect to the scheme in Figure 1 (Figure 6 and Supplemen-
tary Figure S10). Using NMR experiments #1 to #6 and #9
on a uniformly 15N-labeled sample (Tables 1 and 2), we ob-
tained assignments for all, except for one (U175), H-bonded
imino 1H,15N pairs within the native sequence in agreement
with the predicted secondary structure (Figure 6A and B;
Supplementary Figures S10 and 11). We found NOEs that
show the tight interaction of the tetraloop-stabilized g149
with the closing base pair A294-U150. However, we were
only able to see the stabilizing effect of the UUCG cap at
283 K, but not at higher temperatures.

Apart from some spectral overlap in the central guano-
sine region (around 12.5 ppm), the 5 SL5stem RNA yielded
spectra of excellent quality for initial assignments beyond
the G/U iminos. We were also able to assign imino nitrogens
of all base-pairing adenines (Figure 6C), supporting the un-
derlying base pair pattern and RNA secondary structure.
The well-resolved H2 proton chemical shift dispersion al-
lowed us to obtain assignments for the majority of the ade-
nine N3 resonances (Supplementary Figure S10). We could
also assign a significant fraction of H-bonded adenine and

Figure 8. (A) 1H,1H-NOESY, (B) 1H,15N-TROSY and (C) HNN-COSY
spectra for imino-proton correlation of the 5′-genomic end construct
5 SL5b+c encompassing nucleotides 227 to 263 at 283K. Positive contours
are given in blue, negative contours in red. The imino-proton correlations
are annotated using the genomic numbering. Imino-proton correlations in
(A) between consecutive base pairs are shown in different colors, * denote
crosspeaks visible at 275K, but not at 283K. Included in (C) is the exper-
imentally observed secondary structure of 5 SL5b+c with genomic num-
bering. Additional closing base pairs are annotated with ‘±x’. The boxes
are according to the correlations in (A).

cytidine amino groups, although a number of amino NMR
signals overlap, which suggests that the secondary structure
primarily adopts A-form conformation within consecutive
stretches, typical for double-stranded RNAs.

The NMR-derived base-pairing pattern is confirmed by
the reactivities obtained for the respective RNA stem in the
DMS footprinting experiment (Figure 2 and Supplemen-
tary Figure S10). The latter data reflect the increase in re-
activity along with the bulges compared to the H-bonding
within duplexed stretches (see direct comparison of data
from both methods in Supplementary Figure S10D). No-
tably, while an increase in DMS reactivity at A-U closing
base pairs adjacent to bulges is explained by a lower av-
erage stability of the H-bonds, we also found the inner-
helical adenosines 157 and 166 to exhibit relatively high
DMS reactivity, which is in contrast to their apparently sta-
ble duplex character shown by the NMR data. To examine
the role of different experimental conditions between NMR
(283 K and no Mg2+) and DMS footprinting (310 K and 3
mM Mg2+), we undertook both an NMR-based titration of
5 SL5stem with Mg2+ as well as a temperature comparison
of nitrogen correlation spectra between 283 K and 298 K
(Supplementary Figure S11). Our data show that the locally
confined increase in DMS reactivity can well be explained
by the higher temperature. Of note, the overall comparison
between the two buffer conditions reveals identical spectral
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quality and thus underlines the complementary strength of
the two methods to fully probe RNA secondary structure.
Consequently, we found the 5 SL5stem part of the SCoV2
RNA to adopt the global secondary structure as suggested
in Figures 1 and 2.

5 SL5a based on secondary structure prediction, the
SL5a construct is composed of two helical stems that are
separated by a three nucleotide U-rich bulge (Figure 7).
By NMR spectroscopy, we were able to confirm the pres-
ence of both stem regions, while the resonances of the two
U nucleotides participating in canonical A-U base pairs
(U191 and U209) served as starting points for the sequen-
tial imino-walk indicated in Figure 7A. Additionally, we de-
tected a weak U-imino resonance (CS 1H: 11.3 ppm and
15N: 157.8 ppm, Figure 7A and B), which is involved in a
non-canonical nucleobase interaction. This U shows corre-
lations to the C193-G213 base pair and is thus either part
of the U-rich bulge or represents U195 if the other uridines
of the bulge are flipped out and solvent exposed. However,
at this point an unambiguous assignment is not possible
and also in line with the available SHAPE data (34,35), no
imino proton signal for G210 is detected at room tempera-
ture. Furthermore, the stem is closed by a UUUCGU loop.
While imino resonances remain elusive for this loop, the
1H,15N-HSQC spectrum of the amino groups show char-
acteristic resonances for a UUCG-tetraloop (Supplemen-
tary Figure S12) (33). This suggests that the UUUCGU
loop might adopt a conformation similar to the UUCG
tetraloop. All observations by NMR spectroscopy are in
good agreement with the DMS footprinting data.

5 SL5b+c key to the assignment of 5 SL5b+c (Figure 8
and Supplementary Figures S13-14) was the use of low tem-
perature (275 K) and the comparison of the construct to
the single hairpins 5 SL5b and 5 SL5c. In the double hair-
pin construct 5 SL5b+c, only the lower part of the SL5b
stem (nts 229–234, 246–251) gave rise to imino-imino cross
peaks in the NOESY at 283 K, while imino-imino correla-
tions for the upper two base pairs closing the UUUCGU-
loop, the closing base pair for the stem of 5 SL5b and for
the base pairs of 5 SL5c (nts 253-263) only appear at 275
K (Supplementary Figure S14). Stem SL5c is closed by a
GAAA-tetraloop (36). In these tetraloops, the H1 of the
G is protected by hydrogen bonding to the phosphate of
the last adenosine in the loop. In line with this, we observe
an additional cross peak in the TROSY (Figure 8B) in the
non-canonical region, which arises from G256, however,
due to overlap with G246 and ambiguities in the amino re-
gion, an assignment was only feasible by comparison of the
5 SL5b+c construct to the single hairpins of 5 SL5b and
5 SL5c (Supplementary Figure S14). Data from DMS foot-
printing are in line with our observations at 275 K, while we
observe more dynamics at higher temperature, suggesting
stabilization of SL5b and c within the full length SL5.

5 SL6 5 SL6 comprises nts 302–343 of SCoV2 and is lo-
cated in the 5′-region of ORF1a coding for nsp1. For a
number of members of the Betacoronavirus class, including
BCoV, MHV and several human coronaviruses (HCoVs),
SL6 was shown to be conserved, but its precise function in
viral replication remains unclear (37). Mutational studies
leading to destabilization of SL6 resulted in reduced virus
viability in MHV. However, this effect was attributed to a re-

Figure 9. (A) 1H,1H-NOESY, (B) 1H,15N-TROSY and (C) HNN-COSY
spectra for imino-proton correlation of the 5′-genomic end construct
5 SL6 encompassing nts 302–343. Positive contours are given in blue, neg-
ative contours in red. The imino-proton correlations are annotated using
the genomic numbering. Imino-proton correlations in (A) between consec-
utive base pairs are shown in different colors. Included in (C) is the experi-
mentally observed secondary structure of 5 SL6 with genomic numbering.
Additional closing base pairs are annotated with ‘±x’. Colors of boxes are
according to the correlations in (A).

duction of nsp1 protein levels (4,38). A recent study identi-
fied the asymmetrically bulged region of SCoV2 SL6 as one
major binding site for the N protein (34). Here, we study
SCoV2 5 SL6 that comprises nts 302–344 of SCoV2 ex-
tended by two G-C base pairs. (Figure 9). We conducted
resonance assignment on a sample containing 15N-labeled
A and C nucleotides and 13C,15N- labeled G and U nu-
cleotides. We could assign the observable resonances of all
exchangeable imino- and C amino-protons in this RNA
(Figure 9 and Supplementary Figure S15). Based on these
assignments, we can delineate two base-paired regions in
5 SL6. The first paired region is comprised of a stem of eight
consecutive canonical Watson–Crick base pairs including
the 5′- and 3′-termini. The second base-paired region con-
sists of six base pairs including a terminal G-U base pair,
spanning from G319-U324 and A328-U333. This second
paired region is capped by a triple-U loop. Both base-paired
regions are separated by an asymmetric bulge of 11 and 4
nts. These results were in good agreement with DMS foot-
printing data. Here, the previously observed asymmetric A-
rich bulge showed a high reactivity, whereas both stem re-
gions were well protected from DMS (Supplementary Fig-
ure S15).

5 SL7 and 5 SL8 The presence of SL7 (nts 349–394) was
confirmed by RNA structure probing for MHV, and similar
motifs were found by RNA structure prediction in BCoV
and SCoV (37). For SCoV and SCoV2, SL8 (nts 413–471)
is predicted as a strikingly large hairpin-structure compared
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Figure 10. (A) 1H,1H-NOESY, (B) 1H,15N-TROSY and (C) HNN-COSY
spectra for imino-proton correlation of the 5′-genomic end construct
5 SL7 encompassing nts 349–394. Positive contours are given in blue, neg-
ative contours in red. The imino-proton correlations are annotated using
the genomic numbering. Imino-proton correlations in (A) between consec-
utive base pairs are shown in different colors. Included in (C) is the experi-
mentally observed secondary structure of 5 SL7 with genomic numbering.
Additional closing base pairs are annotated with ‘±x’. Colors of boxes are
according to the correlations in (A).

to other Coronaviruses, where it is mostly absent (4). We in-
vestigated 5 SL7 and 5 SL8 separately as shown in Figures
10 and 11.

5 SL7 The 50 nt RNA 5 SL7 is subdivided into four
different helical sections, bridged by a G-G mismatch and
two bulges of one (G377) or two (A382, U383) nucleotides.
This general secondary structure, as predicted by RNAs-
tructure and mfold [Supplementary Figure S5 and (39)],
could be confirmed by assignment of imino proton reso-
nances in 1H,1H-NOESY spectra (Figure 10). The termi-
nal stem between G-2 and the characteristic G386-U357
wobble base pair at 1H chemical shifts of 11.68 and 10.57
ppm (� 1H) was unambiguously assigned. For all assigned
U imino protons, their corresponding A H2-aromatic pro-
tons were assigned (Supplementary Figure S16). The termi-
nal helical stretch comprising two G-C base pairs following
one A-U and an additional G-C base-pair was assigned by
comparison to the same element present in 5 SL8 (Figure
11). The central unusual G-G-motif gives rise to two non-
canonical imino proton resonances, which cannot be unam-
biguously assigned to one of the two Gs and may result ei-
ther from stacking or formation of an unusual base pair.
In the middle part of 5 SL7, no imino protons could be as-
signed in the 1H,1H-NOESY spectra, most likely due to an
increased instability of this section compared to the remain-
der of the base pairs. However, two additional, yet unas-
signed G-C base pairs are detected in the HNN-COSY (Fig-

Figure 11. (A) 1H,1H-NOESY, (B) 1H,15N-TROSY and (C) HNN-COSY
spectra for imino-proton correlation of the 5′-genomic end construct
5 SL8 encompassing nts 413–471. Positive contours are given in blue, neg-
ative contours in red. The imino-proton correlations are annotated using
the genomic numbering. Imino-proton correlations in (A) between consec-
utive base pairs are shown in different colors. Included in (C) is the exper-
imentally observed secondary structures of 5 SL8 with genomic number-
ing. Additional closing base pairs are annotated with ‘±x’. Colors of boxes
are according to the correlations in (A).

ure 10). The two loop-closing G-C-base pairs were assigned
due to their uniqueness. Its unreactive nature was proposed
in DMS footprinting. According to DMS footprinting data
these base pairs are stable. Further, DMS footprinting data
did not detect a higher flexibility of the central region of the
SL. Additional insights into the conformation and dynam-
ics of this part of the RNA will include the investigation of
shorter RNA constructs.

5 SL8 For 5 SL8, overall 11 imino resonances were as-
signed unambiguously (Figure 11 and Supplementary Fig-
ure S17). With a shortened construct of the upper part of
the RNA (5 SL8loop, Table 1) the three consecutive G-C
base pairs were assigned (Figure 11, green), while the as-
signment of the two flanking guanosines, G440 and G448
remains ambiguous. Furthermore, it can be concluded from
the HNN-COSY spectrum that a Hoogsteen A-U base pair
might be present as the hydrogen bond acceptor nitrogen
chemical shift is at ∼230 ppm, which is characteristic for an
adenine N7 resonance. Moreover, we detected at least six
additional imino protons that are involved in non-canonical
structural elements. This NMR experimental fingerprint is
not consistent with predictions of the predicted lowest en-
ergy structure (Supplementary Figure S5) and will be sub-
ject to further studies. As nearly the complete sequence of
5 SL8 constitutes the primer site for DMS footprinting no
further DMS analysis was possible.
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Figure 12. (A) 1H,1H-NOESY, (B) 1H,15N-TROSY and (C) HNN-COSY
spectrum of the SARS-CoV-2 attenuator hairpin encompassing nts 13 432
to 13 455. Positive contours are given in blue, negative contours in red.
The imino-proton correlations are annotated using genomic numbering,
shifted for convenience by 13k nts from 5′. Imino-proton correlations in
(A) between consecutive base pairs are shown in black and red for the two
present exchanging conformations. Included in (A) is the experimentally
observed equilibrium between secondary structures of the attenuator. Ad-
ditional closing basepairs are annotated with ‘±x’. Colors boxes are ac-
cording to the correlations in (A). Asterisks indicate secondary shifts due
to conformational exchange.

ORF1a/b frameshifting region

Att HP An attenuator hairpin (att HP) located immediately
upstream of the slippery site and the PK responsible for
programmed ribosomal frameshifting (PRF) has been re-
ported to regulate PRF function by reducing the activity
of the PRF PK (40). Similar to the attenuator hairpin of
SCoV, the att HP of SCoV2 contains a 10-nt palindrome
of unknown function comprising nts 13 441–13 450 (Figure
12 and Supplementary Figure S18). Indeed, we detected ho-
modimerization for this construct in native polyacrylamide
gels containing Mg2+. The SCoV2 att HP exhibits five nt
variations relative to SCoV that predict it to be significantly
less stable (41). The NMR data indicate that the folding of
the att HP of SCoV2 is substantially different to that pro-
posed for the SCoV attenuator, as it contains an eight base
pair stem including an intrahelical U-U mismatch, instead
of the 10 bp stem predicted for the SCoV hairpin. In ad-
dition, the SCoV2 att HP does not expose the palindrome
sequence in its apical region (Figure 12). The relative insta-
bility of the SCoV2 attenuator is reflected by the detection
of possible alternative conformations in the central part of
the SL in the NMR spectra, containing either the predicted,
adjacent U13 437:U13 450 and U13 438-A13 449 bp, or
adjacent U13 437-A13 449 and U13 438-G13 448 bp, with
likely extrahelical U13 450 and C13 439 (Figure 12). At the
current state of investigation, the assignments of these al-

Figure 13. (A) 1H,1H-NOESY, (B) 1H,15N-TROSY and (C) HNN-COSY
spectra for imino-proton correlation of the genomic-central located PK
construct encompassing nts 13 475–13 542. Positive contours are given
in blue, negative contours in red. The imino-proton correlations are an-
notated using the genomic numbering, shifted for convenience by 13 000
nts from 5′. Imino-proton correlations in (A) between consecutive base
pairs are shown in different colors. Included in (C) is the experimentally
observed secondary structures of PK with genomic numbering, shortened
by 13k nts from 5′. The secondary structure according to (C) is shown
with genomic numbering from SCov2. Colors of boxes are according to
the correlations in (A). Gray boxes mark base pairs, which were not as-
signed based on imino-to-imino correlations.

ternative conformation remains tentative and further con-
structs will be investigated to clarify the topology of these
interesting RNA dynamics.

PK The three-stemmed pseudoknot (PK, nts 13 475–
13 542, Figure 13) structure controlling the ribosomal
frameshifting during ORF1a/b translation (42) has a
unique fold in SCoV and SCoV2 (43,44). While in other
Coronaviruses, and in many ssRNA viruses in general, this
RNA element forms a canonical H-type pseudoknot fold,
SCoV and SCoV2 PKs include a third SL. This SL harbors
a 6-nts palindromic sequence allowing for homodimeriza-
tion. Mutation of this sequence resulted in lower frameshift-
ing efficiency and altered SCoV growth kinetics in vivo (3).
The structure of SCoV PK has been thoroughly investigated
before (3,45) and with only one nucleotide changed from
SCoV to SCoV2 (C13 533A), assignment of the monomeric
form of the PK, once prepared in NMR-suitable purity
grade and quantity (∼70% monomer, 8 mg), was straight-
forward. The presence of the three predicted stem regions
could be confirmed in 1H,1H-NOESY spectra combined
with the 1H,15N-HSQC spectrum of the imino region and
the HNN-COSY spectrum (Figure 13).
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Figure 14. (A) 1H,1H-NOESY, (B) 1H,15N-TROSY and (C) HNN-COSY
spectra for imino-proton correlation of the 3′-genomic end construct
3 SL1 encompassing nts 29 548–29 613. Positive contours are given in blue,
negative contours in red. The imino-proton correlations are annotated us-
ing the genomic numbering, shifted for convenience by 29 000 nts from
5′. Imino-proton correlations in (A) between consecutive base pairs are
shown in different colors. Included in (C) is the experimentally observed
secondary structure of 3 SL1 with genomic numbering, shortened by 29k
nts from 5′. Additional closing base pairs are annotated with ‘±x’. Colors
of boxes are according to the correlations in (A).

3′-UTR

The conserved regulatory RNA sequences necessary for
virus replication at the 3′-genomic end of Coronaviruses are
exclusively found in the untranslated region. The 5′-most
cis-regulatory element is a large, bulged SL (3 SL1, Fig-
ure 1), containing a 3′-sequence that forms either the lower
part of the SL or base-pairs with a single-stranded sequence
within the loop of a downstream, smaller SL (3 SL2, Figure
1). Thus, the SL1-SL2 element is a putative RNA switch,
associated with regulation of replication (46,47). Further-
more, single-stranded regions flanking 3 SL2 form long-
range interactions with the 3′-most part of the genome in all
Betacoronaviruses, associated with nsp8 binding in replica-
tion initiation (46).

The downstream part of the 3′-UTR is called hypervari-
able region (HVR) and affects viral pathogenicity (48). The
HVR contains the highly conserved s2m motif in Beta-
coronaviruses, including SCoV, and also the non-related
Astroviruses (Rfam ID: RF00164; (49)). Precisely within
this RNA element, a single-nucleotide substitution from
SCoV to SCoV2 results in dramatic changes of the pre-
dicted secondary structure (Supplementary Figure S5), ren-
dering s2m a very interesting subject for high-resolution
structural characterization by NMR spectroscopy.

Thus, we divided the 3′-UTR into the single elements
3 SL1 (nts 29, 548-29, 614), 3 SL2 (nts 29, 630-29, 656),

3 SL3base (nts 29, 620–29, 671 fused to 29 849–29 870) and
3 s2m (nts 29, 728–29, 768), reflecting the most important
structural elements in the 3′-UTR (Figure 1).

3 SL1 For 3 SL1, secondary structure prediction tools
consistently proposed a long helical stem, interrupted by
several small bulges and a larger symmetrical bulge com-
posed of six uridine residues in the upper part of the stem.
For the 3 SL1 RNA construct, we could assign the imino
protons by analyzing cross peaks in a 1H,1H-NOESY ex-
periment conducted on an unlabeled RNA and 1H,15N-
TROSY-and HNN-COSY experiments (Figure 14). In ad-
dition to the predicted A-helical parts, we could observe
three consecutive non-canonical U-U base pairs in the up-
per part of 3 SL1. These three base pairs give rise to six well-
resolved imino proton resonances in the spectral area typi-
cal for U imino protons involved in G-U and U-U base pairs
(� 1H: 10–12.5 ppm, � 15N: 155–160 ppm) (50). Base pairs
U29 564-A29 600 to A29 569-U29 695 are symmetrical, re-
sulting in nearly complete chemical shift degeneracy for the
middle four base pairs of this helical stretch. DMS foot-
printing analysis confirms the presence of these base pairs,
showing low reactivity of the respective adenosine residues
(Supplementary Figure S20).

3 SL2 3 SL2 is the second hairpin element in the 3′-UTR
with a rather large loop sequence (11 nts) that is comple-
mentary to the upstream 3′-most sequence of the bulged SL
(3 SL1). Imino proton spectra show that the A-helical part
of 3 SL2 is composed of nine base pairs (Figure 15 and Sup-
plementary Figure S20). The loop-closing U-A base pair
is invisible, likely due to an enhanced life-time of the open
state that promotes fast solvent exchange of the imino pro-
ton. In contrast to computational secondary structure pre-
dictions, no stable base pairs between loop nucleotides are
observed (Supplementary Figure S20). In line with NMR
data, DMS footprinting showed a high reactivity of the
adenosine of the loop-closing U-A base pair. In contrast,
DMS data showed only partial reactivity in the loop nu-
cleotides suggestive of a confined conformation (Supple-
mentary Figure S20).

3 SL3base 3 SL3base represents the long-range RNA in-
teractions between the 3′-end of the genome and the single-
stranded regions flanking 3 SL2, with the complete HVR
deleted and replaced by a stable UUCG tetraloop. In the
NMR spectra of this construct we find three distinct base
paired regions arranged in a three-way junction. The first
paired region corresponds to a stretch of 4 bp closing the
5′- and 3′-end of the construct. At both sides five additional
nucleotides are found that do not form persistent interac-
tions that would lead to exchange protected imino proton
signals (Figure 16). The second paired region is found in
the SL part of the molecule that is identical to 3 SL2, ex-
cept for the stabilizing G-C base pairs at the end of the con-
struct introduced for in-vitro transcription. In 3 SL3base a
stretch of three Watson–Crick base pairs from A29 634-A29
636 and U29 650-U29 652 plus the additional base pair be-
tween C29 632 and G29 654 is formed, the other interac-
tions that were mapped in the smaller and more stabilized
3 SL2 could not be detected (compare Figure 15 and Figure
16). In line with 3 SL2, in the 3 SL3base construct neither
the loop nucleotides nor the A-U closing base pair exhib-
ited detectable imino-proton resonances and can therefore
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Figure 15. (A) 1H,1H-NOESY, (B) 1H,15N-TROSY and (C) HNN-COSY
spectra for imino-proton correlation of the 3′-genomic end construct
3 SL2 encompassing nts 29 630–29 656. Positive contours are given in blue,
negative contours in red. The imino-proton correlations are annotated us-
ing the genomic numbering, shifted for convenience by 29 000 nts from
5′. Imino-proton correlations in (A) between consecutive base pairs are
shown in different colors. Included in (C) is the experimentally observed
secondary structure of 3 SL2. Additional closing base pairs are annotated
with ‘±x’. Colors of boxes are according to the correlations in (A).

most probably be regarded as unpaired. The third paired re-
gion in 3 SL3base shows a network of 10 consecutive base
pairs including a pair between U29 845 and C29 666 as
well as between U29 846 and U29 665, in the middle of
the stem (Figure 16). That the stability is an intrinsic fea-
ture of the sequence and not induced by the high stability
cUUCGg-loop that caps this helical region, is confirmed by
DMS footprinting. Here the entire stem shows a low DMS
reactivity validating the introduced mutations (Supplemen-
tary Figure S21). Although part of the construct consti-
tutes the primer binding site, the DMS data are in good
agreement with the entire NMR secondary structure, ex-
cept for the loop of SL2. To investigate if magnesium ions
present during DMS footprinting are able to induce the
predicted base pair formation (Supplementary Figure S21),
which could explain the lower reactivity of C29 640, we per-
formed Mg2+ titrations with 15N-labeled 3 SL3base. No ad-
ditional imino proton resonances could be detected at 3 mM
Mg2+ (Supplementary Figure S22). Thus, the observed dif-
ferences between NMR and DMS reactivity is not due to al-
tered base pairing patterns in different ionic conditions, but
more likely the result of a restricted conformational flexibil-
ity within the loop of 3 SL2 (see ‘Discussion’ section).

3 s2m For 3 s2m, we performed assignment of the
imino protons by analyzing cross peaks in a 1H,1H-
NOESY, 1H,15N-TROSY, HNN-COSY, 1H,15N-CPMG-
NOESY and long range 1H,15N-sfHMQC experiments

Figure 16. (A) 1H,1H-NOESY, (B) 1H,15N-TROSY and (C) HNN-COSY
spectra for imino-proton correlation of the 3′-genomic end construct
3 SL3base encompassing nts 29 620–29 671 and 29 840–29 870. Positive
contours are given in blue, negative contours in red. The imino-proton
correlations are annotated using the genomic numbering, shifted for conve-
nience by 29 000 nts from 5′. Assignments that are marked with an asterisk
are tentative and might be subject to change. Imino-proton correlations in
(A) between consecutive base pairs are shown in different colors. Included
in (C) is the experimentally observed secondary structure of 3 SL3base.
Additional closing base pairs are annotated with ‘±x’. The colors of boxes
are according to the correlations in (A). Gray boxes mark base pairs, which
were not assigned based on imino-to-imino correlations.

(Figure 17 and Supplementary Figure S23). The assigned
base pair pattern unambiguously reveals a secondary struc-
ture that consists of two stem regions separated by an in-
ternal asymmetric loop. This secondary structure proposal
is in line with the protection pattern we observed in DMS-
footprinting (Supplementary Figure S23C). In addition, the
imino proton resonances of 3 s2m almost perfectly over-
lay with those of 3 HVR in 1H,15N-TROSY spectra (Figure
18), with 3 HVR representing the native sequence context
of 3 s2m.

Within the SCoV2 genome, a G29,758U mutation is ob-
served for the s2m element, which seems to cause a register-
shifted base-pairing in the upper hairpin stem. Key for the
assignment of the symmetric motif of G-C base pairs neigh-
boring A29 740-U29 758 and the two loop closing C-G base
pairs was the identification of an imino H2 cross peak to
A29 756. The loop-closing G-C base pairs C29 743-G29 755
and G29 744-C29 754 show very weak signals in 1H,15N-
HNN-COSY experiments and in 1H,1H-NOESY experi-
ments no imino-imino cross peaks are detected for these
residues at 298 K, while they could be observed at 283 K
(data not shown). We therefore assume only weak or re-
spectively transient base-pairing interactions at room tem-
perature, despite the fact that C29 743 and C29 754 remain
unmodified in DMS footprinting. To understand how this
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Figure 17. (A) 1H,1H-NOESY, (B) 1H,15N-TROSY and (C) HNN-COSY
spectra for imino-proton correlation of the 3′-genomic end construct
3 s2m encompassing nts 29 728–29 768. Positive contours are given in blue,
negative contours in red. The imino-proton correlations are annotated us-
ing the genomic numbering, shifted for convenience by 29 000 nts from
5′. Imino proton correlations in (A) between consecutive base pairs are
shown in different colors. Included in (C) is the experimentally observed
secondary structure of 3 s2m. Assignments that are marked with an aster-
isk are tentative and might be subject to change. Additional closing base
pairs are annotated with ‘±x’. Colors of boxes are according to the corre-
lations in (A).

affects the flexibility of the relatively large loop of 9 nts
will require further investigation, in particular as––in con-
trast to SCoV-2––the SCoV 3 s2m element features a rigid
loop-geometry (49). The observed secondary structure for
SCoV2, thus strongly deviates from the structure of SCoV.

In order to further substantiate the validity of our ap-
proach to investigate the cis-acting RNA elements in iso-
lation, we analyzed the SLs SL1 to SL4 from the 5′-UTR
and the 3 s2m motif within their native sequence context.
We recorded 1H,15N-TROSY spectra of 5 SL1-4 (nts 7–
125) and 3 HVR (nts 29 698-29 806) and observed very
good agreement with the TROSY spectra of the isolated
SLs (Figure 18). Major differences for imino proton reso-
nances are limited to the signals of the additional G/C nu-
cleotides introduced to the isolated RNA elements to enable
T7 transcription and stem stabilization. Importantly, these
additional nucleotides did not introduce artificial struc-
tural changes other than stabilizing the corresponding he-
lical part. The 3 s2m motif forms a stable structural unit
within the 3 HVR RNA, demonstrating that its unique fold
adopted in SCoV2 is maintained in the longer sequence
context. Moreover, it appears to exist as an independent
structural unit, since no indications for any additional long-
range interactions are observed. This important observa-
tion also holds true when comparing the TROSY spec-
tra of SL1-4 with those of the isolated RNAs: no addi-

tional resonances appear in the non-canonical spectral re-
gions, which would be indicative for tertiary structure for-
mation or long-range interactions between the individual
SLs, exclusively possible within the longer sequence context.
Rather, the almost perfect matching of imino proton reso-
nances of 5 SL1, 5 SL2+3 and 5 SL4 onto those of 5 SL1-
4, clearly demonstrates that these hairpins form indepen-
dent structural units within the longer sequence context.
Thus, they most likely represent the respective predicted
functional units also in the context of the entire genome as
well as in the context of the sg mRNA leader sequences (see
paragraphs 5 SL1, 5 SL2+3 and 5 SL4).

In summary, by combining reactivity profiles by DMS
footprinting and extensive NMR-spectroscopic analysis of
a total of 22 RNA constructs representing regulatory rel-
evant regions of the SCoV2 genome, we present conclu-
sive experimental validation of 15 RNA secondary struc-
ture models: SLs 1 to 8 of the 5′-genomic end; the attenua-
tor hairpin and the pseudoknot of the frameshift regulating
region, and SLs 1 to 3 and s2m of the 3′ genomic end.

DISCUSSION

We analyzed the secondary structures of 15 individual cis-
acting RNA elements from SCoV2 by NMR spectroscopy,
and complemented these data with DMS footprinting anal-
yses of 11 of these RNAs as well as NMR analyses of
four 119/472- and 115/337-nt long sequences representing
(parts of) the 5′-and 3′-ends of the SCoV2 RNA genome,
respectively. All NMR data have been deposited in the
BMRB (8). While secondary structure characterization by
NMR relies on detecting protons that are stably involved in
base-pairing interactions (first of all G and U imino pro-
tons), DMS detects highly flexible A and C residues in non-
structured regions of the RNA. By combining these two
complementary methods, we were able to structurally char-
acterize all 15 RNA elements at single base pair resolution.
We find an excellent overall agreement of RNA secondary
structures obtained from DMS footprinting within their
native, full-length sequence context (top-down approach)
with RNA secondary structures determined by NMR spec-
troscopy for isolated RNA elements (bottom-up approach).
Notably, no conflicting secondary structures are suggested
by the two methods, except for the low reactivity of some of
the loop nucleotides from 3 SL2 observed by DMS prob-
ing (see ‘Discussion’ section below). Recently, preliminary
SHAPE and DMS footprinting data have been made avail-
able in bioRxiv for the 5′-genomic end, the frameshifting
region and even the full-length SCoV2 genome, which over-
all confirm our secondary structural models (34–35,51–53).
Figure 19 shows an overview of the structure of the 15 ana-
lyzed cis-elements. Regions showing differences in between
the available NMR and structural probing data are depicted
in gray and discussed below.

5 SL1 NMR analyses indicate open A-U base pairs
flanking the upper helix of SL1. Since SL1 is located at the
extreme 5’-end of the genome, it is not resolved in most
structural studies. In the datasets where SL1 is probed, ei-
ther the upper or the lower A-U base pair is non-reactive
(34,35). This flexibility might affect recognition of SL1 by
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Figure 18. Overlay of 1H,15N-TROSY spectra for the imino-proton correlations of (A) 3 HVR (blue) and 3 s2m (red) and (B). 5 SL1-4 (blue), 5 SL1 (red),
5 SL2+3 (green) and 5 SL4 (yellow). 5 SL1-4 encompasses nts 7–125 and 3 HVR consists of nts 29 698–29 806. Given assignments were derived from
the spectra of the single SLs (see Figures 4, 5 and 6 for (B) and Figure 18 for (A) with genomic numbering shifted for convenience by 29,000 nts from 5′.
Spectra in (A) were recorded at 298 K and spectra in (B) were recorded at 283 K. In (A), the isolated 3 s2m is depicted for illustration of assignments.
The additional nucleotides G-1 and G-2 are colored in gray. The asterisk denotes a signal which shows up at lower contour levels for 3 s2m. In (B), only
resonances which are present both in 5 SL1234 and the respective isolated RNA are annotated. Secondary structures are omitted for clarity.

Nsp1 and should be addressed in future studies of this
RNA–protein complex.

5 SL5 Small deviations between DMS- and NMR-based
secondary structure models were observed in 5 SL5, where
some residues detected to be base-paired in NMR experi-
ments showed high reactivity in DMS footprinting (see Sup-
plementary Figure S10). As DMS experiments were per-
formed at 3 mM Mg2+ and higher temperature, we repeated
the NMR experiments for 5 SL5stem at 1.5 and 3 mM
Mg2+ as well as at 298 K. While Mg2+ addition mainly
induces small chemical shift perturbations (CSPs), the in-
crease in temperature results in dramatic line broadening
for imino protons U288, U283, U279 and to a lesser extent
U276. These uridine residues are precisely the ones base-
pairing with the adenosine residues showing high reactivity
in DMS probing, thus demonstrating temperature to be a
key effector for stability of this long-range interaction in-
vitro. Accordingly, other structural probing data likewise
showed enhanced reactivity within the stem region of SL5
(35,51,52). A possible reason might be an enhanced confor-
mational heterogeneity within this larger substructure. Fur-
ther, division of 5 SL5 into three subparts along with termi-
nal stabilization for NMR spectroscopy abolishes the possi-
bility for tertiary contacts between the four helices that may
be expected to form within the entire SL5 RNA. More de-
tailed high-resolution analysis of full-length 5 SL5 should
be performed in the future, in order to clarify its exact fold-
ing details and intrinsic dynamics.

5 SL8 NMR spectra show several non-canonical inter-
actions within the middle part of SL8, which could not
be unambiguously assigned so far. A comparison of the
available probing data likewise shows differing reactivities
across the various datasets, necessitating further detailed
high-resolution analyses (34–35,51).

3 SL2 DMS footprinting data showed only intermedi-
ate reactivity for residues in the large loop of 3 SL2, while
NMR spectroscopy revealed an entirely open structure,
without any stable base-pairing interactions. Addition of
up to 3 mM Mg2+ did not show any influence on the loop
stability of SL2 in the 3 SL3base construct. Conversely to
DMS probing, SHAPE data suggest that the majority of
loop residues within SL2 are flexible (35,51,54), suggesting
that the lower reactivity found in DMS footprinting analysis
reports on a restricted conformational flexibility of the loop
of SL2, rather than base pairing interactions. These varia-
tions in 3 SL2 loop conformations are highly interesting, as
SL2 is supposed to be part of a molecular switch crucial in
regulating genome synthesis (40). The loop of SL2 is either
free or forms a pseudoknot interaction with the basal stem
of 3 SL1. Strikingly, both the two-hairpin and the pseudo-
knot structures are essential for viral replication (47). While
an open loop structure will facilitate pseudoknot formation,
a defined folding of the loop might be required for protein
interaction in the two-hairpin conformation. Thus, the loop
conformation of 3 SL2 needs to be further investigated.

3 s2m Compared to SCoV, the s2m motif from SCoV2
harbors two mutations (Supplementary Figure S1). One
compensatory mutation in the lower helix and one muta-
tion that leads to destabilization of the base pairing of the
upper helix. This overall instability of the SCoV2 s2m also
detected by NMR, is reflected by high reactivity of this mo-
tif in several of the available probing datasets (35,51,54).

In addition to the analysis of individual cis-elements,
experimental data on the full-length RNA will guide fur-
ther detailed structural investigations. For example, DMS
footprinting suggested an additional helical part for 5 SL4,
which is conserved in SCoV. Interestingly, an alternative
model for SCoV2 is proposed by computational predic-
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Figure 19. Overview of the experimentally derived structures for the cis-elements of the 5′-genomic end (A), the frameshifting region (B) and the 3′-UTR
(C). Genomic numbering is shifted for convenience by 13 000 from 5′ for the frameshifting region and 29 000 for the 3′-UTR. Cis-elements analyzed by
NMR spectroscopy are highlighted in black. Regions with unclear base pairing patterns or high reactivity in structural probing data are shown in gray and
discussed in the main text.

tions, where a small SL forms directly downstream of SL4
(45). NMR will be the method of choice to delineate which
of the two secondary structures actually form in an RNA
construct covering the complete sequence in question. Fur-
ther, a recent study investigated RNA–RNA long-range in-
teractions within the SCoV2 genome (55). In line with our
initial analysis of larger regions of the 5′-genomic end and
the 3′-UTR, no long-range interactions between the cis-
elements within the two regions were identified other than
the SL5stem and SL3base. Notably, long-range interactions
of the 5′-genomic end and the 3′-UTR with each other as
well as coding regions of the genome were identified, which
provide interesting new starting points for the investigation
of RNA structures important for virus propagation.

In general, we provide a thorough experimental valida-
tion of phylogenetic-based in silico models for the RNA el-
ements characterized in this study. Differences found be-
tween prediction and experimental data show a trend to-
ward fewer stable base pairs in the experimentally deter-
mined structures, i.e. A-U base pairs next to bulges or two
base pair helices including one G-U predicted to be paired
are found to be open in the experimental data (both NMR
and DMS). In addition, several non-canonical base pairs

could be identified that are not considered in the in silico
predictions (Supplementary Figure S5). Comparing with
the sequence to SCoV, the overall sequence identity of the
analyzed RNA elements is 91%, with 5 SL2, 5 SL3 and
5 SL5c showing complete identity, and att HP exhibiting
the largest divergence with only 79% identity. In terms of
structure, all RNAs are highly conserved although several
quite notable exceptions have been detected in this regard.
This includes the 5 SL1 element, the s2m element and the
att HP. The 24 nt att HP, located immediately upstream of
the slippery site and the PRF PK, exhibits five nt variations
relative to SCoV that predict it to be significantly less sta-
ble (36). In line with this observation, the NMR data indi-
cate that the folding of this motif is substantially different to
that proposed for the att HP of SCoV, and involves at least
two main conformations (Figure 12). In this last respect,
a distinctive advantage of our NMR approach relative to
other methodologies is that it allows specific detection of
RNA dynamics. Conformational exchange processes have
been detected in particular for the att HP and potentially
also for other SCoV2 cis-acting elements, including 5 SL7
and 5 SL8. These dynamic processes may be relevant for
small-molecule or protein recognition.
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Overall, however, it is reasonable to expect very simi-
lar functional properties for cis-acting RNAs in SCoV and
SCoV2, which will certainly accelerate progress in eluci-
dating virus biology. Further, 3D modeling efforts such as
FARFAR, aiming at providing structures of potential drug
targets will benefit from independent, high-resolution ex-
perimental validation (6). We provide here an extensive set
of chemical shift data covering the entire 5′- and large parts
of the 3′-genomic ends as well as two elements from the
frameshifting region as a conclusive and reliable basis for
further structure-based investigations of the SCoV2 RNA
genome. This will greatly facilitate research progress toward
defeating the virus and fighting Covid-19.
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68. Sklenář,V., Piotto,M., Leppik,R. and Saudek,V. (1993)
Gradient-tailored water suppression for 1H-15N HSQC experiments
optimized to retain full sensitivity. Journal of Magnetic Resonance -
Series A, 102, 241–245.

69. Shaka,A., Lee,C. and Pines,A. (1988) Iterative schemes for bilinear
operators; application to spin decoupling. J. Magn. Reson., 77,
274–293.

70. Hwang,T.L. and Shaka,A.J. (1995) Water suppression that works.
Excitation sculpting using arbitrary wave-forms and pulsed-field
gradients. J. Magn. Reson. Ser. A, 112, 275–279.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/48/22/12415/5961789 by guest on 12 July 2022



 

272 

 

 



273 

5.14 Research article: Exploring the Druggability of Conserved RNA Regulatory Elements in the SARS‐

CoV‐2 Genome 

 

Sridhar Sreeramulu*, Christian Richter*, Hannes Berg, Maria A. Wirtz Martin, Betül Ceylan, Tobias 

Matzel, Jennifer Adam, Nadide Altincekic, Kamal Azzaoui, Jasleen Kaur Bains, Marcel J. J. Blommers, 

Jan Ferner, Boris Fürtig, Michael Göbel, J. Tassilo Grün, Martin Hengesbach, Katharina F. Hohmann, 

Daniel Hymon, Bozana Knezic, Jason N. Martins, Klara R. Mertinkus, Anna Niesteruk, Stephen A. Peter, 

Dennis J. Pyper, Nusrat S. Qureshi, Ute Scheffer, Andreas Schlundt, Robbin Schnieders, Elke Stirnal, 

Alexey Sudakov, Alix Tröster, Jennifer Vögele, Anna Wacker, Julia E. Weigand, Julia Wirmer-

Bartoschek, Jens Wöhnert and Harald Schwalbe; Angewandte Chemie International Edition 60, 19191-

19200 (2021) 

* These authors contributed equally to this work. 

 

In this work, the druggability of the conserved RNA elements from the SARS-CoV-2 genome was 

experimentally validated. An NMR-based fragment screening against 15 RNA elements was 

performed with 768 compounds using 1H-1D NMR binding assays. The pseudoknot and stem-loop 

3_SL3base RNA elements were selected as the most promising drug targets with binding affinities in 

the µM range for further ligand development.  

S. Sreeramulu and C. Richter performed the NMR-based fragment screening experiments, analyzed 

the data, and wrote the manuscript. The author of this thesis was part of the Covid-19 NMR 

consortium and the RNA production team that prepared and purified various isotope-labeled RNA 

samples for NMR spectroscopy. 

 

 

 

 

https://doi.org/10.1002/anie.202103693 

This work was licensed under a Creative Commons Attribution 4.0 International License © 2021 The 

Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH.

https://doi.org/10.1002/anie.202103693


274 

 



Covid Virus

Exploring the Druggability of Conserved RNA Regulatory Elements in
the SARS-CoV-2 Genome
Sridhar Sreeramulu+, Christian Richter+, Hannes Berg, Maria A. Wirtz Martin, Betgl Ceylan,
Tobias Matzel, Jennifer Adam, Nadide Altincekic, Kamal Azzaoui, Jasleen Kaur Bains,
Marcel J. J. Blommers, Jan Ferner, Boris Fgrtig, Michael Gçbel, J. Tassilo Grgn,
Martin Hengesbach, Katharina F. Hohmann, Daniel Hymon, Bozana Knezic, Jason N. Martins,
Klara R. Mertinkus, Anna Niesteruk, Stephen A. Peter, Dennis J. Pyper, Nusrat S. Qureshi,
Ute Scheffer, Andreas Schlundt, Robbin Schnieders, Elke Stirnal, Alexey Sudakov, Alix Trçster,
Jennifer Vçgele, Anna Wacker, Julia E. Weigand, Julia Wirmer-Bartoschek, Jens Wçhnert, and
Harald Schwalbe*

Abstract: SARS-CoV-2 contains a positive single-stranded
RNA genome of approximately 30 000 nucleotides. Within this
genome, 15 RNA elements were identified as conserved
between SARS-CoV and SARS-CoV-2. By nuclear magnetic
resonance (NMR) spectroscopy, we previously determined that
these elements fold independently, in line with data from in
vivo and ex-vivo structural probing experiments. These
elements contain non-base-paired regions that potentially
harbor ligand-binding pockets. Here, we performed an
NMR-based screening of a poised fragment library of 768
compounds for binding to these RNAs, employing three
different 1H-based 1D NMR binding assays. The screening
identified common as well as RNA-element specific hits. The
results allow selection of the most promising of the 15 RNA
elements as putative drug targets. Based on the identified hits,
we derive key functional units and groups in ligands for
effective targeting of the RNA of SARS-CoV-2.

Introduction

Since early 2020, enormous scientific efforts are geared
towards antiviral treatment for SARS-CoV-2 (SCoV-2).

Impressive advancements are reported in vaccine develop-
ment. Furthermore, experimental approaches are being
actively pursued in drug repurposing and in design and
synthesis of new drugs. Such studies are supported by virtual
screening and molecular docking campaigns.[1–7] Compound
libraries with more than 106 molecules have been screened
virtually. So far, most efforts focus on targeting proteins to
inhibit viral propagation, while few attempts have been
reported for direct targeting of the large viral RNA genome.[8]

This focus on proteins as drug targets comes despite the fact
that structured RNA elements have been increasingly recog-
nized as drug targets in recent years,[9–16] including SARS-
CoV (SCoV). In SCoV, for example, the pseudoknot (PK)
element involved in ribosomal frameshifting was identified as
a potent drug target.[17] The abundance of viral RNA in
infected host cells opens a further opportunity for pharma-
ceutical intervention: for coronaviruses in general and for
SCoV-2 infected cells in particular, viral RNA accounts for
approximately two thirds of the total RNA.[18] In fact, the
transcriptome of SCoV-2 is discussed to contain numerous
potential druggable sites.[19, 20] Currently, however, only few
experimental screenings for ligands directly targeting the

[*] Dr. S. Sreeramulu,[+] Dr. C. Richter,[+] H. Berg, M. A. Wirtz Martin,
B. Ceylan, T. Matzel, J. Adam, N. Altincekic, J. K. Bains, Dr. J. Ferner,
Dr. B. Ffrtig, Prof. Dr. M. Gçbel, J. T. Grfn, Dr. M. Hengesbach,
K. F. Hohmann, D. Hymon, B. Knezic, J. N. Martins, K. R. Mertinkus,
Dr. A. Niesteruk, D. J. Pyper, Dr. N. S. Qureshi, Dr. U. Scheffer,
Dr. R. Schnieders, E. Stirnal, A. Sudakov, A. Trçster, Dr. A. Wacker,
Dr. J. Wirmer-Bartoschek, Prof. Dr. H. Schwalbe
Institute for Organic Chemistry and Chemical Biology, Center for
Biomolecular Magnetic Resonance (BMRZ), Johann Wolfgang
Goethe-University
Max-von-Laue-Str. 7 +9, 60438 Frankfurt/M. (Germany)
E-mail: schwalbe@nmr.uni-frankfurt.de

Dr. A. Schlundt, J. Vçgele, Prof. Dr. J. Wçhnert
Institute for Molecular Biosciences, Center for Biomolecular Mag-
netic Resonance (BMRZ), Johann Wolfgang Goethe-University
Max-von-Laue-Str. 7 +9, 60438 Frankfurt/M. (Germany)

S. A. Peter, Dr. J. E. Weigand
Department of Biology, Technical University of Darmstadt
Schnittspahnstr. 10, 64287 Darmstadt (Germany)

Dr. K. Azzaoui, Dr. M. J. J. Blommers
Saverna Therapeutics
Pumpmattenweg 3, 4105 Biel-Benken (Switzerland)

Dr. N. S. Qureshi
Present address: EMBL Heidelberg
Meyerhofstr. 1, 69117 Heidelberg (Germany)

[++] These authors contributed equally to this work.

Supporting information and the ORCID identification number(s) for
the author(s) of this article can be found under:
https://doi.org/10.1002/anie.202103693.

T 2021 The Authors. Angewandte Chemie International Edition
published by Wiley-VCH GmbH. This is an open access article under
the terms of the Creative Commons Attribution License, which
permits use, distribution and reproduction in any medium, provided
the original work is properly cited.

Angewandte
ChemieResearch Articles

How to cite: Angew. Chem. Int. Ed. 2021, 60, 19191–19200
International Edition: doi.org/10.1002/anie.202103693
German Edition: doi.org/10.1002/ange.202103693

19191Angew. Chem. Int. Ed. 2021, 60, 19191 – 19200 T 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

http://orcid.org/0000-0003-4509-4568
http://orcid.org/0000-0003-4509-4568
http://orcid.org/0000-0003-4509-4568
http://orcid.org/0000-0003-4509-4568
http://orcid.org/0000-0002-5420-2826
http://orcid.org/0000-0002-5420-2826
http://orcid.org/0000-0002-5420-2826
http://orcid.org/0000-0002-5420-2826
http://orcid.org/0000-0001-8872-3753
http://orcid.org/0000-0001-8872-3753
http://orcid.org/0000-0001-6443-7656
http://orcid.org/0000-0001-6443-7656
http://orcid.org/0000-0001-9414-1602
http://orcid.org/0000-0001-9414-1602
http://orcid.org/0000-0002-5753-5984
http://orcid.org/0000-0002-5753-5984
http://orcid.org/0000-0003-2254-7560
http://orcid.org/0000-0003-2254-7560
http://orcid.org/0000-0001-5892-5661
http://orcid.org/0000-0001-5892-5661
http://orcid.org/0000-0003-4247-1348
http://orcid.org/0000-0003-4247-1348
http://orcid.org/0000-0003-4247-1348
http://orcid.org/0000-0002-0642-1311
http://orcid.org/0000-0002-0642-1311
http://orcid.org/0000-0001-7193-401X
http://orcid.org/0000-0001-7193-401X
http://orcid.org/0000-0001-5693-7909
https://doi.org/10.1002/anie.202103693
http://dx.doi.org/10.1002/anie.202103693
http://dx.doi.org/10.1002/ange.202103693
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202103693&domain=pdf&date_stamp=2021-08-03


structured RNA elements in SCoV-2 have been report-
ed.[8, 21, 22]

Here, we report a holistic NMR-based screening cam-
paign investigating previously identified structured RNA
elements.[23] We determine the druggability of these regula-
tory RNA elements by NMR-based screening,[24] using
a previously implemented workflow.[25] We use a well-char-
acterized,[26] highly diverse fragment library poised for follow-
up chemistry. The screen of 768 fragments conducted here
yielded a high hit rate, despite the stringent hit definition from
three independent NMR experiments, demonstrating the
general druggability of the viral RNA targets.

Previously, we identified secondary structures in these
RNA targets (Supporting Information, Figure S1) by NMR
spectroscopy.[23] Our selection of 15 SCoV-2 RNA targets
from the genome was based on functional and structural
conservation among Betacoronaviruses.

In the context of screening the viral RNA targets, we
briefly describe the functional roles of the 15 RNA elements.
In the 5’-genomic end, stem loop 1 (5_SL1) is associated with
viral mRNA escape from Nsp1-mediated translational shut-
down.[27] 5_SL2 + 3 harbors a stringently conserved stem-loop
(Supporting Information, Figure S1)[28] and the transcription
regulatory sequence regulating the production of subgenomic
RNAs that is embedded within a second, more labile stem-
loop. It further comprises a nucleotide stretch involved in
long-range interactions.[29] The stem-loop 5_SL4 is indispen-
sable for replication and contains a short upstream open
reading frame (uORF).[30] We dissected the large SL5 element
into the three sub-elements 5_SL5a, 5_SL5b + c and
5_SLstem, the latter of which contains the ORF1 start codon.
The functions of SL6, 7 and 8 are less well defined, but their
high degree of structure conservation between SCoV and
SCoV-2 suggests regulatory roles as well.

The frameshifting region is a well-established target for
binding of ligands of low molecular weight.[17, 31, 32] We thus
screened the attenuator hairpin (att HP) and PK. Within the
3’-UTR, a putative structural switch is supposed to play a role
in the initiation events of (@)-strand synthesis.[33] The
individual elements forming this elaborate RNA architecture
are 3_SL1, 3_SL2 and 3_SL3base. Furthermore, the hyper-
variable region of the 3’-UTR harbours the 3_s2m motif,
which is recurring among a variety of RNA viruses, and seems
to be involved in coronavirus pathogenicity.[34] For each of
these 15 RNA elements chosen for fragment-based screening,
their existence and structural integrity within the SCoV-2
genome was demonstrated by us[23] and others.[35–37] Correct
folding prior to screening experiments was ensured as de-
tailed in the Material and Methods section.

Results and Discussion

We analyzed the non-canonical RNA elements (Support-
ing Information, Table S1), revealing four different classes of
non-canonical segments:
(i) Capping loops (blue and grey in Supporting Information,

Figure S1, Table S1): In general, loops are ca. 6 nts long
and uridine enriched, while adenosine depleted, with

respect to the genomic nucleobase composition (Sup-
porting Information, Table S3). We here distinguish the
capping loops by their different degrees of structure,
with the loops of 5_SL2 and 5_SL5c adopting typical
tetraloop conformations.[28] A hexaloop 5’-UUUCGU-3’
found in 5_SL5a also caps 5_SL5b. It is interesting to
note that one of the few viral mutations described since
early 2020 includes a C to U mutation at position 4 in
almost all SCoV-2 strains.[38] The loops of the PK, 3_s2m
and especially 3_SL2 are exceptionally large (9, 9 and 13
nts, respectively). The 3_SL2 loop has been proposed to
engage in a 3’-pseudoknot structure.[33,39]

ii) Bulges/internal loops (green in Supporting Information,
Figure S1, Table S1). Bulges and internal loops dictate
the relative orientations of helical segments. They are
key elements in RNA tertiary architecture, and are often
interaction sites for proteins, RNAs, metal ions or small
molecules. Frequently, the helical segments of the SCoV-
2 RNA elements are interrupted either by a single
unpaired nucleotide or by stretches of unpaired residues.
We classify single and tandem mismatched residues
separately (under iii). With this classification, the re-
maining internal loops are asymmetric. The average size
of internal loops is ca. 7 nts, and only 5_SL6, 3_SL1 and
3_s2m contain larger internal loops. In contrast to the
capping loops, the internal loops and bulges are uridine
depleted and adenosine enriched with respect to the
genomic base composition (Supporting Information,
Table S3). Most bulges consist of only one nucleotide,
but up to four bulged-out nucleotides are found.

(iii) Non-canonical base-pairs/mismatches (orange in Sup-
porting Information, Figure S1). Next to the well-known
non-canonical G-U/U-G base-pair, which disrupts A-
helical conformation only marginally,[40] the RNA ele-
ments show a variety of mismatched residues. Interest-
ingly, tandem pyrimidine-pyrimidine (Y-Y) base pairs
are identified in 3_SL1 and 3_SL3base by their base-pair
connectivities, whereas isolated Y-Y mismatches in
5_SL4, 5_SL5a, 5_SL5b and 5_SL8 do not form base
pairs with detectable H-bonds.

(iv) Three-helix junctions (pink in Supporting Information,
Figure S1). Single-stranded regions connecting three
helices are found in the PK and 3_SL3base and are
structurally flexible. Helix junctions are generally con-
sidered high-potential binding pockets for small mole-
cules, reminiscent to bacterial riboswitches.[41]

Supporting Information, Table S1 gives an overview of
loop and bulge sequences for the 15 RNAs. Column 3 shows
the frequency of a sequence in the SCoV-2 genome[42]

compared to its abundance in predicted structured regions
therein.[20] Column 4 correlates each sequence to the number
of actual loops or bulges predicted (or, if deviating, exper-
imentally determined[23]) for this sequence. To estimate the
relevance of a given loop or bulge sequence, its conservation
(resistance to mutation) is stated in column 5.[43] Supporting
Information, Table S1 also provides information on unique
loop or bulge motifs within the structured RNA genome as
defined by Rangan et al.[20]
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The DSI-poised library (DSI-PL, Supporting Information,
Table S2. DSI-PL-768_Ligands) is the second generation of
the initially developed poised library,[44] composed of 768
highly diverse and poised fragments specifically designed to
facilitate easy downstream synthesis.

This library has already been successfully used to screen
the main protease nsp5 from SCoV-2.[45] Ligand-observed
NMR-based screening is a versatile method routinely adapted
in the discovery of fragments binding to a target. Screening
individual fragments for individual targets is, however, time-
consuming from a library with hundreds of fragments.
Instead, evaluation of binding in mixtures ranging from 5 to
20 compounds is highly advantageous. One of the prerequi-
sites in designing an ideal mixture is minimal signal overlap
between the 1H-NMR signals of the individual compounds so
that spectral changes in the presence of the RNA target can
be associated to a single compound. Previously, we performed
molecular clustering analysis of the DSI-PL fragment library.
We found a total of ca. 400 distinguished chemical clusters,
from which ca. 200 clusters contained singletons, suggesting
a high chemical diversity of the library.[26] We hypothesized
that the chemical diversity of ligands might also result in
significantly diverse 1H-NMR spectra of the fragments in each
sub-library mix. In total, we generated 64 mixtures with 12
fragments (Supporting Information, Figure S2C) each from
the 768 compounds of the DSI-PL. Indeed, the 1H-NMR
spectra of each of the randomly chosen 12 fragments is
significantly different from one another (Supporting Infor-
mation, Figure S2A and B; black spectra), so that the signals
of the individual compounds could be traced back in the 1H-
NMR spectrum (Supporting Information, Figure S2A and B;
blue spectra).

We applied ligand-observed 1H-NMR experiments
against the 15 RNAs ranging in size from 29–90 nts depicted
in Supporting Information, Figure S1 and five additional
larger RNAs with sizes between 118–472 nts that comprise
several RNA elements (Supporting Information, Table S1
and Files “1–21_Hits” detailing all experimental hits). In
screening experiments, changes in the 1H signals of the ligand
in the presence and absence of the RNA served as readout for
binding. After optimization (Supporting Information, Fig-
ure S3), we recorded 1H 1D spectra at T= 293 K to detect
chemical shift perturbations (CSPs) or line broadening (LB)
(Figure 1A), waterLOGSY[46, 47] and T2-relaxation[48] experi-
ments (Supporting Information, Table S4). Previously, these
experiments have successfully been utilized to identify small
molecule binders for RNA.[49,50] NMR signals of each of the 64
fragment mixtures were monitored at a ratio of each ligand to
one RNA target of 20:1. 190 ml of a 10 mM RNA in screening
buffer (25 mM KPi, 50 mM KCl, pH 6.2) was manually
pipetted into 3 mm NMR tubes. 10 ml of the fragment mixture
was added using a pipetting robot to a final concentration of
200 mM for each fragment. In waterLOGSY, the signal from
a bound fragment is positive while the signal of a free ligand is
negative. T2-relaxation-based experiments take advantage of
the fact that large biomolecular targets including all RNAs
studied here relax faster than small fragments (Figure 1A).

For identifying binders within the mixtures, we first
compared spectra from all three of the above experiments

Figure 1. NMR-based fragment screening and hit identification: A,
Schematic representation of the experiments and criteria used to
identify binders/ non-binders. B, Chemical structures of Binder 3 and
Binder 8 along with an overlay of their corresponding NMR spectra
[1D 1H (i), waterLOGSY (ii) and T2-CPMG (iii); (5 ms and 100 ms)] of
the mixture in absence (blank) and presence of RNA. The top 1D 1H-
spectrum corresponds to the single fragment used for chemical shift
deconvolution in the mixture. The inset highlights the signal corre-
sponding to the hit used for analysis. Visual inspection of the overlay
indicates that Binder 3 displays CSP (+6 Hz) and T2 reduction of ca.
50%. Binder 8 shows no CSP, but a clear sign change in waterLOGSY
and T2-reduction of ca. 80%. C, 1D 1H-NMR spectral regions of
fragments with strong (top row), weak (middle row) or no binding
(lower row) to 3_SL2. Binder 1 shows a CSP of 6.75 Hz, a positive
waterLOGSY signal and a T2-reduction of 64% suggesting that it binds
to 3_SL2 (top row). 708236–68-4 shows a minor CSP of 3.43 Hz, but
neither a positive waterLOGSY signal nor a T2-reduction, indicating
either very weak or no binding to 3_SL2 (middle row). 52090–68-3
does not bind to 3_SL2 (lower row of the mixture (Supporting
Information, Figure S2, blue spectrum).
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and analysed differences by visual inspection (Figure 1B). As
stringent criteria, CSPs + 6 Hz or severe line broadening, sign
change in the waterLOGSY or +20% decrease of signal
intensity in the T2-relaxation experiment was used to identify
binders. Ligands were assigned as a hit if two of the three
criteria were satisfied. For example, binder 3 was defined as
a hit by a CSP + 6 Hz, reduced signal intensity of T2 (ca.
50%), while the waterLOGSY effect cannot unambiguously
identified (Figure 1B, left). Similarly, binder 8 qualifies as
a hit, showing changes in waterLOGSY and T2, but not CSP
(Figure 1B, right). In the second stage of analysis, for the hits
thus identified, we quantified CSP, LOGSY effect[51, 52] and T2-
reduction (Qbind) in intensity.[25]

Previously, several reports attempted to delineate com-
mon scaffolds binding to RNA.[9, 53, 54] Our results here show
that 40 different fragments are found to bind to the 15 RNA
elements and an additional 29 fragments bind to the five
multi-element RNAs. In total, we observed 108 binding
events. For 5_SL2 + 3 and 5_SL5a, no fragment binding was
detected. For three RNAs, we identified hits that only bind to
this specific RNA element (5_SL5b + c, 5_SL8, 3_SL1).
Furthermore, we identified 48 fragments that recognize more
than one target RNA. The range of binding promiscuity
ranges from binding of two RNA targets (ligands 35–48,
Figure 2) up to 18 out of the 20 screened RNA targets (ligand
1, Figure 2).

Figure 2. NMR-based fragment screening identifies 69 fragment hits across the SCoV-2 RNAs. Tabular column summarizing screened SCoV-2
RNA elements and their corresponding hits. Dark green indicates hits for individual RNA elements; light green indicates hits for larger RNAs. The
last column (C.) lists the number of binders to the investigated RNA target. Chemical structures of respective fragment hits are shown.
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We observed no clear correlation between the number of
non-helical residues (those forming loops, bulges and mis-
matches) in an RNA and the number of hits, although the
non-targeted RNAs 5_SL2 + 3 and 5_SL5a belong to the
smallest RNAs investigated. Strikingly, 5_SL7 appears to
harbor little non-helical structure, but shows 14 hits. By
contrast, 3_SL1 contains roughly three times as much non-
helical space and has only four hits. However, the RNA
elements with the most complex structures, 3_SL3base and
PK, are also among those with the highest hit rates
(Supporting Information, Table S5).

Inspection of all hits reveals the most significant molec-
ular descriptors distinguishing between binders and non-
binders are the number of aromatic rings and the sp3-
character of the compounds. In general, binders have one to
three aromatic rings and less sp3-carbon atoms than non-
binders (see Supporting Information, Table S6).

We noticed that 30 out of 40 fragments have a modular
architecture: They consist of two functional units, which are
mainly non-, mono- or di-substituted rings of the size 5 and 6
(Scheme 1) and connected by four different types of linker
units. The mostly aromatic or heteroaromatic core motifs are
often modified with a small set of substituents, which are key
elements for generating affinity towards the RNA target. The
remaining 10 fragments contain a single functional unit
(class 1), often substituted with a functional group. Analysis
of the additional 29 hits for which binding is detected only to
the larger RNA elements are given in the Supporting
Information, Figure S5.

Within the functional units, six functional groups are
frequently found (Schemes 1 and 2). In the majority of hits,
the two functional units are connected either by an amide
bond or by a single bond. We further find urea and
carbamates as linkers. They contain hydrogen bond donors
and acceptors. Additionally, functional groups are often
linked by a C1-linker resulting from reductive amination.
Furthermore, similar simultaneous donor and acceptor prop-
erties are found in the six-membered (pyridine-acetamide,
pyrimidine-2-amine) as well as five membered heterocyclic
aromatic rings (2-amine-thiazole, 2-amine-imidazole). Pri-
mary, secondary and tertiary amine groups are often found
and their categorization into functional group or linker unit is
somewhat arbitrary. Some of these amines have pKa values
that allow for a change in protonation state under physio-

logical conditions, such as imidazole with a pKa of 6.95. The
classification of the fragments into functional units (see
Scheme 2) leads to 26 different functional units (Supporting
Information, Figure S6).

Next to the analysis of binders, comparison to functionally
closely related fragments that do not bind is insightful
(Scheme 3). Neither fragments containing carboxylic
(842971-05-5, for compound identity, Supporting Informa-
tion, Table S2. DSI-PL-768_Ligands) nor benzoic acid (3303-
18-2, 1152510-62-7, 693776-70-4) functional groups, nor
sulfone (24092-75-9) or sulfamide (1423029-76-8, 1388691-
56-2), nor fragments with hydroxyl groups (74548-62-2,
1849283-80-2), and none of the 17 acetamides within DSI-
PL are found among the hits. The library contains not only the
para-substituted pyridine derivative 6, but also ortho- and
meta-substituted pyridines 2000 55-7 and 313386-33-3 (Sche-
me 3A), but only para-substituted pyridines bind. Only
thiophene-containing fragment 22, but not methyl-substituted
thiophenes (717873-31-9 and 445007-73-8 shows binding to
three RNA targets. A particularly intriguing example of
surprisingly high selectivity for binding over not binding are
four triazole-containing ligands (Scheme 3B). While triazole
1 is the most promiscuous binder, the closely related ligands
133902-66-6, 1099631-80-7, and 2322927-70-6 do not bind at
all.

Hits containing two functional units can be classified into
four additional classes. Class 2: five-membered heterocyclic
rings containing a single nitrogen heteroatom, Class 3: five-
membered rings with several heteroatoms, in particular
nitrogen, oxygen and sulfur, Class 4: six-membered hetero-
cyclic rings containing nitrogen atom(s), and Class 5: sub-
stituted and unsubstituted benzenes. In class 1, we find three
differently 2-substituted benzo-thiazoles with either an amino
group (compound 20) or two different linker units attached
(methyl urea linker (11) and methyl carbamate (51)). Related
to the benzothiazoles are the fragment hits thieno[2,3-
d]pyrimidine (18) and the C7-methoxy-substituted gramin
(37). A last single functional unit-containing fragment is
quinoline, substituted at C2 with a hydroxamic acid functional
group (47). Furthermore, we find two methylene-amino-
substituted benzenes (36 and 49).

For a subset of hits (Table 1) that bound PK and 3_s2m,
we determined the dissociations constants using ligand-
observed 1H NMR-based titrations. In general, the deter-
mined dissociation constants KD for the fragment hits ranged
between 64 and 1318 mM (Table 1 and Supporting Informa-
tion, Figure S7). Fragment 4 bound with highest affinity both
towards PK and 3_s2m (Figure 3A). In addition to the
quantification of the T2-reduction obtained from the primary
screen in mixtures at 20-fold excess of ligand over RNA
([RNA] = 10 mM) (Supporting Information, Figure S4), we
determined the transverse relaxation time T2 for the binding
ligands at 100 mM concentration at an RNA concentration of
35 mM. Within the subset of the fragment hits, the ligands with
the highest degree of T2-reduction also showed the strongest
affinity. For ligands with a KD < 100 mM, binding affinity
correlated with the T2-reduction (Qbind). No correlation was,
however, observed for KD > 100 mM. This finding suggests
that T2 is a qualitative indicator for binding strength of

Scheme 1. Molecular descriptors and chemical diversity of RNA bind-
ers in the DSI-poised library. About 75% of the fragments showing
binding to SCoV-2 RNA contain two functional units, connected by
four different linking units. In case of LU3, the urea functional group
likely contributes to binding affinity.
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Scheme 2. Classification into five classes of the 40 ligands that bind to the 15 regulatory RNAs. LU= linking unit.
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fragments to one specific target for binding in fast exchange
and with a low micromolar KD.

As a follow-up and in the quest for finding molecules with
improved affinity, we used the fragment hits obtained for five
RNAs (3_s2m, 3_SL1, 5_SL4, PK and 5’-UTR) to identify
commercially available potential binders and obtained one
compound (D01) that bound to both PK and 3_s2m in single-
digit mM affinity (Figure 3B). At the same time, D01 showed
no saturable binding towards control RNAs including the
most stable RNA UUCG-tetraloop (Supporting Information,
Figure S8). For fragments binding with KD above 200 mM, it is
our experience[55, 56] that ligand binding sites can often not be
detected even at maximum possible excess of ligand (limited
by solubility) over RNA for a number of reasons. In fact, we

show this lack of binding site detection also for one of the
fragments that binds with a KD of 46 mM (fragment 8, 133256-
51-6) in the Supporting Information, Figure S9A. By contrast,
for the high-affinity binder D01, we provide experimental
mapping of its binding site to PK (Figure 3), which is in line
with the binding site determined by in-line probing (Support-
ing Information, Figure S9C). NMR titration experiments
were performed using 1H, 15 N/13C -HSQC of PK. In these
experiments, many of the signals showed either severe line-
broadening or CSPs strongly indicating binding. Mapping of
these signals onto the cryo-electron microscopy structure of
PK shows that D01 mainly binds to the stem 3 (Figure 3C and
Supporting Information, Figure S9B).

Conclusion

We conducted here an NMR-based fragment screening
against all regulatory RNA elements of the viral genome of
SCoV-2. Our results show that the fragments of the DSI-PL
library can cover almost the entire structural space of the viral
RNA genome. Thus, the SCoV-2-RNA genome can be
targeted by ligands of low molecular weight. We detect that
several fragments already show specificity at this very first
stage of drug development (Supporting Information, Fig-
ure S6). Assuming that increasing structural complexity
enhances the potential to achieve specificity for small
molecules,[32, 57] among the 15 RNAs, PK and 3_SL3base
represent the most promising targets for follow-up develop-
ment of lead molecules.

The current state-of-the-art discovery of small molecules
targeting RNAs (RNA drug discovery) and the current status
of this field have been described by Juru and Hargrove,[53] by
Meyer et al[9] and by Warner et al.[57] The screening campaign
conducted here supports previous reports that identified the
existence of a privileged chemical space for targeting RNA.[58]

Delineating RNA target space into secondary structure
motifs, definable from studies of isolated RNA elements,
finds further support by a recent paper from the Das group
that provides FARFAR models for all conserved viral RNA
elements.[59]

Here, we use a fragment library that has previously been
used to screen proteins,[44] but also 14 different RNAs, and
five DNAs.[55] We use NMR as primary screen because it not

only provides information on
chemical purity of both ligand and
RNA target, but also on affinity
and binding site. Identifying RNA
fragments with affinities between
60–400 mM allows us to identify
known and commercially available
binders containing similar structur-
al motifs. A thus identified binder,
D01, binds with 6 mM affinity to
PK and 3_s2m, allowing fragment
linking approaches.[32, 60]

It is apparent that all ligands
contain at least one, but most often
two aromatic or heteroaromatic

Scheme 3. Comparison of binding and non-binding fragments with
closely related chemical structure.

Table 1: Affinities and T2 relaxation times of the RNA binders.

ID PK 3_s2m

T2

[Qbind]
primary screen[a]

T2

[ms]
determined[b]

KD

[mM][c]
T2

[Qbind]
primary screen[a]

T2

[ms]
determined[b]

KD

[mM][c]

4 54 83:6 90:13 48 125:12 64:8
5 38 68:12 160:6 15 98:15 206:5
3 39 84:6 336:18 39 106:7 212:30
23 n.a. n.a. n.a. 26 131:10 678:25
2 31 87 456:33 n.a. n.a. n.a.
D01 n.a. n.a. 6:1.6 n.a. n.a. 4.4:2.3

[a] Primary screen; ligand in mixtures ([RNA]:[Ligand] =1:20), [RNA]= 10 mM. [b] Single ligand
measurements ([RNA]:[Ligand] =1:3), [RNA]= 35 mM. [c] 1H NMR-based ligand observed titrations
[Ligand 100 mM; 0 to 250 mM].
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rings (Supporting Information, Figure S6). Heteroaromatic
rings with two condensed rings including indoles, purines,
quinolones (class I, Scheme 2) are found but not particularly
enriched. Many of the hits do not have large planar moieties
nor very basic sites. For example, 1 as tertiary amine is
strongly basic, 2-aminopyridine has a pKa of around 3.5. By
contrast, 1,2,3 triazole is already not very basic but shows very
specific binding (Scheme 3). Further, comprehensively com-
paring the distribution of functional units between the hits
and the non-hits across the library suggests that the hits are
enriched with pyrimidines and benzimdazoles (Supporting
Information, Table S7). Thus, the absence of trivial functional
units in the DSI-PL appears particularly striking: fusion of
monocyclic aromatic or heteroaromatic ring systems with H-
bond donors or -acceptors seems sufficient to reach binding.

The future analysis of our screening results might open
new routes towards binding selectivity. The screening cam-
paign was conducted for 20 different RNA elements. It also
included RNAs that combined two or more of the individually
screened elements (e.g. 5_SL1234) and even the entire 5’- and
3’-untranslated regions of SCoV-2 comprising more than 337
nts for each of the constructs. The size range of these targets is
markedly different. At this point, exact quantification of the
NMR screening experiments relies on approximations in-
cluding effective overall rotational correlation times of the
RNA targets, relative population of free vs. bound ligand, and
their on- and off-rates. These assumptions are, however, no
longer fulfilled when one compares pools of RNAs with
significantly different molecular weight and potential aniso-
tropic tumbling. Within a given target, however, the T2-
reduction recorded within the NMR screening of all 768
fragments provides a qualitative indication for binding with
KD values below 100 mM (Table 1).

We analyzed the investigated RNA target space towards
sequence-derived properties and derived unique target sites
within the SCoV-2 genome that are conserved among

coronaviruses. Exceptionally rare mutations in SCoV-2 dur-
ing 2020 have maintained the target space for ligands up to
now. By analysis of the experimental hits, we can derive
privileged RNA target space from a medicinal chemistry
perspective. Further, our approach relies on the hypothesis
that the viral genome can be specifically targeted even in the
presence of human cellular RNA. The herein provided
analysis of secondary structure abundance (Supporting In-
formation, Table S1) is restricted to the viral RNA genome
and will have to be extended to the entire cell-specific human
transcriptome. However, given all these theoretical consid-
erations it is striking to recognize that small molecules have
been developed that target splicing[11, 56] in a highly specific
manner.

The results as well as the methodological approach
presented here will impact medicinal chemistry approaches
but also cellular targeting of SCoV-2 RNA. For example, as
immediate follow-up, we currently conduct secondary NMR
screens with commercially available compounds using the
identified ligands as guide. We consider our broad, systematic
and coherent identification of binders to be a significant step
forward. The focus of our study is to experimentally validate
the druggability of the SCoV-2 genome. In fact, this potential
had so far only been predicted from theoretical studies.[59] Our
efforts extend on-going studies targeting the viral proteome.
In conclusion, we establish here the conserved RNA elements
as potential space for small molecule targeting towards
Coronavirus-specific medication, even beyond SCoV-2.
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Abstract: SARS-CoV-2 (SCoV2) and its variants of concern pose 

serious challenges to the public health. The variants increased 

challenges to vaccines, thus necessitating for development of new 

intervention strategies including anti-virals. Within the international 

Covid19-NMR consortium, we have identified binders targeting the 

RNA genome of SCoV2. We established protocols for the production 

and NMR characterization of more than 80% of all SCoV2 proteins. 

Here, we performed an NMR screening using a fragment library for 

binding to 25 SCoV2 proteins and identified hits also against 

previously unexplored SCoV2 proteins. Computational mapping was 

used to predict binding sites and identify functional moieties 

(chemotypes) of the ligands occupying these pockets. Striking 

consensus was observed between NMR-detected binding sites of 

the main protease and the computational procedure. Our 

investigation provides novel structural and chemical space for 

structure-based drug design against the SCoV2 proteome. 

Introduction 

SARS-CoV-2 (SCoV2) is the cause for the COVID-19 pandemic 

resulting in more than 5 million deaths across the world and 

continues to pose serious challenges to public health and safety 
[1]. Countering the continuously evolving virus has not only seen 

an unprecedented success in the vaccine development but also 

given birth to several novel campaigns for anti-viral drug 

discovery [2,3], including the recently approved oral antivirals 

paxlovid (Pfizer) and molnupiravir (Merck & Co.) [4–6].  

The extensively mutated and highly infective variant of SCoV2, 

Omicron [7], is resistant to several therapeutic antibodies [8,9], 

evades double immunization [8,10], and dominates the pandemic 

in 2022, calling for the development of new therapeutic 

strategies in combating the virus, specifically, by exploiting the 

conserved features [11,12].  

The SCoV2 genome consists of an ~29.9 kb long positive-sense 

single-stranded RNA [13], two-thirds of which comprises the 

open-reading frames (ORF) 1a and 1ab. Both ORFs encode 

polyproteins, which are proteolytically processed into 16 different 

non-structural proteins (nsp1-nsp16) [14,15]. Four structural 

proteins: spike (S), envelope (E), membrane (M) and 

nucleocapsid (N) and nine additional accessory factors are 

expressed from the 13 ORFs located at the 3´ end of the viral 

genome. In total, the viral genome encodes for at least 28 

peptides or proteins [16–18]. Repurposing of (approved) drugs has 

been actively pursued as a strategy to counter SCoV2 infections 
[19–22], however, with little clinical success [23]. Most of repurposed 

drugs were primarily an outcome of structure-based virtual 

screening campaigns and solely focused on a small fraction of 

the proteome, namely proteases (nsp3d, nsp5) or polymerase 

(nsp12) as targets [24–30]. Within the viral life cycle, the enzymes 

nsp3 (papain-like protease), nsp5 (main protease), nsp7•nsp8 

(primase complex), nsp12 (primary RNA-dependent RNA 

polymerase (RdRp)), nsp13 (helicase), nsp14 (exoribonuclease) 

and the methyltransferases nsp14/nsp16 are important 

components of the replicase-transcriptase complex and hence 

are also listed as attractive drug targets [16,31]. X-ray 

crystallography and NMR have been successfully used to 

screen either fragments, approved drugs, or drugs in clinical 

trials, against a subset of key SCoV2 protein drug targets like 

nsp5, nsp3b, nsp13 and nsp14 [32–40].  

The current drug development has typically focused its efforts 

around the two key viral proteins, a protease (nsp5) and a 

polymerase (nsp12, RdRp), and soon such a monotherapy can 

result in the virus developing resistance against the first-

generation antivirals, thus warranting us to develop new 

antivirals involving different targets [41]. Recently, using a range 

of biochemical assays, several drugs were identified as 

inhibitors against a total of seven enzymes of SCoV2 [42–49]. 

Therefore, developing drugs or synergistic combinations 

involving multiple viral targets appears as a viable therapeutic 

strategy for the treatment of COVID-19 [2,3,50].  

Within the Covid19-NMR consortium, we undertook a massive 

NMR-based ligand screening with the aim of identifying 

fragments as new chemical entities targeting SCoV2 proteins. 

Previously, via consorted efforts between NMR groups 

worldwide we have successfully developed protocols for large-

scale production of more than 80% of all SCoV2 proteins [51]. 

Soon, the availability of proteins and the experience gained from 

the completion of > 20 screens with the DSI-PL fragment library 

for binding against the viral RNA [52] positioned us to embark on 

this massive screening campaign. For this purpose, > 20 SCoV2 

proteins (nsp1, nsp2 (CtDR), nsp3a, nsp3b, nsp3b•GS-441524, 

nsp3c (SUD-N), nsp3c (SUD-MC), nsp3d, nsp3e, nsp3Y, nsp5, 

GHMnsp5, GSnsp5, nsp7, nsp8, nsp9, nsp10, nsp10•nsp14, 

His6nsp15, nsp10•nsp16, ORF9a (IDR1-NTD-IDR2), ORF9a 

(NTD), ORF9a (NTD-SR), ORF9a (CTD), ORF9b; (for definitions 

see Supporting Information Table 1) were produced in NMR 

groups at sites all over the world and subsequently shipped to 

the Frankfurt NMR center (BMRZ) for conducting the NMR 

screening. We applied ligand-observed 1H-NMR experiments 

and identified 311 binders across the 25 screened SCoV2 

proteins. Further, we used FTMap [53], a computational mapping 

server which has been proven to be more accurate than the 

conventional GRID and MCSS methods to identify binding sites 

(or hot spots) on macromolecules (protein, DNA or RNA). Active 

sites in enzymes are usually concave surfaces that are suitable 

for ligand binding and therefore, in our study, binding site, hot 

spot, and active site are used interchangeably. FTMap predicts 

chemical scaffolds and functional units occupying these binding 

pockets. A comparison of the predicted scaffolds and functional 

units with the constitution of the experimental fragment hits for 

which we detected binding in our experimental screens showed 

striking correlation, as exemplified by comparing predicted and 

experimentally determined binding pockets for the main 

protease nsp5, the latter obtained both from crystallographic 

screens [54] as well as NMR protein-based screens conducted 

here. We thus propose this novel methodology for the analysis 
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of ligand binding capability across multiple protein targets as 

provided in this work. Such methodology bears excellent 

potential to act as a unique resource for developing novel 

inhibitors. 

Results and Discussion 

We conducted fragment-based screenings for a large number of 

SCoV2 viral proteins (Table 1 and Supporting Information Table 

1). The viral proteins can be classified broadly into three 

different classes, namely, (i) proteases, (ii) replicase-

transcriptase (RT) complex proteins and (iii) other accessory 

proteins. The main protease (nsp5, Mpro, CLpro) and the 

Papain-like protease (nsp3d, PLpro) are two important viral 

proteases that play a functionally important role in viral 

maturation [55,56]. Nsp5 is responsible for the cleavage of 12 nsps 

(nsp4-nsp16) and therefore represents one of the most attractive 

drug targets. We screened three different constructs (nsp5, 

GSnsp5 and GHMnsp5) of nsp5. The two (GSnsp5) or three 

(GHMnsp5) additional amino acids in the N-terminus resulted from 

cloning. SEC-MALS analysis of these two proteins revealed that 

they are monomeric in solution compared to the dimeric wildtype 

nsp5 [51]. Recently, it has been shown that the monomer-dimer 

equilibrium is coupled to the catalytic activity of nsp5, with 

maximum activity associated with the dimeric state [57]. Therefore, 

identifying small molecules that interfere with the dimer 

formation is considered as an alternative strategy to impair 

catalytic activity [58] and so screening of both monomeric and 

dimeric states of the proteins may act as a valuable tool in 

identifying and developing allosteric ligands. Nsp3d is 

responsible for the cleavage of the N-terminus of the polyprotein, 

releasing nsp1, nsp2 and nsp3 and is therefore also a potential 

drug target. The RT-complex is composed of multiple enzymes, 

and we screened the SCoV2 putative primases (nsp7 and nsp8) 

and the methyltransferases (nsp14 and nsp16) in complex with 

its co-factor nsp10 (nsp10•nsp14, nsp10•nsp16). The other 

screened set of proteins included several nsps, various domain 

constructs of nsp3 and structural and accessory proteins 

(ORF9a (N-protein) and ORF9b). The molecular weight of the 

screened proteins ranged between 5 kDa (nsp2 (CtDR)) to 

78 kDa (nsp10•nsp14). Further, the 25 screened proteins also 

included intrinsically disordered proteins (nsp2 (CtDR)), proteins 

with intrinsically disordered regions (N-protein), and even a 

protein-inhibitor complex (nsp3b•GS-441524) with the quest to 

identify ligands binding in close proximity to the nucleotide 

binding pocket as starting point for fragment growth medicinal 

chemistry.  

The DSI-poised library (DSI-PL, Supporting Information, excel 

sheet 1 DSI PL Poised Library.xlsx) [59–61] has already been 

successfully used to screen the druggability of the RNA 

regulatory elements and the main protease nsp5 from SCoV2 
[52,54]. This library is composed of 768 highly diverse and poised 

fragments specifically designed to facilitate easy downstream 

synthesis. We applied ligand-observed 1H-NMR experiments 

and performed the screening with 64 mixes containing 12 

fragments each as described previously [52]. In these screening 

experiments, changes in the 1H signals of the ligand in the 

presence and absence of the protein served as readout for 

binding.  

 

Figure 1. NMR based identification of binding fragments. (A) Schematic 
representation of all NMR experiments used in the screening that show 
exemplary effects indicating binding events in the presence of ligand 
compared to ligand free spectra. (B) NMR spectra (1D 1H, wLOGSY, STD, and 
T2-CPMG (5 ms and 100 ms) and chemical structure (binder 20 and binder 3) 
of two binding fragments identified for nsp7. Single fragment spectra (top) are 
used for chemical shift deconvolution in the mixture. Binder 20 shows clear 
sign changes in the STD and wLOGSY in presence of nsp7 protein. Binder 3 
also shows signal in the STD and a sign change in the wLOGSY, as well as a 
T2 reduction of approximately 50% in presence of nsp7 protein. 

 

For identifying binders within the mixtures, we first compared 

spectra from four different NMR experiments and analyzed 

differences by visual inspection. As criteria, chemical shift 

perturbations (CSPs) or severe line broadening, sign change in 

the waterLOGSY (wLOGSY), STD signal or significant decrease 

of signal intensity in a T2-relaxation experiment were used to 

identify binders (Figure 1A). Ligands were assigned as a binder 

if one of the four criteria was satisfied. For example, binder 20  

qualifies as a binder, showing changes in wLOGSY and STD, 

while only minor CSP and change in T2 (Figure 1B, left). 

Similarly, binder 3 qualifies as a hit, displaying changes in 

wLOGSY, STD and T2, but no CSP (Figure 1B, right). 

NMR-based screening resulted in 311 binders across the 25 

screened SCoV2 proteins (Figure 2). Our results show that the 

overall binders identified against a target ranged from 2 (nsp9) 

to 154 (nsp3c (SUD-MC)). No correlation was observed between 

the molecular weight of the target and the number of binders 

(Supporting Information Figure 1). Strikingly, the intrinsically 

disordered domain of nsp2 (CtDR) shows 19 binders. By 

contrast, the well folded protein nsp3b has only 3 binders. The 

protease nsp3d and the nsp3c (SUD) as a didomain with its 

middle and C-terminus (MC), are amongst those with the largest 

number of binders (Supporting Information Table 2). The nsp3b 

(macro domain) is evolutionarily conserved and regarded as a 

potential drug target. We conducted screening in its apo/free 

state and in the presence of GS-441524, the active drug and 

metabolite of remdesivir. We observed one common binder 
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(binder 41) and two and four unique binders, respectively 

(Supporting Information Table 2). The main protease nsp5 is a 

dimeric cysteine protease and its N-terminus forms a part of the 

dimer interface. Subtle changes in the amino acid sequence at 

the N-terminus influence the oligomeric state (GSnsp5 and 

GHMnsp5, monomeric; nsp5, dimeric) of the protein [51]. For the 

three (nsp5, GSnsp5 and GHMnsp5) screened constructs we 

identified 78, 12, and 38 binders, respectively. Only 8 binders 

overlapped (Supporting Information Figure 2) between the three 

constructs, suggesting that indeed there are differential surfaces 

exposed for ligand binding, which in turn stems from the 

monomer/dimer state of the protein constructs [51]. Previously, 

using the DSI-PL, nsp5 and nsp14 have been screened by 

crystallography identifying 39 [54] and 41 [38] binders, respectively. 

In contrast, 78 binders were identified by NMR for the identical 

construct of nsp5, and for a subset of these identified binders 

crystallization could be reproduced in house. 

A comparison of the binders revealed 6 common binders 

including two 3-aminopyrimidine-like compounds (21 and 26) 

that form the chemical starting points within the COVID 

moonshot initiative [40]. The twice as large number of binders 

identified by NMR is potentially attributed either to the presence 

of multiple stable conformations of nsp5 in solution [62] or to the 

fact that the different NMR-based screening experiments can 

identify binders within different affinity regimes (low micromolar 

to high millimolar). For nsp10•nsp14, we identified 44 binders 

with only one binder (binder 168) overlapping with the X-ray hits, 

wherein the screening was performed in the absence of nsp10. 

Further, 7 overlapping binders were found between 

nsp10•nsp14 and nsp10 NMR screens (Supporting Information 

Figure 2). Given the fact that significant conformational 

differences exist between nsp14 and nsp10•nsp14 structures [38], 

it is not surprising that different sets of binders are identified in 

X-ray and NMR screens. Further, NMR competition experiments 

with sinefungin, a methyltransferase inhibitor and structural 

analog of s-adenosyl methionine (SAM), identified that binder 

141 and 146 bind to the SAM binding site. 

Table 1. SCoV2 protein constructs screened by NMR 

Protein 
genome position 

(nt) [a] 

Trivial name 

Construct expressed 

Size 

(aa) [b] 
Boundaries 

MW 

[kDa] 

PDB code 

used for 

FTMap 

Number 

of binders 

identified 

Crossclusters in 

Cleft1 

Crossclusters in 

Cleft2 

nsp1 

266-805 
Leader 180  19.8     

 
Globular Domain (GD) 116 13-127 12.7 7k7p 5 0, 7 1, 2, 3 

nsp2 

806-2,719  638  70.5     

 
C-terminal IDR (CtDR) 45 557-601 4.9 - 19 - - 

nsp3 

2,720-8,554  1,945  217.3     

a 
Ub-like (UBl) domain 111 1-111 12.4 7kag 14 3, 6 0, 5, 8, 10 

b 
nsp3b (Macro domain) 170 207-376 18.3 6vxs 10 0, 1, 2, 3, 5 - 

b 
nsp3b·GS-441524 170 207-376 18.3 6vxs 5 - - 

c 
SUD-N 140 409-548 15.4 2w2g 10 0, 2, 4, 5, 6, 9 - 

c 
SUD-MC 193 551-743 21.5 2kqv 154 1, 2, 3, 4, 6 0 

d 
Papain-like protease PLpro 318 743-1,060 36 6w9c 150 5, 7 1, 2, 4 

e 
NAB 116 1,088-1,203 13.4 2k87 21 1, 4 (Cleft 3) - 

Y 
 286  31.5  81 - - 

nsp5 

10,055-10,972 Main protease (Mpro) 306  33.8     
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Protein 
genome position 

(nt) [a] 

Trivial name 

Construct expressed 

Size 

(aa) [b] 
Boundaries 

MW 

[kDa] 

PDB code 

used for 

FTMap 

Number 

of binders 

identified 

Crossclusters in 

Cleft1 

Crossclusters in 

Cleft2 

 
GSnsp5 306 1-306 33.8 - 12 - - 

 
GHMnsp5 306 1-306 33.8 - 38 - - 

 
Full-length 306 1-306 33.8 5r83 78 3, 4, 6 1, 2, 7, 8 

nsp7 

11,843-12,091  83  9.2     

 
Full-length 83 1-83 9.2 2kys 92 0, 1, 3, 6 - 

nsp8 

12,092-12,685  198  21.9     

 
Full-length 198 1-198 21.9 6wiq 35 1, 3, 4, 5, 6 - 

nsp9 

12,686-13,024  113  12.4     

 
Full-length 113 1-113 12.4 6w4b 2 1, 3 0, 2, 4 

nsp10 

13,025-13,441  139  14.8     

 
Full-length 139 1-139 14.8 6zpe 38 0, 3, 5, 6 - 

nsp15 

19,621-20,658 Endonuclease 346  38.8     

 
His6nsp15 346 1-346 38.8 6w01 

 

42 
1, 2 4 

nsp10•nsp16 

20,659-21,552 Methyltransferase 298  33.3  
 

  

 
nsp10·nsp16 298 

1-298 

(nsp16) 
33.3 6w4h 

92 
3, 4, 5, 7, 8, 10 0 

nsp10•nsp14 

18,040-19,620 Exoribonuclease 527  61.4  
 

  

 
nsp10•nsp14 527 

7-527 

(nsp14) 
61.4 modelled 

44 
2, 5, 9 (Cleft 3) - 

ORF9a 

28,274-29,533 Nucleocapsid (N) 419  45.6  
 

  

 
IDR1-NTD- IDR2 248 1-248 26.5 6yi3 

7 
- - 

 
NTD-SR 169 44-212 18.1 6yi3 

5 
- - 

 
NTD 136 44-180 14.9 6yi3 

32 
0, 1, 3, 5, 6, 7 2 

 
CTD 118 247-364 13.3 7c22 

9 
1, 2, 6, 8 - 
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Protein 
genome position 

(nt) [a] 

Trivial name 

Construct expressed 

Size 

(aa) [b] 
Boundaries 

MW 

[kDa] 

PDB code 

used for 

FTMap 

Number 

of binders 

identified 

Crossclusters in 

Cleft1 

Crossclusters in 

Cleft2 

ORF9b 

28,284-28,574  97  10.8  
 

  

 
Full-length 97 1-97 10.8 6z4u 

8 
0, 3, 5 (Cleft 3) - 

[a] Genome position in nucleotide (nt) corresponding to SCoV2 NCBI reference genome entry NC_045512.2, identical to GenBank entry MN908947.3. [b] number 

of amino acids excluding the additional residues due to cloning 

 

 

Figure 2. 311 binding fragments identified for SCoV2 proteins from NMR based fragment screening. (A) Schematic representation of the SCoV2 genome 
(adapted from [16]). (B) The two tables summarize all binding fragments identified in the NMR screening for their corresponding protein (grey). The first table shows 
binder 1 to 156 (columns) and the corresponding bound proteins (right and left rows). The second table shows binder 157 to 311 and the corresponding proteins 
(left and right rows). 
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The relatively diverse and varying number of binders across the 

screened SCoV2 proteins in this work is likely correlated to the 

accessible surface of a given protein. In general, proteins that 

routinely bind to either small molecules or substrates to perform 

their function have well-defined cavities and pockets. For 

example, the cysteine protease nsp5 and the nsp3b (macro 

domain) each have a substrate or endogenous ligand binding 

cleft that both are currently exploited for designing functional 

inhibitors. Traditionally, ligand binding pockets in proteins are 

determined experimentally either by X-ray crystallography or 

NMR. Such experimental identification of binding pockets for 

large sets of binders across several targets of SCoV2 reported 

here would be very time-consuming and sample intensive. Thus, 

we deduced the ligand binding sites of the SCoV2 proteins using 

FTMap [53]. FTMap uses 16 small organic molecules (Supporting 

Information Figure 3) as probes to scan the surface of the 

protein target and to identify regions that bind multiple of these 

probes, thus forming a probecluster. Several probeclusters 

which are in close proximity on the protein surface form one 

crosscluster, thus defining a consensus site or hot spot.  We 

performed the FTMap analysis for the 18 of the 25 screened 

proteins for which structural coordinates were available 

(Supporting Information Table 3). Except for nsp3e, the pdb 

structures for all proteins were from SCoV2. Further, for 

structures with multiple chains but with the same sequence (for 

example: dimer) the FTMap protocol recommends each chain to 

be independently mapped and therefore a single monomer unit 

was used for all the proteins except for nsp5, ORF9a (CTD) and 

ORF9b that is known to exist as a stable dimer in solution and 

both monomeric and dimeric state were analyzed. Typically, one 

to three binding sites (Supporting Information Figure 4 to 21) 

were identified for each of the proteins. For example, the binding 

sites in monomeric nsp5 clustered mainly around three distinct 

regions of the protein, including the already known catalytic 

active site (Supporting Information Figure 20). However, FTMap 

analysis performed on the dimeric nsp5 does not identify the 

catalytic site (Supporting Information Figure 22 and Supporting 

Information Figure 23), which is in line with one of the limitations 

of FTMap that it works best for single domains. Therefore, 

monomeric form of nsp5 was utilized for the analysis of 

druggability. For nsp3b, hot spots clustered mainly in the ADPr 

binding site (Supporting Information Figure 13). Similarly, we 

observed the same (previously known and additional binding 

pockets) trend of hot spot clustering in the other proteins of 

SCoV2, which facilitated the definition of the relevant clefts on 

the protein. We used PDBsum [63] to calculate the cleft regions 

and ranked the clefts according to their volume. Integration of 

the PDBsum derived cleft information and the FTMap-identified 

binding sites strikingly revealed that for 13 out of 18 proteins, the 

hot spots identified by FTMap overlapped with cleft 1, for three 

proteins with cleft 2 and for three proteins with cleft 3 as 

identified by PDBsum (Figure 3 and Supporting Information 

Table 4). Importantly, FTMap analysis together with the cleft 

analysis for each of the SCoV2 proteins investigated here 

revealed that indeed, the 18 proteins contain defined potential 

ligand binding sites and are thus druggable. As a next step, for a 

given hot spot, we compared and correlated the types of FTMap 

probes predicted to bind in the binding sites with the chemical 

substructures present in the experimentally identified fragments 

in the DSI-PL. For this purpose, we scanned and extracted the 

number of occurrences of the 16 FTMap probes for all the 768 

compounds from the DSI-PL using cheminformatic tools 

(Supporting Information excel sheet 2 DSI PL Poised Library 

Characterized into the 16 Probes of FTMap.xlsx). As a next step, 

for each of the identified binder for a given target, we quantified 

the overlap of probes between the hits and FTMap probes 

(Supporting Information excel sheets). We then selected one 

binder for each target, for which binding effects were observed 

in one or more NMR experiment. Mapping of the ligand-derived 

functional units revealed that for 14 out of 18 of these ligands, a 

100% correlation was observed with the probes found within one 

or more of the crossclusters spanning the predicted cleft (Figure 

3 and Supporting Information Table 4). For example, binder 21 

showed positive binding effects in both wLOGSY and STD NMR 

experiments for nsp5 and was hence chosen as ligand of choice 

for this target.  FTMap and cleft analysis of nsp5 suggested that 

crossclusters 1, 2, 7, and 8 were situated within the known 

active site (cleft 2) of the protease. Binder 21 is composed of 

mainly three (methanamine, benzene and urea) FTMap probes, 

and all of them are present in the crosscluster 1 (100%). The 

crossclusters 2, 7 and 8 each consist of one of the three probes 

(33%). These observations show that there is a good overlap 

between the chemical substructures of the FTMap ligands and 

those experimental fragments that occupy the hot spots, 

suggesting a likely binding site for this ligand. Further, in order to 

gain insight into the binding site of the ligand, we performed 

molecular docking using the Swissdock web server [64,65]. For 

50% of the targets, we observed that the top-ranked pose (i.e., 

the ligand with the lowest binding free energy) of the ligand 

docks onto the binding site (Figure 3, docked ligand shown in 

cyan). 

 

Figure 3. Hot spots identified using FTMap along with the docking of the NMR 
identified binders for 18 SCoV2 proteins. Proteases are highlighted with an 
orange box, RT-components with a blue box, and other targets with a green 
box. Zoom-ins show one of the identified clefts (beige colored) from PDBSum 
with its corresponding hot spots (and probes in grey sticks) from the FTMap 
analysis. For each of the targets, one of the binders was docked using 
SwissDock, shown in cyan. 
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In order to test the validity of our predicted ligand binding sites, 

we performed ligand-observed (ORF9a (NTD), nsp3 (SUD-MC) 

and nsp5) and/or protein observed (nsp5 and nsp10) titrations 

and determined the dissociation constants for a subset of targets 

by NMR. In general, the dissociation constants KD for the 

fragments ranged from 50 to 2000 µM (Table 2 and Supporting 

Information Figure 24). Binder 13 (Z979145504) bound to nsp5 

with the highest affinity. In addition, we also performed protein- 

Table 2. Affinities of the SCoV2 protein binders. 

Ligand observed Protein Observed 

Binder ORF9a 

(NTD)[a] 

nsp3c 

(SUD-MC)[a] 

nsp5[a] Binder nsp5[a] nsp10[a] 

40 >5 - - 21 0.46 ±0.04  

129 >5 - - 32 - 0.44 ± 0.05 

209 >5 - - 2 - 1.70 ± 0.54 

68 - 0.45 ± 0.71 -    

30 - >5 -    

13 - - 0.02 ± 0.007    

26 - - >5    

[a] KD in millimolar. 

observed titrations for ligands that bind to nsp5 and nsp10. An 

advantage of protein-observed NMR titrations is that apart from 

obtaining information on the dissociation constants, it is also 

possible to visualize the binding site of the ligand by mapping 

the CSPs, provided the backbone amides are assigned. 

Previously, within the Covid19-NMR consortium we have 

achieved the near-to-complete backbone assignments of nsp10 

and nsp5 [36,62,66]. Binder 21 was titrated to nsp5 and bound with 

a KD of ~500 µM (Figure 4, bottom right). Mapping of the CSPs 

revealed that apart from remote CSP effects, the residues 

involved in the binding mainly clustered around the active site 

(Figure 4, top right, blue regions), which was in good agreement 

with the binding cleft identified by FTMap. Moreover, FTMap and 

cleft analysis of nsp5 not only identified the same two sites (S1 

and S3) in line with the crystal structure of binder 21 in complex 

with nsp5 (Figure 4, lower left, orange stick), but also reveals 

two additional sites (S1` and S2). A similar analysis performed 

for a weak binder (binder 2, KD of ~2000 µM) of nsp10 

(Supporting Information Figure 25) reveals a striking correlation 

between the binding site mapped based on NMR CSPs and the 

FTMap-detected hot spot, thus supporting the robustness and 

validity of our analysis. Further, FTMap analysis of the 6 and 8 

overlapping binders for X-ray/NMR screening and three nsp5 

constructs, respectively, suggests, that the active site (cleft 2) is 

their putative binding site (Supporting Information Table 5 and 

Supporting Information Table 6). Moreover, the 6 X-ray/NMR 

overlapping binders revealed identical docking poses for single 

chains of either monomeric (5r83) or dimeric (7khp) structures 

as documented in Supplementary Information Figure 26. 

The NMR-based fragment hit structures were compared to > 2 

million molecules contained in the ChEMBL [67], PubChem [68] 

and NCATS (https://opendata.ncats.nih.gov/covid19/) 

associated data resources of bioactive compounds. 2D 

Tanimoto scoring [69] was used to identify analogues annotated 

as active in SCoV2 bioassays. To capture “weak associations” 

between hits and bioactive analogues, a cut-off of 0.65 was set, 

which revealed 35 hit fragments associated with 50 analogues 

identified as active in 16 different SCoV2 assays, representing a 

total of 154 distinct bioactivities (Supporting Information excel 

sheet 3 Hits to Bioactives.xlsx). A knowledge graph additionally 

annotated with links to public SCoV2 assay information and 

relevant metadata on the bioactivities and primary targets of the 

154 compounds can be accessed at 

https://github.com/Fraunhofer-ITMP/COVID-NMR-KG. At a more 

stringent Tanimoto cut-off of 0.70, a group of 9 hit fragments 

representing 9 analogues were identified (Table 3). Seven of the 

analogues, with IC50 values between 390 nM and 3190 nM, were 

identified as inhibitors of protease activity, in the study by 

Kuzikov et al. [70], who screened a compound repurposing 

collection in a FRET-based biochemical assay against full-length 

nsp5. Although the fragment hits binding to nsp5 also binds to at 

least one additional protein, three (binder 6, 37 and 67) have 

analogues that inhibit nsp5 activity. Two analogue compounds 

were also active in phenotypic assays monitoring the anti-

cytopathic effect of SCoV2 in Vero E6 cell models (Metoprine, 

IC50 = 2340 nM and Oxyclozanide, IC50 = 3710 nM [71].  The NMR 

hit (binder 74) related to Metroprine, binds multiple proteins 

(nsp7, nsp3c (SUD-MC), nsp3d, His6nsp15, nsp10 and nsp16) 

whilst the Oxyclozanide related compound (binder 79) targets a 

smaller group of viral proteins, namely nsp7 and nsp3c (SUD-

MC). 

 

Figure 4. Agreement between bioinformatic and experimental mapping of the 
binding site. (A) The FTMap identified hot spot for nsp5. The subsites of the 
active site are labeled as S1, S1´, S2 and S3. The crossclusters (1, 2, 7, and 
8) occupying the binding site are shown in grey sticks. The docked pose of 
binder 21 is shown in cyan. Mapping of the CSPs (in blue) on to the structure 
of nsp5.  (B) Active site of nsp5 with an overlay of a docking (cyan) and X-ray 
determined (orange) structure of binder 21. (C) The interaction of binder 21 
and nsp5 was monitored via NMR titration. Binder 21 binds to nsp5 with a KD 
of 461 µM. The inset shows two shifting peaks (A191 and Q192) with 
increasing concentration of binder 21 (light blue-low to black-high). 
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Conclusion 

Covid19 has triggered enormous research efforts. For the less 

than 30 viral proteins and 15 conserved RNA regulatory 

elements, holistic approaches screening almost all viral 

components can be pursued. X-ray crystallography with recently 

introduced automatization of fragment screening 

approaches [33,54] has spearheaded medicinal chemistry 

approaches focusing on a subset of the viral protein targets. 

Previously (Sreeramulu, Richter et al.) and here, we exploit the 

unique advances of NMR spectroscopy for screening of 

structured elements of the RNA genome as well as the soluble 

parts of the proteome. The work described thus provides 

information for 25*768=19200 possible protein-ligand 

interactions monitored by 4 different ligand-based NMR 

experiments. The 768 ligands come from a highly privileged 

fragment library. They have been assembled previously and 

validated by NMR for their chemical purity and solubility [59,60].  

Table 3. Fragment hits from NMR-based screening and related analogues identified as biologically active compounds in SCoV2 related assays in public 

databases. 

Binder Structure Binding targets 
detected by NMR 

Bioactive analogue CHEMBL 
Compound ID   

Name Tanimoto 
score 

IC50 in 
SCoV2 
related 
BioAssay 
(nM) 

Assay 
ChEMBL ID 

Assay Description 

67 

 

nsp7, nsp3c (SUD-MC), 
nsp3d, nsp10, 

nsp10•nsp16, nsp5 

 

CHEMBL28935
6 

CL-17107 0.88 390 CHEMBL44955
83 

Biochemical, nsp5 (SCoV2 
3CL-Pro protease inhibition) 
IC50 FRET format with a 
peptide substrate 

74 

 

nsp7, nsp3c (SUD-MC), 
nsp3d, His6nsp15, 

nsp10•nsp16 

 

CHEMBL26437
3 

Metoprine 0.85 2340 CHEMBL45130
83 

Cell based, SCoV2 induced 
cytotoxicity of VERO-E6 
cells after 48 hours 
exposure to 0.01 MOI 
SCoV2 virus by high content 
imaging 

79 

 

nsp7, nsp3c (SUD-MC) 

 

CHEMBL21054
50 

Oxyclozanide 0.82 3710 CHEMBL43038
12 

Cell based, Antiviral activity 
against SCoV2 (viral titer) 
measured by plaque assay 
in Vero cells at MOI 0.0125 
after 24 hr 

150 

 

nsp3c (SUD-MC) 

 

CHEMBL13826
27 

silver-
sulfadiazine 

0.81 750 CHEMBL44955
83 

Biochemical, nsp5 (SCoV2 
3CL-Pro protease inhibition) 
IC50 FRET format with a 
peptide substrate 

50 

 

nsp3e, nsp3y 

 

CHEMBL13804
80 

VANITIOLIDE 0.74 1320 CHEMBL44955
83 

Biochemical, nsp5 (SCoV2 
3CL-Pro protease inhibition) 
IC50 FRET format with a 
peptide substrate 

6 

 

GHMnsp5, nsp3d 

 

CHEMBL22665
2 

4-DAMP 0.72 2360 CHEMBL44955
83 

Biochemical, nsp5 (SCoV2 
3CL-Pro protease inhibition) 
IC50 FRET format with a 
peptide substrate 

157 

 

nsp3c (SUD-MC), nsp3d 

 

CHEMBL24365
2 

PD096194 0.72 2040 CHEMBL44955
83 

Biochemical, nsp5 (SCoV2 
3CL-Pro protease inhibition) 
IC50 FRET format with a 
peptide substrate 

37 

 

GHMnsp5, nsp10•nsp16, 
nsp3y, nsp5 

 

CHEMBL56613
6 

PD121351 0.71 3190 CHEMBL44955
83 

Biochemical, nsp5 (SCoV2 
3CL-Pro protease inhibition) 
IC50 FRET format with a 
peptide substrate 

56 

 

nsp3e, nsp7, nsp3c 
(SUD-MC), ORF9a 
(NTD), nsp3y 

 

CHEMBL1616 APOMORPHIN
E 
HYDROCHLO
RIDE 

0.71 520 CHEMBL44955
83 

Biochemical, nsp5 (SCoV2 
3CL-Pro protease inhibition) 
IC50 FRET format with a 
peptide substrate 
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The screening identifies 311 hits (1.5% overall hit rate). The 

work goes, however, beyond reporting these screening results. 

We delineate a procedure to combine computational methods to 

validate binding site prediction from FTMap and PDBsum with 

the experimentally detected binding ligands. This procedure 

relies on the prediction of chemical sub-moieties essential for 

binding and the similarity of these substructures in the set of 

experimental binders. The thus identified and prioritized binding 

sites allow application of focused docking protocols and further, 

the experimental cross-validation by protein-based NMR 

experiments. From these protein-based NMR experiments, we 

show that dissociation constants of these fragments with 

proteins range from 80 µM to several millimolar. The 

determination of binding affinities can be used to prioritize 

medicinal chemistry campaigns. Using bioinformatics, 

identification of fragment binders also serves as starting point for 

database searches of known binders, using chemical similarity 

scores between fragments and known inhibitors as selection 

criterion. Thus, the herein developed workflow allows for holistic 

screening of the majority of the viral proteome. It provides highly 

valuable data for the day-to-day support of medicinal chemistry 

campaigns aiming at developing novel drugs applying fragment-

based drug discovery. These data will also serve development 

of artificial intelligence (AI) based algorithms to inform hit-to-lead 

campaigns. 
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Using a fragment-based screening strategy by NMR, we identified 311 small molecule binders of 25 SARS-CoV-2 proteins, thus 

expanding the previously unexplored chemical and target space. Further, using experimental and bioinformatic analysis we identify 

potential binding sites. This comprehensive data would greatly assist medicinal chemistry efforts even beyond COVID-19. 
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5.16 Research article: 19F NMR-Based Fragment Screening for 14 Different Biologically Active RNAs and 
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* These authors contributed equally to this work. 

 

In this article, the druggability of 24 biological targets, including 14 RNAs, five DNAs, and five proteins, 

was investigated using a fragment-based screening based on 19F-NMR spectroscopy. A fragment 

mixture containing 102 ligands was used. Several types of RNA were screened, including small stem-

loop structures, ribozymes, tRNAs, aptamers, riboswitch terminators and anti-terminators as well as 

full-length riboswitches. DNA targets included G-quadruplex structures of various moieties and 

double-stranded DNAs. Protein screening included enzymes such as kinases and phosphatases as well 

as RNA-binding proteins. 

O. Binas, V. de Jesus, T. Landgraf and A. E. Völklein performed further experiments, analyzed the data, 

and wrote the manuscript. The author of this thesis contributed to the experiments with the 

expression and purification of the T7 RNA polymerase. 
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19F NMR-Based Fragment Screening for 14 Different
Biologically Active RNAs and 10 DNA and Protein Counter-
Screens
Oliver Binas+,[a] Vanessa de Jesus+,[a] Tom Landgraf+,[a] Albrecht Eduard Völklein+,[a]

Jason Martins,[a] Daniel Hymon,[a] Jasleen Kaur Bains,[a] Hannes Berg,[a]

Thomas Biedenbänder,[a] Boris Fürtig,[a] Santosh Lakshmi Gande,[a] Anna Niesteruk,[a]

Andreas Oxenfarth,[a] Nusrat Shahin Qureshi,[a] Tatjana Schamber,[a] Robbin Schnieders,[a]

Alix Tröster,[a] Anna Wacker,[a] Julia Wirmer-Bartoschek,[a] Maria Alexandra Wirtz Martin,[a]

Elke Stirnal,[a] Kamal Azzaoui,[b] Christian Richter,*[a] Sridhar Sreeramulu,*[a]

Marcel Jules José Blommers,*[b] and Harald Schwalbe*[a]

We report here the nuclear magnetic resonance 19F screening of
14 RNA targets with different secondary and tertiary structure
to systematically assess the druggability of RNAs. Our RNA
targets include representative bacterial riboswitches that natu-
rally bind with nanomolar affinity and high specificity to cellular
metabolites of low molecular weight. Based on counter-screens
against five DNAs and five proteins, we can show that RNA can

be specifically targeted. To demonstrate the quality of the initial
fragment library that has been designed for easy follow-up
chemistry, we further show how to increase binding affinity
from an initial fragment hit by chemistry that links the identified
fragment to the intercalator acridine. Thus, we achieve low-
micromolar binding affinity without losing binding specificity
between two different terminator structures.

Introduction

Proteins constitute the vast majority of validated drug targets.
The ribosome, a large RNA-protein complex, is the most
prominent RNA drug target. Most antibiotics inhibit protein
synthesis by targeting the interface of RNA and proteins in the
ribosome.[1] Beyond being target for antibiotics, RNA has for
long been considered undruggable. Recently, however, this
view has changed and RNA emerged as a potential target for
drug discovery as well.[2–6] Clinical success of compounds

initially identified as RNA binders[7] inspires thorough explora-
tion of the noncoding RNA target space. Here, potential targets
range from RNA involved in oncology and inflammation to RNA
involved in bacterial and viral infections, to mention a few areas
with unmet medical need. Concurrently, the continuous
identification of new regulatory RNAs, including riboswitches or
sRNAs further increases potential applications.[8] To combat
multidrug-resistant (MDR) bacteria that pose a major health
threat for modern human society,[9] Riboswitches in particular
have come into focus, which can only be tackled by new
antibiotics. The development of drugs targeting riboswitches is
therefore an important research focus.[10]

Structure-based drug discovery is a key methodology for
rational drug discovery. Here, X-ray crystallography[11] and
nuclear magnetic resonance (NMR) spectroscopy[12] provide the
essential structural information. Insight from target structures is
often supported by computational methods to aid in library
design. Virtual screening by in silico docking of a compound
library against available target model structures guides medici-
nal chemistry in the development from initial hits towards the
generation of lead compounds.[13]

High-throughput screening in drug discovery requires
robust detection of binding of a large number of test
compounds, a library, to a biological target. Such screening can
involve up to 1–2 million compounds from which routinely a
very small number of potential lead compounds are identified.
Screening large libraries thus requires high preparative and
infrastructural effort.

An alternative to this classic approach is fragment-based
screening. Fragments are often weak binders and their binding
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specificity can be lower than expected from a lead
compound.[14] Thus, fragment-based drug discovery requires
that the initial hits are further processed into lead compounds
by chemical modification such as growing the compound to fit
the desired number of binding interactions with the target or
linkage of two fragments which bind to binding sites in spatial
proximity. Fragment-based drug discovery is nowadays the
basis of many hit-to-lead research programs.[15] In fact, it has
been shown that FDA-approved drugs targeting proteins can
be developed starting from fragment screens.[15–21]

Methods used to screen RNA include fluorescence-based
assays,[22,23] mass spectrometry,[24,25] small-molecule microarrays
(SMM),[26,27] microscale thermophoresis (MST)[28,29] and NMR
spectroscopy.[30] However, most of these studies focus only on a
single target RNA.[31,32] In contrast, we report herein the screen-
ing of a library of 102 fragments against 14 different RNAs of
different sizes and different architectures by using 19F NMR as
the main method for hit identification. The targeted RNAs
include small stem loop structures, aptamer domains of
riboswitches, full-length riboswitches, terminators and antiter-
minators of riboswitches, ribozymes as well as tRNAs, tradition-
ally serving as control RNAs in screening (Figure 1). Thus, our
results allow us to delineate specificities of fragments towards
different RNAs. We further counter-screened against five DNAs

and five proteins to test whether the fragment library can target
for these different classes of biomacromolecules or whether the
library is biased towards binding a subset of biomacromole-
cules. The DNA targets include regular double-stranded DNA as
well as G-quadruplex structures of different morphology, and
the proteins include RNA-binding proteins as well as the
important enzyme classes kinases and phosphatases that bind
to phosphorylated moieties as part of the enzymatic function.
With our multi-target approach, we show that selective frag-
ments for an RNA target can be found but often a good hit is
broadly binding to RNAs of the same size and structural
complexity. Also we show that the selective targeting of RNA
over other classes of biomacromolecules is possible with this
library.

By way of example, we further show that by fast follow-up
chemistry, that involves the linkage of an RNA-binding fragment
with the intercalator acridine, we obtain low micromolar RNA
binders with more than tenfold specificity towards different
RNAs.

Figure 1. Overview of RNA targets. Schematic secondary structures of the RNA targets investigated by 19F fragment binding studies (FBS). Stems (P), loops (L)
and junctions (J) are annotated. Tri-, tetra- and pentaloop sequences are listed explicitly. Rational ligand design led to the development of compounds that
specifically bind to an RNA loop region.[37] In our study, we included two 14-nt stem-loop structures exhibiting a GAAG and a CUUG tetraloop, respectively in
order to detect fragments binding to this abundant secondary structure motif. Also, we included the guanidine-sensing riboswitch as an example of a
functional RNA with hairpin structures. Loop–loop interactions[38] are part of the stabilizing function with purine-sensing riboswitches that are part of the RNA
targets in this study (Figure S3).
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Results and Discussion

Target choice is an important step for any screening, especially
in a multi-target approach in which a broad spectrum of
biologically relevant target molecules is crucial to success.
Therefore, we showcase our measures of target choice in the
following section. All RNA constructs screened are summarized
in Table 1.

RNA hairpin structures

Stem-loop/hairpin structures represent the most common small
secondary structure motifs in RNA.[33] Common loop lengths
range from three to seven nucleotides, but more than 50% of
all loops are tetraloops.[34] Tetraloops are not only very

abundant, they also exhibit a high thermodynamic stability as
they are usually stabilized by hydrogen bonding and stacking
interactions. When drug-screening approaches are employed
on biologically relevant stem-loops, further characterization of
the binding mode is needed to distinguish stem-binding[35]

from loop-binding ligands,[27] to understand the structural basis
of the ligand-induced change in biological function.[36]

RNA bulges, internal loops and pseudoknots

Helix-junction-helix (HJH) structure elements occur between
two helices or three- and four-way junctions. They can be
divided into bulges and internal loops, where the first is
characterized by short single-stranded intersections on one side
of an RNA stem and the latter features unpaired regions on

Table 1. List of all biomolecules used in the study listed with their biological host organism (if applicable), PDB accession codes of X-ray structures and
primary publication. *only homologue structures available. #only aptamer structures or single domains available.

Organism X-ray NMR
Riboswitches and Aptamers

Guanidine (Gdn-II)-sensing riboswitch (49 nt) Escherichia coli 5NDI[73]

ZMP-sensing riboswitch (76 nt) Thermosinus carboxydivorans 4ZNP[74]

thiM TPP-sensing riboswitch (80 nt) E. coli 2GDI[75]

pilM 3’, 3’-cGAMP-sensing riboswitch (84 nt) Geobacter metallireducens 4YAZ*[76]

TenA TTP- sensing riboswitch (94 nt) Staphylococcus aureus
cyclic di-GMP-1 riboswitch (98 nt) Clostridium difficile 3MXH*[77]

3IRW*[78]

3IWN*[79]

Adenine-sensing riboswitch (127 nt) Vibrio vulnificus 1y26#[80]

5E54#[81]

4TZX#[82]

[49]

[69]

Riboswitch Elements

2’-deoxyguanosine-sensing-riboswitch terminator (39 nt) Mesoplasma florum [83]

SAM-sensing riboswitch anti-terminator (38 nt) Bacillus subtilis
Adenine-sensing riboswitch terminator (51 nt) B. subtilis [84]

Adenine-sensing riboswitch
expression platform (60 nt)

V. vulnificus [69]

[85]

Other RNAs

RNA with GAAG tetraloop (14 nt) artificial 2F87*[86]

RNA CUUG tetraloop (14 nt) artificial 1RNG*[87]

Hammerhead ribozyme (54 nt) 1MME[88]

Hepatitis delta virus ribozyme (70 nt) Hepatitis delta virus 1DRZ[89]

tRNAfMet (77 nt) E. coli [90]

DNA

cMyc G-quadruplex (22 nt) Homo sapiens 1XAV[91]

2L7V[92]

cKit G-quadruplex (24 nt) H. sapiens 3QXR*[93]

2WO2
2O3M[94]

DNA duplex (24 nt) artificial 1BNA[95]

Tel26 G-quadruplex (26 nt) H. sapiens 2HY9[96]

5Z80[97]

wtTel26 G-quadruplex (26 nt) H. sapiens 5MVB[98]

2JPZ[99]

Proteins

Mycobacterium tuberculosis protein tyrosine phosphatase A (MptpA, 18 kDa) Mycobacterium tuberculosis 1U2P[100] 2LUO[101]

Protein tyrosine kinase A (PtkA, 30 kDa) M. tuberculosis 6F2X[102]

Receptor tyrosine kinase EphA2 (34 kDa) H. sapiens 5I9U[103]

Ribosomal protein S1 (61 kDa) V. vulnificus 2MFI*#[104]

2KHI*#[105]

T7 RNA polymerase (100 kDa) Escherichia phage T7 1MSW[106]

ChemBioChem
Full Papers
doi.org/10.1002/cbic.202000476

425ChemBioChem 2021, 22, 423–433 www.chembiochem.org © 2020 The Authors. Published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 28.01.2021

2102 - closed* / 179251 [S. 425/433] 1

 14397633, 2021, 2, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/cbic.202000476 by U
niversitatsbibliothek Johann, W

iley O
nline L

ibrary on [12/01/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1002/cbic.202000476


1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

both sides of the stem.[39,40] Bulges and internal loops constitute
conformational hinges, allowing helices to adopt different
conformations with respect to each other. Formation of these
structures allows for inter helix motions such as dynamic
nucleobase stacking or rotation in and out of a junction.[39] They
can often be targeted by low-molecular-weight ligands as
previously shown for the Tat-TAR interaction, which was
mimicked by arginamide.[41,42] In drug screening approaches,
internal loops and bulges can be valuable targets for ligand
design since their potential for ligand recognition is relatively
high. Examples of virtual screenings directed on HIV-1 trans-
activation response element (TAR) show that sampling of the
entirety of the allowed topological space leads to an ensemble
of discrete conformations that can bind different ligands.[36,43,44]

In our screening pool, several examples of small and large
bulge regions, internal loops and pseudoknots are present in
RNAs (Figure 1).

Riboswitches

Riboswitches are structured RNA elements which regulate gene
expression by allosteric structural re-arrangements of an
expression platform element in response to sensing environ-
mental changes by an aptamer element. Most riboswitches
respond to changes in concentration of small molecules, mostly
metabolites, which they bind with remarkable specificity.[45,46]

Examples showing the observation of binding via homonuclear
and heteronuclear 2D NMR spectroscopy are displayed in
Figures S2 and S3 in the Supporting Information. Intricate
tertiary structures are formed by most aptamers to achieve
high-affinity binding required for optimal sensitivity, alongside
with sufficient discrimination against noncognate ligands. These
binding pockets feature a closely defined chemical space, which
is usually thoroughly described by structural data (Figure S1).
The complex and specific chemical environments aid develop-
ment of specific ligands and therefore especially fragment-
based drug discovery approaches, which rely on chemical
adaption in particular. Thus, it is not surprising that riboswitch
aptamer domains have been identified as excellent drug targets
very early on.[47,48] Of the 14 RNAs screened, eight are derived
from riboswitches including natural ligand binding aptamer
domains (vide infra).

In this study, we screened the aptamer domains of
riboswitches from the second-messenger-sensing class, the
guanidinium-sensing class, the purine-sensing class and the
thiamin-pyrophosphate-(TPP)-sensing riboswitch. The TPP-sens-
ing riboswitch represents the most abundant riboswitch found
in different prokaryotes and even eukaryotes (Table 1). For
purine-sensing riboswitches, operating either on the transcrip-
tional or the translational level, we have previously reported on
the mechanism of full-length riboswitch function.[49,50]

Counter screens

To maximize the coverage of conformational space and to rule
out unspecific binding, we added five other RNAs ranging from
14 to 77 nt in length to the pool of target RNAs. We screened
tRNAfMet produced in house. tRNAs, being ubiquitously present
in all kingdoms of life, are used as counter screen RNA in many
applications and especially in high-throughput screens of RNA
molecules, such as an RNA G-quadruplex[51] and the TAR RNA.[52]

To rule out binders not specific to RNA, we additionally
screened five DNAs (Figures S24–S31), including four G-quad-
ruplexes and five proteins with molecular weights ranging from
18 to 100 kDa (Figure S32–S39).

19F-CPMG based screening by NMR spectroscopy

NMR spectroscopy is well suited for the identification of initial
fragment hits as it is fast and reliable and offers the possibility
to detect weak binding in solution. There are a large number of
NMR experiments to detect binding, including detection of
NOEs, chemical shift perturbation, saturation transfer
difference,[53] WaterLOGSY[54] or T2-relaxation spectroscopy.[55] By
these methods, interactions characterized by dissociation
constants in the range of 10 mM down to low-nanomolar can
be detected, depending on experimental setup. Further
improvements are currently developed with more sophisticated
methods of dynamic nuclear polarization (DNP) or
hyperpolarization,[56] decreasing the lower detection limit. Addi-
tionally, NMR offers the possibility to observe the interaction of
the target with fragments in a mix of several fragments at the
same time, greatly reducing operational effort. Often, NMR
screenings use 1H detection. The high number of hydrogen
atoms in fragment compounds, however, leads to severe
overlap of NMR signals, reducing the number of fragments
within one mixture that can be screened in a single experiment.

19F detection is an attractive alternative to 1H-detection.[57]

NMR signals in 19F spectra show a much higher chemical shift
dispersion covering a range of around 50 kHz (83 ppm)
compared to around 6 kHz (10 ppm) for protons. Furthermore,
if 1H decoupling can be performed, which depends on the
spectrometer configurations and NMR probe head used, each
19F resonates at a single resonance frequency, allowing the
observation of several fragments in a single mixture. Figure 2
shows 19F-1D spectra demonstrating the design of the fragment
mixtures containing 20 or 21 different ligands per mixture. An
overview of all 101 fragments screened is available in Table S1.
In this study, we measured 19F transverse relaxation experiments
which apply CPMG pulse trains[55,58] for varying relaxation
delays.

CPMG T2 measurements exploit the different relaxation
properties of unbound fragments in comparison to (transiently)
bound fragments to biological targets. Low-molecular-weight
fragments with short rotational correlation times (τc) in solution
will show changes in CPMG T2 values upon (transient) binding
to a high-molecular weight macromolecule (4–100 kDa), which
exhibits much slower τc and consequently faster T2 relaxation.
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This relaxation effect is observed even if the population of
bound fragment is 1% or lower. We chose this method since it
is very sensitive to even low-affinity interactions and is therefore
beneficial to fragment-based approaches.

Validation of hits from 19F screens

After this initial broad screening, follow-up screens integrate
cheminformatic-based searches for similar ligands that are
commercially available but also cross-validation of binding to
other targets. In fact, some of the fluorine containing ligands
show binding to almost all RNAs (e.g. fragment 57). Screening
of fragments against RNA targets yielded several hits with a hit
rate of up to 26%. These hits were roughly estimated to bind
with an at least low-millimolar KD or tighter to the target RNA.
This estimation stems from the observation that most RNA
signals did not show large chemical shifts changes in the follow
up 2D 1H,15N-correlation experiments, upon addition of frag-
ments. This assumption is made, although it is not clear
whether changes in chemical shifts are strictly correlated with
changes in the chemical environment. After the initial 19F
screening the hits can be confirmed, KD values determined and
information on the fragment binding site obtained.

Mapping binding to a specific site in RNAs is usually
performed by analysis of chemical shift perturbations (CSPs)
that fragment binding causes on the RNA resonances in
proximity to the binding epitope. In this approach, care has to
be taken to distinguish direct binding induced CSPs from
remote effects whose origins are sometimes difficult to assess.
Most of the RNAs studied are riboswitches, which bind to
metabolites of low molecular weight with an affinity several
orders of magnitude higher than the expected affinity of the
fluorinated fragments. Thus, orthosterically binding fragments
can be detected in a competition experiment. By adding the
natural ligand to an RNA sample containing the hit fragment,

the natural ligand will compete for the RNA binding site and
eventually displace the lower-affinity binding fragment. Accord-
ingly, if a CPMG-experiment with long mixing time is recorded,
fragment signals will be recovered upon addition of the natural
ligand. Although these experiments can provide evidence for
ligands that interact with the natural ligand binding site, this
might not always be the case, since structural rearrangement
upon binding of the natural ligand can also obscure other
binding sites, which were formerly accessible to fragments. To
evaluate the T2-modulated 1D NMR spectra, we measured the
fragment signal integrals and calculated the ratios between
200 ms CPMG and 0 ms CPMG applied to 19F NMR spectra.

The quotient Qbind of the integral ratios

Qbind ¼
Intensity Ratio þTarget

Intensity Ratio � Target

with

Intensity Ratio ¼
Peak Integral CPMG 200 msð Þ

Peak Integral CPMG 0 msð Þ

defines a quantifiable factor to classify the ligand-target
interaction into no binding, strong or weak binding Figure 3.
The exact effect, however, depends on the overall rotational
tumbling time τc that increases with increasing molecular
weight. Qbind is a rough criterion, as we did not differentiate
between aromatic and aliphatic bound flourines, which we
however deem sufficient for the task. The quotient (Peak
Integral+Target/Peak Integral� Target) was automatically calculated;
all potential hits were then manually checked. The results are
summarized in Figure 4 and spectra regions of all hits are
displayed in Figures S5–S39. We obtained hits for all targets.
The results show a clear trend that riboswitch RNAs show a
high hit rate, ranging from 7 to 26 hits per riboswitch.
Riboswitches contain aptamer domains that bind metabolites in

Figure 2. 19F 1D NMR-spectra of the 19F library fragment mixtures. The 19F library contains 101 compounds (Table S1). Five mixtures of either 20 or 21 ligands
were generated to avoid signal overlap. The spectra of the mixtures (A–E) in the screening buffer are displayed.
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the same size range as the fragments or even lower (e.g., F� -
sensing[59] or Mg2+-sensing[60] riboswitches). Only one to six hits
could be determined for all other RNAs. Although CPMG
measurements as relaxation-based experiments are biased
towards increased sensitivity for larger constructs, increased
affinities of riboswitch targets are still striking in comparison to
the 77 nt tRNA.

DNA structures which were included to sample other
nucleic acid structures, namely duplex and G-quadruplex,
showed very different behavior. For the duplex, only a single
fragment showed binding. For G-quadruplexes, we observed
between 12 and 20 hits with some overlap to hits that also bind
to riboswitch RNAs. Of the five proteins investigated, four
showed a large number of hits, ranging from 16 up to 55
(Table 1).

The 18 kDa phosphatase MptpA showed only four hits, in
line with the difficult druggability of phosphatases. In general,
for 101 fragments screened across 24 different biomolecular
targets involving either DNA/RNA/proteins, approximately 5%
of the data were not analyzable. This is a result of the necessity
to optimize buffer conditions in particular for proteins. The
different buffer conditions can lead to solubility issues and
chemical stability issues for this subset of ligands. The
remaining fragments show a broad variety of target selectivity
from fragments binding exclusively a single target (fragment
100) to highly promiscuous binding behavior (fragment 57).

From the pool of the screened biological targets, we chose
the aptamer domains containing 76, 84 and 98 nt of the
secondary-messenger-sensing riboswitches for follow-up inves-
tigation. Weak hits were omitted. To verify hits and rule out

Figure 3. Interaction table of all fragments and biological targets screened. Hits were classified into no binding (Qbind>0.67, alternating gray and white), weak
(Qbind=0.66–0.33, yellow) or strong binding (Qbind<0.32, green) in 19F CPMG experiments. For protein screens, hits for ~5% of the ligands could not
unambiguously be assigned (light blue).

Figure 4. Determination of Qbind. Four 19F CPMG experiments were recorded
to determine the binding factor Qbind from peak integrals as discussed in the
main text. The relaxation loss at 200 ms relaxation dephasing time relative to
0 ms dephasing for the 19F signal of the ligand was recorded in the presence
and absence of biomolecular target.
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effects of fragment mixing we confirmed binding of hits for
single fragments. For all investigated fragment and RNA
combinations, we were able to observe the same strong effects
as in the mixtures. To validate the observed effects and to
characterize the binding epitope, we analyzed the effect of
fragment 75 addition to the 76 nt riboswitch (Figure 5). We
used 15N-isotopically labeled RNA to conduct 15N-correlated 2D
spectroscopy on imino hydrogens (Figure 5a) to detect possible
chemical shift perturbation of RNA signals introduced by the
addition of the screening hit. In these spectra, only helical imino
hydrogen signals are visible, which shift distinctly in case of
helix groove binding fragments. In our case, we could only
observe very small shifts and sometimes additional small signals
in the spectra. More pronounced effects could be observed on
the signals of aromatic hydrogens in 1H,1H TOCSY spectra
(Figure 5b). Here, clear signal shifts over 10 Hz on H5-H6 cross
peaks of pyrimidine residues were detected.

At concentrations appropriate for screening (in this case
50 μM), and for large RNAs, such as the riboswitches inves-
tigated, only the strongest H5-H6 peaks are visible. In the
example shown for compound 75 (Figure 5b), dose-dependent
chemical shift perturbation was detected for three signals.
Combined with the data obtained from 15N-correlation spectro-
scopy, which showed only minor alteration, we can conclude
that the respective binding site is located in a flexible region of
the RNA.

Additional information on the binding site was obtained
from a competitive binding assay. We added the fragment
under investigation to the RNA target and characterized the

effect of addition of native ligand on the T2-modulated signal.
As observed earlier, the signal is completely suppressed upon
addition of the RNA, but addition of native ligand leads to
signal recovery by approximately 15%. The incomplete recovery
of fragment signals points to the possibility that orthosteric
binding of the fragment hit to the binding site of the cognate
ligand is accompanied by additional nonspecific binding. The
major population binds allosterically, and a smaller population
binds orthosterically to the same binding site as cognate ligand.
We found that signals of other compounds could be recovered
by 83% (compound 47, Figure 5d) after addition of native
ligand, pointing to a larger influence on the binding site. The
most convenient way to obtain affinity data by NMR is the
observation of the 19F fragment signal, since it does not require
isotopic enrichment and there is only one signal. 19F signals in
general are very sensitive to changes in their chemical environ-
ment and thus, presumably, show also a substantial CSP for the
19F upon addition of ligand. In contrast, the chemical shift
dispersion of the aromatic hydrogens is smaller and the largest
CSP in 1H RNA signals was only around 5–8 Hz. From 19F CSP
data we could obtain affinity constants in the high-micromolar
range, such as 400 μM for fragment 75.[62]

The screening of a large number of biomolecular targets
demonstrates that the fragment library exhibits the highest hit
rate to proteins, followed by RNA and then DNA. RNA hits are
observed predominantly for RNAs containing loop regions,
bulges, and internal loops. Some of the fragments in the library
are promiscuously binding to all three different classes of
biomolecular targets. The overlap for hits binding to proteins

Figure 5. Hit validation and competition experiments. Validation of 19F CPMG screening hits for the aptamer domains of the three secondary-messenger-
sensing riboswitches. a) Spectral regions with signals from guanosine (top) and uridine (bottom) residues of the 1H,15N correlation experiment of the 76-nt
riboswitch with (blue) and without (black) 75 shown under c. b) 1H,1H TOCSY spectrum with (blue) and without 75 (black). c) 19F 1D NMR titration of 75 with
the RNA. KD was determined according to Williamson.[61] d) (Partially) competitive binding of fragments to the 84- and 98-nt riboswitch observed in T2-
modulated 1D 1H experiments.
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and RNA is also around 20%. The most promising result,
however, is the observation that each biomolecular target class
can be specifically targeted (Figure S4).

Cheminformatic analysis of hit data

The 69 hit compounds were chemically clustered using
Hierarchical Clustering (DistMatrix, Morgan fingerprint, distance
threshold 0.6, using Knime software 4.0.2) resulting in 38
singletons and 4 chemical families sharing a closely related
scaffold. The largest cluster contains 5 members that were
binders for proteins, DNA/RNA, and DNA/RNA/proteins targets.
No cluster seems to be specific to any of the target families
screened.

In order to check if there are any correlations between
chemical structures and the number of targets that bind to it,
we generated a number of molecular descriptors linked to the
shape, electrostatic and hydrophobic interactions. The correla-
tion matrix of all data shows no significant correlations between
the number of target hits and molecular descriptors. The lowest
and the highest correlations found are respectively with the
number of aromatic atoms (R= +0.27) and SP3 descriptor (sp3

carbon atom count/total carbon atom count reflecting the
flatness of the molecules; R= � 0.23).

The statistical analysis of the number of aromatic atoms for
each category of binders shows higher average value of this
descriptor for compounds hitting DNA/RNA/proteins (9.2) after

the DNA/RNA binders (10.4) but in this last case the number of
hits is too small to draw a conclusion. The SP3, like the other
molecular descriptors, shows no significant difference between
the category for hits (Figure 6). The substructure counting of
popular and frequent motifs in organic molecules reported in
the Table 6a, also shows no significant enrichment in different
categories of binders. Because of the small size of the fragments
in the current 19F-library, there is no privileged class of
compounds or relevant physicochemical properties that can be
specific to a family of biological targets (RNA/DNA/proteins).
The 19F-fragment library is therefore suitable for RNA, DNA, and
proteins and can be used to generate starting points for follow-
up screens and to examine the presence of potential binding
pockets for ligands in the individual targets. Moreover,
correlation analysis (Figure 6c and Figure S4) shows striking
clustering of hits between riboswitches and aptamers, DNA and
proteins, respectively. Currently research focuses on the devel-
opment of libraries solely suited for RNA, taking the repetitive
nature of the RNA backbone, the higher charges and RNA
dynamics into account.[63,64] While the here used library of 19F-
fragments was shown to be suited for proteins and RNA
likewise, these recent developments could be taken into
account in order to enrich current fragment libraries into a
more RNA-focused library.

Figure 6. Cheminformatic analysis of hit data for all RNA, DNA and protein biomolecules. a) Gaussian distributions for aromatic atoms and SP3 descriptor over
categories of biomolecules. SP3 descriptor (sp3 carbon atom count/total carbon atom count) reflects the flatness of the fragment molecules. b) Visualization of
categories in a Venn diagram. c) Euclidian distribution of hits to the target biomolecules.
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Follow-up chemistry

After hit identification, the next major aspect in fragment-based
drug discovery is to link initial hits to increase binding affinity.
Such an improvement can be achieved by linkage of the
fragment to an RNA binder, as shown for a neomycin-acridine
conjugate.[65] To generate affinity we used an acridine moiety,
which is a well-known intercalator that also allows fast follow-
up chemistry.[66,67] Herein we describe a three step synthesis to
generate an acridine moiety followed by linking it to a
fragment. We chose a fragment from an additional 1H screening
for the 39-nt terminator stem (P2D11) with a similar structure to
the hits from 19F screening because of better availability and
facilitated synthesis. On linking this fragment to the acridine, a
binding in low-micromolar range was observed as described in
the Supporting Information.

Conclusion

In summary, we outline the screening of 19F-containing libraries
to 14 different RNA targets. Commercially available fragment
library can be used to identify low-molecular-weight fragments.
We also show the general versatility of the used poised library,
allowing straight-forward follow-up chemistry to increase bind-
ing affinity to as low as 1 μM, while observing a 15-fold
selectivity between different RNA targets. Identified hits report
on the general druggability of RNA targets.[68] Cheminformatics
allow delineation of features within the fragments that are
specific for each class of biomolecular target. Our study will aid
our current effort to identify new ligands with antiviral activity
in the context of combatting the COVID-19-pandemic (Covid19-
nmr.de).

Experimental Section
Initial checks: All fragments in the library utilized for screening
were checked for inconsistencies by running 1D 1H and 19F spectra
of each compound. Spectra were analyzed by hand, and com-
pounds showing wrong or additional signals were ruled out.

RNA preparation: All RNAs were prepared in house through in vitro
transcription with T7 RNAP.[69] DNA templates included the
necessary T7 promotor and were either obtained from linearizing
plasmid containing the sequence of interest or PCR run-off.
Transcription conditions were optimized for yield and sample purity
and in vitro transcription was performed in 10 to 20 mL scale
dependent on the expected yield. Purification was performed either
by HPLC, preparative PAGE or buffer exchange to NMR buffer if
necessary.[70] Concentration and purity of the samples were
analyzed by UV/Vis spectroscopy and analytical PAGE respectively.
For some of the follow-up experiments uniformly 15N-labeled RNA
was prepared with the same procedure using isotopically 15N-
labeled rNTPs.

Sample generation: Each fragment mixture contained 20 or 21
fragments at 2.5 mM concentration in 90% [D6]DMSO with 10%
D2O. Mixtures were designed (minimize signal overlap) in an excel
sheet, using the chemical shift obtained from individual compound
measurement. SamplePro Tube robot was used for automated

pipetting of the samples into the NMR tubes. The final sample
volume was 170 μL with 5% D2O as locking solvent. For each
target, two samples (with and without target) were prepared per
mixture. 19F screening was performed at a ratio of 1 : 1 with respect
to RNA and fragments. The final [RNA]([protein])-ligand concen-
tration was around 50 μM. The screening buffer was 25 mM KPi,
pH 6.2, 50 mM KCl, 5 mM MgCl2 in 94% H2O/5% D2O/1% [D6]DMSO
in a 3 mm tube. For DNA, buffer conditions were 25 mM KPi,
pH 7.0, 70 mM KCl, in 94% H H2O/5% D2O/1% [D6]DMSO. For
proteins MptpA and PtkA buffer conditions were 25 mM HEPES/
NaOH, pH 7.0, 150 mM NaCl, 10 mM DTT and 50 mM HEPES/NaOH,
pH 7.5, 300 mM NaCl, 10 mM DTT, 10 mM MgCl2 respectively. For
EphA2 buffer conditions were 20 mM Tris pH 8, 200 mM NaCl,
5 mM MgCl2, 3 mM TCEP. For T7 and rS1 buffer conditions were
25 mM KPi (pH 7.2), 150 mM KCl, 5 mM DTT. NMR screening data of
19F 1D and 19F CPMG T2 measurements were recorded with mixing
times of 0, 200, and 400 ms for the CPMG experiments. Strong hits
from screening of three investigated RNAs were chosen for follow-
up experiments. Samples of these fragments with the respective
RNA were prepared in the same way omitting mixture generation,
to confirm binding of the single fragment. In the same way,
samples for the competition experiments were generated. Native
ligand was added at an equimolar concentration to the RNA.
Additionally, samples of 15N-labeled RNA were prepared with an
RNA concentration between 50 and 100 μM and fragment concen-
tration of 1.25 mM and were used in follow-up experiments.
Reference samples contained no fragment.

NMR spectroscopy: Spectra acquisition was carried out on a Bruker
AVIIIHD-600 NMR spectrometer equipped with a five mm 1H/19F
[13C,15N]-TCI prodigy cryo-probe and high throughput sample
changer for 579 samples with temperature option for sample
storage. For the screening process the following spectra were
acquired: 19F 1D, water-suppressed proton 1D and 19F 1D with
CPMG spinlock (0, 200 and 400 ms). All 19F spectra were recorded at
room temperature, without 1H decoupling and processed with line
broadening function of 10 Hz. The CPMG spin lock was applied
using an adiabatic WURST pulse with a bandwidth of 120 ppm and
a length of 2 ms. The pulse is calculated on-the-fly by wavemaker
software in Topspin. The interpulse delay of the CPMG spin lock
was set to 9 ms. Screening data were analyzed by integration with
Topspin 4.0 (Bruker Biospin) and manually checked using the
integrated fragment-based screening software tool. Strong hits for
three RNAs investigated were chosen for follow-up experiments. 19F
1D CPMG spectra were run on single fragment samples with the
same parameters as in screening. The following spectra were
acquired: 15N SFHMQC, proton 1Ds with excitation sculpting[71] or
jump-and-return echo[72] scheme for water suppression, and 1H,1H
TOCSY with excitation sculpting.

Synthesis: All experimental details for the synthesis and character-
ization of compound 1 are described in the Supporting Informa-
tion.
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This article summarizes the results of folding state and structural dynamics studies of the V. vulnificus 

adenine-sensing riboswitch identified by single-molecule Förster resonance energy transfer (smFRET) 

microscopy and NMR spectroscopy have been consolidated. Detailed protocols for sample 

preparation and for both smFRET and NMR measurements were provided. The combination of both 

techniques allows to the study of helical arrangements using information about base pairing patterns 

of different secondary structures together with the long-range distance information. Furthermore, 

the coexistence of two conformations can be studied in detail.  
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Combined smFRET and NMR analysis of riboswitch structural dynamics
Jasleen Kaur Bains1, Julius Blechar1, Vanessa de Jesus1, Nathalie Meiser1, Heidi Zetzsche,
Boris Fürtig, Harald Schwalbe, Martin Hengesbach⁎

Goethe-University Frankfurt, Institute for Organic Chemistry and Chemical Biology, Max-von-Laue-Str. 7, 60438 Frankfurt, Germany

1. Introduction

Analysis of RNA structure and dynamics faces one major challenge:
a number of techniques that resolve structural properties often do not
provide sufficient dynamic information. There have been numerous
attempts to overcome this challenge for both proteins and RNA. Over
recent years, integrated approaches have been developed to use several
techniques with yield synergistic but also complementary information
and reconcile the experimental data in a unifying mechanistic model.
Nuclear magnetic resonance (NMR) spectroscopy and single molecule
Förster resonance energy transfer (smFRET) are techniques that yield
exactly such information. Especially for RNA: While NMR easily re-
solves canonical and non-Watson-Crick base pairing patterns and small
inter-atom distances as well as dynamics up to the second timescale, it
suffers from mapping long-range structural dynamics and becomes in-
creasingly difficult to apply for larger RNAs above 200 nucleotides.
smFRET on the other hand provides information on coexisting con-
formational populations and reports dynamics in real-time for a single
molecule, thus potentially providing a larger number of different dy-
namics due to individual sampling of single molecules. As only label
positions are observed, smFRET provides limited structural information
by assessing only one distance vector.

A very small number of studies have been using NMR and smFRET
in a truly collaborative manner to study RNA systems. While studies
have reported on Mg2+ binding sites by NMR [1], confirmed structural
models [2], or qualitatively assess RNA-protein binding [3] there has
been little work towards a truly complementary information from both
NMR and smFRET experiments. We have recently combined these
techniques to identify both folding states and structural dynamics of the
three-state adenine-sensing riboswitch from Vibrio vulnificus [4,5]. Our
approach allowed us to characterize folded conformations and their
exchange dynamics by NMR. smFRET confirmed populations and fun-
damentally slow exchange dynamics and revealed, in addition, that
these long-lived states still showed unexpected dynamics in smFRET
experiments. Based on this integration of structurally resolved, dynamic
states the mechanistic understanding of the functional regulatory
pathway of the add riboswitch requiring substantial RNA refolding

could be established. We found that despite several orders of magnitude
of difference in the concentration of the analyzed RNA, the results
obtained from both methods were congruent, and offered additional
insight that would not have been obtainable from either method alone.

Here, we provide detailed protocols for both NMR and smFRET
measurements, which yield the abovementioned complementary data.
While neither of these techniques can be exhaustively covered within
the scope of this study, we aim at providing tools that facilitate ease of
use and integration of both techniques. We furthermore show how in-
tegration of results from both techniques provide unprecedented insight
into structural dynamics of the adenine-responsive riboswitch from
Vibrio vulnificus.

1.1. Analysis of conformational dynamics in RNA by smFRET spectroscopy

Single molecule Förster resonance energy transfer (smFRET) mi-
croscopy is an excellent tool to study molecular dynamics [6,7]. The
measured structural dynamics can be analyzed regarding the number of
different states, their dwell times, often also referred to as life times,
and population. Resulting FRET efficiencies provide semi-quantitative
information on the distance vector between labeling sites, however,
achievement of quantitative results is challenging. One of the major
advantages of smFRET is the compatibility with many different buffer
conditions combined with requirement of only low sample concentra-
tions. In smFRET, selection of labeling sites is challenging. In our ap-
plication, we focus on measurements of immobilized samples using a
total internal reflection setup. Such setup enables millisecond to second
resolution which, however, also depends on the cameras frame rate. To
prepare immobilized samples for smFRET measurements, the construct
has to fulfill several requirements. Labeling of one RNA construct with
two different fluorophores is necessary to record intramolecular dy-
namics. Therefore, labeling sites have to be chosen carefully [8]. To
realize labeling with two different fluorophores, the RNA is obtained
commercially divided into two (or more) fragments, each containing
one single modifiable site, i.e. 5-aminoallyl-modified uridine, on the
chosen labelling site. Additionally, one of the end fragments has to be
attached to a biotin linker. After coupling of the fluorophores to the
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correct RNA fragment, the RNA fragments are combined to the full
construct via DNA splint ligation. For immobilization of the construct
onto the smFRET slides surface, this surface needs to be streptavidin
coated (we use BSA-biotin-streptavidin coating). Detailed information
on this procedure can be found in the following protocol together with
smFRET measurement and data analysis guidelines.

1.2. Analysis of conformational dynamics in RNA by NMR

Nuclear magnetic resonance (NMR) spectroscopy is a powerful
technique for the investigation of atomic structure and its dynamic
changes of RNAs, proteins and their complexes in solution. Structural
dynamics can be resolved over a wide range of timescales [9], ex-
tending from processes such as bond vibrations at 10−9 s up to large-
scale conformational rearrangements of RNAs secondary structure at
103 s [10,11]. NMR has the advantage to study RNA molecules in a
biological relevant context under near to physiological conditions such
as temperature, pH value, ion- and metabolite concentrations. The
preparation of 13C, 15N isotope-labelled RNA is crucial and allows the
structure determination of RNA fragments about 100 nucleotides [12].
A detailed and optimized RNA preparation and purification protocol for
RNA isotope labelling is described in the following section. To in-
vestigate the structure and ligand-dependent folding of the translation-
regulating add adenine riboswitch from the gram-negative human pa-
thogenic marine bacterium Vibrio vulnificus (Asw) we outline several
powerful NMR spectroscopy methods that yield information on nu-
merous types of conformational states and intermolecular interactions
[4,13].

2. Materials and methods

2.1. Sample preparation (smFRET)

The solid 2′-ACE protected RNA oligonucleotide fragments
(Dharmacon, Riboswitch fragments) containing a single 5-aminoallyl-
modified uridine residue was reconstituted at a concentration of 1mM
in water each. One fragment per construct needs to be biotinylated.
0.1 vol 3M sodium acetate (pH 5.2) and 2.5 vol abs. ethanol were
added to 30 µL oligonucleotide solution and the solution cooled for
10min at −80 °C. The RNA was pelleted through centrifugation at
13,000 rpm and −4 °C for 15min and the pellet dried in an Eppendorf
Vacufuge plus concentrator (2min, 30 °C, vacuum setting Val). For dye
coupling, the pellet was reconstituted in 20 µL 100mM sodium bi-
carbonate (pH 8.2), or for deprotection in 200 µL deprotection buffer
(100mM acetic acid adjusted to pH 3.8 with TEMED; Dharmacon).

2.1.1. Dye coupling
Cy3 or Cy5 Mono-Reactive dye pack vial (Amersham) contents were

dissolved in 20 µL DMSO and the dye was mixed with the oligonu-
cleotide in 20 µL 100mM sodium bicarbonate. The mix was incubated
for 90min, and the reaction protected from ambient light. Precipitation
was performed by adding 0.1 vol 3M sodium acetate (pH 5.2) and
2.5 vol abs. ethanol and cooling for 10min at −80 °C. The RNA was
pelleted through centrifugation at 13000 rpm and −4 °C for 20min and
the pellet air-dried for 5min. The pellet was redissolved in 200 µL de-
protection buffer.

2.1.2. Deprotection
The RNA oligonucleotide (labelled or unlabelled) was heated to

60 °C for 30min and the biotinylated fragment for 2 h (dye labelled
oligonucleotides: protect the reaction from ambient light) and the RNA
precipitated by adding 0.1 vol 3M sodium acetate (pH 5.2) and 2.5 vol
abs. ethanol and cooling for 10min at −80 °C. The RNA was pelleted
through centrifugation at 13000 rpm and −4 °C for 20min and the
pellet air-dried for 5min. The dye labelled RNA was reconstituted in
60 µL TEAA buffer (100mM trimethylamine adjusted to pH 7.0 with

acetic acid) for HPLC purification.

2.1.3. HPLC purification of dye-labelled RNA oligonucleotides
A C8 HPLC column (e.g. Kromasil) was used, with buffers (A) TEAA

buffer (100mM trimethylamine adjusted to pH 7.0 with acetic acid)
and (B) acetonitrile for HPLC purification of dye-labelled oligonucleo-
tides. The oligonucleotide sample was heated to 60 °C for 3min prior to
loading. Elution was performed with a linear gradient from 0% B to
100% B over 160min at a flow rate of 0.5mL/min. Absorbance was
monitored at 260 nm for nucleic acid, 550 nm for Cy3 and 650 nm for
Cy5. TEAA buffer was removed by drying the fractions of dye-labelled
RNA in Eppendorf Vacufuge plus concentrator (10min, 30 °C, vacuum
setting Vaq). Precipitation was achieved by adding 0.1 vol 3M sodium
acetate (pH 5.2) and 2.5 vol abs. ethanol and cooling at −80 °C for
10min. The RNA was pelleted by centrifugation at 13,000 rpm and
−4 °C for 15min and the pellets air-dried for 5min. The pellet was
reconstituted in water at ∼30 A260 units. Fractions were analysed by
denaturing polyacrylamide gel electrophoresis and by UV/vis spectro-
scopy and fractions were combined that showed a single band on the
denaturing gel and a comparable UV/vis absorption ratio at the fluor-
ophore over the RNA absorption maximum.

2.1.4. DNA-splinted enzymatic RNA ligation
The ligation reactions were performed under exclusion of light on a

suitable scale (preferably> 100 pmol). Oligonucleotides and the DNA
splint were annealed at 2–10 µM concentration in T4 RNA ligase 2
buffer (New England Biolabs) containing 20% v/v PEG 8000 by heating
at 75 °C for 3min and cooling at room temperature for 10min. The
mixture was incubated with 200 U/mL T4 RNA ligase 2 (New England
Biolabs) at 37 °C for 1 h. 70 U/mL T4 RNA ligase 2 were added and the
incubation was continued for 30min. 70 U/mL Turbo DNase (Ambion)
were added and the incubation was continued for 30min. The mixture
was extracted three times with 1 vol Roti®-Aqua-P/C/I (Carl Roth) and
twice with chloroform. Rapid phase separation was achieved by cen-
trifugation (2000 rpm, 4 °C, 3min). 1 vol Aqua-Phenol and 3 vol diethyl
ether can be used instead of Roti®-Aqua-P/C/I and chloroform. RNA
was precipitated from the aqueous phase by addition of 0.1 vol 5M
ammonium acetate (pH 5.2) and 2.5 vol ethanol and cooling at -80 °C
for 10min. The RNA was pelleted by centrifugation at 13,000 rpm and
−4 °C for 30min. The pellet was dried in an Eppendorf Vacufuge plus
concentrator (2min, 30 °C, vacuum setting Val). The pellet was recon-
stituted in 12 µL water and 12 µL formamide buffer (90% v/v for-
mamide, 90mM Tris, 90 mM boric acid, 2 mM EDTA) for purification
by denaturing polyacrylamide gel electrophoresis.

2.1.5. RNA purification with PAGE
A gel was prepared with 10mL 10% v/v acrylamide bis-acrylamide

(29:1) in TBE buffer (90mM Tris, 90 mM boric acid, 2 mM EDTA, pH
8.0) with 8M urea and polymerized by addition of 0.1% w/v ammo-
nium persulfate and 0.1% v/v TEMED. The gel was prerun in TBE buffer
at 225 V for 10min. Crude ligation product was loaded adjacent to a
reference lane containing 3% of the ligation product. The gel was run
under protection from light at 225 V for 30min. The target band was
identified by eye (preferred) or by scanning a fluorescent band next to
the RNA to be isolated for precise localization of the desired fragment.
The target band was excised and frozen for ≥10min at −80 °C.
Successful excision of the desired band was verified by imaging the gel
via fluorescence detection (Typhoon scanner; GE Healthcare). The RNA
was eluted from the gel slice in 400 µL 0.5M ammonium acetate
(pH 5.2) by shaking in an Eppendorf thermoshaker (450 rpm, r.t.,
overnight). The supernatant was filtered afterwards (e.g. Nanosep spin
filter, Pall). The RNA was precipitated by adding 2.5 vol abs. ethanol
and incubation at −80 °C for 1.5 h. The RNA was pelleted through
centrifugation at 13,000 rpm and −4 °C for 60min and the pellet dried
in an Eppendorf Vacufuge plus concentrator (5min, 30 °C, vacuum
setting Val). The pellet was reconstituted in an appropriate amount
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(15–20 µL) water and the concentration determined by UV/vis spec-
troscopy via the absorbance of the RNA.

2.1.6. smFRET sample preparation
0.5 pmol FRET construct were refolded at 1 nM concentration in

smFRET immobilization buffer (25mM K2HPO4/KH2PO4, 50mM KCl,
pH 7.0) by denaturing at 85 °C and 15min cooling at room temperature
for single molecule fluorescence measurements. The RNA was diluted to
a series of 50–200 pM samples in smFRET immobilization buffer sup-
plemented with different concentrations of MgCl2 and ligand. Samples
were kept on ice until measurement within 24 h. Measurement slides
were assembled from standard microscope slides and glass coverslips
(24× 60mm; Carl Roth). The glass microscope slides were washed in
1M KOH for 15min and for 15min in water and the glass microscope
slide was dried with compressed air. Glass coverslips were cleaned in N2

plasma for 10min (Diener Electronic). Small stripes of parafilm were
aligned vertically along the long edge of the glass slide with a ∼3mm
spacing to confine measurement channels with ∼10 µL volume. The
clean surface of the coverslip was pressed gently onto the parafilm
stripes. The assembly was fixed by placing the slide onto an 85 °C
heatblock for 1min. A calibration sample with 0.1 µm fluorescent beads
was prepared. For this, a channel was flushed with a previously pre-
pared 1:500 dilution of fluorescent beads (e.g. TetraSpeck, Thermo
Fisher Scientific) in phosphate buffered saline. For the RNA samples,
the channels were flushed shortly before measurement with 30 µL
1mg/mL biotinylated BSA (Sigma Aldrich) in buffer T50 (10mM Tris-
HCl, pH 8.0, 50mM NaCl) and incubated for 10min. The channel was
flushed with 100 µL buffer T50. The channel was then flushed with
30 µL 0.2 mg/mL streptavidin (Molecular Probes, Thermo Fisher
Scientific) in buffer T50 and incubated for 10min. The channel was-
washed with 100 µL smFRET immobilization buffer (25mM K2HPO4/
KH2PO4, 50mM KCl, pH 7.0). BSA-biotin-streptavidin coated slides
were used within 12 h. The RNA sample was immobilized directly be-
fore measurement. The channel was first flushed with 200 µL smFRET
immobilization buffer containing equivalent concentrations of MgCl2
and ligand. 50 µL of the RNA sample were flushed through the channel
and incubated for 1min. The channel was rinsed with 125 µL imaging
buffer (25mM K2HPO4/KH2PO4, 50mM KCl, pH 7.0) containing
equivalent concentrations of MgCl2 and adenine, an enzymatic oxygen
scavenging system (10% glucose, 14 U/mL glucose oxidase, 1000 U/mL
catalase) and saturating amounts of trolox. The immobilization proce-
dure, especially the RNA concentration, should be optimized to result in
an optimal surface density for data acquisition.

2.1.7. smFRET spectroscopy
Fig. 1 provides an overview of the microscopy setup required for

smFRET spectroscopy, including alternating laser excitation. As a de-
tailed description would exceed the boundaries of the methods pro-
vided here, we would like to refer the reader to literature providing
excellent overviews of equipment and application options [7,14–16].

All measurements were performed with an integration time of
100ms and maximum EM gain about 3min after imaging buffer ex-
change. Acquired movies were saved as *.sif files. One 20 frame long
calibration movie of the fluorescent beads (TetraSpeck) sample was
recorded. ∼20 movies of 20 frame length per sample were measured
for smFRET histograms.> 10 movies of ∼1500 frame length per
sample were obtained for smFRET time traces.

2.2. smFRET analysis

2.2.1. Data preparation
The data was converted from *.sif format acquired datasets into

*.raw files. A transformation map for alignment of donor and acceptor
channel was generated with the calibration movie file using IDL scripts
(Bokinsky et al., 2003), as was the acquired histogram and trace data.

2.2.2. smFRET histograms
The files generated from the 20 frame movies were used to generate

a smFRET histogram. Therefore, an automated Matlab script was used
which corrects acceptor fluorescence intensities for donor fluorescence
leakage, calculates the FRET efficiency (E) with E= IA/(IA+ ID), se-
lects molecules with fluorescence intensities (Isum= IA+ ID) higher
than a selected threshold, and bins the calculated FRET efficiency of the
selected molecules in desired intervals. The smFRET histogram can be
plotted by using the obtained files. In addition, Gaussian distribution
fitting can be applied. Subtraction of the Gaussian arising from donor-
only molecules can be done afterwards (see Fig. 6).

Fig. 1. Typical total internal reflection fluorescence (TIRF) microscopy setup
used for smFRET (adapted from [17]). The setup contains one red and one
green laser. The combination of dichroitic mirrors (DM), lenses (L) and mirrors
(M) focuses the laser beam on the back focal plane of the objective. Depending
on the position of the movable mirror TIRF or EPI illumination can be selected.
The sample fluorescence is split into FRET donor and acceptor fluorescence.
Filters (long pass (LP), band pass (BP)) remove scattered light before the
EMCCD camera detects the fluorescence. The AOTF gives the opportunity for
alternating laser excitation (e.g. for smALEX). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2. Depiction of the through bond magnetization transfer during HNCO
experiments in guanine and uracil utilising 1JXN couplings.
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2.2.3. smFRET time traces
The files generated from the 1500 frame movies were used to gain

dwell times and to plot transition occupancy density plots (TODP).
Therefore, custom Matlab scripts and the publicly available HaMMy
(Hidden Markov modelling software) [18,19] were used. The final
output files contain a TODP, the HMM fits and the corrected HMM fits
of E each sorted by static and dynamic molecules. Additionally, a *.txt
file with extracted dwell times is created (see Fig. 7).

2.3. Sample preparation (NMR)

2.3.1. Preparation of RNAs by in vitro transcription
DNA templates were prepared by PCR amplification or large-scale

plasmid DNA preparation. The DNA template was designed with a T7
promotor and optionally self-cleaving 5′- and 3′-ribozymes [20]. Stan-
dard T7 polymerase requires the presence of guanosine at ideally the
three first transcribed nucleotides on the 5′-terminus adjacent to the
promotor sequence [21]. If the RNA sequence of interest does not match
these conditions, a 5′-ribozyme should be introduced to improve tran-
scription yields. Further, the standard T7 polymerase generates

Fig. 3. [1H,15N]-BEST-TRACT pulse sequence. Narrow and wide pulse symbols indicate 90° and 180° rf pulses and semi-ellipses indicate for selective pulses. Unless
indicated, all pulses are applied with phase x. All selective 1H pulses are centered at 12.3 ppm with the following shapes and field strengths: polychromatic PC9 [24]
(narrow filled pulse symbol) with a field strength of 6.4 kHz, REBURP [25] (wide unfilled pulse symbol) with a field strength of 8 kHz, E-BURP2tr and E-BURP2
(stripped pulse symbols) with a field strength of 5.6 kHz. The selective 13C adiabatic composite smoothed chirp pulse [26] is centered at 110 ppm with a field
strength of 89 kHz. All selective 15N pulses are centered at 153.5 ppm with the following shapes: bipolar BIP-720-50-20 [29] (wide grey filled pulse symbol) with a
field strength of 21.6 kHz and EBURP REBURP [25] with a field strength of 6.8 kHz. The delays Δ are defined as Δ= 1/4 * 1J(NH)=2.7ms. T1 is the 15N chemical
shift evolution period. Pulsed field gradients g1–g7 are applied along the z-axis (Gz) with the following durations: 250 µs for g1, g2 and g4, 500 µs for g3, g5 and g7,
1 ms for g6. The gradient pulses are applied with a smoothed square amplitude (SMSQ10.32) with strengths of 2% (g1), 21% (g2), −80% (g3), 5% (g4), 30% (g5), 45%
(g6) and 30.13% (g7) (100% corresponds to 53 G/cm). The phase cycle is: Φ1= y, Φ2=−y for alpha plane and Φ2= y for beta plane, Φ3= x, −x, Φ4= y, Φ5=−x
and the receiver phase Φrec= x, −y. The relaxation delay i is incremented from 12 µs to 40ms to determine the rotational correlation times c.

Fig. 4. Schematic representation of real-time NMR mixing setup including modified NMR tube with mounted injector, pneumatic syringe and hardware connectivity.
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inhomogeneous 3′-ends during run-off transcription. For 3′-homo-
geneity, it is advantageous to employ a 3′-ribozyme. Commonly used
are 5′-hammerhead and 3′-HDV (hepatitis delta virus) ribozymes [22].

In vitro transcription from crude PCR products or linearized plasmids
was performed with T7 RNA polymerase. The transcription conditions
were optimized in small scale test transcriptions (25 μL with respect to

Fig. 5. Three-state model of the adenine-sensing riboswitch from Vibrio vulnificus (127 nucleotides). The three conformations apoB, apoA and holo are linked by two
equilibria Kpre and KD. ApoB lacks the ligand-sensing three-way junction of the aptamer domain and has an extended P4B helix. In both apo states, the ribosome
binding site which contains the Shine-Dalgarno (SD) sequence is masked by base pairing. In addition, the start codon (AUG) is also base paired in the apoB
conformation. The holo state forms a more compact structure with kissing loop interaction between L2 and L3 and with solvent exposed ribosome binding site. For
NMR experiments, the RNA is synthesized using 15N-labeled NTPs. For FRET analysis, three labeling schemes are used.

Fig. 6. smFRET histograms of Asw with
three different labelling schemes to monitor
adenine-induced switching (taken from
[13]). Used labelling schemes are indicated
within the schematic representation of the
Asw above the corresponding histograms.
Data was collected in the presence of
2 mMMg2+. The shown histograms were
obtained and Gaussian fitted as described in
the protocol. The donor only peak was re-
moved. Fractional population of the docked
(D) state is indicated for L2/L3 labeling
scheme.
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the Mg2+ (5mM–75mM), the rNTP (2mM–6mM each) and DNA
concentrations (8%–6% [v/v] for PCR products and 40 ng/µL–120 ng/
µL for plasmid template). Test transcriptions were incubated for 4 h at
37 °C and analyzed by denaturing polyacrylamide gel electrophoresis.
Preparative transcriptions were performed in 25mL reactions in a
50mL tube with parameters optimized in test transcriptions. For iso-
tope-labeled RNA for NMR spectroscopy, 4mM of 15N- or 13C- 15N-la-
beled rNTPs (Silantes) were used. The transcription mix was prepared
by adding water, transcription buffer (250mM Tris glutamate, pH 8.1),
2 mM Spermidine, 20mM DTT, magnesium acetate, DNA template and
rNTPs. T7 polymerase was added to the reaction and incubated for 16 h
at 37 °C and 150 rpm in a thermoshaker. Further, 0.08 u/µL yeast in-
organic pyrophosphatase (YIPP) were added after 2 h in order to in-
crease the transcription yield by enzymatic hydrolysis of pyropho-
sphate. After incubation, the transcription reactions were stored at

−20 °C until purification of the target RNA.

2.3.2. RNA purification by PAGE and folding
The transcription reaction was desalted by solvent exchange into

water via centrifugal concentrators. The solvent exchange was per-
formed until a constant UV-absorbance ratio A260/A200 is reached. The
RNA sample (1mL, ∼1000 A260 units) was mixed with an equal volume
of formamide. Preparative polyacrylamide gel was prepared using a
16.0×47.5 cm 12% denaturing polyacrylamide gel using a TVS1000
sequencer electrophoresis system (Biostep) connected to a high-voltage
electrophoresis power supply (PowerPac 3000, Bio-Rad). The gel was
prepared with 250mL 12% [v/v] acrylamide bis-acrylamide (29:1) and
7M urea in TBE buffer (90mM Tris, 90mM boric acid, 2 mM EDTA, pH
8.0). Gel is polymerized by addition of 0.1% [w/v] ammonium per-
sulfate and 0.1% [v/v] TEMED. The RNA was loaded on the gel

Fig. 7. Representative results for smFRET time trace
analysis from full length Asw at 2mMMg2+ and
without adenine (adapted from [13]). A: A time
trace (green indicates ID, red indicates IA) for one
single molecule is shown. The resulting FRET effi-
ciency (black line) is overlaid with the corre-
sponding HaMMy fit (orange line). B: TODP ob-
tained from 1520 different time traces, showing
50% of the molecules being dynamic. C: Dwell time
histograms of the undocked (left) and docked state
(right) fitted with single exponential decay functions
give the indicated rate constants. For analysis, dy-
namic time traces determined from the TODP were
used. (For interpretation of the references to colour
in this figure legend, the reader is referred to the
web version of this article.)

Fig. 8. Exemplary [1H,15N]-BEST-TROSY spectrum for the assignment of imino proton resonances. The characteristic chemical shifts for Watson-Crick base pairs are
shown in red (G-C) and blue (A-U). Wobble base pairs are highlighted in green (G-U) and purple (U-U). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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adjacent to a small reference lane containing formamide loading buffer
with 0.01% [w/v] bromophenol blue and 0.01% [w/v] xylene cyanol.
The gel was run in TBE buffer for 5 h–8 h at a constant power of 50W
under cooling with the integrated ventilator of the TVS1000 sequencer.
RNA bands were visualized at the long edge of the gel by UV-shadowing
(254 nm). The bands were excised into a 20mL syringe avoiding the
illuminated region. The syringe was filled with 0.3M sodium acetate
(pH 5.5) and eluted for 5min. The gel was granulated by pushing the
gel slices through the syringe and subsequently frozen at −80 °C for

15min in order to facilitate the elution of the RNA. The RNA was eluted
for 16 h at 4 °C under slow agitation. Then, the RNA was further eluted
by fixing the tubes on top of an Eppendorf thermoshaker (700 rpm) for
1 h. The combined eluates were filtered through a sterile Corning®
bottle top vacuum filter system with 0.2 μm pore size (Sigma-Aldrich),
diluted with 2.3 vol abs. ethanol and cooled at −20 °C for 4 h to pre-
cipitate the RNA. The RNA was pelleted by centrifugation (10,000 g,
4 °C, 1 h). The pellet was reconstituted in water and then precipitated
by addition of 5 vol 2% [w/v] lithium perchlorate in acetone and

Fig. 9. 15N-HSQC and HNN-COSY spectra of the 35mer RNA and HNN-COSY spectra of the ASW aptamer domain. The HNN-COSY spectrum relates the 15N chemical
shifts of the hydrogen-bond donor with that of the acceptor. The base pairs identified by HNN-COSY experiments are highlighted in blue. In apoB, two base pairs are
highlighted (U16-A45 and G43-C18) to demonstrate the base pair assignment. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 10. [1H,1H]-NOESY spectrum of the 53mer ASW RNA. Two imino walks are highlighted in red (G81-U82-G115) and purple (G110-U90-U91-U92) for the P4B
and P5 helix. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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cooling at −20 °C for 4 h. The RNA was pelleted by centrifugation
(10,000 g, 4 °C, 1 h), air-dried at room temperature for 15min and re-
constituted in 1mL water. The lithium perchlorate precipitation was
repeated to minimize contamination by low-molecular weight acryla-
mide. The RNA was desalted by changing the solvent into pure water
via centrifugal concentrators. The solvent exchange was performed
until a constant UV-absorbance ratio A260/A200 is reached. After pur-
ification, all in vitro transcribed RNAs are folded by denaturation at
95 °C for 5min following rapid 10-fold dilution ice cold water and in-
cubation on ice for 1 h. The folded RNAs were then buffer exchanged
into NMR buffer by repeated dilution cycles in centrifugal con-
centrators. The RNAs were then concentrated to concentrations be-
tween 0.1mM and 0.5mM and stored at 4 °C. The RNA concentrations
was determined by UV/vis spectroscopy. Homogenous folding of the
RNAs was verified by native polyacrylamide gel electrophoresis.

2.3.3. NMR sample preparation
All NMR samples were prepared in NMR buffer (25mM K2HPO4/

KH2PO4, 50mM KCl, 5mM magnesium chloride, pH 6.2) with 90%
H2O/10% D2O and 100 μM DSS as internal 1H chemical shift standard.
For the deuterium lock, D2O was added to each sample. The Shigemi
tube was incubated with 0.1% Diethyl dicarbonate (DEPC) over night to
inactivate RNases, washed with water, dried and filled with 280 µL of
the RNA sample.

2.4. NMR methods

2.4.1. 1D 1H and 2D 1H, 15N-BEST-TROSY experiments
For small to intermediated sized RNAs mapping of base paired nu-

cleotides was achieved in 1D-1H experiments. The jump-return-echo
experiment [23] was applied as it achieves the best S/N ratio for the
exchangeable imino protons in conjunction with an optimal water
suppression. The excitation maximum was set to 11.5 ppm as this al-
lows detection of imino signals with optimal sensitivity. The experiment
was performed utilizing the determined hard pulses, a smoothed
squared gradient of 1ms length at 24 G/cm, an acquisition time of
200ms at a 1H spectral width of 25 ppm, with a GARP4 decoupling for
15N applied at 153.5 ppm transmitter frequency and with a relaxation
delay of 1 s. The number of transients was set to achieve the desired S/N
value; the receiver should be set to maximum gain as water suppression
is very efficient. The resulting FID was multiplied with a shifted sine
bell function, Fourier transformed and phase corrected that all signal
resonating downfield of the HDO-frequency have positive absorptive
lines.

BEST-TROSY (Band‐selective Excitation Short‐Transient –
Transverse relaxation-optimized spectroscopy) experiments were re-
corded to observe 1H, 15N correlations of 15N-isotope labeled RNA. The
15N-correlation experiments were recorded with a nitrogen carrier
frequency of 153 ppm, resembling the intermediate resonance fre-
quency between guanine N1 and uracil N3. Spectra were recorded with
a spectral width of 25 ppm in the direct dimension (1H) and 30 ppm in
the indirect dimension (15N). TROSY experiments were recorded with
up to 512 points. The selective 1H pulses were centered at 12.3 ppm and
applied with the following shapes and field strengths: polychromatic
PC9 [24] with a field strength of 6.4 kHz (as 90° pulse in the proton to
nitrogen transfer), REBURP [25] with a field strength of 8 kHz (as 180°
pulse), E-BURP2tr and E-BURP2 with a field strength of 5.6 kHz (as 90°
pulse in the nitrogen to proton back-transfer). All selective 15N pulses
were centered at 153.5 ppm and applied with the following shapes:
bipolar BIP-720-50-20 [5] with a field strength of 21.6 kHz and EBURP
[25] with a field strength of 6.8 kHz. The HN-transfer delays were set to
Δ=1/4 * 1J(NH)=2.7ms. During nitrogen chemical evolution period
adjacent carbons were decoupled by selective 13C adiabatic composite
smoothed chirp pulse [26], centered at 110 ppm with a field strength of
89 kHz.

The stability of RNA molecules can best be investigated by following

temperature-induced changes in the 1D imino and 2D BEST-TROSY
spectra.

2.4.2. HNN-COSY experiment
HNN-COSY spectra can be acquired on various different tempera-

tures; nevertheless, most often it is advantageous to record the ex-
periment at lower temperatures (283 K to 293 K). A standard pulse
program was applied for the 2D JNNHNN-COSY experiment employing
water flip-back pulses and WATERGATE for water suppression. The
following HNN-COSY parameters were used: In the direct dimension
(1H), 2048 data points were recorded at a spectral width of 22 ppm. For
the indirect dimension (15N), 128 data points were collected at a
spectral width of 120 ppm with 1056 scans. For the NN-COSY transfer,
a nitrogen carrier frequency of 183 ppm was used, resembling the in-
termediate resonance frequency between acceptor (A and C) and donor
(G and U). Initially 2D test spectra were recorded with high sensitivity
and a short N-N transfer period of 4ms. If the processed spectra show
peaks with good line shape, phase behaviours and good signal-to-noise
ratio a new spectrum was recorded with N-N transfer period of 10 to
15ms. For the INEPT-transfer, a nitrogen carrier frequency of 153 ppm
was used.

The magnitude of the 2hJNN coupling from diagonal- and cross-peaks

was determined by using the formula: =| J | arctan2h
NN 2

IA
ID

1/2

[27].

2.4.3. HNCO experiment
HNCO experiment provided indirect evidence of hydrogen bonds.

By evaluation of the chemical shift changes of the quaternary carbons,
H-bonded and free carbonyls can be distinguished. In the HNCO ex-
periment the imino protons of the attached nitrogen were correlated
with the adjacent carbons, as shown for guanine and uracil in Fig. 2 [9].

HNCO spectra were recorded utilising a standard triple-resonance
pulse program for the out-and back-correlation of H-N-C. The experi-
ment was usually applied as a 2D experiment (13CO, 1H) but for larger
RNAs it can also be recorded in its original 3D format with evolution of
chemical shifts of CO during t1, of N during t2 and direct detection of H
in t3. It was recorded with Echo/Antiecho gradient selection in t2,
where it also applied a constant time period. Magnetization transfer
was achieved via INEPT transfer steps. The 1H transmitter frequency
was set to the water resonance frequency. For HNC-correlations starting
from the imino-proton, the transmitter frequency for 15N was set to
154 ppm and for 13C to 158 ppm. For correlations starting from amino
protons in cytosine the 15N transmitter frequency was set at 80 ppm.
Field strengths of 27.5 kHz and 7.5 kHz were applied for hard pulses of
1H and 13C. The GARP4 (globally optimized alternating phase rectan-
gular pulses) sequence was required for pulse decoupling with a field
strength of 1.3 kHz. Following frequency ranges can be applied for se-
lective 13C pulses: 90° Q5 pulse with 14 kHz and a 180° Q3 pulse with
12 kHz.

2.4.4. [1H,1H]-NOESY
The [1H, 1H]-NOESY spectra were recorded using a jump return

echo water suppression scheme [23]. The proton carrier frequency was
set to the resonance frequency of the solvent (4.7 ppm) in the direct
dimension and switched to the frequency of 8.5 ppm in the indirect
dimension. The spectra were recorded with a spectral width of 24 ppm
in the direct dimension and 12 ppm in the indirect dimension. The 2D
[1H, 1H]-NOESY spectra were recorded with different mixing times
(between 40ms and 250ms depending on the size of the RNA molecule
and the purpose of the experiment, a good starting value is 150ms).

2.4.5. Diffusion ordered spectroscopy (DOSY)
DOSY experiments to evaluate the overall shape of the RNA were

measured in buffered D2O and in 5mm diameter Shigemi tubes. The
reduced sample height inhibits the onset of convection [28]. Since so-
lution conditions (ionic strength, pH, temperature and buffer
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concentrations) have a great impact on DOSY measurements, the same
buffer conditions were used for all of the different NMR samples [28]. A
reference substance, e.g. dioxane, was added to all samples.

In a 1D version of the experiment the duration of the magnetic field
pulse gradients (δ) as well as the diffusion time (Δ) was optimized in
order to obtain ∼5% residual signal with maximum gradient strength.
In the actual 2D experiment, the pulse gradients were incremented from
2% to 95% of the maximum gradient strength in a linear ramp.

2.4.6. 1H-15N BEST-TRACT
The relaxation rates of the α- and the β-spin state (Fig. 11) were

measured in two different experiments that select either the TROSY or
SEMI-TROSY component of the NH-doublet. The two experiments are
different in their phase cycle to select for the slowly relaxing α-spin
state and the more rapidly relaxing β-spin state of the 15N nucleus. A
series of spectra with increasing relaxation periods (Fig. 12) were re-
corded. The signal intensity of the TROSY and semi-TROSY peak de-
creases with increasing relaxation delay i. The relaxation rates Rα and
Rβ were obtained by fitting both of the signal decays. For the analysis of
ASW the conventional [1H, 15N]-TRACT pulse sequence was im-
plemented as a BEST-version, which is required to gain sensitivity and
resolution (Fig. 3).

The integrals of the HN-correlation peaks along the relaxation time
dimension were fitted by the following equation:

= +R Acos[ J(t ( /2))]ep i
R / i

with i as the relaxation delay, tp as the duration of the 13C pulse and
R / the relaxation rates of the TROSY and semi-TROSY peak.

The rotational correlation time C were extracted from the differ-
ence of the relaxation rates xy, by solving the following equation for c:

= = +
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where µ0 is the vacuum permeability, H and N are the gyromagnetic
ratios of 1H and 15N, ħ the Planck constant divided by 2π, rHN represents
the 1H-15N internuclear distance, B0 as the magnetic field strength. N
describes the difference of the two principal components of the axially
symmetric 15N chemical shift tensor.

2.4.7. Time resolved NMR initiated by in situ mixing
For each experiment 300 µL of the riboswitch sample, with a con-

centration of 300 µM, were initially placed in a conventional Shigemi
NMR tube. This tube thus also served as the mixing chamber. For
folding of the ASW a selectively 15N-uridine-labelled RNA were used,
the temperature was set to 20 °C and the Mg2+ concentration was set to
cMg2+=2mM.

A coaxial insert containing 40 μL of the solution (5mM Adenine to
prepare an [RNA]:[ligand] ratio of 1:2) to be injected was placed so
that the tip of the insert contacts the surface of the sample solution
(Fig. 4). Spacers allowed the axial position of the insert and reduced its
movement in the actual mixing process.

The insert was connected via a water-filled connection hose to a
pneumatic punch outside the spectrometer, which was coupled to the

Fig. 11. Schematic representation of the selection of TROSY and semi-TROSY peaks. A series of experiments with increasing relaxation periods is recorded to obtain
the relaxation rates Rα and Rβ.

Fig. 12. [1H,15N]-BEST-TRACT spectra of the 127mer RNA with increasing relaxation delay i.
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console of the spectrometer. This device allowed the initiation of the
mixing process via the pulse program utilizing a TTL-connection be-
tween the spectrometer and the electronic control of the pneumatic
punch. This setup ensured a time-defined mixing tuned with the NMR
experiment.

In order to avoid premature mixing, the solution for injection was
separated by small air bubbles from the sample solution as well as from
the water in the connection tube. The injection solution was finally
injected at a pressure of approx. 2 bar. The time resolved experiments
for the wild-type ASW were recorded as a pseudo-2D experiment con-
sisting of 15N-filtered/edited jump-and-return experiments. To achieve
highest S/N per unit measurement time, Ernst-angle excitation [30] was
applied. The experiment was conducted in a tuned fashion with respect
to the injection of the ligand. First 32 data points (with eight scans per
time points resulting in a resolution of 2.1 s) were recorded before in-
jection of adenine. Then the injection was triggered (tdead= d1
+ thom=0.2 s+ 0.05 s) followed by another 128 data points.

The selection of the signals of the 15N-bound imino-protons (U-re-
sidues) and those from 14N-bound imino-protons (G-residues) was
achieved using an X-filter pulse sequence element [31]. It consisted of
two 15N-90°-pulses, where the phase of the first one is incremented in
an interleaved fashion by 180° in the subsequent 1D-spectra. This re-
sulted in inverted signs of the different spin systems in the even data
points, whereas both had the same sign in the odd data points. To ex-
tract the 1H, 14N-filtered kinetic out of the recorded spectrum odd and
even data points had to be summed, while for the 1H, 15N-filtered ki-
netic the difference between odd and even data points had to be
formed. The rate constants for folding of the complexes were de-
termined by calculating the normalized integrals over the full width at
half height of the imino-proton signal. In order to extract site-specific
refolding rates only resonances that are well resolved were used. The
obtained kinetic traces were then subsequently fitted with an appro-
priate function describing the anticipated underlying kinetic me-
chanism.

2.4.8. ZZ-exchange
As the exchange kinetics must be faster than the relaxation rates of

the magnetizations or coherences present during the mixing time of the
pulse sequence, a matching experiment had to be chosen at first. Early
developed experiments used 2IzSz longitudinal two-spin order or Sz
magnetization [32]. In most cases pulse sequence were appropriate that
use Sz-magnetization during the mixing time and frequency labeling in
an HSQC-manner [33,34]. If resonance overlap between signals of the
two interconverting states hampered the analysis a heteronuclear zero
quantum coherence Nzz-exchange experiment that resolves the re-
sonance overlap could be applied [35]. For the analysis of the ASW’s
conformational exchange in the apo-state a pseudo 3D 1H-15N corre-
lation experiment was used, that utilized 15Nz-magnetisation during
mixing time. The correlation between proton and nitrogen was
achieved via double INEPT transfer steps. Evolution of nitrogen che-
mical shifts was recorded in a semi-constant-time period. The experi-
ment used flip-back pulses and Watergate-sequence for water suppres-
sion. Transmitter frequencies and spectral widths and resolution in the
1H and 15N dimensions were set to the same values as in the 1H-15N
BEST-TROSY experiments. The relaxation delay was set to 2 s. Mixing
times for the evolution ranged between 3 µs and 800ms, 12 to 16 dif-
ferent time points were applied in the final pseudo-3D experiment. The
experiment was multiplied with squared sine bell shaped window
functions in both frequency dimensions, Fourier transformed, and
phase corrected.

Integrals of diagonal- and cross-peaks were taken along the mixing
time dimension. If resolution allowed integration of all four peaks was
performed. Subsequently, these were simultaneously fitted to the ap-
propriate functions [33] yielding the rates of interconversion.

3. Results

3.1. Construct design for NMR and smFRET

In order to obtain results that are comparable between both NMR
and smFRET, several prerequisites have to be met. The length of the
constructs of course has to be identical, and fluorophore placement
should not interfere with RNA folding. The latter can most easily be
achieved by placing the dye attachment sites into helical regions; for
loop labeling, possible effects of the dye positions have to be taken into
account. Furthermore, the dyes have to be placed in regions that sup-
posedly alter their distance undergoing conformational dynamics. In
the case of the adenine-sensing riboswitch from Vibrio vulnificus, dye
positions were chosen for the L2, L3, and P5, respectively (Fig. 5).
Whereas labeling of loops L2 and L3 had been used previously [36], we
additionally placed one label into the P5 separating the aptamer do-
main from the expression platform.

3.2. FRET results

Characterization of the construct with both labels placed in the loop
regions revealed that a significant number of molecules remain in a
low-FRET state, corresponding to a conformation where the loops are
open, regardless whether the adenine ligand is present (Fig. 6). Upon
addition of ligand, the portion of molecules that adopt a closed con-
formation (as evidenced by an increase in FRET efficiency from ∼0.2 to
0.9) about doubles. Under the conditions tested, this shows that our
construct is indeed functional in that it shows a clear response to ligand
binding.

Initial investigation of all labelling site combinations also revealed
that the P5 helix does not come into closer contact with the aptamer
domain. This is of special interest, as the mechanism of functional
crosstalk between the aptamer domain and the expression platform
could in principle also require structural interactions between these two
domains. Our results however clearly demonstrate that this is not the
case.

For the loop-labeled construct (L2/L3 in Fig. 6), additional time-
dependent FRET traces were recorded. This served two purposes: first,
the single-step photobleaching event (indicated by an arrow in Fig. 7A)
verifies that we are observing single molecules. Second, as the dyes over
time show anticorrelated intensity profiles, the riboswitch constructs
show intramolecular dynamics by adopting two states with distinct
FRET efficiencies. Hidden Markov modeling and statistical analysis are
shown in Fig. 7B, and further demonstrate that there are two major
populations of molecules: e which remains constant at low FRET, and
one which interconverts between low and high FRET. Further kinetic
analysis also shows first-order kinetics for both docking and undocking,
and allows for determining these rates (Fig. 7C).

3.3. NMR results

3.3.1. Mapping base paired nucleotides
3.3.1.1. 1D 1H and 2D [1H,15N]-BEST-TROSY experiments. The
measurement of RNA molecules by NMR spectroscopy gives
information about the standard and non-standard Watson-Crick-type
base pairs and allows the determination of secondary structure
elements (1D spectrum in Fig. 8). A 1D 1H spectrum contains
valuable information about the base pairing pattern, especially the
imino proton resonances of guanines (H1) and uracils (H3) between
9 ppm and 15 ppm. The resonances of standard Watson-Crick base tend
to be found in the region of 12 ppm to 15 ppm. In contrast, non-
standard Watson-Crick base pairs like U-U and G-U wobble base pairs
are often shifted upfield between 9 ppm and 12 ppm. The signals are
only observable when the specific nucleotides are engaged in stable
base pairing interactions protected from solvent exchange. It is possible
to count the number of imino proton resonances, which correspond to
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the number of base pairs. The BEST-TROSY spectrum of the 127mer
ASW RNA shows the assigned imino proton resonances. In the spectrum
the characteristic chemical shifts for G-C Watson-Crick base pairs are
highlighted in red and for A-U base pairs in blue. In addition, the
wobble base pairs of G-U are shown in green and U-U in purple (Fig. 8).

3.3.2. Characterization of base pair types and their spatial arrangement
3.3.2.1. HNN-COSY experiment. The HNN-COSY (correlation
spectroscopy) experiment can be used to elucidate the hydrogen bond
formation and the base pairing by space scalar 2hJNN coupling constant
across the N-H⋯N-type hydrogen bond between the hydrogen bond and
of 15N donor nuclei and 15N acceptor nuclei in RNA and DNA. [9] HNN-
COSY experiments can be performed to investigate the aptamer and
full-length riboswitch as shown in Fig. 9. On the left-hand side of Fig. 9,
15N-HSQC and HNN-COSY spectra of a 35mer RNA of apoB ASW are
shown. The HNN-COSY spectrum relates to the 15N chemical shifts of
15N-HSQC, the assigned base pairs (U16-A45 and G43-C18) are
highlighted in blue and indicate the Watson-Crick G-C and A-U base
pairing between the hydrogen-bond donor with that of the acceptor. On
the right-hand side, the HNN-COSY spectrum for the ligand-bound
holo-state of the ASW is shown. All base pairs identified by HNN-COSY
experiments are highlighted in blue in the secondary structure of the
holo-state of ASW. Besides the canonical base pairs of the helices
identified by HNN-COSY experiments, two canonical base pairs from
the core-region (G46-C53, U22-A52) and three 2hJNN couplings of loop-
loop interactions (G37-C60, G38-61 and U34-A65) were detected.
Further two signals of the 15N-labeled ligand adenine (AdeN1 and
AdeN3) were identified (Fig. 9).

3.3.2.2. [1H,1H]-NOESY. The NOESY (Nuclear Overhauser and
Exchange Spectroscopy) provides through-space information of
protons. This information can be utilized to determine the secondary
and tertiary structure of RNAs. The exemplary spectrum of a structural
module of the ASW (Fig. 10) shows several cross peaks, each of which
corresponds to a pair of protons which are separated by less than 5 Å.
Two imino walks are highlighted in red (G81-U82-G115) and purple
(G110-U90-U91-U92) for the P4B and P5 helix of the ASW RNA.

The application of the above described experiments on the full
length ASW (Fig. 5) and on six additional fragment structural reference
modules (5′-P1-P2-P3-3′, 5′-P1-P2-3′, 5′-P4-P5-3′, 5′-P1-P2-P3-P5-3′, 5′-
P5-3′, 5′- P3-3′) lead to a full structural description of all stable and
persistent secondary structures adopted by the riboswitch in the apo-
and holo-state [4,13]. Further, application of these experiments to the
isolated aptamer of this particular riboswitch yielded in a detailed de-
scription of the ligand recognition [37].

Also for other riboswitch systems these methodology was success-
fully applied. In case of the I-A type 2′dG binding riboswitch from
Mesoplasma fluorum transcriptional intermediates were structurally
characterized and showed that the regulation of transcription is actu-
ally achieved by metastable RNA conformations [38]. In combination
with further advanced labelling schemes these experiments led to the
description of the structural dynamics needed for ligand recognition
and gene-regulatory function in other multi-state riboswitches such as
the SAM-II riboswitch [39] or the pseudoknot forming preQ1 ri-
boswitch [40]. Penultimately, this set of experiments is also the basis
for modelling the three-dimensional structure and dynamics of small
riboswitch systems such as the Fluoride riboswitch from Bacillus cereus
[41].

3.3.3. Characterization of global structural parameters
3.3.3.1. Diffusion ordered spectroscopy (DOSY). DOSY is a powerful
technique to gain information about diffusion rates and molecular
sizes with the help of pulsed magnetic field gradients [42]. DOSY
separates NMR signals according to their diffusion coefficient. It is
widely used for component analysis of complex mixtures [43].

The method relies on two bipolar gradient pulses [44] separated by

a centered 180° pulse. The first gradient pulse dephases the transverse
magnetization in a spatially dependent manner along the z-axis which
is then refocused by the second bipolar gradient pulse in the opposite
direction. If the molecule moves along the z-axis during the time be-
tween both gradient pulses, the magnetization will not refocus com-
pletely. The faster the molecule moves, the larger the attenuation of the
resonance will be.

3.3.3.2. [1H-15N]-BEST-TRACT. As DOSY experiments lead to a
description of the translation diffusion of molecules, TRACT (TROSY
for rotational correlation times) is a novel approach to determine
rotational correlation times τc. It is based on TROSY effect. In TROSY
experiments (transverse relaxation-optimized spectroscopy) the
interference of dipole-dipole (DD) and chemical shift anisotropy
relaxation leads to a reduction of effective transverse relaxation.
TRACT uses the cross-correlation of chemical shift anisotropy and
dipole-dipole relaxation to determine c [45]. Typically, spectra are
measured with increasing relaxation delays (Fig. 12) and fitted to
obtain the relaxation rates Rα and Rβ (Fig. 11). As outlined above, from
these differential relaxation rates the rotational diffusion constant can
be extracted.

The diffusion behavior of an RNA is dependent on its overall shape.
Therefore, all conformational changes will inevitably lead to a mod-
ulation of the diffusion of the RNA. Exemplary, the diffusion behavior
of the full length ASW is slightly modulated upon ligand binding. In the
apo-state diffusion of ASW is characterized by a diffusion coefficient of
DASW

apo= 4.3×10−7 cm2/s. A compaction of the riboswitch in the
holo-state can be inferred as the diffusion coefficient is increased to
DASW

holo= 4.8× 10−7 cm2/s. Similarly, for other riboswitches also
compaction of the overall structure upon ligand binding is revealed by
other biophysical or biochemical techniques such as size exclusion
chromatography (SEC) [46] and small angle X-ray scattering (SAXS)
[47,48].

3.3.4. Characterization of secondary structure transitions
3.3.4.1. Time resolved NMR initiated by in situ mixing. Non-equilibrium
RNA folding kinetics characterized by rates lower than 1 s−1 can be
analyzed by time resolved 1D- or 2D-NMR spectroscopy. Initiation of
the reaction can be achieved by either temperature jump, in situ laser
illumination of photo-caged reaction inductors or by rapid mixing of
reactants [10]. The exemplified ligand induced refolding reactions from
the apo to the holo-state of adenine sensing riboswitch was induced by
mixing the RNA with adenine. A special mixing apparatus originally
developed by Hore and co-workers was used. [49] It allows two liquids
to be mixed together directly in the NMR spectrometer. The dead time
for complete mixing is 50ms. In Fig. 4, the mixing chamber which is
placed in the active volume of the NMR spectrometer’s probe, is
schematically shown. With this approach the tertiary complex
formation of was characterized and it could be shown that the
structure of the holo-state is adopted with rates of
kF= (4.0 ± 0.1)× 10−2 s−1. Therefore, folding into the holo-state
conformation occurs on the same timescale in the full length ASW as in
the isolated aptamer domain [50]. As NMR has the intrinsic power of
atomic resolution, with these experiments differential structural
kinetics reporting on the detailed folding trajectory of the riboswitch
can be measured [51]. This unique feature of time-resolved NMR is
lately challenged by real-time crystallography using X-ray free-electron
lasers [52].

3.3.4.2. ZZ-exchange. Equilibrium RNA folding kinetics characterized
by rates between approx. 1 s−1 and 100 s−1 can be analyzed by 15N-ZZ-
exchange experiments [33]. In general, these experiments are
appropriate for the analysis of equilibrium conformational changes
that occur in slow chemical exchange (Fig. 13). To successfully apply
these experiments, it is necessary that resolved resonances are observed
for the individual chemical states. For the adenine sensing riboswitch
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two distinct conformational states can be observed in the absence of
ligand. Their interconversion, that relies on the bistable behavior of the
first 35 nt of the full-length riboswitch, can be characterized by ZZ-
exchange experiments. The rates of interconversion between both apo-
states were kAB=0.91 s−1 and kBA=0.40 s−1 at 25 °C. In line with
RNA transition-state stabilization, increasing the Mg2+concentrations
accelerated these rates up to kAB=1.99 s−1 and kBA= 0.68 s−1. The
finding that the 5′-terminal first 35 nucleotides of the riboswitch were
responsible for the conformational heterogeneity in the apo state was
corroborated by analysis of a 35-nucleotide RNA fragment (G14-U49)
that showed the same conformational heterogeneity with identical base
pairing in the two underlying secondary structure elements (Fig. 13).

4. Conclusion

Fig. 14 shows how the information obtained from both single mo-
lecule FRET and NMR can be combined into a picture that is by far more
detailed than obtainable from either technique alone: The detailed
structural information from NMR includes e.g. information on the state
of different secondary structures by means of their basepairing patterns,

whereas smFRET yields additional information on Mg2+-dependent
states, refolding kinetics, and heterogeneity of the observed population.

To be more general, the experiments such as the ones mentioned
above result in information about conformational dynamics of the ri-
boswitch at different timescales: whereas NMR covers a wide range of
available time regimen [53], the standard lower limit for smFRET of
immobilized molecules is usually not significantly shorter than 100ms.
Both methods however easily afford to monitor molecules over minutes
or even hours [2]. The information gain by combining these two
methods therefore is twofold: The combination of knowledge on base-
pairing states of nucleotides combined with the long-range distance
information allows to assign i.e. relative helical arrangements. In ad-
dition, the coexistence of two conformations can be further character-
ized, either confirming heterogeneous populations of dynamic and
static molecules, or timescales of the interconversions between the two
conformational states. This is particularly true for the analysis of ri-
boswitches, where a small molecule ligand can be easily included into
both smFRET and NMR measurements. Thus, it is not despite, but ra-
ther because of the apparent technical differences between those two
techniques that with these additional insights, the combination of NMR

Fig. 13. 15Nzz exchange spectrum of the 35mer RNA, left panel 2D 1H-15N spectral plane (300ms) of a pseudo 3D 15N-ZZ-exchange experiment highlighting the G43/
G44 peak pairs, right panel interconverting conformations of the 35 nt long ASW temperature regulation element.

Fig. 14. Model combining information from smFRET and NMR for conformational dynamics of the adenine responsive riboswitch both in the presence and absence of
the ligand adenine (adapted from [13].
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and smFRET allows for significantly deeper insights into the structure
and dynamics of riboswitches than either technique alone.
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