
Published online 10 November 2020 Nucleic Acids Research, 2020, Vol. 48, No. 22 12415–12435
https://doi.org/10.1093/nar/gkaa1013

NAR Breakthrough Article

Secondary structure determination of conserved
SARS-CoV-2 RNA elements by NMR spectroscopy
Anna Wacker1,†, Julia E. Weigand 2,†, Sabine R. Akabayov3, Nadide Altincekic1, Jasleen
Kaur Bains1, Elnaz Banijamali4, Oliver Binas1, Jesus Castillo-Martinez5, Erhan Cetiner1,
Betül Ceylan1, Liang-Yuan Chiu6, Jesse Davila-Calderon6, Karthikeyan Dhamotharan7,
Elke Duchardt-Ferner7, Jan Ferner1, Lucio Frydman3, Boris Fürtig 1, José Gallego 5, J.
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Christina Muhs1, Mihajlo Novakovic3, Andreas Oxenfarth1, Martina Palomino-Schätzlein5,
Katja Petzold4, Stephen A. Peter2, Dennis J. Pyper1, Nusrat S. Qureshi1, Magdalena Riad4,
Christian Richter1, Krishna Saxena1, Tatjana Schamber1, Tali Scherf3,
Judith Schlagnitweit4, Andreas Schlundt 7, Robbin Schnieders1, Harald Schwalbe 1,*,
Alvaro Simba-Lahuasi5, Sridhar Sreeramulu1, Elke Stirnal1, Alexey Sudakov1,
Jan-Niklas Tants7, Blanton S. Tolbert6, Jennifer Vögele7, Lena Weiß7,
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1Institute for Organic Chemistry and Chemical Biology, Max-von-Laue-Strasse 7, 60438 Frankfurt/M., Germany,
2Department of Biology, Technical University of Darmstadt, Schnittspahnstrasse 10, 64287 Darmstadt, Germany,
3Faculty of Chemistry, Weizmann Institute of Science, 7610001 Rehovot, Israel, 4Department of Medical
Biochemistry and Biophysics, Karolinska Institute, Biomedicum 9B, Solnavägen 9, 17177 Stockholm, Sweden,
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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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