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Summary

Bacterial gene expression can be regulated at mRN& bycis-acting mRNA elements
termed riboswitches. Riboswitches adjust the exgqwadevel of their associated genes to
the intracellular concentration of a specific ligartypically a low-molecular weight
metabolite. Riboswitches operate by conformatiewatching between a ligand-free and
a ligand-bound state with different structures tlegther activate or inhibit gene
expression. Since natural bacterial riboswitchegulege fundamental physiological
pathways, they are potential drug targets for imgabacterial infections. As genetic
switch modules, riboswitches further have poterdigblications in synthetic biology or

molecular diagnostics.

This PhD thesis contributes to the molecular lawatierstanding of full-length purine
riboswitches. It presents biophysical investigation the ligand-dependent folding of the
full-length translation-regulatingdd adenine riboswitch from the gram-negative human
pathogenic marine bacteriuvibrio wvulnificus (Asw). Asw has the typical bipartite
riboswitch architecture with a 5’ ligand-sensingtaaper domain and a 3’ regulatory
domain termed expression platform. According towloeking hypothesis, Asw employs
a unique thermodynamically-controlled 3-state comfational switching mechanism
between an apoB, an apoA and a holo conformatiogrguolate translation initiation in a
temperature-compensated manner. The two apo coafmms are the putative
translation-OFF states and the holo conformatiotihésputative translation-ON state of

ASw.

In the main project of this PhD thesis, which is

(apoB) (@poA-U apoA-D1 apoA-D2

presented inChapter 3, single-molecule FRET

(smFRET) experiments were established in

No Ade

collaboration with Martin Hengesbach, Philipp

(holo-Uhole-D1 "hole-D2) HOllthaler and Prof. Mike Heilemann, and an
3y Q) integrated nuclear magnetic resonance (NMR) and

Sat. Ade

SMFRET spectroscopic study of the full-length 112-

Figure 1 Conformational ensemble nucleotide Asw {°Asw) was performed. The
ligand-free and ligand-bourtd®Asw _ _ 112
adenine-dependent folding of "“Asw was
monitored at the level of base pairing interactibgsNMR of the RNA imino protons,

and at the level of three long-range intramolecdlatances by smFRET of immobilized



molecules. This smFRET investigation &fPAsw represents the first multivector
fluorescence analysis of a purine riboswitch in fileélength sequence. The integrated
NMR and smFRET spectroscopic study ‘6fAsw yielded two major findings. First,
NMR and smFRET both revealed that adenine binding'‘fAsw impedes apoB
formation by stabilizing the apoA secondary struetin the holo conformation without
modulating tertiary structural interactions betwede two riboswitch domains. This
finding highlights the central role of competitif®l and P4 helix formation at the
interface of the aptamer and the expression platfor switching the accessibility of the
ribosome binding site of*?Asw. Moreover, it strongly corroborates the hypstiehat
purine riboswitches in general operate accordingh® key principle of a spatially
decoupled secondary structural allosteric switclt foroceeds without ligand-induced
tertiary structural interactions between the aptadwmnain and the expression platform.
Second, it was uncovered by smFRET that the apattamholo conformation df*Asw
do not adopt a single folding state at near-phgsichl Mg concentration. Instead,
apoA and holo exhibit a persistent dynamic equiiior between substates with an
undocked (U), a short-lived docked (D1; ~s) and g'Nbound long-lived docked (D2;
~10 s) aptamer kissing loop motif. In the holo awnfation, the fractional population of
the long-lived docked substate is ~2-fold increasethpared to the apoA conformation,
but undocked and docked substates are still corblyastable. The here described
multiple folding states of the apoA and the holmfoomation might have regulatory
properties that are in between the apoB transla@bR state and the holo-D2 translation-
ON state.

In Chapter 4, an integrated NMR and smFRET analysis of 127-
L2/L 3 destab.

) nucleotide Asw ¥’Asw) is presented. Compared t0’Asw,

2/Asw is 3-elongated by 15 nucleotides of the ademos

15 nt

3 elongation jeaminase encoding sequence of tuel gene from Vibrio

Pd stab. wulnificus. **’Asw was chosen as mRNA template for future
investigations of the interaction between Asw arfe t30S
Figure 2:¥Asw in the ribosomal subunit. The NMR spectra’6fAsw demonstrated that
apoA conformation 127 .
Asw has the same overall secondary structur€asw. Like
for *?Asw, the combined NMR and smFRET analysis‘GAsw showed that adenine
binding impedes apoB formation and stabilizes adlived docked aptamer kissing loop

fold. However, compared td%Asw, *>’Asw has a destabilized aptamer kissing loop motif
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and a stabilized P4 helix in the expression platfdf’Asw does not adopt the long-lived
docked apoA-D2 substate at near-physiologicaf Mmpncentration. And, unexpectedly,
12/Asw does not exhibit adenine-induced melting of B¥ helix, suggesting that its
ribosome binding site is still masked in the hotmformation. It was thus hypothesized
that the adenine-induced regulatory switch of Asva ifull-length protein coding mRNA

chain occurs only after initial standby-bindingtbe 30S ribosome 3’ to the riboswitch
expression platform has eliminated effects of thetgin coding sequence on the
riboswitch fold.

In Chapter 5, ligand-observed studies of the transient encounte
complex between Asw and the near-cognate liganaxghine
are described. By competition binding WaterLOGSY RIM

experiments with hypoxanthine and the adenine goalo2,6-

near-cognate
Figure 3 Cognate ar diaminopurine, it could be shown that hypoxanthomeds to the

neareognate ligan
binding to the purin

riboswitch aptamer  hypoxanthine binding constant measured with theeW@GSY

same binding site of*’Asw as the cognate ligand adenine. The

method is in the low mM range (1.8 mM) and subsiligtexceeds the physiological
hypoxanthine concentration i&. coli (~0.3 mM), thus ruling out that hypoxanthine
binding can significantly impact the translationagulation of Aswin vivo. Additionally,
Chapter 5 presents results obtained in collaboratiith Albrecht Vélklein, Henrik
Gustmann and Prof. Wachtveitl. In this collabonatithe feasibility of Fourier transform
infrared (FTIR) difference spectroscopy betweertoge labelled and unlabelled ligand
was tested for characterizing transient purineswitch aptamer complexes with near-
cognate ligands and stable purine riboswitch aptasoenplexes with cognate ligands.
Preliminary FTIR difference spectra bfC,**N-labelled and unlabelled hypoxanthine in
complex with thepbuE adenine riboswitch aptamer and tkgt guanine riboswitch
aptamer showed a pattern of multiple IR bands dpgaeared to be characteristic for the
respective complex. However, due to spectral opetlae FTIR difference spectra could

not be properly evaluated.
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Zusammenfassung in deutscher Sprache

Riboswitche sind Ligand bindende regulatorische rARElemente die vorwiegend in
Bakterien vorkommen. Sie sind meist in der 5’ umstatierten Region bestimmter Gene
kodiert und kontrollieren deren Expressios-wirkend durch Ligand induzierte Faltung.
Die spezifische Bindung eines Metaboliten ruft eBteukturanderung des Riboswitches
hervor, welche die Genexpression aktiviert oderbieint. Typischerweise kontrollieren
Riboswitche entweder via Transkription oder via nElation die Expression von
Proteinen welche an Stoffwechselwegen oder am paahsies Riboswitchliganden
beteiligt sind. Das Expressionslevel dieser Preteird somit in Feedback zur zellularen
Metabolit Konzentration reguliert. Riboswitche kaniieren fundamentale
Stoffwechselwege in Bakterien, kommen jedoch nichSaugetieren vor. Daher sind
Riboswitche als potentielle Drugtargets fur dievidoklung neuer Antibiotika interessant.
Daruber hinaus kdnnen Riboswitche als genetischalte in der Synthetischen Biologie

oder als Biosensoren in der molekularen Diagnagstiwendung finden.

In der vorliegenden Arbeit wurden biophysikaliscBaudien zur Ligand abhangigen
Faltung des translationaleadd Adenin-Riboswitchs (Asw) voller Lange aus dem
humanpathogenen marinen Bakteriuvibrio wulnificus durchgefiihrt, um den
regulatorischen Mechanismus dieses Riboswitchs aublekularer Ebene zu

charakterisieren.

Asw gehort zur Klasse der Purin-Riboswitche unddigsaus einer 5° Ligand bindenden
Aptamerdomane und einer 3‘ regulatorischen Expoesgiattform. Asw ist ein
translationaler ON-switch, welcher durch Adenin @ing die Expression von Adenosin-
Desaminase aktiviert. Die Struktur und Ligand Binguwer Asw Aptamerdomane ist in
der Literatur bereits umfassend charakterisiere Bsw Aptamerdoméne besitzt die fur
Purin-Riboswitche typische Sekundarstrukur eineeilWege-Kreuzung. Die Aptamer
Tertiarstruktur ist im apo Zustand intrinsisch uomigimet, und im holo Zustand
hochgradig geordnet, wobei das gebundene Adenireléiblim Kern des Aptamers
eingekapselt ist und die apikalen Haarnadelschtaufdes Aptamers einen
Schlaufenkontakt (Kissing-Loop Motiv) ausbilden, lekeer durch Koordination von
Mg?*-lonen stabilisiert ist. Kiirzlich wurde der Asw il Lange bestehend aus Aptamer
und Expressionsplattform mittels Kernspinresonaekspskopie (NMR-Spektroskopie)

charakterisiert und eine Arbeitshypothese fir degulatorischen Mechanismus dieses
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Riboswitchs formuliert. Demnach ist Asw ein parawdaischer 3-Zustand-Riboswich
und reguliert die Translation des Adenosin-Desasgraens durch ein konformationelles
Gleichgewicht zweier apo Konformationen, ApoB undpoA, und einer Holo
Konformation. ApoB besitzt keine Drei-Wege-Kreuzurekundarstruktur in der
Aptamerdomane und weist eine lange P4B Helix inEd@ressionsplattform auf, welche
die Ribosom Bindestelle inklusive AUG Start-Codoraskiert. ApoB ist daher ein
bindungsinkompetenter Translation-OFF Zustand. Agefchnet sich durch eine Drei-
Wege-Kreuzung mit intrinsisch ungeordneter Tertidakdur ohne Kissing-Loop Motiv
aus und besitzt eine kurze P4 Helix in der Expoesglattform, welche die Shine-
Dalgarno-Sequenz der Ribosom Bindestelle mask&wtnit wurde ApoA als Adenin
bindender Translation-OFF Zustand eingestuft. DieloH Konformation ist der
mutmaliliche Translation-ON Zustand des Riboswit8ls.weist eine Adenin gebundene
Aptamerdomane mit hochgradig geordneter Tertidksiru auf sowie eine
Expressionsplattform mit geschmolzener P4 Helix basitzt dadurch eine zuganglicher
Ribosom-Bindestelle. Im Gegensatz zu einem 2-Zdstaechanismus ermoglicht der 3-

Zustandsmechanismus von Asw eine temperaturkomgrémngtegulation der Translation.

In dieser Arbeit wurde der Asw voller Lange erstnahit Einzelmolekil-Forster-
Resonanzenergietransfer (SmFRET) Spektroskopieakteaisiert. Kapitel 3 beschreibt
eine integrierte NMR und smFRET spektroskopischetetdnchung der Ligand-
abhangigen Faltung des 112-Nukleotid langen ASifA¢w). Dabei wurden NMR
spektroskopische Daten beziglich der Basenpaarwrgdcei Konformationen von
12Asw mit tertidrstrukturellen Informationen (ber ramnolekulare Distanzen aus
SMFRET Experimenten komplementiert. Die vorhandefwwrdnung der NMR-
Resonanzen der Imino-Gruppen vBfAsw wurde genutzt, um die Adenin induzierte
Umfaltung des Riboswitchs auf Imino-Reportersigndi@ 25 Basenpaare auszuwerten.
Im Gegensatz zu vorherigen Studien bei 10 °C wie#A@doA Konformation bei 25 °C in
Gegenwart von 5 mM Mg ein vorgefaltetes Aptamer Kissing-Loop Motiv aufidu
zeigte keine ApoA-spezifischen Imino-Signale flursBapaare der Expressionsplattform.
Die beobachtete Adenin induzierte Aptamer Falturmm \ApoA zu Holo war eine
vorwiegend lokale Faltung der Adenin Bindetaschee DAusbildung der Holo
Konformation resultierte in einer deutlichen Deplapion der ApoB Konformation (von
~80% zu ~20% ApoB durch 1.1 eq Adenin) und im Abfeelzen der P4 Helix in der

Expressionsplattform. Ferner wurde gezeigt, dads iseben der Adenin-Konzentration,
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der Md*-lonen-Konzentration und der Temperatur, auch désthleppung von [i
lonen wahrend der Probenpréparation auf die Faltamg?Asw auswirken kann. Eine
Li*-lonen-Konzentration um ~40 mM (bei einer fdonenkonzentration von 5 mM)
destabilisiert die Faltung der ApoA Aptamer Kissiogpp Interaktion und stabilisiert
Basenpaarung der Helix P4 in der Expressionspiattfo Die Adenin-
Bindungsinkompetenz der ApoB Konformation wurdetetst einer ApoB-stabilisierten
Mutante bestatigt. Die Mutante zeigte zudem, dgssBAlediglich eine kurze P4 Helix
aufweist und dass das AUG Start Codon im Gegermatr urspriinglich Modell keine
stabile Basenpaarung ausbildet. smFRET Experimantemmobilisierten Molekilen
wurden in Kollaboration mit Martin Hengesbach, Riml Hollthaler und Prof. Mike
Heilemann etabliert und an'?Asw mit drei Fluorophor-Markierungsschemata
durchgefuhrt: L2/P5, L3/P5 und L2/L3. Die Konstekt2/P5 und L3/P5 trugen
Fluorophor Modifikationen an Aptamer und Expressjgattform. Sie zeigten dass die
beiden Riboswitch Domanen nicht Uber tertiarstreedte Wechselwirkungen miteinander
interagieren und einen Ligand-unabhangigen Abstandinander aufweisen. Dies
bestatigte einen zentralen Aspekt des auf NMR Basifgestellten Modells zur
molekularen Funktionsweise von Asw, namlich dassv Adie Zuganglichkeit der
Ribosom Bindestelle auf Sekundarstrukturebene @ébex kompetitive Ausbildung der
Helices P1 und P4 moduliert. Mittels des L2/L3-maren Konstrukts wurde die Faltung
der Aptamer Kissing-Loop Interaktion i’Asw charakterisiert. Die beobachteten zwei
FRET Populationen wurden tber den Vergleich desitygs mit Mutanten, in denen die
ApoB bzw. die ApoA Konformation stabilisiert istugeordnet. Saturierende Adenin-
Konzentration verhinderte die Ausbildung der ApoBrformation im Wildtyp, sodass
das Kissing-Loop Faltungsgleichgewicht des Wildtygesm der ApoA-stabilisierten
Mutante glich. Die ApoA-stabilisierte Mutante wisswohl ohne Adenin als auch in
Gegenwart saturierender Adenin-Konzentration eimadyisches Gleichgewicht zwischen
Zustadnden mit ungefalteter und gefalteter Aptamessikg-Loop Interaktion auf. Die
zugrundeliegende Faltungsdynamik von ApoA und Helarde mittels Transition
Occupancy Density Plots und Dwell-time Histogrammemalysiert. Hierzu wurden
eigens verfasste MATLAB Skripte und die open-soukHtidden Markov Modelling
Software HaMMy verwendet. Auf Basis dieser Datenrke ein erweitertes Modell fur
den molekularen Mechanismus vbiRAsw aufgestellt werden. Demnach populieren die
ApoA und die Holo Konformation je 3 Faltungszust&ndpoA-U, ApoA-D1 und ApoA-
D2, sowie Holo-U, Holo-D1 und Holo-D2. Im Zustandisl das Aptamer Kissing-Loop
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Motiv ungefaltet, im Zustand D1 ist es gefaltet undzlebig (~s) und im Zustand D2
gefaltet, Mg'-gebunden und langlebig (~10s). Bei physiologiscihég?®*-lonen-
Konzentration ist die Population der Zustande natafjetem Kissing-Loop Motiv in
Holo um Faktor 2 erhdht gegeniiber ApoA. Dennochsereidie Holo Zustande mit
gefaltetem und ungefaltetem Kissing-Loop Motiv eidlenliche Stabilitat auf. Diese
ausgepragte strukturelle Heterogenitat von ApoA tiodb ist aus NMR Spektren der
Imino-Gruppen von Asw nicht ersichtlich und dahevar unbeachtet gewesen. Bei den
verschiedenen Faltungszustanden von ApoA und Holmte es sich um intermediare
regulatorische Zustande zwischen dem ApoB TrawslafiFF Zustand und dem Holo-
D2 Translation-ON Zustand handeln.

In Kapitel 4 wurde die Ligand abhéngige Faltung von Asw in eib27 Nukleotide
langen Sequenz{Asw) mit NMR und smFRET Spektroskopie untersuchfasw ist
gegeniibet?Asw am 3‘ Ende um 15 kodierende Nukleotide ddd Gens aud/ibrio
vulnificus verlangert und soll als mRNA Templat fir zukinftiygeraktionsstudien
zwischen Asw und der 30S ribosomalen Untereinh@heh. Die NMR Daten von
12/Asw beweisen, dass'*’Asw aufgrund der 3“-Verlangerung keine neuen
Sekundarstrukturelemente ausbildet und ein ahrdidPepulationsverhaltnis zwischen
ApoB und ApoA wie?Asw aufweist. Im Vergleich zd*?Asw zeigte *>’Asw eine
ausgepragtere Adenin Sensitivitdt der Imino-Sign&nsitaten in der Aptamerdoméane
und kein Adenin induziertes Aufschmelzen der P4ibHetlativ zur P5 Helix. Die
Aptamer Faltung vo?’Asw wirkt sich somit nicht signifikant auf die Zugglichkeit der
Shine-Dalgarno-Sequenz in der Expressionsplattus) In SmFRET Experimenten mit
L2/L3-markiertem'*’Asw war eine Destabilisierung des Aptamer Kissimpfh Motivs

in gegeniiber'*?Asw beobachtbar. In Abwesenheit von Adenin I¥gAsw bei
physiologischer Mg-lonen-Konzentration nahezu vollstandig in Faltungsanden ohne
Kissing-Loop Interaktion vor, und bei saturierend&denin-Konzentration bildeten
lediglich halb so viele Molekiile wie ?Asw das Kissing-Loop Motiv aus. Dass Adenin
Bindung an*?’Asw nicht zum Aufschmelzen der P4 Helix fiihrt, seigert, dass?’Asw
im Gegensatz z4'”Asw kein regulatorisch repréasentatives RNA Konstrdks add
Adenin Riboswitchs darstellt. Dies ist mit der ,&daby binding® Hypothese zur
Initiierung der Translation vereinbar. Demzufolgadet das 30S Ribosom die mRNA
des add Gens zunéchst unspezifischen 3' zum AUG Start Co@tand-by binding

event). In diesem anfanglichen mRNA-Ribosom-Kompléxen stabilisierende Effekte
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der kodierenden mRNA Sequenz auf die Asw Exprespiattform eliminiert, sodass der
Riboswitch durch eine Adenin abhéngige Ausbildurey @4 Helix die spezifische

Bindung des 30S Ribosoms an die Shine-Dalgarno€segumodulieren kann.

In Kapitel 5 wurden Studien zum transienten Encounter-Kompleisahen dem Adenin
Riboswitch und dem schwach bindenden Liganden Hgpthin durchgefuhrt. Mittels
WaterLOGSY NMR konnte gezeigt werden, dass Hypdxamhit 2,6-Diaminopurin um
die Adenin-Bindestelle von*?Asw kompetitiert. Ferner wurde die Affinitat des
Hypoxanthin-Encounter-Komplexes vofh?Asw mit der WaterLOGSY Methode
bestimmt. Diese liegt im millimolaren Bereichfk 1.8 mM) und ist weitaus hoher als
die zellulare Konzentration von Hypoxanthin Bacoli (~0.3 mM). Somit kann davon
ausgegangen werden, dass kompetitive Bindung vgoxinthin die Adenin-abhangige
Regulation von**Asw in vivo nicht signifikant beeinflusst. AuRerdem prasentier
Kapitel 5 Resultate einer Kollaboration mit Albréctblklein, Henrik Gustmann und
Prof. Wachtveitl, in der getestet wurde, inwiewstthwache und hoch-affine Purin-
Riboswitch-Ligand-Komplexe  mittels  Fourier-Transfations-Infrarot  (FTIR)
Differenzspektroskopie basierend auf unterschibadlid¢sotopenmarkierung des Liganden
charakterisiert werden konnen. Die FTIR Differeredgpen von **C *N-markiertem
Hypoxanthin und unmarkiertem Hypoxanthin fir denhveachen Hypoxanthin-
Encounter-Komplex eines Adenin bindenden Aptamensd uden hoch-affinen
Hypoxanthin-Komplex eines Guanin bindenden Aptanzetigten ein charakteristisches
Muster an IR Banden fir den jeweiligen Komplex. aidd konnten die FTIR

Differenzspektren aufgrund spektralen Uberlappbtracisgewertet werden.
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Chapter 1: General introduction

1.1. RNA structure and dynamics

RNA consists of polycondensed nucleotide mononadenosine-, cytidine-, guanosine-
and uridine-5’-phosphate, that are 3'-5’ conneatiedphosphodiester bonds (Figure 4A).
Under physiological solution conditions, the RNA ogphodiester-backbone is
deprotonated and coordinated by monovalent or eintabns (Kirmizialtinet al., 2012).
RNA can fold into well-defined 3-dimensional stues that are comparable to the
highly-organized structures of proteins. RNA folglirs determined by the nucleotide
sequence or primary structure of an RNA, whichoisventionally represented from 5'- to
3’-terminus in the one-letter code of the genetghabet. The major thermodynamic
driving forces of RNA folding are stacking of theateobases, hydrogen bonding and
binding of metal ions (Burkard, Turner and Tinocb999). Hydrogen bonding
interactions in RNA mediate the base pairing ofcépenucleotides, most prominently,
the Watson Crick base pairs between adenosine adohaus (AU) and guanosine and
cytidine (GC) (Figure 4B) (Leontis and Westhof, 829In the compact A-form double
helix that is formed between two complementary Rétfands (Figure 4A) these base

pairs are stabilized by pi stacking.
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Figure 4: Structural features of RNA. (A) Three-dimensional structure of the A-form doubddi>hin the
P1 stem of thadd adenine riboswitch aptamer (PDB ID: 1Y26) (Sergaeoal., 2004). The atoms of the
5'-3' strand are shown in stick representation. Twenplementary strand is depicted as cartd&).
Chemical formulas of guanosine (G), cytidine (G)emosine (A) and uridine (U) in the two Watson-&ric
base pairs GC and AU. R denotes the ribose mdityrogen bonds are indicated in red dashes.
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SR

(i) bulge (i) hairpin loop

S

(iii) internal loop  (iv) junction loop

(v) pseudoknot (iii) kissing loop motif (iv) coaxial helix stacking

Figure 5: Motifs of RNA secondary and tertiary structure. (A) Schematic representation of typical RNA
secondary structure motifs: @ulge, (ii) hairpin loop, (iii) internal loop, (iv) (3-way)junction loop, and (v)
pseudoknot. Unpaired nucleotides are depicted as short desmgdHase paired nucleotides as long dashes.
(B) Examples for frequent RNA tertiary structure mot{fs Base triple in the adenine binding pocket of the
adenine riboswitch aptamer (PDB ID: 1Y26) (Sergaeboal., 2004). C50 interacts with the minor groove
side of the A21-U75 Watson Crick base pair. Hydrogends are indicated in dashed lines. Riose
Zipper between stems A and B of the hairpin ribozyme (PIDB 1M5K) (Rupert and Ferré-D’Amaré,
2001). The ribose 2’-OH of A10 is a hydrogen dotwthe ribose 3’-phosphate of C25 and the ribose 2’
OH of C25 is a hydrogen donor to the adenine N&1dJ. Likewise, the ribose 2’-OH of A24 is a hydroge
donor to the ribose 3’-phosphate of G11 and theseb2’-OH of G11 is a hydrogen donor to the adenine
N3 of A24. Hydrogen bonds are indicated in dashassl (iii) Kissing loop motif between hairpin loops L2
and L3 in the adenine riboswitch aptamer (PDB I¥28) (Serganowt al., 2004). The two base tetrads
and the terminal base pair that form the interastibetween L2 and L3 are highlighted with black
rhomboids. (iv) Coaxial helix stacking of stem £&dj) and stem D (blue) in the hairpin ribozyme (PIDB
1M5K) (Rupert and Ferré-D’Amaré, 2001). The struetof the ribozyme is shown as cartoon and the
stacking base pairs at the interface of stem Asaewh D are shown in stick representation.

As opposed to DNA, RNA generally lacks full sequencomplementarity under
physiological conditions and folds in an intramaeilec manner into a sequel of helical
and non-helical segments. The distribution of falgtructure over an RNA sequence is
generally defined as secondary structure and tkeathspatial arrangement of the RNA
as tertiary structure (Brion and Westhof, 1997; dteq Brenner and Holbrook, 2005).
Typical RNA secondary structure elements are bul@espin loops, internal loops,
junction loops and pseudoknots (Figure 5A). Fretji®ddA tertiary structure motifs are
base triples, ribose zippers, kissing-loops or k&dchelices (Figure 5B) (Hendrix,
Brenner and Holbrook, 2005). However, the demavoabf RNA secondary and tertiary

structure is not stringent. Current computatior@bld for RNA secondary structure
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prediction cannot predict pseudoknots and conselyuexclude pseudoknots from RNA
secondary structure (Cragnolini, Derreumaux andjias 2015; Lorenzt al., 2016).
Additionally, in the field of computational RNA kibemistry, an entirely different
definition of RNA secondary structure was suggestelnich is defining the secondary
structure of an RNA as a list of its AU, GC and Gase pairs (Zuker, 2000).

Time: ps ns Hs ms s
Base and sugar Interhelical Kissing loop folding
libration motion Purine riboswitch aptamer
HIV-1 TAR RNA HIV-1 TAR RNA (Brenner et al., 2010)
(Zhang et al., 2006) (Zhang et al., 2006) - -
Switching between
Hairpin loop base bistable helical
pair reshuffling secondary structures
HIV-1 TAR RNA Engineered 34mer
(Dethoff et al., 2012) (Furtig et al., 2007)

Helix base pair
opening

Oligonucleotide duplexes
(Snoussi et al., 2001)

Figure 6: Structural RNA dynamics from picosecondgo secondsDark grey: Motional dynamics; Light
grey: Local base pairing dynamics; White: Globadlifiog dynamics. In all cases, one literature exanigl
indicated (Snoussi and Leroy, 2001; Zhatgl., 2006; Firtiget al., 2007; Brenneet al., 2010; Dethoffet
al., 2012).

The function of various biologically relevant RNAs related to RNA structural
dynamics. In ribozymes, RNA structural dynamics rat catalysis at the active site
(Guo, Gooding and Cech, 2004; Klein, Been and HetAdnare, 2007; Scott, Horan and
Martick, 2013; Wilsoret al., 2016), riboswitches regulate gene expressionbtcising
between alternative RNA structures (see sectio)) &kl large macromolecular machines
like the ribosome (Steitz, 2008) or the spliceos¢Berling, Azubel and Sperling, 2008)
are driven by dynamic RNA-RNA, RNA-protein and miotprotein interactions.
Structural RNA dynamics, from local dynamics of gfie nucleotides to global folding
dynamics of secondary and or tertiary structur@nspmescales from picoseconds to
seconds (Figure 6) (Rinnenthalal., 2011; Mustoe, Brooks and Al-Hashimi, 2014). An
ultimate goal of biophysical RNA research is toyide a molecular level understanding

of how local and global RNA dynamics are coupled arediate biological function.
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1.2. Initiation of MRNA translation in bacteria

In prokaryotes, DNA transcription and mRNA translatare spatially coupled processes.
Prokaryotic polysomes, complexes between mRNA aaliipte actively translating 70S
ribosomes are already formed at an mRNA chainighiag¢ing transcribed in the nucleoid.
A polysome of a nascent mRNA chain froBcoli can contain up to forty 70S
ribosomes, (Miller, Hamkalo and Thomas, 1970) tret bf which is spatially close to the
active RNA polymerase and prevents spontaneoudraa&ing of the mRNA producing
enzyme (Nudler, 2012). As a consequence, the fatartscription (12-42 nucleotides /s)
correlates with the rate of translation (4-14 amacdals /s) irE. coli under various growth
conditions (Proshkiret al., 2010). The mean copy number of mRNAs gecoli cell
(~1000) (Taniguchit al., 2010) is of the same order of magnitude as thannwpy
numbers of RNA polymerases (~5000) (Bakshgal., 2012) and low compared to the
mean copy number of ribosomes (~60000) (Bakshl., 2012). It is currently discussed
whether mRNA translation occurs predominantly oygames in the nucleoid or on
polysomes diffused into the segregated ribosomé megions of the prokaryotic
cell (Bakshi, Choi and Weisshaar, 2015).

Bacterial translation initiation is a multi-stepopess that proceeds via formation of a 30S
initiation complex (30S IC) and a 70S initiation ngolex (70S IC) as critical
intermediates. RNA-based regulation of bacteriahgtation initiation typically targets
formation of the 30S IC (Duvatk al., 2015). The 30S IC consists of an mRNA, the 30S
ribosomal subunit, three initiation factor proteii1-1F3) and a formyl-methionine-
loaded initiator tRNA (fMet-tRNA"™). 30S IC formation involves two stages:
Component recruitment to a 30S pre-initiation cawpl30S PIC) and rearrangement of
the 30S PIC to the 30S IC (Figure 7) (Milénal., 2012). In the 30S IC, the translation
start site of the mRNA is fixed in the decoding mhel of the 30S ribosome via the
codon-anticodon interaction between the mRNA stadon (83% AUG, 14% GUC, 3%
UUG in E. coli (Blattneret al., 1997)) and the complementary anticodon stem lfop
fMet-tRNA™® (Ogleet al., 2001; Simonettét al., 2008). mRNA recruitment of the 30S
ribosome occurs in the absence of initiation factand fMet-tRNA™!, but can be
accelerated by the initiation factors and fMet-tRNA(Milon et al., 2012). Specific
binding of the 30S ribosomal subunit to the mRNansiation initiation site is mediated
by base pairing between the 3'-tail of the ribosbiRBIA (rRNA) and the partially
complementary Shine Dalgarno sequence 5’ adjacethie mRNA start codon (Shine
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and Dalgarno, 1974; Steitz and Jakes, 1975; Kahimisal., 2007). The anti-Shine
Dalgarno Sequence of the coli rRNA is a 13-nucleotide 5-GAUCACCUCCUUA-3’
sequence, which is highly conserved among prokesy@tiakagawat al., 2010). mRNA
recruitment of the 30S ribosome is stimulated eyribosomal protein S1 (Subramanian,
1983). Protein S1 was shown to be vital iimwvitro translation of mMRNAs with a weak
Shine Dalgarno sequence (calculated free energgsd pairing < ~100 kJ/mol) (Farwell,
Roberts and Rabinowitz, 1992). For mRNAs in whible translation initiation site is
masked by helical secondary structure, it was sstgdehat the 30S ribosome first binds
to a proximal single-stranded stand-by site, arah tbhifts into place as the secondary
structure opens (De Smit and Van Duin, 2003). Tied initiation factors can associate
with the 30S ribosome before, concomitantly with,after the mRNA (Milénet al.,
2012). They promote binding of fMet-tRNK' and the adjustment of the codon-
anticodon interaction (Laurseh al., 2005). After assembly of the complete 30S IC with
fixed codon-anticodon interaction, the 50S subjaoiits and the 70S IC is formed, which
progresses into the elongation phase under hydsolgs an IF2-bound GTP and
dissociation of the three IFs (Marshall, Aitken dhaplisi, 2009).

Component recruitment Codon recognition

+IF2
+IF3
- + mRNA - + fMet A
Copaapuast Couy o,
— @ e — | ) —
308 308 mRNA complex 308 PIC

Figure 7: Schematic representation of bacterial traslation initiation. Bacterial translation initiation is
divided into formation of a 30S initiation complé30S IC) and a 70S initiation complex (70S IC). RNA
based regulation of translation initiation typigathrgets formation of the 30S IC (boxed). 30Sd6hfation
involves two stages. In the first stage (componegtruitment), the 30S ribosome, the mRNA, three
initiation factor proteins (IF1, IF2, IF3) and tfieitiator tRNA fmet-tRNA™' assemble to a 30S pre-
initiation complex (30S PIC). The actual componetruitment order depends on the nature of the mRNA
The depicted recruitment order (MRNA prior to IF&l dmet-tRNA™) was chosen to illustrate that the
initiation factors are not necessary for mRNA bimgdi The 30S ribosome specifically binds to the 8hin
Dalgarno sequence (SD) in the 5'-untranslated reo-UTR; depicted in bold letters) of the mRNA |
the second stage (codon recognition), the 30S RH&ngoes conformational rearrangements to form the
codon anticodon interaction between the mRNA stadon and the fmet-tRNA". The active 30S IC
assembles with the 50S ribosomal subunit and fahes0S IC under dissociation of the initiationtéas.
This Figure recapitulates a model from Milon efMil6n et al., 2012).
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At mRNA level, 30S IC formation can be regulatedifgrfering with mRNA binding of
the 30S ribosome or by interfering with the confatimnal rearrangement for codon
recognition of the 30S PIC. A prevalent regulatorgchanism is controlling the specific
binding of the 30S ribosome to the Shine Dalgarequsnce (SD) of the mRNA by
masking or unmasking the SD (Duwlal., 2015). Masking of the SD can be performed
by RNA binding proteins that compete with the 308osomal subunit for binding
(Merianos, Wang and Moore, 2004; Schubstral., 2007). Likewise, bacterial small
RNAs (sRNAs) can bind at and mask the SD, (Mitatal., 2009) or unmask the SD by
binding to an mMRNA segment that initially masked (Majdalani, Hernandez and
Gottesman, 2002). Lastly, the mRNA itself can cointine accessibility of the SD itis
via mMRNA elements like riboswitches (see secti®) &r RNA thermometers (Kortmann
and Narberhaus, 2012) that undergo effector-depemalieamolecular switching between

conformations with a masked and a liberated SD.

1.3. Riboswitches

Riboswitches are metabolite-responsive RNA confdional switch modules that are
predominantly found in the 5-untranslated regidnbacterial genes. Thesgs-acting
MRNA elements regulate the expression of downstrganes by a structural switch in
response to binding of a specific metabolite. Tigand-induced structural switch of a
riboswitch mRNA can control gene expression at ldeel of transcription, splicing,
translation and or mRNA stability. The majority rdfoswitches regulate transcription or
translation, and control genes that encode proievdved in the metabolic pathway or
in the transport of their cognate ligand (Sergaaod Nudler, 2013). Notablyn vitro
selected RNA aptamers had been contrived as synthbbswitches for molecular
biology applications to control the expression péafic genes by ligand addition already
in 1998, before the first natural-occurring ribowhies were discovered (Werstuck and
Green, 1998). The discovery of natural riboswitciseascribed to Ronald Breaker, who
reported in 2002 that the 5-untranslated mRNA loé btuB gene IinE. coli couples
selective binding of vitamin B to a structural transition that blocks ribosomeding
and inhibits translation of a transport protein émbalamin compounds (Nahet al.,
2002). Since then, a plethora of natural-occurribgswitches have been described that
respond to biochemically diverse ligands rangimyfions (Mg* (Dannet al., 2007), F
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(Ren, Rajashankar and Patel, 2012)), nucleobadesi(e (Mandal and Breaker, 2004),
guanine (Mandaét al., 2003), deoxyguanosine (Kim, Roth and Breaker,720&Gecond
messenger molecules (c-di-AMP (Gao and Sergano%4)2@-di-GMP (Smithet al.,
2009)), amino acids (glycine (Mandat al., 2004), glutamine (Reret al., 2015),
lysine (Sudarsaret al., 2003)) and cofactors (SAM (Price, Grigg and K&14),
FMN (Winkler, Cohen-Chalamish and Breaker, 200BPT(Thore, Leibundgut and Ban,
2006)) to biopolymers (tRNA (Zhang and Ferré-D’AdgaR015)). While most of the
natural riboswitches are bacterial riboswitchesp aukaryotic riboswitches were found
in fungi and in plants. Eukaryotic riboswitches itglly control alternative splicing in
response to TPP (Barrick and Breaker, 2007). Sibhoswitches are prevalent in bacteria
but not in eukaryotes, they have been envisaged petential drug target for novel
antibiotics (Blountet al., 2007; Kim et al., 2009; Howeet al., 2015). Moreover,
riboswitches can find potential applications in thatic biology (Sinha, Reyes and
Gallivan, 2010; Miyamotoet al., 2013) or in molecular diagnostics (Chappstllal.,
2015).

The majority of riboswitches consists of two donsaia 5’ aptamer and a 3’ expression
platform. The aptamer is the ligand-sensing donéia riboswitch. Riboswitch aptamers
generally bind their ligand tightly @<~nM) with high specificity over chemically related
metabolites, and undergo ligand-induced foldingnfran intrinsically disordered to a
highly-ordered structure. The expression platfosnthe regulatory domain. Ligand
binding to the riboswitch aptamer changes the fgjdandscape of the riboswitch such
that the expression platform switches from a geR€&-Gtate to a gene-ON state or vice
versa. For many riboswitches, the isolated aptadoarain has been characterized in the
ligand-bound state by X-ray crystallography. On Hasis of these aptamer structures,
more than 20 classes of riboswitches have beemglisshed (Serganov and Nudler,
2013). For SAM-binding riboswitches alone, threleoswitch classes with up to three
different subclasses have been described (Pricggg@nd Ke, 2014). This illustrates the
astonishing capability of RNA to recognize the satigand in diverse structural
architectures. While the ligand-dependent structirésolated riboswitch aptamers is
well characterized, considerably less is known &l ligand-induced structural switch
of full-length riboswitches. To explain the uniquegulatory properties of different
riboswitches, one needs to investigate how ligamtli¢ced aptamer folding is coupled to

refolding of the allosteric expression platform.
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In the following, the distinct mode of action ofamscriptional and translational
riboswitches is exemplified by two riboswitchestthave been characterized in the full-
length sequence: A transcriptional ON-switch, phaE adenine riboswitch frorBacillus
subtilis, and a translational OFF-switch, the pret@oswitch fromThermoanaerobacter

tengcongensis (Tte).

(i) ligand-free pbuE adenine riboswitch: transcription termination

o
f¢
2 %
% —> s — > RNAP
y o
terminator
(ii) ligand-bound pbuE adenine riboswitch: transcription antitermination o

dVNY

ligand-bound aptamer

Figure 8: Schematic representation of transcriptioml regulation by the pbuE adenine riboswitch
from Bacillus subtilis. For clarity, only the nascent mMRNA and the RNAypoérase (RNAP) are shown,
and the DNA template is omitted. The depicted raguy model is based on studies by Frieda. (Frieda

and Block, 2012) and Lemag al. (Lemayet al., 2011). ThepbuE adenine riboswitch is a transcriptional
ON-switch. (i) At low adenine concentration, thébaswitch remains in a ligand-free state, and
cotranscriptionally folds into a conformation wighterminator stem. The terminator stem pauses RNAP
during the synthesis of a poly-U stretch. Thisdds the release of the mRNA from the transcription
complex and prevents transcription of the downstregne. (i) At high adenine concentration, a highl
structured adenine-bound aptamer is formed befdt&MRhas synthesized the full-length riboswitch. The
aptamer and the terminator stem are mutually exaustructures. With a pre-formed adenine-bound
aptamer, formation of the thermodynamically favauterminator stem is delayed until RNAP has passed
the poly-U stretch. The downstream gene is trabedri

For transcriptional riboswitches, the ligand-inddicewitch occurs cotranscriptionally
while the mRNA is being elongated by a host-specRNA polymerase (RNAP).
Transcriptional riboswitches typically operate undéetic control. Cotranscriptional
folding of the pbuE adenine riboswitch from the family of purine ribogwies (see

section 1.4) was monitordd vitro by single-molecule force spectroscopy using optical
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tweezers (Frieda and Block, 2012). In the abseheglenine (Figure 8, i), the riboswitch
readily formed a terminator hairpin during trangtidn. This triggered RNAP
dissociation from the template in ~90% of the asdayranscripts. Cotranscriptional
folding of the expected adenine-sensing 3-way joncéptamer in the ligand-free state
was not observed in this study, presumably becthesapo aptamer secondary structure
was too labile to affect transcript extension. Imegence of saturating adenine
concentration (Figure 8, ii), thgbuE adenine riboswitch was kinetically trapped in an
adenine-bound aptamer that acted as an antiteronireid delayed formation of the
thermodynamically favoured terminator hairpin. Witldenine, transcription was
terminated only in ~50% of the transcripts. In Iwéh the hypothesis that the ligand-
sensing aptamer domain of thisuE adenine riboswitch is only transiently formed dari
transcription, it was found in a different studyaththe full-length pbuE adenine
riboswitch is ligand binding incompetent (Lemetyal., 2011).

(i) ligand-free Tte preQ1 riboswitch: Frequent translation initiation events

SD SD
&

SD-unmasked SD-masked

(ii) ligand-bound Tte preQ1 riboswitch: Few translation initiation events

SD-unmasked SD-masked

Figure 9: Schematic representation of translationalregulation by the preQ, riboswitch from
Thermoanaerobacter tengcongensis (Tte). For clarity, only the full-length riboswitch is sia. The
downstream coding mRNA chain and the 30S ribosoreeoaitted. The depicted regulatory model is
based on studies by Suddataal. (Suddalaet al., 2013) and Rinaldét al. (Rinaldi et al., 2016). TheTte
preQ1 riboswitch is a translational OFF-switch.Af)low preQ concentration, the riboswitch remains in a
ligand-free state and predominantly adopts a comdtion in which the Shine Dalgarno sequence (SD) is
accessible for binding of the 30S ribosome. (ii) gh preQ concentration, ligand binding shifts the
conformational equilibrium to a folding sate withpartially masked SD. Binding of the 30S ribosome t
the SD is impeded.
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In contrast to transcriptional riboswitches, selveranslational riboswitches were
proposed to be thermodynamically controlled, sitfeey can regulate translation via a
ligand-dependent conformational equilibrium of thieil-length sequence (Riedet al.,
2007; Holmstromet al., 2014; Gonget al., 2016; Rinaldiet al., 2016). Translational
riboswitches generally operate by conformationataving between states with a masked
and a liberated Shine Dalgarno sequence (SD). MgsKithe SD inhibits 30S ribosomal
translation initiation while liberation of the Sxtavates it (see section 1.2). In a single-
molecule FRET (smFRET) study, the small pseudoKit®preQ riboswitch was shown
to adopt two coexisting conformational states, with a flexible and one with a partially
base-paired and structurally restrained 3’-tait t@ntains the SD (Figure 9) (Suddata
al., 2013). Without pre@ the majority of molecules adopted a state wigiflle 3’-tail.

At saturating pre@ concentration, the equilibrium was shifted to afoomation with
restrained 3'-tail, in which the SD is partiallyaheded. This conformational switching
behaviour is in agreement with vitro translation assays that revealed 40% decreased

translation in presence of saturating pre@ncentration (Rinaldit al., 2016).

1.4. Purine Riboswitches

Among the different classes of riboswitches, punimswitches are one of the best
characterized and have emerged as a model syststudy the structure, the dynamics
and the function of riboswitch RNAs (Porter, Maroavelazquez and Batey, 2014).
Purine riboswitches occur in Firmicutes, Fusobaatand Proteobacteria (Barrick and
Breaker, 2007). They commonly regulate the expoessif purine salvage pathway
enzymes, de-novo purine biosynthesis enzymes angtnansporter proteins (Singh and
Sengupta, 2012). The vast majority of purine ribibdves either respond to guanine (and
hypoxanthine) or to adenine. They were hence diedsas guanine- and adenine-sensing
riboswitches. A third class of purine riboswitchese deoxyguanosine-sensing
riboswitches. Deoxyguanosine riboswitches, howesaeg, rare and were only found in

Mesoplasma florum (Kim, Roth and Breaker, 2007).

Common to purine riboswitches is the highly-consdnstructure of their aptamer
domain. The purine riboswitch aptamers adopt a athearistic three-way junction
secondary structure (Figure 10, (i)) consisting @1l stem, a P2/L2 hairpin and a P3/L3

hairpin that are connected via three junctionahsags J.,, bzand 3.;.
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A

add adenine riboswitch aptamer (Vibrio vulnificus strain CMCP6)

(i) (ii) (iii)

B

xpt guanine riboswitch aptamer (Bacillus subtilis strain 168)

(i) (i) (iii)
I

C

I-A deoxyguanosine riboswitch aptamer (Mesoplasma florum strain L1)

(i) (ii) (iii)

Figure 10: X-ray diffraction structure of the ligand-bound aptamer domain of three representative
purine riboswitches. (A) Adenine-sensing riboswitch (PDB ID: 1Y26) (Sergangival., 2004). (B)
guanine-sensing riboswitch (PDB ID: 1Y27) (Sergargival., 2004). (C) Deoxyguanosine-sensing
riboswitch (PDB ID: 3SKI) (Pikovskayat al., 2011). (i) Secondary structure and long-rangéater
structural base pairing interactions. Watson Chiake pairs are represented as solid lines, GU wdizsde
pairs as filled circles and other non-canonicalebpsairing interactions as dashed lines. The primary
structure of the three aptamers corresponds tondtiwe MRNA sequence of the indicated strain but
contains an artificial P1-stem. P1-modificationg &ighlighted in red. (ii) Tertiary structure inrtzon
representation. (iii) Mode of ligand recognitiorasSBible hydrogen bonds are indicated with dashmesd i

X-ray diffraction (XRD) structures have been solfedtheadd adenine riboswitch from

Vibrio wvulnificus, (Serganovet al., 2004) thexpt guanine riboswitch fronBacillus
subtilis, (Serganowt al., 2004; Gilbertet al., 2009) thepbuE adenine riboswitch from
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Bacillus subtilis, (Delfosseet al., 2010) and the I-A deoxyguanosine riboswitch from
Mesoplasma florum (Pikovskayaet al., 2011). The XRD structures of the ligand-bound
purine aptamers (Figure 10, (ii)) revealed theghhy-organized tertiary structure which
resembles a ‘tuning fork’ (Serganet al., 2004). The P1 helix forms the handle of the
tuning fork, and the P2/L2 and the P3/L3 hairpimfadhe prongs that are held together
by kissing loop interactions. The purine ligan@mcapsulated in the aptamer core amidst
Ji2, b3 and J.1. In adenine and guanine riboswitches, the ligandound by hydrogen
bonding with U22 (d,) at the N7-C6 (Hoogsteen) face, hydrogen bondiitlg W47 and
U51 (3-3) at the N3-N9 (sugar) face and Watson Crick baseng with Y74 (3.1) at the
C6-C2 (Watson Crick) face (Figure 10, (iii)). Thgand specificity is mediated by Y74
which is a uridine in the adenine riboswitch andyadine in the guanine riboswitch. In
the deoxyguanosine riboswitch, the ligand is recghin a similar manner, by hydrogen
bonding interactions between C31.4J C58 (J.3) and C80 (3l;) and the nucleobase and
between A30 (P1), C56 and C5%.{§Jand the deoxyribose moiety. The organization of
the junctional core structure in these ligand-bopodne riboswitch aptamers stabilizes
the global arrangement of their three helices. Ehesegment mediates stacking of the P3
helix upon the P1 helix. The.d segment is engaged in hydrogen bonding interagtion
with the P1 helix and with the;.d segment. This compact purine riboswitch aptamer
tertiary structure is further stabilized by spemifly bound M§* ions at the aptamer core
and at the peripheral kissing loop motif (Noeskehwalbe and Wdhnert, 2007;
Pikovskayeet al., 2011).

The ligand-free purine riboswitch aptamers adopt3tway junction secondary structure
also in solution, but exhibit an intrinsically disiered tertiary structure, especially at the
junction connecting segments of the aptamer corehé ligand-freexpt guanine and
pbuE adenine riboswitch aptamer, the L2/L3 kissing loupraction is preformed already
without Mg®* (Noeskeet al., 2007; Noeske, Schwalbe and Wéhnert, 2007; Noaingiv
al., 2014), albeit to a different extent. The I-A dggwanosine riboswitch aptamer
requires M§" for formation of the kissing loop interaction imetapo state (Wacket al.,
2011). At saturating ligand conditions, all threkd$Rabilized purine riboswitch aptamers
adopt a homogenous solution structure that is odgagreement with the XRD structure
of their ligand-bound state (Noeskeal., 2007; Noeske, Schwalbe and Wd&hnert, 2007,
Wackeret al., 2011). Time-resolved NMR studies of the ligandticed folding of thept

guanine riboswitch aptamer (Buekal., 2007) and thedd adenine riboswitch aptamer
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(Leeet al., 2010) have demonstrated that ligand binding ¢éoajhtamer core first induces
folding of the binding pocket and subsequently sedhelical tightening, in particular of
P1, along with stabilization of the L2/L3 kissirapp interaction.

The high degree of structural conservation in tinéne riboswitch family is limited to the
aptamer domain. Thadd adenine riboswitch fronVibrio vulnificus, the pbuE adenine
and thexpt guanine riboswitch fromBacillus subtilis and the I-A deoxyguanosine
riboswitch from Mesoplasma florum each have an individual expression platform
(Serganowet al., 2004; Helmlinget al., 2017). The different expression platforms of ¢hes
riboswitches have in common that they can form twotually exclusive secondary
structures, one with base pairing confined to tkgression platform and one with base
pairing between aptamer and expression platforne fiiist leaves the 3-way junction
secondary structure of the aptamer intact and dkterl disrupts it. According to the
working hypothesis of purine riboswitch functionyrime riboswitches operate via the
general switching principle, that ligand binding tloe aptamer domain stabilizes a
conformation without base pairing between aptamerexpression platform. In theuE
adenine riboswitch, adenine binding to the 3-waycjion aptamer prevents formation of
a transcription terminator that involves the nubkeses of the P1 and the P3 helix (see
section 1.3, Figure 8). In theeld adenine riboswitch adenine binding prevents foionat
of the P4 helix at the expense of the P1 stem ety liberates the ribosome binding

site (see section 1.5 Figure 11).

1.5. The full-length add adenine riboswitch fromVibrio vulnificus

The add adenine riboswitch from the human pathogenic neadoacteriumVibrio
vulnificus (strain CMCP®6) is the sole translation regulatimgswitch of the structurally
characterized purine riboswitches (see section I.4@gulates the expression of thei
gene, which encodes the purine salvage pathwayrenaglenosine deaminase. The full-
lengthadd Asw encompassing the adenine-sensing aptamer dosnai the expression
platform up to the AUG start codon of théd gene is a 109-nucleotide long translational
ON-switch. Itsin vivo activity was demonstrated iB. coli in two different studies.
Lemay et al. performedin vivo B-Galactosidase activity assays with translaticadd
Asw lacZ fusions. They observed a ~3-fold increas@-Balactosidase activity 2 h after
supplementing the growth medium with 500 uM adeffirmayet al., 2011). Dixonet
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al. performedin vivo fluorescent protein expression assays withatiteAsw fused to an
eGFP gene, and measured a ~10-fold induction ofPe&#pression in response to the

adenine analogue 2-aminopurine at a concentrafidgd®@pM (Dixonet al., 2012).

Several biophysical studies of the full-lengiiid Asw provided insight into its molecular
mechanism. Riedeat al. performed stopped flow fluorescence spectroscapidiess on
fluorescent U48AP variants (AP = 2-aminopurinepofisolated 71-nucleoticeld Asw
aptamer domain and a 111-nucleotide full-lengtkd Asw (Riederet al., 2007). Upon
folding of the add Asw aptamer tertiary structure, the AP at nucleotmbsition 48
becomes solvent exposed resulting in a substanitatéase in fluorescence. The full-
length U48APadd Asw exhibited a comparable adenine affinity to ibalated U48AP
aptamer domain ((111mer) = 2.3 pM, K(71mer) = 0.7 pM at 25 °C and 2 mM Ry
and bound adenine with almost the same rate cdan@ta(111mer) = 3.73*1OM*s?,
kon(71mer) = 3.47*1H Ms* at 20 °C and 2 mM Mi). Since the adenine binding
properties of the isolated aptamer domain werdnetiain the full-length riboswitch, it
was proposed that thadd Asw operates via a thermodynamically controllegamd-
dependent conformational switch of its full-lengdequence. This hypothesis was
corroborated by Lemay et al (Lemalyal., 2011). Lemayet al. investigated the ligand-
dependent folding of a 119-nucleotide full-lengitid Asw by SHAPE (selective 2'-
hydroxyl acylation analysed by primer extensiondl &NAse T1 partial cleavage. Their
data demonstrated that aptamer folding induced Igf" Mnd or adenine increases the
accessibility of the Shine Dalgarno sequence (Si?) the start codon (AUG) in the
expression platform, in line with a conformatiosatitch from a translational OFF-state
to a translational ON-state.

More recently, Reiningt al. revealed that thadd Asw does not only switch between two
but between three distinct long-lived conformatiostates (Figure 11) (Reining al.,
2013). In their NMR spectroscopic study, Reinigg al. assigned the imino NH
resonances of adenine-free and adenine-bound ld@etide add Asw at 10 °C and
5 mM Mg via a divide-and-conquer approach using a P1/PR and a P4/P5 fragment
as well as the isolated aptamer domain as strdaefierence modules. They discovered
secondary structure heterogeneity in the ligand-fiboswitch, between a structurally
binding-incompetent apoB conformation and the §mdied adenine-sensing apoA
conformation (Figure 11). According to the NMR dexd base pairing pattern, apoB and
apoA are functional OFF states with a masked tadiosl initiation site, and the holo
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conformation is a functional ON state with solvestposed SD and AUG. The
conformational pre-equilibrium between the apoB d@hd apoA conformation in the
ligand-freeadd Asw proved to be temperature-dependent. With asirg temperature
from 10 °C to 30 °C, the fractional population bétmajor apoB conformation decreased
from 90% to 60%. This temperature dependence isrsed compared to the intrinsic
temperature dependence of ligand binding. It was thypothesized that the apoB/apoA
secondary structure bistability of tlaeld Asw has an RNA thermometer function and
compensates the temperature dependence of ribbsiigend binding. Simulations of
riboswitch ligand response profiles as a functibriemnperature showed that the 3-state
add adenine riboswitch can maintain a largely conssantching efficiency between 5 °C
and 30 °C, while the switching efficiency of a htipetical 2-stateadd Asw would be
substantially compromised between 5 °C and 15 “€n{Rg et al., 2013; Firtiget al.,
2015). Due to its temperature compensation, that@add Asw was termed a riboswitch
thermostat (Reiningt al., 2013). Riboswitch thermostats might be of genenglortance
for organisms that are exposed to varying tempergfisuch a¥ibrio vulnificus, which

can be present in the marine environment or in @malian host.

P2B P1B 50 J2-3 P2  uuc® J2-3 |I
gut""“‘»'A P3 :_3“ L:,: P3 P2 fl Yy
] 1o lle A c e
guuces  oa, o g(é NEEIRL] ,?‘,“;"GAGEE:: si1elhl Gl
Usg Mppeete, Guytrr v &
A Guyd 11 L2 A SUcyuc  u 1\ 208U
L2B A JUcyg i u Apa L2 SO By
it Aan o J1-2 AL NJ3-1 A J1-2 A=u"J3-1
- “Aug 0a=u 49 24y
U=;120 P16-=% (PuEaaus S 120y@ ARUS
BoAA= U = Ag0u Ade it 4=s0 Cg%tart
L G=cC S u
i=% P4B s° UZAP4 E e £
c—G —_— u-A u
2y A e G = G ﬂG
A u=-RA
H = c-E g gSD
GC_GJ‘\110 Gc-(;mo G A
90U—A MY~ A 4oC =8 110
u=A = U—A
P5 y=a P5 A-u P5u=Aa
J-a ST o
¢ U ¢ uls ¢ U
S L5 Aaal G HLS
AA100 100 At
apoB apoA holo

Figure 11: Three-state model of the full-length traslation-regulating add adenine riboswitch from
Vibrio vulnificus. NMR-derived 3-state solution structural model of thll-lengthadd adenine riboswitch

in a 112-nucleotid wildtype mRNA sequence accordm&eininget al. (Reininget al., 2013). The distinct
base pairing patterns of the apoB, the apoA anddfe conformation are shown. ApoB lacks the adenin
sensing three-way junctional secondary structurdh@faptamer domain and has an extended P4B helix i
the expression platform that masks the AUG stadooo ApoA adopts the junctional purine riboswitch
aptamer fold with a disordered aptamer tertiarycitire and has shorter P4 helix that masks theeShin
Dalgarno sequence (SD). Holo forms a compact aptdemgary structure and a disordered expression
platform with solvent exposed SD and AUG.
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Chapter 2: Material and Methods

2.1. General methods

2.1.1. Concentration measurements by UV/vis spectroscopy

All concentration measurements by UV/vis spectrpgomere performed on a NanoDrop
ND-1000 spectrophotometer (Thermo Fisher Scieptifithe concentrations were
calculated from the measured absorbancgnat via Beer's Law using the extinction

coefficientse given in Table 1.

Table 1: UV/vis extinction coefficients used for aocentration determination

Plasmids and oligonucleotide$ [;F\ﬁ)]( [uF*ng ﬁ*cm'l]
ssDNA 260 1/33
dsDNA 260 1/50
RNA 260 1/40
RNA constructs® [?1?6 [mM 'icm'l]
112nt Asw 260 1050
127nt Asw 260 1230
66ntpbuE adenine aptamer 260 630
80ntxpt guanine aptamer 260 760
purine bases [?1?6 [mM 'icm'l]
adenine 260 135
2-aminopurine 305 6.0
2,6-diaminopurine 279 8.9
hypoxanthine 249 10.5
Cyanine dyes” [;r;ﬁi [mM 'icm'l]
Cy3 550 150
Cy5 650 250

& For plasmids and oligonucleotides, the defaullgio@cids extinction coefficients of the NanoDregre employed.
b For RNA constructs, the extinction coefficient vaegermined by the IDT Oligo Analyser 3.1 thatievided on the IDT website.
°For purine bases, the extinction coefficients reggbby Masoret al. were used (Mason, 1954)

d For the cyanine dyes, the extinction coefficigmisvided in the manufacturer's manual of the Cy8 &y5 monoreactive dye pack
(GE Healthcare) were used.

2.1.2. Analytical agarose gel electrophoresis

Analytical scale agarose gel electrophoresis wafomeed using a Sub-Cé&lhorizontal
electrophoresis system (Bio-Rad). Gels were castdd 30 mL 1% w/w agarose (for

analysis of plasmid DNA) or 2% w/w agarose (for lgsiaz of PCR products) in TAE
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buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA8.0). Typically, 10 uL samples
containing ~1 pg DNA were mixed with 2 uL 6x gehdting dye blue (New England
Biolabs) and loaded adjacent to 5 pL 2-log DNA kddl pg/uL; 0.1-10kB; New
England Biolabs). The gels were run in TAE buffed20 V for 40 — 60 min. The bands
were stained in GelR&Y (Biotium) and visualized on the UV-transilluminawf a Gel

iX20 Imager (Intas).

2.1.3. Analytical denaturing polyacrylamide gel electrophaesis

Analytical scale denaturing polyacrylamide gel &igghoresis was performed using a
Multigel system (Biometra). Gels were prepared withhmL 10% v/v acrylamid bis-
acrylamide (29:1) in 2x TBE buffer (1x: 90 mM Tr8) mM boric acid, 2 mM EDTA,
pH 8.0) with 7-8 M urea and polymerized by additair0.1% w/v ammonium persulfate
and 0.1% v/v TEMED. Typically, 8 uL samples contagn~1 ug RNA were used and
mixed with 8 pL formamide buffer (90% v/v formamjd@® mM Tris, 90 mM boric acid,
2 mM EDTA, 0.01% w/v bromophenol blue and 0.01% wiiene cyanol) prior to
loading. For fluorophore-labelled RNA, bromophermue and xylene cyanol were
omitted in the formamide buffer. The gels were muABE buffer at 200 V for 40 min.
For unlabelled or isotope-labelled RNA, the bandsenstained in GelR&Y (Biotium)
and visualized on the UV-transilluminator of a ®&0 Imager (Intas). For fluorophore-
labelled RNA, the bands were visualized via fluoegxe detection on a Tayphoon

scanner (GE Healthcare).

2.1.4. Analytical native polyacrylamide gel electrophoress

Analytical scale native polyacrylamide gel electropesis was performed using a
Multigel system (Biometra). Gels were prepared withmL 12% v/v acrylamide bis-
acrylamide (29:1) in Tris acetate buffer (100 mMsTA00 mM sodium acetate, pH 8.0)
and polymerized by addition of 0.1% w/v ammoniunnspdate and 0.1% v/v TEMED.
Typically, 5 pL samples containing ~0.5 pg RNA @&0+ng fluorophore-labelled RNA
were mixed with 5 uL 70 % v/v glycerol for loadinghe gels were run in Tris acetate
buffer at 40 V for 4 - 6 h in a 4°C cold-room. korlabelled or isotope-labelled RNA, the

bands were stained in GelR¥dBiotium) and visualized on the UV-transilluminatf a
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Gel iX20 Imager (Intas). For fluorophore-labellet\R the bands were visualized via

fluorescence detection on a Tayphoon scanner (Githdare).

2.2.  Preparation of **C,™N-labeled adenine and hypoxanthine

The preparation of-*C,®N-labelled adenine and hypoxanthine was performgd b
Albrecht Vélklein as part of his Master thesi¥C ®N-labeled adenine was prepared via
the acidic hydrolysis of*C**N-labelled ATP (Silantes) as described (Noeskel.,
2005). *C,>N-labeled hypoxanthine was prepared via oxidatién'e *N-labelled
adenine with sodium nitrite as reported (Noestia., 2007).

2.3.  Preparation of riboswitch RNAs byin vitro transcription

For this PhD thesis, five different riboswitch RNAsere prepared byin vitro

transcription.

- 112-nucleotide widd adenine riboswitch fronVibrio vulnificus CMCP6 {*?Asw)
was prepared bin vitro transcription from a PCR product and purified ABAE
anion exchange chromatography and HPLC

- 2Asw mutant apoBras Was prepared byn vitro transcription from a linearized
plasmid and purified via DEAE anion exchange chrogi@aphy and HPLC

- 127-nucleotide wt Asw't’Asw) from Vibrio vulnificus CMCP6 was prepared by
vitro transcription from a PCR product and purified B&AE anion exchange
chromatography and preparative denaturing polyaoride gel electrophoresis

- A 66-nucleotidepbuE adenine aptamer fronBacillus subtilis was prepared by
Albrecht Volklein as part of his Master thesis iloyvitro transcription from a PCR
product and purified via DEAE anion exchange chrimgia@aphy and HPLC

- An 80-nucleotidexpt guanine aptamer variant froBacillus subtilis was prepared by
Albrecht Vdlklein as part of his Master thesis by vitro transcription from a
linearized plasmid and purified via DEAE anion exebe chromatography and
HPLC

The preparation procedure is described in detdherfollowing chapter.
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2.3.1. DNA templates

The DNA template sequences usedifovitro transcription are given in Table 2.

Table 2: DNA sequences used foin vitro transcription of riboswitch RNAs (written in 5’ to 3’
direction)

GAATTCTAATACGACTCACTATAGGGAGA

GCTTCATA
2Asw wt DNA TAATCCTAATGATATGGTTTGGGAGTTTCTACCAAGAGCCTT
AAACTCTTGATTATGAAGTCTGTCGCTTTATCCGAAATTTTAT
AAAGAGAAGACTCATGAAT ATT

Forward Primer TAATACGACTCACTATAGG
Reverse Primer ATTCATGAGTCTTCTCTTTAT

GAATTCTAATACGACTCACTATAGGGAGA

GCGCCAT
1275w apoBsrag DNA P ATAATCCTAATGATATGGTTTGGGCGTTTCTACCAAGAGCCT
TAAACTCTTGATTATGAAGTCTGTCGCTTTATCCGAAATTTTA
TAAAGAGAAGACTCATGAAT ATT

GAATTCTAATACGACTCACTATAGGGAGA

GCTTCATA
127Asw wt DNA© TAATCCTAATGATATGGTTTGGGAGTTTCTACCAAGAGCCTT
AAACTCTTGATTATGAAGTCTGTCGCTTTATCCGAAATTTTAT
AAAGAGAAGACTCATGAAT ATT

Forward Primer TAATACGACTCACTATAGG
Reverse Primer CGGCAGGTCAAAGTAATTCATGAGTCTTCTCTTTAT

TAATACGACTCACTATAGGCTTGT
pbuE adenine aptamer DNA | ATAACCTCAATAATATGGTTTGAGGGTGTCTACCAGGAACCG

TAAAATCCTGATTACAA
Forward Primer TAATACGACTCACTATAGG
Reverse Primer TTGTAATCAGGATTTTACGG

GAATTCTAATACGACTCACTATAGGAACACTCATATAACTGC
Xpt guanine aptamer DNA GTGGATATGGCACGCAGGTTTCTACCGGGCACCGTAAATGTC
CGACTATGGGTGAGCAATG

% The DNA was provided by Anke Reining as an inserthe pUC57 plasmid. The colour coding is as foflo®coRI restriction site
(brown), T7 promotor (purple), hammerhead ribozyfaey), “*?Asw wt (black), 3-extension of Sspl restrictionies{red), BamH1
restriction site (orange}*?Asw wt was prepared bin vitro transcription of a PCR product from the plasmitie Bmployed PCR
Erimers are indicated and were ordered at MWG EuwsqHPLC purified oligonucleotides).

The DNA was purchased at GenScript as insert ipt@57 plasmid. The colour coding is as descrileal 1'?Asw apoBsrag was
prepared byn vitro transcription of the linearized plasmid obtaingd3spl restriction digest.
©127aAsw wt was prepared hiyi vitro transcription of a PCR product from the pUC57 pisof “?Asw. The employed PCR primers
are indicated and were ordered at MWG Eurofins (ERLrified oligonucleotides). The 5’ extension loé reverse primer that yields
the 3’ extension of’Asw is underlined.
4 The dsDNA template was provided by Senada Nozindihe colour coding is as follows: 5’ overhang {grél 7 promotor (purple),
66-nucleotideobuE adenine aptamer (blacKhe pbuE adenine aptamer was preparedrbyitro transcription of a PCR product of the
dsDNA. The employed PCR primers are indicated amwrdered at MWG Eurofins (HPLC purified oligotaatides).
® The DNA template was provided by Hannah Steinerarasnsert in the pUC19 plasmid. The colour codings follows: EcoRlI
restriction site (brown), T7 promotor (purple), BGeleotidexpt guanine aptamer (black), 3'-extension of BamHZrig®n site
(orange). Thept guanine aptamer was preparedibyitro transcription of the linearized plasmid obtaingdBsrDI restriction digest.
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2.3.2. Plasmid DNA Mega prep

The pUC57 or pUC19 DNA plasmid with riboswitch seqoe insert (see Table ...) was
amplified in DH% competent. coli cells (Thermo Fisher Scientific) and isolated gsin
the Nucleobond® PC 2000 plasmid DNA purificationt KMacherey Nagel). For
transformation, 20 pL cells were added to 0.5 pdsplid DNA (c ~300 ng/pL) in a pre-
chilled 1.5 uL Eppendorf tube. The mixture waskiéid gently, incubated on ice for
30 min, subjected to a heat shock in a water 42 &C for 30 s and again cooled on ice
for 5 min. Subsequently, 980 pL LB medium were added the cells were incubated in
a thermoshaker (37°C, 150 rpm, 1 h). 100 pL ofc#le suspension were then spread on
an LB/ampicillin agar plate and incubated at 370%@r night. For a starter culture, 5 mL
LB medium containing 100 mg/L ampicillin were indated with a single colony of the
LB/ampicillin agar plate and incubated in a therhadser (37°C, 150 rpm, 8 h). The
starter culture was used to inoculate a 1 L LB/api main culture, which was grown
over night in a thermoshaker (37°C, 150 rpm). Télksavere harvested by centrifugation
(4000 x g, 4 °C, 15 min). Plasmid isolation was nthperformed according to the
manufacturer's manual of the Nucleobond® PC 20Q&smid DNA purification Kit.
Briefly, the cells were resuspended in 10 mL Bufdr per gram cell pellet, lysed by
addition of 1 vol Buffer S2 following 5 min incubah at room temperature, diluted to
1.5 vol with ice-cold Buffer S3 and chilled on ider 5 min. After centrifugation
(38000 x g, 30 min) the lysate was cleared by vacdiltration over a 0.4 micron
membrane filter. The AX-2000 gravity flow column svaquilibrated with 20 mL buffer
N2 prior to loading the lysate. It was then washatth 70 mL buffer N3 and eluted with
25 mL buffer N5. The plasmid DNA was precipitatedduldition of 18 mL isopropanol,
pelleted by centrifugation (10000 x g, 4°C, 1 hdaeconstituted in 1 mL water. The
DNA concentration was determined by UV/vis spedopy (see section 2.1.1). The
sequence identity was confirmed by Sanger Sequgnwith the M13 uni primer
(Eurofins Genomics).

2.3.3. Plasmid linearization by enzymatic restriction digestion

Linearization of the plasmid DNA templates by enagim restriction at the 3’ end of the
riboswitch coding sequence was performed with S@¢éw England Biolabs) for
apoBstag %Asw in pUC57 and with BsrDI (New England Biolabsy thexpt guanine
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aptamer in pUC19. For the restriction digest widplS2 mg DNA were incubated with
1000 U Sspl in 4 mL Sspl restriction buffer at @7f6r 16 h. For the restriction digest
with BsrDI, 1 mg DNA was incubated with 250 U BsrBhd 0.25 mg BSA in 2.5 mL
NEBuffer2 at 65°C for 8 h following heating at °8 for 20 min for enzyme
inactivation. Completion of the restriction digestas verified by agarose gel
electrophoresis (see section 2.1.2). The lineargledmid was then isolated from the
enzymatic reaction mixture by phenol chloroformragtion. The mixture was extracted 3
times with 1 vol Roti®-Phenol-Chloroform-lsoamylcahol (25:24:1, pH 7,5-8,0; Carl
Roth) and 3 times with 1 vol of chloroform. In eatiraction step rapid phase separation
was achieved by centrifugation (10000 x g, 4 °@)ib). The DNA was then precipitated
from the aqueous phase by addition of 0.1 vol 3 #DNc pH 5.2 and 2.5 vol ice-cold
abs. ethanol and subsequent cooling at -80 °C @Gomin. The DNA was pelleted by
centrifugation (10000 x g, 4 °C, 30 min), washethwi5 mL 70% ethanol, centrifuged a
second time (10000 x g, 4 °C, 15 min), air-dried & min and reconstituted in 1 mL
water. The DNA concentration was determined by UB//\spectroscopy (see
section 2.1.1).

2.3.4. PCR amplification of DNA templates

PCR amplification of DNA templates with a T7 promotforward primer and a
specifically designed reverse primer (see Table wa}y performed as described by
Helmling et al (Helmling et al., 2015). To produce sufficient DNA for a preparatacale

in vitro transcription, a 4 mL batch containing ~2 ng/uLG87 plasmid DNA template,
200 uM dATP, dCTP, dGTP and dTTP, 5 uM forward grirand 5 UM reverse primer in
Phusioff HF buffer (New England Biolabs) was supplementéith ®0 U/mL Phusiofi
High-Fidelity DNA polymerase (New England Biolabd)stributed to a 96-well plate in
80 uL aliquots and subjected to the thermocyclirggqrol indicated in Table 3.

Table 3: PCR cycling protocol for DNA template ampification

Step T [°C] t[s] Repetitions
Initial denaturation 98 °C 120 1
Annealing 49°C 20

Extension 72 °C 15 50
Denaturation 98°C 10

Final hold 4°C 1
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In case of the dsDNA template for theuE adenine aptamer, the PCR was performed at
2.5 mL scale with an initial template concentratair0.02 ng/uL. The PCR product was

analyzed by agarose gel electrophoresis (see s&ttiad?). 10 pL of the PCR product
were purified using the QIAqui€kPCR purification kit (Qiagen). The sequence idgntit
of the purified PCR product was confirmed by San§eguencing with T7 promoter

forward primer (Eurofins Genomics).

2.3.5. Invitro transcription

In vitro transcriptions from linearized plasmids or fromude PCR products were

performed with in-house prepared T7 RNA polymeraséant P266L.

Table 4: Optimized conditions forin vitro transcriptions from linearized plasmids

RNA construct 12Asw apoBstas Xpt guanine aptamer
Tris glutamate pH 8.1 200 mM 200 mM
Magnesium acetate 35 mM 20 mM
rNTP 4mM 12 mM
Spermidine 2 mM 2 mM
Lin. Plasmid 50 ng/uL 50 ng/uL
DTT 20 mM 20 mM
T7 polymerase P266L 0.01 mg/mL 0.01 mg/mL
YIPP - 0.3 U/mL
Batch scale 30 mL 25 mL
Incubation time OIN 4h

Table 5: Optimized conditions forin vitro transcriptions from crude PCR products

RNA construct M2asw 2Ipsw pbuE adenine aptamer
Tris glutamate pH 8.1 200 mM 200 mM 200 mM
Magnesium acetate 30 mM 35 mM 20 mM
INTP 4 mM 6 mM 10 mM
Spermidine 2 mM 2 mM 2 mM
DMSO 20% viv 20% viv 20% viv
Triton-X 0.01% v/v 0.01% viv 0.01% viv
Crude PCR product 15% viv 15% viv 10% viv
DTT 20 mM 20 mM 20 mM
T7 polymerase P266L 0.01 mg/mL 0.01 mg/mL 0.01 ng/m
Batch scale 25mL 25 mL 25 mL
Incubation time OIN 4h OIN
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The transcriptions were carried out with an rNTF nvhose composition matched the
base composition of the synthesized transcript. oswitch RNAs for NMR
experiments were prepared witN-labelled GTP and UTP (Silantes). The transcriptio
conditions were optimized with respect to the?fighe rNTP and the DNA concentration
in small scale test transcriptions (25 uL). Teshscriptions were analysed by denaturing
polyacrylamide gel electrophoresis (see sectior8p.dnd submitted to Elke Stirnal for
guantification of the reaction yield by HPLC-UV/vighe optimal conditions in terms of
product homogeneity and yield were used for prapa&rdranscription and are indicated
in Table 4 for transcriptions from linearized pladmand in Table 5 for transcriptions
from crude PCR products. For preparative transonpt all components except DTT and
T7 polymerase were mixed in a 50 mL Falcon tube @edincubated in a thermoshaker
for temperature equilibration (37°C, 150 rpm, 1@&)mi The mixture was then
supplemented with DTT and T7 polymerase and disteidb equally over five 50 mL
Falcon tubes to achieve efficient homogenizatiomingu shaking. The tubes were
incubated in a thermoshaker for the indicated iatiobh times (37°C, 150 rpm). In case
of the xpt guanine aptamer, yeast inorganic pyrophosphat##eP( New England
Biolabs) was added after 2 h in order to incre&settanscription yield by enzymatic
hydrolysis of pyrophosphate. After incubation, trenscription reactions were stored at -
20 °C until purification of the target RNA.

2.3.6. Initial RNA purification by DEAE anion exchange chromatography

In a first purification step, the transcription cdan mixture was subjected to diethyl-
aminoethyl (DEAE) anion exchange chromatographyrder to remove the enzymes and
non-converted rNTPs. A ~10 mL gravity-flow DEAE-&&pose column was washed with
~100 mL water, incubated with 0.1 % DEPC over nigghtinactivate RNases, washed
with ~200 mL hot water (~60 °C) to remove residD&PC and equilibrated with 70 mL
0.1 M sodium acetate, pH 5.5. The transcriptionctiea mixture was centrifuged
(8000 x g, 4 °C, 30 min) to remove precipitatect.s@he salt pellet was washed with
10 mL water and re-pelleted by centrifugation (8&0f) 4 °C, 20 min). The combined
supernatants were loaded to the column. After wasivmth 30 mL 0.1 M sodium acetate
pH 5.5, the RNA was eluted by developing the coluwith 0.6 M (100 mL), 1 M
(70 mL) and 2 M (50 mL) sodium acetate, pH 5.5. €hmte was collected in fractions of
~9mL. For all fractions, the UV absorbance at 860 (Axsg) was measured on a
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NanoDrop ND-1000 spectrophotometer (Thermo Fishaerfiific). Fractions with a

significant absorbance were analysed by denatysolgacrylamide gel electrophoresis
(see section 2.1.3). All target RNA containing fraes were diluted with water to a salt
concentration of 0.6 M sodium acetate, diluted wahs. ethanol to an ethanol
concentration of 70% v/v and cooled at -20°C ovighta The precipitated RNA was
pelleted by centrifugation (8500 x g, 4 °C, 30 miajr-dried at room temperature for
15 min and reconstituted in water at a concentmatib~100 Ago units for purification

via HPLC or at a concentration of ~100QsAunits for purification via denaturing

polyacrylamide gel electrophoresis.

2.3.7. RNA purification by HPLC

After DEAE anion exchange chromatography, reversemse HPLC purification was
performed by Elke Stirnal on a Hitachi D-7000 HPk@stem with a UV/vis detector
using a Perfectsil RP 18 column (10 x 250 mm) amal following two solvents: (A)
50 mM KH,POYK,HPOy, 2 mM tetrabutylammonium bisulfate, pH 5.9, (B)h&mt A
with 60% v/v acetonitrile. In case of wt and apel '*Asw, a separation of the
riboswitch and the hammerhead RNA was achieved ¢gmadient from 42% B to 48% B
over 25 min at a flow rate of 5 mL/min. For tipbuE adenine aptamer and thxpt
guanine aptamer, a linear gradient from 42% B t&# 450ver 25 min at a flow rate of 5
mL/min was used to separate the target RNA fromstaption abortion and degradation
fragments. Fractions were collected manually. Alitained HPLC fractions were
analyzed by denaturing polyacrylamide gel electoopbis. Fractions of comparable
purity were lyophilized, reconstituted in water,ndained, and desalted by solvent
exchange into water via Vivaspin 20 centrifugal @amtrators (5 kDa cutoff; Sartorius).
All centrifugation steps were carried out at 4509 and 8 °C. The solvent exchange was
performed until a constant UV-absorbance ratigyA.qoo was reached. The RNA was
subsequently concentrated to ~5@sAunits and precipitated via addition of 5 vol 2%
lithium perchlorate in acetone and subsequentga@lt -20 °C over night. The RNA was
pelleted by centrifugation (8500 x g, 4°C, 30 mingished with 70% ethanol, centrifuged
again (8500 x g, 4°C, 15 min), air-dried at roomperature for 15 min and reconstituted

in water at ~300 Ao units for folding.
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2.3.8. RNA purification by preparative polyacrylamide gel electrophoresis

As a substitute for HPLC purificatiort?’Asw was purified via a 16.0 x 47.5 cm 8%
denaturing polyacrylamide gel using a TVS1000 segee electrophoresis system
(Biostep) connected to a high-voltage electrophsreswer supply (PowerPac 3000,
Biorad). The gel was prepared with 250 mL 8% v/ykenide bis-acrylamide (29:1) and
7 M urea in 2x TBE buffer (1x: 90 mM Tris, 90 mMmacid, 2 mM EDTA, pH 8.0)
and polymerized by addition of 0.1% w/v ammoniumsp#ate and 0.1% v/v TEMED.
The RNA sample containintf’/Asw and hammerhead RNA (0.7 mL, ~1008sAInits)
was mixed with an equal volume of formamide loadmgfer (90% v/v formamide,
90 mM Tris, 90 mM boric acid, 2 mM EDTA) and loadadjacent to a small reference
lane containing formamide loading buffer with 0.08% bromophenol blue and 0.01%
w/v xylene cyanol. The gel was run in TBE buffer #oh at a constant power of 50 W

under cooling with the integrated ventilator of I¢S1000 sequencer.

The bands were visualized at the long edge of #idyg UV-shadowing (254 nm). The
target band was excised avoiding the illuminategiore and cut into three slices that were
each granulated by pushing the slice through aaggrand subsequently frozen at -80 °C
for 15 min in order to facilitate the elution ofetiRNA. The granulated slices were eluted
in separate falcon tubes, each containing 16.5 rAllMDsodium acetate pH 5.5, by fixing
the tubes on top of an Eppendorf thermoshaker (@@0 r.t., over night). The combined
eluates were filtered through a sterile Corfiifgpttle top vacuum filer system with
0.2 um pore size (Sigma-Aldrich), diluted with 2@ abs. ethanol and cooled at -20 °C
for 3 h to precipitate the RNA. The RNA was peltetey centrifugation (8500 x g, 4°C,
30 min), air-dried at room temperature for 15 mmd aeconstituted in water at ~5Q¢6
units. The RNA was then precipitated by addition50¥ol 2% lithium perchlorate in
acetone and cooling at -20 °C for at least 4 Hefeel by centrifugation (8500 x g, 4°C,
30 min), air-dried at room temperature for 15 nma aeconstituted in water at ~5G¢6\
units. The lithium perchlorate precipitation waspeated two times to minimize
contamination by low-molecular weight acrylamiddieh the third lithium perchlorate

precipitation, the RNA was reconstituted in watier300 Ao units for folding.
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2.3.9. RNA folding and buffer exchange

After purification, allin vitro transcribed RNAs were folded at high concentrafion
water (~300 Agp units) by denaturation at 95 °C for 5 min folloginapid dilution with

9 vol ice cold water and incubation in ice for 1The folded RNAs were then buffer
exchanged into 99.9% NMR buffer (25 mMMHPO/KHPO,, 50 mM KCI, pH 6.2) by
repeated dilution cycles in Vivaspin 2 centrifugahcentrators (5 kDa cutoff; Sartorius).
All centrifugation steps were carried out at 4500 »and 6 °C. The RNAs were then
concentrated to concentrations between 0.3 andnM6éand stored at 4 °C. The RNA
concentrations were determined by UV/vis spectrpgdeee section 2.1.1). Homogenous
folding of the RNAs was verified by native polyaleamide gel electrophoresis (see
section 2.1.4).

2.4. Preparation of fluorophore-labelled riboswitch RNAs

2.4.1. Construct design

For this PhD thesis, several Cy3/Cy5-labelled aowss of the 112-nucleotide and the
127-nucleotideadd adenine riboswitch fronVibrio vulnificus CMCP6 were prepared.
The constructs were assembled out of three oligentide fragments by DNA-splinted
enzymatic ligation (Figure 12A). The oligonucle@tsdwere purchased from Dharmacon.
Their sequences are shown in Table 6. Each olideatide fragment contained a single
5-aminoallyl-modified uridine residue at L2 (U3&B (U62) and P5 (U92), respectively,
and could be inserted in the unlabelled form oaifluorophore-labelled form. For the
fluorophore-labelled fragments, Cy3 or Cy5 wasdchga to the 5-aminoallyl-modified
uridine by peptide coupling with aN-hydroxysuccinimide ester derivative of the dye
(Figure 12B). Using this fragment-based approadte following constructs were

prepared. The detailed preparation is describédeimext sections.

- Four single-fluorophore-labelléd’Asw wt constructs
o L2-Cy3
o L3-Cy5
o P5-Cy3
o P5-Cy5
- Three dual-fluorophore-labelléd’Asw wt FRET constructs
0 L2-Cy3/L3-Cy5
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0 L2-Cy3/P5-Cy5
0 L3-Cy5/P5-Cy3
- One dual-fluorophore-labelléd®Asw mutant apoBras FRET construct
0 L2-Cy3/L3-Cy5
- One dual-fluorophore-labelléd®Asw mutant apoAras FRET construct
0 L2-Cy3/L3-Cy5
- Two dual-fluorophore-labelletf’Asw wt FRET constructs
0 L2-Cy3/L3-Cy5
0 L3-Cy5/P5-Cy3
- Two dual-fluorophore-labelletf’Asw apoBstas FRET constructs
0 L2-Cy3/L3-Cy5
0 L3-Cy5/P5-Cy3
- Two dual-fluorophore-labelletf’Asw apoAsas FRET constructs
0 L2-Cy3/L3-Cy5
o L3-Cy5/P5-Cy3

Table 6: Oligonucleotide sequences (written in 5at3’ direction) used for the DNA splinted ligations

Fragment 1
112ASW 127ASW
wt ' GCUUCAUAUAAUCCUAAUGAUA(5-N-U) GGUUUGGGAGUUUCUAC
112ASW 127ASW
apoBs ' GCGCCAUAUAAUCCUAAUGAUA(5-N-U)GGUUUGGGCGUUUCUAC
TAB
112ASW 127ASW
apoA ' GCUUCAUAUAAUCCUCGUGAUA(5-N-U)GGUCGGGGAGUUUCUAC
TAB
Fragment 2
112ASW 127ASW
N p-CAAGAGCC(5-N-U)UAAACUCUUGAUUAUGAAGUCUGUC
all variants
Fragment 3
112
ASV\{ p-GCUU(5-N-U)AUCCGAAAUUUUAUAAAGAGAAGACUCAUGAAU-bi
all variants
27Asw, p-GCUU(5-N-U)AUCCGAAAUUUUAUAAAGAGAAGACUCAUGAAUUAC
all variants UUUGACCUGCCG-hi

DNA splint®

ATTCATGAGTCTTCTCTTTATAAAATTTCGGATAAAGCGACAGACTTCATAATCAAGAGTT
TAAGGCTCTTGGTAGAAACTCCCAAACCATATCATTAGGATTATATGAAGC

# Mutated residues are underlined, dye-modificatitessare highlighted in yellow; abbreviations: Staoallyl-modified uridine (5-
N-U), 5'-phosphate (p), 3'-biotin linker (bi)
The DNA splint with thé*?Asw wt reverse-complement sequence was used foomditruct preparations
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Figure 12: (A) Reaction scheme for the assembly of the full-leragith adenine riboswitch (heré*?Asw
wt) from 3 oligonucleotide fragments by DNA-splidtenzymatic ligation. The ligation sites in thel{ul
length ligation product are indicated in blue. 5Siamallyl-modified uridine residues for dye-attachthare
indicated with yellow stars. The 3'-biotin linkBar surface immobilization is represented as a goty(B)
Reaction scheme for the cyanine dye-coupling tontiraallyl-modified uridines(C) Chemical formula of
the 3’-biotin modification.

2.4.2. Dye coupling and deprotection of RNA oligonucleotids

The 2’-ACE protected RNA oligonucleotides, théd Asw fragments 1, 2 and 3 (Table
...), were obtained as solid pellets from Dharmaconl @ach reconstituted at a
concentration of 1 mM in water. For dye couplingdameprotection, 30 pL

oligonucleotide solution were first subjected toedinanol precipitation by adding 0.1 vol
3 M sodium acetate pH 5.2 and 2.3 vol abs. ethamual, cooling at -80 °C for 10 min.
The RNA was pelleted by centrifugation in a benphtentrifuge (13000 rpm, -4 °C,
15 min), dried by heating at 95 °C for 30 s andnstituted in 20 uL 100 mM sodium
bicarbonate for dye coupling, or in 200 uL deprotec buffer (100 mM acetic acid

adjusted to pH 3.8 with TEMED; Dharmacon) for depotion.

For dye coupling, the dye of a Cy3 or Cy5 Mono-Rieaadye pack vial (Amersham) was
dissolved in 20 uL DMSO and mixed with the oligoleatide in 20 pL 100 mM sodium

bicarbonate. The mixture was incubated under exuoiusf light at room temperature for
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90 min. The RNA was then precipitated by additi®®.4 vol 3 M sodium acetate pH 5.2
and 2.3 vol abs. ethanol and cooling at -80 °C X0min. After centrifugation in a
benchtop centrifuge (13000 rpm, -4 °C, 20 min) pledlet was air-dried for 5 min and
reconstituted in 200 pL deprotection buffer.

For deprotection, dye-labelled or unlabeled RNAa@tucleotides in 200 pL deprotection
buffer were heated at 60 °C for 30 min. For thdi8tinylatedadd Asw fragments 3, the
incubation time was increased to 2 h. Dye-labedliggbnucleotides were incubated under
exclusion of light. After incubation, the RNA wagepipitated by addition of 0.1 vol 3 M
sodium acetate pH 5.2 and 2.3 vol abs. ethanol,canting at - 80 °C for 10 min. The
precipitated RNA was pelleted by centrifugation ia benchtop centrifuge
(13000 rpm, -4 °C, 20 min) and air-dried for 5 mlgnlabeled RNA oligonucleotides
were reconstituted in 200 pL water, subjected taMisv/spectroscopy for concentration
measurement (see section 2.1.1) and stored atC.2Dye-labelled RNA oligonucleotide
samples were reconstituted in 60 pL TEAA bufferQ(t@M triethylamine adjusted to pH
7.0 with acetic acid) for HPLC purification.

2.4.3. HPLC purification of dye-labelled RNA oligonucleotides

HPLC purification of dye-labelled RNA oligonucledéis was carried out on an Akta
purifier using a Kromasil C8 HPLC column (250 x 4i&1) and the following two
solvents: (A) 100 mM triethylamine adjusted to pl9 With acetic acid, (B) acetonitrile.
Prior to loading, the oligonucleotide samples weeated at 60 °C for 3 min. Separation
of the unlabeled and dye-labelled RNA was achidsedmploying a linear gradient from
0% B to 100% B over 160 min at a flow rate of 0.6/min. The elution was monitored
by simultaneous detection of the UV/vis absorptainthe RNA and the fluorophore
absorption maximum. Fractions of dye-labelled RNA&rsv collected manually. The
fractions were subjected to centrifugation in arpéorf Vacufuge plus concentrator
(10 min, 30 °C, vacuum setting.y. The RNA was then precipitated by addition of
0.1 vol 3 M sodium acetate pH 5.2 and 2.3 vol atkanol and cooling at -80 °C for
10 min. After centrifugation in a benchtop centgiéu (13000 rpm, -4 °C, 15 min) the
RNA pellets of each fraction were air-dried for fnnand reconstituted in water at ~30
Ago Units. The fractions were analyzed by denaturiolggcrylamide gel electrophoresis
(see section 2.1.3) and by UV/vis spectroscopyctinas that showed a single band on
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the denaturing gel and a comparable UV/vis absamptatio at the fluorophore over the

RNA absorption maximum were combined and storecusgclusion of light at -20 °C.

2.4.4. DNA splinted enzymatic RNA ligation

The fluorophore-labelled full-lengtradd Asw constructs (see section 2.4.1) were
assembled from the three oligonucleotide fragmegt®NA splinted ligations with T4
RNA ligase 2 (New England Biolabs). Ligation rean8 were performed under exclusion
of light on 450 pmol scale. The three oligonucleesi and the DNA splint were annealed
at 2 uM concentration in T4 RNA ligase 2 buffer (NEngland Biolabs) containing 20%
viv PEG 8000 by heating at 75 °C for 3 min and igpat room temperature for 10 min.
The mixture was incubated with 200 U/mL T4 RNA Bga2 (New England Biolabs) at
37 °C for 1 h. Then 70 U/mL T4 RNA ligase 2 wereded and the incubation was
continued for 30 min, before 70 U/mL Turbo DNasan#on) were added for another
30 min incubation time. Finally, the mixture wadragted three times with 1 vol Roti®-
Aqua-P/C/1 (Carl Roth) and twice with chloroforrm éach extraction step rapid phase
separation was achieved by centrifugation in a hpc centrifuge (2000 rpm, 4 °C,
3 min). The RNA was then precipitated from the agsephase by addition of 0.1 vol
5 M ammonium acetate and 2.5 vol abs. ethanol,canting at -80 °C for 10 min. The
precipitated RNA was pelleted by centrifugationaitbenchtop centrifuge (13000 rpm, -
4 °C, 30 min), dried in an Eppendorf Vacufuge ptoacentrator (2 min, 30 °C, vacuum
setting V) and reconstituted in a mixture of 12 uL water d2duL formamide buffer
(90% v/v formamide, 90 mM Tris, 90 mM boric acidm® EDTA) for purification by
denaturing polyacrylamide gel electrophoresis.

2.4.5. RNA purification

The full-lengthadd Asw RNA was purified from ligation by-products lmenaturing
polyacrylamide gel electrophoresis using a Multiggistem (Biometra). Gels were
prepared with 10 mL 10% v/v acrylamide bis-acrylden(29:1) in 2x TBE buffer (1x:
90 mM Tris, 90 mM boric acid, 2 mM EDTA, pH 8.0)twi8 M urea and polymerized by
addition of 0.1% w/v ammonium persulfate and 0.186 MEMED. The gel was pre-run

in TBE buffer at 225 V for 10 min. The crude ligatiproduct was loaded adjacent to a
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reference lane containing 3% of the ligation praduiche gel was then run under
exclusion of light at 225 V for 30 min. The tardpetnd was identified by eye, excised and
frozen at -80 °C for10 min. Successful excision of the desired band sudsequently
verified by imaging the gel via fluorescence detetton a Tayphoon scanner (GE
Healthcare). The RNA was eluted from the gel slitel00 uL 0.5 M ammonium by
shaking in an Eppendorf thermoshaker (450 rpm, oser night) and precipitated by
adding 2.5 vol abs. ethanol and cooling at -806€ 15 h. The precipitated RNA was
pelleted by centrifugation in a benchtop centrif @000 rpm, -4 °C, 60 min), dried in
an Eppendorf Vacufuge plus concentrator (5 min,°80 vacuum setting }) and
reconstituted in 17 pL water. The concentration determined by UV/vis spectroscopy
via the absorbance of the RNA (see section 2.IThe sample was stored under
exclusion of light at -20 °C.

2.4.6. Validation of RNA folding

Prior to biophysical analysis, small aliquots ofe tifluorophore-labelledadd Asw
constructs were folded at low nM concentration mMFRET immobilization buffer
(25 mM potassium phosphate pH 7.0, 50 mM potassilioride) by heating at 85 °C for
3 min and subsequent cooling at room temperatur&3anin. For each construct, it was
verified in a separate experiment that the RNA leixtbdl a homogenous fold after this
folding protocol. For this, 0.5 pmol RNA were foltlen 10uL smFRET buffer and

analysed via native polyacrylamide gel electropbisrésee section 2.1.4).

2.5.  NMR spectroscopy

All NMR samples were prepared in NMR buffer (25 nilyHPOJ/KH,PO4, 50 mM KCl,

pH 6.2) with 90% HO / 10% DO and 100 pM DSS as interndH chemical shift
standard. >N chemical shifts were indirectly referenced witthet = ratio
0.101329118 (Wisharet al., 1995). All spectra were acquired at Bruker Avance
spectrometers and processed in Topspin 3.1.

'H,®N-BEST-TROSY spectra of RNA imino protons were acquired on &0 81Hz
spectrometer with a 5 mm TXI cry#d, >N, *C Z-GRD probe using a pulse program
with the modifications proposed by Brutscleeal. (Favier and Brutscher, 2011; Solyom
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et al., 2013). In the direct dimension, 2048 data pomse recorded at a spectral width
of 25 ppm with théH transmitter frequency offset at the water resoadnequency. For
the indirect dimension, 256 points were collected apectral width of 28 ppm with the
>N transmitter frequency offset at 153 ppm. The INEfelay was set to 2.7 ms. The
lengths of the BEST-TROSY shaped pulses were @ledilsuch that optimal excitation
of the imino proton chemical shift region of 12.80 ppm was achieved. The relaxation
delay was set to 0.5 s. For processing, 1024*258& pgaints were Fourier transformed
employing a shifted quadratic sine bell window fume (sine bell shift 2). A phase
correction and an automated baseline correctiothén'H dimension of the spectrum
between 5 and 16 ppm was performed. The chemidéik slere corrected for the
TROSY shift by subtracting 47 Hz from thid spectrum reference frequency and adding
47 Hz to the™N spectrum reference frequency. The spectra watheiuevaluated in
Sparky 3.114 (Goddard and Kneller, 2008) to exttlaetimino signal intensities as peak
heights.

'H,">N-HSQC spectra of RNA imino protons were recorded on @ BHz spectrometer
with a 5 mm TCI crydH, *N, **C Z-GRD probe using the FHSQC pulse sequence with
a binomial WATERGATE for water suppression (Magt al., 1995). In the direct
dimension, 2048 data points were acquired at atispasidth of 25 ppm with théH
transmitter frequency offset at the water resondmezpiency. For the indirect dimension,
200 points were collected at a spectral width ofpg® with the™N transmitter
frequency offset at 153 ppm. The INEPT delay wass2.3 ms. The delay for binomial
water suppression was 66.7 ps (2*DW). Heteronudieaoupling during®N chemical
shift evolution was achieved via a 180° hard polséH. For composite pulse decoupling
during acquisition, the GARP scheme was used (Shall&Keeler, 1987). The relaxation
delay was set to 1.5 s. For processing, 1024*2@8 pdaints were Fourier transformed
employing a shifted quadratic sine bell window fume (sine bell shift 2). A phase
correction and an automated baseline correctiothén'H dimension of the spectrum
between 5 and 15 ppm was performed. The spectra fuether evaluated in Sparky

3.114 (Goddard and Kneller, 2008) to extract theansignal intensities as peak heights.

'H,'H-NOESY spectra of RNA imino protons were recorded on @96iz spectrometer
with a TXI cryo*H,"™N,**C Z-GRD probe using a pulse program with jump-retwater
suppression (Skleh&nd Bax, 1987) and a transmitter frequency ofésatch between

the direct and the indirect dimension. In the diréenension, 2048 data points were
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recorded at a spectral width of 23.6 ppm with tHetransmitter frequency offset at the
water resonance frequency. For the indirect dinmensré68 points were collected at a
spectral width of 16 ppm with tH#l transmitter frequency offset at 7.3 ppm. The mxi
time was 150 ms. The jump-return echo delay was 2%. Heteronuclear decoupling
during chemical shift evolution in the indirect dinsion was achieved via a 180° hard
pulse on™N. The *N transmitter frequency offset was set to 153 ppior. composite
pulse decoupling during acquisition, the GARP sobhemas used (Shaka and Keeler,
1987). The relaxation delay was 1.5s. For proogssihe FIDs were zero-filled to
4096*2048 data points and Fourier transformed epnmpdpa shifted quadratic sine bell
window function (sine bell shift 2). A phase cotien and an automated baseline
correction in the direct dimension of the spectthetween 5 and 15 ppm was performed.
Assignment of the spectra was performed in Sparky8B(Goddard and Kneller, 2008).

'H-WaterLOGSY experiments were performed on a 600 MHz spectrenegjuipped with

a 5 mm TXI*H, N, *C Z-GRD probe using the pulse sequence developddiahyt et

al. (Dalvit et al., 2000, 2001). 16384 data points were recorded sjieatral width of
14 ppm with the'H transmitter frequency offset at the water resopafiequency. To
suppress RNA resonances, a Carr-Purcell-Meibooin-@PMG) pulse train was
employed after NOE mixing (Van, Chmurny and Veems?003). Water suppression was
achieved by excitation sculpting. The NOE mixingdiand relaxation delay were 2 s and
2.5 s, respectively. For processing, the FIDs wen®-filled to 32768 data points and
Fourier transformed employing an e-function (limedzdening factor 4 Hz). The spectra
were phase corrected and manually baseline codrdiéveen 7 and 9 ppm. Relative
signal intensities of a series of waterLOGSY szeutere obtained by integration via the
ERETIC tool.

’Li 1D experiments were performed on a 300 MHz spectrameith a 5 mm BBFO
probe. 16384 data points were recorded at a speagtttn of 32 ppm with the transmitter
frequency offset at 0 ppm. The relaxation delay setdo 120 s. For processing, the FIDs
were zero-filled to 32768 data points and Founangformed employing an e-function

(line broadening factor 1 Hz). The spectra weresplarrected and baseline corrected.

’Li inversion recovery experiments of L'i were performed on a 300 MHz spectrometer
with a 5 mm BBFO probe using the Bruker tlir pusegram. In the direct dimension,
37280 data points were recorded at a spectral wadtB2 ppm with the transmitter
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frequency offset at 0 ppm. For the indirect dimensof the pseudo-2D experiment, a
variable delay list was specified with the inversiecovery delays 180s, 60s, 40 s, 30 s,
20s,15s,10s,5s, 3s,and 1 s. The relaxdetay was set to 180 s. For processing, the
FIDs were stripped to 32768 data points and Fotnagsformed employing an e-function
(line broadening factor 1 Hz). The spectra werespheorrected and baseline corrected.
The relative intensities of the “Liresonance were determined by integration with the
ERETIC tool.

2.6. Fluorescence binding assays with 2-aminopurine

Equilibrium binding of the fluorescent adenine agale 2-aminopurine tadd Asw RNA
was monitored by measuring the fluorescence of Rw@purine in presence of an
increasing excess @idd Asw. 200 pL samples containing 50 nM 2-aminopyrihenM
MgCl, and 0 - 2.5 uMn vitro transcribed"*?Asw wt or 0 - 10 pMin vitro transcribed
12Asw apoBstag Were prepared in NMR buffer (25 mM,KPO/KH,PQO,, 50 mM KCl,
pH 6.2) and kept on ice until measurement. Blank@as contained 2 mM Mggin
NMR buffer. Fluorescence spectroscopy was performed a Fluorolog-3
spectrophotometer (Horiba Scientific) at 25 °C. &sion spectra were recorded after a
temperature equilibration time of 5 min by accuntino@2 scans at a bandwidth of 9 nm
and a response time of 200 ms. The excitation wagth was 300 nm and the monitored
emission range was 330-550 nm at a data intervalroh. Data analysis was performed
in Origin 9G. The blank spectra were subtractednfrthe sample spectra and the
fluorescence intensities were picked at 370 nrmatoutate the quantity

dF _F(0)=F(c)

F F(0)
where F(0) denotes the 2-aminopurine fluorescememsity in absence of RNA and F(c)
the 2-aminopurine fluorescence intensity at the RB@ncentration c. Under the
approximation that in presence of RNA, the totalRdbncentration equals the free RNA
concentration, since the RNA is in large excess @aminopurine, and that binding
occurs with 1:1 stoichiometry, dF/F as a functibic avas fitted by

¥ _ 0y
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F " Koapp + €
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to determine the 2-aminopurine dissociation corns(@m ) and the ratio of the
fluorescence response coefficients of 2-aminopurirtke RNA bound state over the free
state ).

2.7. Bulk fluorescence anisotropy measurements on Cyd Cy5

Bulk fluorescence anisotropy measurements werepaed at 20 °C on a FluoroMax-4
spectrophotometer (Horiba Scientific) in L-formatognetry. Samples containing 8 nM
Cy3, Cy5, Cy3-coupled t6"*Asw or Cy5-coupled td*?Asw were prepared in 500 pL
SMFRET immobilization buffer (25 mM potassium phuasie pH 7.0, 50 mM potassium
chloride). For the free dyes, the sample conceaatratwere adjusted via the fluorophore
extinction coefficients gs(Cy5) = 250 mMem™, esso(Cy3) = 150 mMem®), and for
the RNA-coupled dyes, the sample concentration® \@djusted via the RNA extinction
coefficient €26 ?Asw) = 1052 mMcmY). The samples were heated at 85 °C for 3 min,
subsequently cooled at room temperature for 10 ahlnfed with an equal volume of
4 mM MgClL in smFRET immobilization buffer and then kept oe until measurement.
After a temperature equilibration time of 2 mingetifluorescence anisotropies were
measured in accumulations of 20 scans at constaritagon / emission wavelengths
525 nm /565 nm for Cy3 and 625 nm / 665 nm for .Cyte integration time was 100 ms
and the excitation and emission bandwidth were 7Time fluorescence anisotropy r was
calculated as r =\ - G*lvy) / (lw + 2G*lyy) where |y denotes the intensity of vertically
polarized emission and4 the intensity of horizontally polarized emissiontetged at
excitation with vertically polarized light. The eection factor G =/J\/Ipy (G = 0.71 for
Cy3 and G = 0.51 for Cy5) that corrects for thdedént detection efficiency of vertically
and horizontally polarized light was determinednirdhe intensity dy of vertically
polarized emission and the intensity, lof horizontally polarized emission measured at
excitation with horizontally polarized light. Thebsence of significant background
fluorescence intensity in the measurement\Qf ln, Inv and hy was confirmed by

measuring blank samples of 2 mM #Mdn smFRET immobilization buffer.
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2.8. Single-molecule FRET spectroscopy
2.8.1. Sample preparation

For single-molecule fluorescence measurementr@d@ FRET construct were folded at
1 nM concentration in sSmFRET immobilization bufgé mM K;HPOJ/KHPO,, 50 mM
KCI, pH 7.0) by 3 min denaturation at 85 °C andniis cooling at room temperature.
The folded FRET construct was diluted to a series00 pM RNA samples in sSmFRET
immobilization buffer that were supplemented witfieslent concentrations of Mgehnd

adenine or PEG 6000. The samples were kept omitleneasurement within 24 h.

For all but PEG 6000 containing samples, measuremslees were assembled from
standard glass microscope slides and 24 x 60 mss glaverslips (Carl Roth). The glass
microscope slides were washed in 1 M KOH for 15,nmnwater for 15 min and dried
with compressed air. The glass coverslips werenel@an N plasma for 10 min (Diener
Electronic). Small stripes of parafiim were verligaligned along the long edge of the
glass slide with a ~3 mm spacing to confine measearg channels with ~10 pL volume.
The cleaned surface of the coverslip was gentlgga@ onto the parafilm stripes and the
assembly was fixed by placing the slide onto afi@5eatblock for 1 min. Shortly before
measurement, the channels were flushed with 30 mig/inL biotinylated BSA (Sigma
Aldrich) in buffer T50 (10 mM Tris-HCI, pH 8.0, 56M NaCl) and incubated for
10 min. After washing with 100 pL buffer T50, thbaoinels were flushed with 30 pL
0.2 mg/mL streptavidin (Molecular Probes, ThermshEr Scientific) in buffer T50 and
incubated for 10 min. The channels were then washetth 100 uL smFRET

immobilization buffer. The BSA-biotin-streptavidanated slides were used within 12 h.

Each 100 pM RNA sample was immobilized directlydref measurement. For this, a
channel was first flushed with 2@ smFRET immobilization buffer containing
equivalent concentrations of MgCind adenine to the sample. Thenub®f the RNA
sample were flushed through the channel. Aftemlimgubation, the channel was rinsed
with 125 pL imaging buffer. The imaging buffer inded all components of the
immobilisation buffer, the respective concentrasiamf MgCh and adenine, an enzymatic
oxygen scavenging system (10% glucose, 14 U/mLogeoxidase, 1000 U/mL catalase)
and saturating amounts of trolox. The immobilizatirocedure typically resulted in an
optimal surface density for data acquisition (~300lecules per field of view; i.e. ~0.1

molecules pepm?). If this was not the case, the RNA sample veasnmobilized in a
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fresh channel by diluting the RNA concentratiortted sample or by flushing the channel

with multiples of 50 uL of the RNA sample.

SMFRET measurements of viscous RNA samples with BE@ were performed on
flexiPERM slides (Sarstedt). The flexiPERM silicattachment was placed on a plasma-
cleaned 24 x 60 mm glass coverslip (Carl Roth) tmmpartmentalization of 8
measurement chambers. To immobilize the FRET aactstthe chambers were filled
with 150 uL 1 mg/mL biotinylated BSA (Sigma Aldrichn buffer T50 and incubated for
10 min. After washing twice with 150 pL buffer TSe chambers were incubated with
150 pL 0.2 mg/mL streptavidin (Molecular Probesgifho Fisher Scientific) in buffer
T50 for 10 min. Next, the chambers were washed ewvith 150 uL smFRET
immobilization buffer. Immediately before measuretef an RNA sample, a chamber
was washed twice with 150 smFRET immobilization buffer containing adjusted
MgCl, and PEG concentrations. The chamber was thewl filliéh 150uL of the RNA
sample, and, after 1 min, washed with 150smFRET immobilization buffer containing
adjusted MgGl and PEG. Then, 200 pL imaging buffer were appliedaddition to the
components of the smFRET immobilization buffer, Mgénd PEG, the imaging buffer
included an enzymatic oxygen scavenging system (fd%6ose, 14 U/mL glucose

oxidase, 1000 U/mL catalase) and saturating amaniritslox.

2.8.2. smFRET measurement and analysis

SMFRET experiments were performed at room temperé®2 °C) on a custom objective
type total internal reflection microscopy setuphw#t32 nm laser excitation (Figure 13).
The microscope (IX71, Olympus) was equipped witr@en (532 nm, 150 mW) and a
red (637 nm, 140 mW) diode laser (OBIS, Coherest),acousto-optical tunable filter
(AOTFNnC-400.650-TN, AA Opto-Electronic), a NA 1.00x oil immersion objective
(UPLSAPO100XO, Olympus), a dual view emission 8plif system (DV2,
Photometrics) and an electron multiplying chargeipted device (EMCCD) camera
(iXon 897, Andor Technology) that was computer-operatgdAbdor Solis 4.2. The
ENCCD camera was synchronized with the AOTF via @l Rlelay generator
(BME_SGO08p, Bergmann Messgerate Entwicklung). Beforeasurement of SmFRET
data, a 20-frame calibration *.tif movie of a 1:5@@ution of 0.1 um TetraSpeck

Microspheres (Thermo Fisher Scientific) in phosphatffered saline was acquired. All
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immobilized RNA samples were imaged ~3 min afteffduexchange into imaging
buffer. The fluorescence emission of Cy3 and CyS ve@orded at an integration time of
100 ms with maximum EM gain. For smFRET histograatagd~20 20-frame *.tif movies
were acquired per sample. For smFRET time track8,1500-frame *.tif movies were
recorded per sample. Prior to data analysis, ttieiovies were rotated in the windows
explorer such that the acceptor channel was shawiop of the donor channel. The
movies were then converted to 16 bit integer *.famnat using the batch file conversion
tool in Andor Solis 4.2.

Diode lasers
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NA 1.4, 100x 514-543R

Beam
expander
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1 DM 570/60 BP 1

1 1 .

| T66DIpxrt 8 & 2

1 IR SR - IF=
! 2 |o5 | 1

1 M W & &

! 679/418p ! ~80 pm

Dual view
Figure 13: (A) Schematic representation of the empled objective-type total internal reflection
fluorescence microscopy setuplhe red and the green laser beam are aligned vdithaoic mirror (DM)
and pass an acousto-optical tunable filter (AOTMR)jch is synchronized with an electron multiplying
charge coupled device (EMCCD) camera via a PClydgémerator. The AOTF allows running the setup
either at continuous 532 nm laser excitation fonvamtional SmFRET experiments or at alternating
532 nm/ 637 nm laser excitation for SmALEX expemts. The excitation beam is widened with a beam
expander. A movable mirror (Mrep) reflects the beam onto a lense (L) that focuseseam at the back
focal plane of the objective. By transversely mgvihe position of the mirror one can switch between
TIRF and EPI illumination. The Dual Line DM in tmicroscope body reflects excitation light at 532 nm
and at 634 -640 nm and transmits fluorescence simnisat 550 - 615 nm and at 660 - 750 nm. The
emission light is further cleaned by a 532 nm Ipags (LP) filter and split into the FRET donor dhd
FRET acceptor channel by a DM and two band patsdi(BP) in the Dual view. The EMCCD camera
simultaneously images the donor and the acceptordbcence emission in 512 x 512 pixels on an &192
8192 um chip.(B) Sample EMCCD camera image (integration time: 18D rof immobilized
L2(Cy3)/L3(Cy5)-labelled*?Asw molecules with continuous fluorescence exdtatit 532 nm in TIRF
mode. The dimensions of the imaged field are inditaconsidering the 100x magnification of the
microscope. The donor and the acceptor channdtared in green and red, respectively.
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For data analysis, a custom program written in (Bkelis) and several Matlab scripts
(MathWorks) were used. The IDL program was writtgn Hazen Babcock and Greg
Bokinsky, (Bokinskyet al., 2003) and was kindly provided by Martin Hengesbdt
consists of 6 scripts. Two scriptbe@ds co2, beads map) were used to create a
transformation map for donor and acceptor chanligeiment from the calibration movie
file. Four scripts dat_all2, ffp_dat2, ap dat2, ave tr_dat) were used to extract
background corrected single-molecule FRET donorautdptor fluorescence intensities
from the smFRET movie files by Gaussian point sprimction fitting. The program
exported the FRET donor and acceptor fluorescarteasity trajectories of all molecules
per movie in a single binary *.traces file. The STiweshold for the peak finding
algorithm inffp_dat2 was set to 2. Further analysis of the *.tracessfivas performed in
Matlab.

For analysis of sSmFRET histogram data, a Matlabpsavas used that was kindly
provided by Martin Hengesbach. The script is atdcn Appendix 2. It averaged the
donor and acceptor fluorescence intensitigsarid h, of each molecule over the first
three frames (i.e. 300 ms), corrected the accefmrescence intensities for ~10%
leakage of the donor fluorescence into the accegtannel and calculated the apparent
FRET efficiency E =A/(Ia+1p). For all molecules that satisfied the fluoreseeimtensity
threshold A+lp > Isym™
0.025. L,»™" was typically set to 4000 or 8000 a.u. Plottingl &aussian distribution
fitting of the FRET histograms was performed ingdri9G. The FRET peak at E =0,

which arises due to donor-only molecules, was redofrom the histograms by

it exported the FRET efficiency values binned ntervals of

subtraction of the corresponding Gaussian. Fotwioestate FRET histograms of L2/L3-
labeled add Asw, the fraction of molecules in the docked (RERET) state was

determined from the Gaussian peak areas of theedoffkigh-FRET) and the undocked
(low-FRET) state. The error was calculated from fitteng errors by Gaussian error

propagation.

SMFRET trace data of L2/L3-labelletld Asw were evaluated according to a newly
established analysis routine that makes use oé thi&lab scripts (attached in Appendix
3) and the open source Hidden Markov modellingvgarie Hammy (McKinney, Joo and

Ha, 2006). A detailed description of the analysigtine is presented in section 3.2.7.
Briefly, after correcting the acceptor fluorescematensities for ~10% donor leakage,

fluorescence trajectories of all molecules thatisBatl the fluorescence intensity
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threshold A+lp > 4000 a.u. were exported for Hidden Markov modgllof the FRET
trajectory (E) alongside the normalized donay/Ig™®) and the normalized acceptor
fluorescence intensity trajectoryalla"®). Hidden Markov modelling was performed
with an initial guess of 4 states. The Hidden Markaodels of E, g/Ip"* and h/In™*
were compared to unambiguously identify anticotesldluorescence intensity transitions
that reflect a significant change in FRET efficigfdE > 0.1). Based on the identified
transitions, a transition occupancy density plotswaeated and dwell-times were
extracted. The dwell-times were sorted in Microskftcel 2010 and subjected to
thresholding. Fot*?Asw, all docked dwell-times with dgore> 0.6 and Exer< 0.6 and all
undocked dwell-times with fgioe< 0.6 and Eqer > 0.6 were considered. F&TAsw the
thresholds were fgiore > 0.8 and Eier < 0.6 for the docked state, angefe < 0.6 and
Earier> 0.8 for the undocked state. Using these threshel80% of the extracted dwell-
times were included in the dwell-time analysis. Diene histograms were created in
Origin 9.0G with a bin width of 0.5 s and fittedtlwisingle-exponential decay functions
to extract the rate constants for undocking andckidgc The dwell-time analysis was
performed in duplicate over SmFRET trace data fremindependent experiments.

2.8.3. smALEX measurement and analysis

SMALEX experiments were performed under the samediions as the smFRET
experiments (see section 2.8.2), except that fakLEX histograms ~20 40-frame *.tif
movies were recorded with alternating laser exoitatPrior to data analysis, the *.tif
movies were rotated in the windows explorer su@t the acceptor channel was shown
on top of the donor channel. Data analysis of tli¢ movies was performed with the
open source software iISMS (Presisal., 2015). Two-dimensional SmALEX histograms
that include donor-only and acceptor-only moleculesre created by plotting all 10
coordinate pairs (FRET efficiency E / stoichiomdtgtor S) measured over 20 frames in
a two dimensional grid. One-dimensional histogréioes of E and S were created with a
bin width of 0.05.

2.9. FTIR spectroscopy

Fourier transform infrared spectroscopy (FTIR) expents were performed by Albrecht

Vélklein and Henrik Gustmann. Briefly, aqueous $iols of hypoxanthine antfC,*>N-
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labelled hypoxanthine with and without riboswitciNR were prepared in NMR buffer
(25 mM potassium phosphate pH 6.2, 50 mM potassibharide) with 16 mM MgCl
and exchanged into 99.9%,0 (Deutero) by two cycles of lyophilization. For
measurement, 5 uL samples were sealed in sandwigbttes assembled of GaF
windows (Crystal GmbH) and a 50 um PTFE spaceri{&@bH). The FTIR data were
acquired on a Bruker Vertex 80 spectrometer usinylaxcury-Cadmium-Telluride
(MCT) detector. 128 scans were accumulated ov@eatsal range of 900 — 4000 crat

a resolution of 1 cihwith an aperture of 2 mm and a mirror speed oki20. The high-
pass filter was open and the low-pass filter wases&0 kHz. Fourier transformation was
performed with a phase resolution of 8 points fwlltg a Blackman Harris 3-term
apodization with a zero filling factor of 4. Prosagy and creation of FTIR difference
spectra was performed in Opus 7.2. All spectra w&f@ vapour corrected. Moreover,

HDO and buffer related peaks were removed by scifbraof the respective spectra.
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Chapter 3: Integrated NMR and smFRET analysis of?Asw

3.1. Introduction

Based on NMR spectroscopic investigations of tiiddéagth 112-nucleotidedd adenine
riboswitch fromVibrio wulnificus (**?Asw), Reininget al. proposed a 3-state model for its
regulatory mechanism (see section 1.5). This mas&lmed a single folding state for the
apoB the apoA and the holo conformation. Howeveeyvipus single-molecule FRET
studies of P1 stabilized variants of thegd Asw aptamer domain have shown that the
isolated apoA-form aptamer can adopt two distirmdtihg states with undocked and
docked aptamer kissing loop motif (Lemetyal., 2006; Dalgarnat al., 2013; Liuet al.,
2015). A 3-state model thus might not be sufficientlescribe the regulatory mechanism
of the add adenine riboswitch. Moreover, the available NMRadaf the full-lengthadd
Asw contained only limited information on the tarti structure of*?Asw. Specifically,

it remains unclear, whether long-range tertiarydtiral interactions between aptamer
and expression platform in the apoB, in the apoAndhe holo conformation contribute

to the relative stability of these conformers.

Besides NMR spectroscopy, routinely employed methtmd characterize the solution
structure of riboswitches are structural probinchteques, small-angle-scattering, single-
molecule FRET and single-molecule force spectrog¢bjperman and Wedekind, 2012).
Of these methods, NMR and single-molecule FRET ®EF exhibit a particularly
striking complementarity. First, NMR and smFRET ealv complementary RNA
structural information. NMR of the RNA imino proteryields information on base
pairing interactions (Furtigt al., 2003) and base pair stabilities (Steinert, Ritim&nand
Schwalbe, 2012) at nucleotide resolution. By ugimg-resolved NMR methods such as
Nzz exchange or rapid mixing, RNA refolding kineti@ncbe characterized at timescales
ranging from sub-seconds to hours (Rinnenttahl., 2011). smFRET is a powerful
method to uncover heterogeneity of long-range imtdacular distances in the RNA
conformational ensemble (Xet al., 2004). When conducted on immobilized molecules,
SMFRET can reveal real-time RNA folding dynamicstle range of sub-seconds to
minutes, a similar timescale to the one accesdigleNMR (Al-Hashimi and Walter,
2008). Moreover, NMR and smFRET complement one harotegarding experimental
conditions. NMR requires half-millimolar RNA condeation and *C/**N isotope-

labelled samples. SmFRET operates at sub-nanomdlAr concentration and uses dual-
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fluorophore labelled RNA constructs. The low RNAcentration employed by smFRET
is closer to the physiological RNA concentratiorl M) (Churchet al., 2000) and

allows to titrate riboswitch ligand and metal iayfactors in large excess over the RNA.

The major project of this PhD thesis, which is préed in this chapter, was an integrated
NMR and smFRET spectroscopic investigation of tigarnd-induced conformational
switch of *2Asw at ambient temperature. This is the first inated NMR and smFRET
spectroscopic study of the very same sequence miriae riboswitch which allowed
direct comparison and integration of the resultsthidse complementary biophysical
techniques. The first aim of this investigation wasobtain an enhanced model for the
regulatory mechanism of thadd Asw. Specifically, this meant to deduce the actual
number of folding states df-’Asw, to characterize both their secondary and aerti
structure and to establish the pathways of theter@onversion by integrating
complementary solution structural information fridiviR and smFRET. The second aim
was to characterize by smFRET how varying concéatrs of adenine and Mgin large
excess over the RNA affect the conformational éopiilm of **?Asw. The smFRET
experiments shed light on how ligand and cofactodufate the folding of*?Asw at

physiologically representative concentrations bfrdkéraction partners.

The here presented NMR experiments are a direlowialp on the NMR spectroscopic
study of'*?Asw performed by Reiningt al. (Reininget al., 2013) In section 3.2.1, the
adenine-induced switch of the global base pairimgcture of**?Asw is characterized.
This characterization was achieved by evaluating adenine-dependent intensity of
selected imino reporter signals in two-dimensioia!°N-correlation spectra. In section
3.2.2, it is demonstrated that*Lcarryover from the lithium perchlorate precipitati
performed during RNA sample preparation can ciicaffect the results of this
evaluation. In section 3.2.3, an apoB-stabilizedtanu of **?Asw is described. This
mutant was devised to verify the proposed seconddrycture as well as the

hypothesized adenine binding incompetency of tleBagnformation.

The here presented smFRET investigatior'&&sw was the first SmFRET analysis of
RNA performed in the Schwalbe and Heilemann labee SMFRET experiments were
established in collaboration with Martin Hengesbaot Philipp Héllthaler. In this study,
three Cy3/Cy5-FRET labelling schemes were employ&al. aptamer loop labelling

scheme (L2/L3) was adopted from previous studigh@isolated P1-stabilizestld Asw
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aptamer (Lemayt al., 2006; Dalgarncet al., 2013) and reports on the folding of the
aptamer kissing loop motif in the full-length rilvagch. Additionally, two aptamer /
expression platform labelling schemes (L2/P5 antPEB were devised that report on
distance changes across the two riboswitch doma&inguality validation of the three
labelling schemes based on bulk fluorescence anpptmeasurements is presented in
section 3.2.4. In section 3.2.5, the global ademndeced switch of*?Asw is described
as monitored by static SMFRET in the three labgkichemes. In section 3.2.6, a detailed
analysis of the aptamer kissing-loop docking eftiilim of**?Asw in the L2/L3-labelling
scheme by static SmFRET is presented. To disceETHRynatures of the apoB and the
apoA conformation, the wild-type was compared withn apoA-stabilized
mutant, (Reininget al., 2013) and the apoB-stabilized mutant introduceseiction 3.2.3.
The effects of varying adenine concentration, vapyMd* concentration and varying
concentration of the macromolecular crowding ageBG 6000 was investigated. In
section 3.2.7, a software routine is describedwzs established in this thesis in order to
analyse the aptamer folding dynamics'&#Asw. The adenine- and Mg dependent
aptamer docking dynamics of L2/L3-labelfédAsw are presented in section 3.2.8.

In section 3.3, the two perspectives of the con&dromal equilibrium of theadd Asw
obtained by NMR and smFRET are discussed, and ngdiciations for the molecular
mechanism of this riboswitch are highlighted.

3.2. Results

3.2.1. NMR analysis of the adenine-dependent base pairing

The adenine-induced switch in the base pairin®sw was investigated by evaluating
the adenine-dependent signal intensity of guanaankuridine base pair reporter imino
resonances. The imino signal intensities were medsn’H,”>N-BEST-TROSY spectra

of N G,U-labelled *?Asw. These spectra were recorded at 298 K to assure
comparability with the single-molecule FRET dataganted in sections 3.2.5 - 3.2.8. The
298 K spectra exhibited a highly similar peak patteo the previously published and
assigned 283 K spectra (Figure 14) (Reiniggal., 2013), but they showed two
significant differences. First, the imino resonan&81, G38, U40, U441, G44, G59 and
U77 were observed already in the absence of adesemeonstrating pre-formation of the

aptamer L2/L3 kissing-loop motif in the apoA comf@tion. Second, the absence of the
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imino signals assigned to G81b, U82b and G115kratdd that the P4 helix adopted only
a single conformation. Importantly, the apoB-stabid mutant also showed a single set
of P4 imino signals (see section 3.2.3 and Appedfipwhich matched the set of peaks
that was originally assigned to the apoA confororat{(Reininget al., 2013). This
suggests that the P4 imino signals"GAsw in fact belong to apoB. However, it cannot
be fully excluded, that also apoA shows P4 imingnals with equivalentH,™N

chemical shifts to the P4 signals of apoB.
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Figure 14: Transferability of the imino NH resonane assignment of-*Asw from 283 K to 298 K.
Overlays of the imino region of thi#,">N-BEST-TROSY spectra measured at 298 K (black) ik
assigned°N-HSQC spectra measured at 283 K (grey) (Reiming., 2013) without and with adenine in
presence of 5 mM Mg. Assigned signals that are missing or shifted hdybnewidth at 298 K are
annotated in grey. Assigned signals that appe2®@&K are annotated in black.

Having transferred the imino NH resonance assignmgH?Asw to 298 K, the adenine-

dependent imino signal intensities were determiioe®5 imino reporter signals (Figure
15A, B). The selected reporter signals represepiskeictural elements of the apoB-form
aptamer (helix P1b), the apoA-form aptamer (hellegsP2, loop L2 and junctions J1-2,
J2-3) and the expression platform (helices P4, PBg P3 helix was omitted in this
analysis. The P3 imino resonances cannot be spabjfiascribed to the apoB-form or to

the apoA-form aptamer. Figure 15C shows the adenchéced switch of the imino

reporter signal intensities.
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Figure 15: Adenine-induced switch in**?Asw base pairing monitored by NMR. (A) Model of the
3-state conformational equilibrium with colour-cdd&/U imino reporter residues and highlighted Shine
Dalgarno sequence (SD). The scheme was modified R&ininget al. (Reininget al., 2013).(B) Imino
region of the'H,"*N-BEST-TROSY spectra of thadd Asw (0.3 mM) in absence and presence of 1.1 eq
adenine at 5 mM Mg and 298 K. The imino reporter signals are anndt4) Relative intensities of the
imino reporter signals (normalized to U92) with@atenine (top) and with 1.1 eq adenine (bottom). The

average imino reporter signal intensity of thedintal modules is indicated in black.
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Without adenine™?Asw exhibited dominating imino signals of the apsiecific helix
P1b, which were ~6-fold stronger than the iminaalg of the P1/P2 module of the apoA
aptamer and ~4-fold stronger than those of theesgon platform helices P4 and P5.
Given that the helices P1lb, P4 and P5 are all parthe apoB conformation (see
section 3.2.3), the substantially stronger imingnal intensities of P1lb are striking.
Apparently, the P1b base pairs were more stabl@sigeolvent exchange than the P4 and
P5 base pairs. Specific P4 and 5’-terminal P1 insigmals of the apoA-form secondary
structure were not observed. This suggests tha pasing at the P1/P4 interface was

transient.

With 1.1 eq adenine, the imino signals of the jural elements J1-2 and J2-3 as well as
U75 in P1 and U25 in P2 appeared, indicating fgdaf the holo aptamer core. The
average imino reporter signal intensity was ~4-fiétreased for the P1b helix and ~4-
fold increased for the P1/P2 module. This anti-@ated intensity change for apoB-
specific and apoA/holo-specific signals suggesssriactural switch from the apoB-form
to the apoA-form secondary structure. Adenine ditlinduce an increase of the relative
signal intensity of L2 over P2. This observatioggests a similar stability of the aptamer
kissing loop interaction in the apoA and in thechobnformation. The imino signals of

P4 disappeared with adenine.

In summary, the adenine-induced changes in thdivelamino signal intensities of
12Asw demonstrate that adenine binding to apoA induodding of the holo aptamer
core, and, thereby shifted the secondary stru@gqealibrium from the apoB-form to the
apoA-form. These conformational transitions wergoamted with a residual melting of
the P4 helix.

3.2.2. Effect of Li* carryover during NMR sample preparation

The NMR data presented in Figure 15 were colle@tech anin vitro transcribed RNA
sample that was purified according to the stangantbcol used in the Schwalbe lab (see
sections 2.3.5 - 2.3.9). In this protocol, the RiNArecipitated with a five-fold volume of
2% LiClO4in acetone, folded by thermal denaturation in wated buffer exchanged into
>99% NMR buffer (25 mM potassium phosphate pH 6@mM potassium chloride) by
repeated dilution cycles in Vivaspin centrifugahcentrators. In a modified version of

this protocol, the buffer exchange was omitted, #redfolded RNA was instead rapidly
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buffered by the addition of 0.1 vol 10x concentdatdMR buffer. Both procedures
yielded the desired pH of 6.2. However, in compmarigvith the buffer-exchanged NMR
sample here denotéd®Asw-x, the NMR sample with omitted buffer exchan§BAsw-
nx, showed changes in the imino region of tHe°N-BEST-TROSY spectra. IH2Asw-
nx without adenine (Figure 16A), the imino signals8G&59 and U41, which indicate
prefolding of the apoA aptamer tertiary structusere below noise level. Additionally,
the apoA signals G42 and G44 as well as the apgBakiG43b were shifted beyond
linewidth, and the expression platform signal Gappeared. If%Asw-nx with adenine
(Figure 16B), G14b, the apo-specific additionalnalg of G72 and U71, as well as the
expression platform signals U82, G112 and G115 walevisible. Moreover, the apoA
signals U22 and U77 and the apoB signal G43b wefted beyond linewidth.
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Figure 16: Comparison of NMR data obtained for **?Asw-x prepared with buffer exchange and
M2Asw-nx prepared without buffer exchange.(A) Overlay of the imino region of tht#,®N-BEST-
TROSY spectra of*?Asw-nx (0.5 mM; black) and*“Asw-x (0.3 mM; grey) in absence of adenine at 298 K
and 5 mM Md". Assigned signals that are missing or shifted hdymewidth in**2Asw-nx are annotated
in grey. Assigned signals that appeat‘fi\sw-nx are annotated in blackB) Overlay of the imino region
of the’H,"®N-BEST-TROSY spectra df?Asw-nx (0.4 mM; black) and*?Asw-x (0.3 mM; grey) with ~1 eq
adenine at 298 K and 5 mM Kfg Assigned signals that are missing or shifted heymewidth in'*?Asw-

nx are annotated in grey. Assigned signals that appea?Asw-nx are annotated in blackC) ‘Li NMR
spectra of?Asw-nx and**?Asw-x at the conditions specified in (B) and of a refieee sample containing
50 mM LiCl with 0.4 mM adenine and 5 mM Kfg (D) ‘Li T, measurements via inversion-recovery
experiments at 300 MHz and 298 K fofAsw-nx (black) and for the 50 mM LiCl reference samplieiéb.
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Previously reported thermal denaturation experisidmive shown that amongst the
group | metal ions Lican most potently stabilize tertiary structurettod P1-stabilized
isolated adenine riboswitch aptamer domain. Spedifi, in buffer containing 140 mM
Li*, the diaminopurine-bound aptamer tertiary struetuas about 2 kcal/mol more stable
than in buffer containing 140 mM *KLambertet al., 2009). Since Li can impact the
folding of the adenine riboswitch aptamer, it wastéd whether omitting the Vivaspin
buffer exchange procedure fBFAsw-nx led to a significant carryover of Lions from
the LiClO, precipitation.’Li NMR measurements of-?Asw-x and ***Asw-nx revealed
that *?Asw-nx contained 40 mM L1 ions (Figure 16C), whereas no residual hias
detected if*?Asw-x (c << 1mM). The'Li resonance of L'i exhibited a 0.01 ppm upfield
shift in *?Asw-nx compared to a 50 mM LiCl reference sample (Figi€)land theLli

T. relaxation time in*?Asw-nx was decreased from 16.6 + 0.4 s to 6.3 + 0.2 gu(Ei
16D). This decrease of tHei T, of Li* in presence of ~1.1 nucleotide equivalents of the
36 kDaadd Asw was comparable to the decrease of thd; of Li* from 17.5st0 5.8 s
in presence of ~0.8 nucleotide equivalents of ~IKID& calf thymus DNA, which was
measured by Hald and Jacobsen (at 250 MHz and 3Qd&{d and Jacobsen, 1991). In
12Asw-nx, Li* was thus in fast exchange between the free fornRMA bound forms
that exhibit faster T relaxation in the anionic environment of the slpwlimbling
macromolecule. Given that these data clearly indida” binding to theadd Asw in
12Asw-nx and since Li was present in ~8-fold excess over#¥gt was concluded that

Li* coordination led to the observed changes betd&asw-nx and**?Asw-x.

The adenine induced switch in the intensity of skeéected imino reporter signals was
then evaluated for the 40 mM *Leontaining NMR samplé™Asw-nx (Figure 17) in an
analogous manner to the NMR sampPfé\sw-x which contained no Li(see section 3.2.1
Figure 15C). In*?Asw-nx without adenine, the relative imino signal int¢iesi of P4 and
P5 were ~5-fold increased, compared to adenineffésw-x. This observation indicates
that the expression platform base pairs were stabilby the Li carryover. The addition
of ~1 eq adenine t6"’Asw-nx clearly induced formation of the holo conformatias
evidenced by the appearing of thednd J.3signals with similar intensities to P1 and P2.
Holo formation in'*%Asw-nx was associated with an ~8-fold increase of thePP1/
signals, which is comparable to the ~4-fold incee#isat was observed fdf?Asw-x.
However, in**?Asw-nx only a minute adenine-induced decrease of the @itbthe P4

signals was observed. Thus, from the adenine-irdwtenges in the imino signal
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intensities of-?Asw-nx one can infer adenine-induced folding of the amptamer but
no pronounced equilibrium shift from apoB to apaflano substantial melting of the P4

helix.
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Figure 17: Adenine-induced switch in**?Asw base pairing monitored by NMR of the samplé*?Asw-

nx that contained a carryover of 40 mM Li. Relative signal intensity of the imino reporter reitg
(compare section 3.2.1) measured without adenom @nd with 1 eq adenine (bottoin)*H,"*N-BEST-

TROSY spectra at 5 mM M§and 298 K. The average imino reporter signal isitgnof the structural
modules is indicated in black.

3.2.3. NMR characterization of the apoB-stabilized mutantapoBstas

As the full-lengthadd Asw exhibits a bistable secondary structure wit@ apoA-form
and the apoB-form in dynamic equilibrium, its mamopic structural and functional
properties are ensemble averages over the digtmogterties of apoA and apoB. To
individually examine apoA and apoB, their secondstrycture needs to be stabilized by
mutations. Reiningt al. stabilized apoA if'?Asw by mutating two P2 base pairs, which
completely suppressed apoB formation, as judgetHoyN-HSQC NMR data (Reining
et al., 2013). Here, a specifically devised apoB-stabiiznutant of""?Asw with two
mutated base pairs in the P1b helix (U16-A45 to G246 and U17-G44 to C17-G44;
Figure 18C) was characterized in terms of secondamycture and adenine-binding

competency.
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Figure 18: Assignment of the imino NH resonances dhe *?Asw mutant apoBsrag. (A) Imino region
of the *H,"H-NOESY spectrum of apaBas (0.5 mM) at 283 K without adenine and flgThe imino
residues are coloured according to structural efésnéB) *H,"°N-HSQC spectrum of apaB.s at the
conditions specified in (AXC) Secondary structure model of apgR. Mutated base pairs are highlighted
in comparison to the wildtypg€D) Overlay of the imino region of thH,"°N-HSQC spectra of apeRas
measured at 283 K (black), 293 K (dark grey) and RQlight grey) without adenine and Kfg Signals
that disappear with higher temperature are anriatblack.

The secondary structure of the apoB-stabilized nmu{apoBsras) was validated by
'H,™N-HSQC and'H,'H-NOESY NMR experiments. At 283 K, th&H,>N-HSQC
spectrum of apo&as showed 19 signals (Figure 18B), which could begassl to 21
guanosine and uridine residues (see Appendix 1)m@ans of the'H,'H-NOESY
spectrum (Figure 18A) and via chemical shift comgmar to the wild-type. Importantly,
apoA-specific signals were completely absent botthe*H,"®N-HSQC spectrum and in
the *H,'H-NOESY spectrum of apaBas. The *H,'H-NOESY spectrum confirmed that
the mutated P1lb helix of apeBs formed all six expected base pairs. It further

demonstrated that the P4 helix of appls formed only three stable base pairs that
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involve the imino protons of G81, U82 and G115. étended P4b helix, as suggested
by Reining et al. (Reiningt al., 2013), was not observed. On the contrary, thenated
shifts of G81 and G115 in apghs matched with the chemical shifts of the G81 ared th
G115 signal that Reiningt al. ascribed to a P4 helix of apoA§*H < 0.05 ppm and
AN < 0.2 ppm). These observations suggest that théseseonly a single form of the
P4 helix of**?Asw, which might be adopted exclusively by apoBbgtoth the apoB and
the apoA conformation. Additionally, the temperatulependence of the secondary
structure of apoBras was investigated in &H,"°N-HSQC temperature series (Figure
18D). These spectra revealed only two minor chabgéseen 283 K and 303 K, which
are the disappearing of the imino signals for thé Erminal base pair (G14 and U47)
and the P5 terminal base pair (U106).

The adenine binding competency of appld was characterized in three different
experiments. FirstH,">N-HSQC NMR was used to investigate whether adeaffexts
the base pairing structure of apaRs in presence of 5 mM Mg at 283 K (Figure 19A,
B). The'H,'*N-correlation spectra of apgBs were found unchanged by the addition of
adenine up to 10 eq over the RNA (Figure 19A), pkder a small'H chemical shift
change of G14 from 11.55 ppm without adenine t@d9ppm with 10 eq adenine. Also,
the signal intensities of selected imino reportgnals of apoBrag for the structural
modules P1b, P2b, P3, P4 and P5 did not changead#éhine, except for a small (~20%)
decrease in the relative imino signal intensitieshe helices P1b and P2b with 10 eq
adenine. These data clearly show that adenineatidlter the folding of apoas. The
minor chemical shift change of G14 and the minuatensity decrease of P1b and P2b
might indicate weak interactions of adenine wita BiLb/P2b module.

Second, it was tested whether ligand-observed mgndan be detected for apgRs in
fluorescence quenching experiments with the flumees adenine analogue 2-
aminopurine (Figure 19C). The fluorescence quemchassay was performed in
comparison to wild-typé*?Asw, which served as a positive control for 2-arpimine
binding. As opposed to the wild-type, apgks did not quench 2-aminopurine
fluorescence up to a concentration ofyMd. This suggests that the adenine analogue, if
at all, is bound only weakly by apgBg with a Ky in the high micromolar range. The 2-
aminopurine binding affinity obtained for the witgee (0.27uM) is in good agreement

with the previously reported 2-aminopurine bindaffinity of **Asw that was calculated
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from the observable rate constant in stopped-fleawinopurine fluorescence quenching

experiments under comparable solution conditior55(0M) (Reininget al., 2013).
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Figure 19: Adenine binding studies of thé'?Asw mutant apoBsrag. (A) Overlay of the imino region of
the *H,">N-HSQC spectra of apas (~0.3 mM) measured at 283 K in presence of 5 mMNgth 0 eq
(black), 1 eq (dark grey) and 10 eq adenine (lgylety). Selected imino reporter signals are anndtdi
Relative intensities of the imino reporter sign@srmalized to U92) determined from the spectraxshim
(A). (C) 2-aminopurine fluorescence quenching as a funafadhe RNA concentration for apgB (left)
and wt'*2Asw (right). The data were acquired at 298 K using-aminopurine concentration of 50 nM in
NMR buffer containing 2 mM Mg. For wt, dF/F was fitted using the equation dF/E=a)*x/(x+Kp)
which yielded a =-0.03 £ 0.02 andp K 0.27 £ 0.02M. (D) WaterLOGSY signal intensity of adenine
(H2 + HB) as a function of the adenine concentratieeasured in the absence of ap@B (filled triangles)
and with 10uM apoBstas (empty diamonds). The signal intensities in abseofcapoBras Were fitted
linearly (slope = 0.050 + 0.001). The WaterLOGS¥apa were recorded with an NOE mixing time of 2 s
at 298 K in presence of 2 mM Mg The parameters of the CPMG pulse train for sugmioa of the RNA
resonances were n = 70 and 0.2 ms.
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Third, ligand observed adenine binding of apg was assayed with the WaterLOGSY
NMR method (Figure 19D). The adenine signal intgngi WaterLOGSY spectra of
adenine measured in the absence and in the presd#nepoBsras did not differ
significantly up to an adenine concentration of @M. At 1.3 mM adenine, the
WaterLOGSY signal intensity of adenine was decréaseresence of ap@Bss. These
observations indicate that adenine did not intersith apoBstag at sub-millimolar
concentrations but that low affinity binding setaradenine concentrations above 1 mM.
The WaterLOGSY data thus confirm that the smallnges observed in thé#,*N-
HSQC spectra of apeBas with 10 eq adenine were due to weak interacticstsvéen
adenine and the RNA. Given that the bacterial ageooncentration is far below ~1 mM
(1 uM = 102uM in E. coli) (Ishii et al., 2007; Bennettt al., 2009), such weak adenine
binding of the apoB conformation can clearly bestdered insignificant.

Taken together, the apoB conformation ‘6fAsw was successfully stabilized in the
mutant apoBras and the ligand binding experiments conducted \ajpoBstag proved
that the adenine binding competency of the wildetgpn be entirely ascribed to the apoA

conformation.

3.2.4. Bulk fluorescence anisotropies of single-fluoropha-labelled*?Asw

To investigate the degree of interaction between FIRET dyes Cy3 and Cy5 and
surrounding RNA nucleotides in the FRET construats**?Asw, bulk fluorescence
anisotropy measurements were performed. For thessesumements, single-fluorophore
labelled*?Asw constructs were prepared. Since the dual-fiploooe labelling schemes
of the three?Asw FRET constructs used in this study were L2(@y&CY5),
L2(Cy3)/P5(Cy5) and L3(Cy5)/P5(Cy3), the investaghtsingle-fluorophore-labelled
2Asw constructs were L2(Cy3), P5(Cy3), L3(Cy5) aid®5) (Figure 20).

L2(Cy3) P5(Cy3) L3(Cy5) P5(Cy5)

Figure 20: Schematic representation of the four sigle-fluorophore labelled **?Asw constructs in the
apoA conformation. Cy3 (green star), Cy5 (red star) and the 3’ biatimobilization site (white polygon)
are highlighted.
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The fluorescence anisotropies of both cyanine dyere significantly increased in the
RNA-coupled forms compared to the free form (Tableln case of Cy3, an increase
from r = 0.244 in the free form to r = 0.285 at tt#=labelling site and to r = 0.296 at the
P5-labelling site was observed. In case of Cy5jribeease was from r = 0.127 in the free
form to r=0.238 at L3 and r= 0.281 at P5. Thes¢a indicate that orientational
averaging of the RNA-coupled dyes on the nanosetonelscale was perturbed in the
RNA constructs. However, such increase in the #aoence anisotropy of RNA-coupled
dyes is common in sSmFRET studies of RNA. The amgpixes of Cy3 and Cy5 at the
labelling sites of'?Asw were comparable to the anisotropies of Cy3@y#l in a FRET
construct that was recently used to study the figidif the diels alderase (DA) ribozyme
(r(Cy3-DA) = 0.26 and r(Cy5-DA) = 0.25) (Kobitskt al., 2007). It was thus concluded
that the increase in the fluorescence anisotrogyy& and Cy5 in the FRET constructs of
Y2Asw did not reflect specific interactions betweehe tfluorophores and their
environment in?Asw.

Table 7: Bulk fluorescence anisotropies of Cy3 (EEm =525nm/ 565nm) and Cy5

(EX'Em =625 nm/ 665 nm) in the free form and in RA-coupled forms in single-fluorophore-
labelled "*?Asw constructs®

Construct r
Cy3 free 0.244 + 0.006
L2(Cy3)-“Asw 0.285 + 0.004
P5(Cy3)*“Asw 0.296 + 0.004
Cy5 free 0.127 + 0.004
L3(Cy5)-“Asw 0.238 + 0.009
P5(Cy5)“Asw 0.281 + 0.008

% The data were measured at a concentration of ~4mBMFRET immobilization buffer (25 mM potassiumogphate pH 7.0,
50 mM potassium chloride) with 2 mM Migat 20 °C. The errors are standard errors obtaimed20 replicates.

3.2.5. FRET histogram analysis of the adenine-dependentgbal folding

The adenine-induced global tertiary structure fugdiof **Asw was analysed by
collecting single-molecule FRET histograms of L2/L32/P5- and L3/P5-labelled
12Asw in absence and presence of 100 uM adenineratl Mg®*. The 100 pM adenine
concentration is a ~100-fold excess over the regdoddenine dissociation constant of
Y2Asw (Kp~0.5uM at 2mM Mg and 25 °C) (Reininget al., 2013). The FRET
histograms of L2/L3-labelled™’Asw (Figure 21, left panel) revealed persistent
conformational heterogeneity of the L2/L3 distaneeh a low-FRET state at E~0.2 and
a high-FRET state at E~0.9. Two equivalent FRETestaere previously reported for the
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P1-stabilized L2/L3-labeled aptamer domain of #uel Asw (Lemayet al., 2006).
Accordingly, the low-FRET and the high-FRET staté'6Asw were assigned to folding
states with undockedJj and docked aptamer kissing loop mofif).( While the P1-
stabilized L2/L3-labeleadd Asw aptamer domain was predominantly in the dockeate
even without adenine at a comparable®Mgoncentration (4 mM), (Dalgarnet al.,
2013) the fractional population of the docked statéhe native full-length*?Asw was
considerably lower, with ~20% in absence and ~50% in presence of saturating

amounts of adenine.
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Figure 21: Adenine-induced switch in the global tefary structure of **?Asw monitored by smFRET.
FRET histograms of L2/L3-, L2/P5- and L3/P5-labéft&Asw in absence and presence of 100 pM adenine
at 2 mM Md*. A schematic representation of each FRET construtiie apo conformations is depicted
above. For the FRET histograms of the L2/L3-laliklbenstruct, the fractional population of the datke
state D) is indicated in percent.

The FRET histograms of L2/P5- and L3/P5-labefféAsw (Figure 21, middle and right
panels) showed a single low-FRET state at E~0.@8gandent of adenine. The adenine
induced conformational switch 0f?Asw thus did not lead to a detectable change in the
L2/P5 and in the L3/P5 distance. However, in cotieeal sSmFRET experiments one
cannot detect conformational states with E~0. Toyaugation of molecules that does not
show FRET is excluded from analysis, since it cmstaonor-only molecules that do not

possess a photoactive acceptor fluorophore dugctoriplete labelling or due to acceptor
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photo-bleaching. Therefore, the FRET histogram yamlwas additionally performed
using single-molecule alternating laser excita@mALEX) (Kapanidist al., 2004).
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Figure 22: Adenine-induced switch in the global teiary structure of **?Asw monitored by smALEX.
Two-dimensional FRET efficiency / stoichiometrytoigrams of L2/L3-, L2/P5- and L3/P5-labell&dAsw

in absence and presence of 100 pM adenine at 2 gi. Mhese histograms show both the dual- and the
single-fluorophore-labelled molecules of the sarmmplkhe stoichiometry axis sorts the FRET counthef
molecules according to a stoichiometry factor Sn@eonly molecules appear at S~1, dual-fluorophore-
labelled molecules at S~0.5 and acceptor-only nudscat S~0 (Kapanidit al., 2004). The FRET counts
associated with dual-fluorophore labelled molecuaes boxed. A schematic representation of each FRET
construct in the apo conformations is depicted abov

The smALEX histograms (Figure 22) showed that theal-fluorophore-labelled
molecules in the three FRET constructs did not faapuan additional FRET state with
E~0. This validates the above presented smFRET datB5- and L3/P5-labellet?Asw
thus exhibited a single and a similar distance betwthe two fluorophores on the nm
scale. As the NMR data have indicated that the & s not involved in the functional
dynamics of-*?Asw, it is reasonable to assume that dye-labetig5 did not perturb the
adenine-induced conformational transitions of tiNARThe single distance between the
aptamer domain and the expression platform infefreth the two constructs hence

demonstrates that single-stranded regions ofatdte Asw expression platform did not
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interact with upstream sequence elements of trenamtdomain in the ligand-free and in
the ligand-bound state. Furthermore, the fact #paamer docking was undetectable in
these constructs suggests a perpendicular arramgeithe aptamer and the expression
platform.

3.2.6. FRET histogram analysis of aptamer folding

To decipher the aptamer conformational heterogerbdt gives rise to the two FRET
states of L2/L3-labelled**Asw, the ligand-dependent folding of L2/L3-labellEdAsw

was investigated in a detailed sSmFRET histogranhyaisa
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Figure 23: Adenine-dependent aptamer kissing-loop atking of **?Asw monitored by smFRET. Plot

of the fractional population of the docked stat¢edmined from FRET histograms of L2/L3-labelled
"2asw with different adenine concentrations at 2 mMPM The data have been fitted using the Hill
equation. The half-saturating adenine concentrdtioaptamer docking (Kapp and the Hill coefficient (n)
are indicated.

First, the adenine-dependent folding of the wilgetyL2/L3-labelled *?Asw was
analysed. FRET histograms were collected at adecmmeentrations between 0.1 and
500 UM in presence of 2 mM Ngand the fractional population of the docked steds
plotted against the adenine concentration (Figide Phese data were fitted using the
Hill equation (Prinz, 2010) to extract the halftgating adenine concentration for
aptamer docking, which is an apparent adenine igndonstant K app The half-maximal
adenine concentration for aptamer docking of L2&l8elled *?Asw (5 +2 pM) was
comparable to the value determined by smFRET df-at&bilizedadd Asw aptamer in a
similar labelling-scheme (3 =1 uM), (L&t al., 2015) but 10-fold higher compared to the
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ligand-observed binding constant determined byrsocence quenching assays with the
fluorescent adenine analogue 2-aminopurine (~0.5 {Rdining et al., 2013). The
binding curve corroborated the finding that L2/lzbélled**?Asw populated an equal
fraction of molecules with undocked and docked @myatakissing loop motif at saturating
adenine conditions (e 50 pM), and indicated tertiary structure heter@ggnof the

ligand-saturated state.
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Figure 24: Mutational SmFRET analysis of aptamer doking in **?Asw. FRET histograms of L2/L3-
labeled apoBras, Wt and apoArasin absence and presence of 100 uM adenine at 2 rghl M schematic
representation of each variant in the apo confdaonatis depicted above. The fractional populatibthe
docked statel) is indicated in percent.

Second, a comparative FRET histogram analysis wed@®med between the wild-type
(wt) and the apoA-stabilized mutant (apgAs) as well as the apoB-stabilized mutant
(apoBstas) of M?Asw. ApoAstas Was previously shown to only adopt the apoA arel th
holo conformation and to bind adenine with ~5-fbidher affinity than wt (Reiningt

al., 2013). The NMR characterization of apgks presented in section 3.2.3
demonstrated that apeBg exclusively forms the apoB conformation. The FRET
histograms of apo&as and apoArag in absence and in presence of 100 uM adenine at
2 mM Mg?* showed equivalent FRET states to the wt (Figude 24 expected from the
NMR data, apoBrag was almost exclusively in the undocked state GP&nd did not

exhibit an adenine-dependent docking equilibriumthdut adenine, wt and ap@fas
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showed a slightly different aptamer docking equilitm with ~20% docked molecules in
wt and ~30% docked molecules in apeAs. Remarkably, at saturating adenine
conditions, wt and apc&as populated an equal fraction of docked moleculé%).
Hence, the holo state of wt could be reproducedh wie apoA-stabilized mutant. The
finding that the decreased fractional populationtte docked state in adenine-free wt
compared to adenine-free apgfs was overcome by the addition of adenine is
consistent with an adenine-induced switch from @peB-form to the apoA-form, as
observed by NMR spectroscopy (see section 3.2Hg.ré&lative populations @ andD
measured for wt and apgf\s were converted to free docking enthalpies (Taplé&gm
apoAstas it can be deduced that adenine stabilized the etbelpoA-form aptamer over
the undocked apoA-form aptamer about ~0.5 kcalim&t?Asw. This value is strikingly
similar to the guanine-induced stabilization of tteecked state in the relatept guanine
riboswitch aptamer at sub-saturating #¢~0.5 kcal/mol) (Brenneet al., 2010). The
free adenine binding enthalpy BfAsw determined by isothermal titration calorimeisy
~10-fold higher (~5 kcal/mol for wt at 2 mM Mgand 30 °C) (Reiningt al., 2013),
which illustrates that the weak adenine-inducediktation of the L2/L3 kissing-loop
motif contributes little to the thermodynamics afeaine binding. The difference in the
free docking enthalpy between adenine-free wt ad@niae-free apofas was
~0.3 kcal/mol. This value is of the same order odgmitude as the free enthalpy
difference between the apoA and the apoB confoonapreviously determined by
'H,*N-HSQC N-exchange NMR spectroscopy (~0.6 kcal/mol) (Reirghgl., 2013).
This additionally supports the hypothesis that difeerence in the fractional population
of the docked state in L2/L3-labelled wt and apg® without adenine was associated
with the apoB/apoA conformational equilibrium of.wt

Table 8: Adenine-dependent free enthalpy for aptantedocking ® of wt and apoAstag at 2 mM Mg?*

Variant [ﬁﬁ/ﬁ [ﬁ?szjn?c))u
W 0 0.8+0.1
100 | 01+01

apolstas 0 0.5+0.1
100 | 0.0%0.1

2 The free docking enthalpies were calculated froemRRET distribution observed in the FRET hisaogis shown in Figure 24a
AG(UD) = - RT*In(D/U). The reported error was calculated from thenfitierrors of the FRET populations by Gaussian error
propagation.
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Next, the Mg*-dependence of the aptamer docking equilibrium evesacterized for all
three variants. For ap@Bsg, the great majority of molecules remained undoqk&d%)
at Mgd™* concentrations up to 40 mM in absence and preseint@0 pM adenine (Figure
25). M¢*, though, had an effect on the broadness of theaksdl FRET state, which had
an FWHM of ~0.1 in the absence and of ~0.2 in tles@nce of M. This indicates that

Mg** increases the conformational flexibility of apaRes.

aPOBSTAB C(MQZ+)
0 uM Ade 100 pM Ade
M M [mM]
360 . 260 .

2 8+10% 8+12% 40
3 180 130,
2
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= 0 Al |, A,
k3
E
S 240 300,
£ 5+ 12% 7+12% 0
Z 20 150

0 0 .

0.0 0.3 0.6 0.9 0.0 0.3 0.6 0.9

FRET Efficiency

Figure 25: Mg?*-dependent aptamer kissing-loop docking of apafas *?Asw monitored by sSmFRET.
FRET histograms of L2/L3-labeled apgRs at 0 and 40 mM without adenine (left panel) and with
100uM adenine (right panel). The fractional populatadrthe docked statd)] is indicated in percent.

In contrast, wt and apaAss showed a strongly M¢dependent aptamer docking
equilibrium. For these two variants, full Kfgtitrations were performed with Mg
concentrations from 0.05 mM to 40 mM in absence @edence of adenine (100 puM). In
all cases, an apparent two-state folding transivas observed and fitted using the Hill
equation (Prinz, 2010) (Figure 26). The midpointtteé folding transition [M§].. was
decreased with adenine from ~4 mM to ~1 mM for md &om ~1.3 mM to ~0.3 mM for
apoAstag. This indicates positive cooperativity betweeratid and cofactor binding. The
Hill coefficients n were between ~1.9 and ~1.2 amule slightly decreased (within error
limits) by the addition of adenine and by the miotzl stabilization of apoA. Notably,
mutational stabilization of the apoA conformatiomdathe addition of 100M adenine
had a similar effect on the aptamer docking equilin of **?Asw: Wt had a ~3-fold

higher [Mdf*]12 than apoArag independent of adenine, and adenine led to a tg4-fo
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reduction of [M§]- in both wt and apo&as. The [Md ']y for L2/L3-docking of
apoAstas Without adenine was well comparable to the fijig for L2/L3-docking of the
isolated pbuE adenine riboswitch aptamer determined by NMR spscopy
(2.5 +0.4 mM at 10°C w/o adenine) (Noeske, Schevalbhd Wohnert, 2007). However,
the [Md]1/2 reported for L2/L3-docking of the isolated P1-skaki add Asw aptamer
domain (14 bp P1 with 7 GC) is ~100-fold lower (2®1) (Lemay et al., 2006),
suggesting that P1-stabilization strongly favors ¢onformational transition into a g
bound L2/L3-docked state.

0.8 0.8

wt _ apoA,.
100 pM Ade P 100 uM Ade |
0.6 I [Mg™],, —] 1 061 [Mg’], |
Q 1.0+£0.3 mM 03+0.1mM }
5 n=15+06 n=12+0.2/
= 041 . 04}
o
o
- 0 uM Ade _ 0 M Ade
02 ! Mg“l,1 02f Mgz
4+1mM - 1.3+£0.3mM
n=19+0.9 n=14+05
0.0 TEuTI| L IRRTIT I EEETT] A REI] 0.0 ALl i1l Lodsiiinl Lbiiil
10" 10° 10’ 10° 10" 10° 10' 10°
Mg* concentration [mM] Mg* concentration [mM]

Figure 26: Mg**-dependent aptamer kissing-loop docking of wt and @Astas “?Asw monitored by
SMFRET. Fractional population of the docked st&iein SmFRET histograms of L2/L3-labeled wt and
apoAstag as a function of the Mg concentration without adenine (black) and with i@adenine (blue).
The data have been fitted using the Hill equatioabitain the Mg concentration for half-maximal docking
[Mg#].» and the Hill coefficient n. The dashed line indésanear-physiological free Mgconcentration
(~1 mM).

In terms of populations, wt and apeés *?Asw were predominantly undocked (~90%)
at low Md* concentrations (<0.1 mM), regardless of the presesf adenine. At near
physiological M§* concentration (~1 mM) (Tyrrelet al., 2013), wt populated less
docked molecules than apeAg without and with adenine and showed greatest
sensitivity towards adenine in switching from 20% 40% docked molecules. At
saturating M§" (>10 mM) the distribution of undocked and dockeoleuules was again
equal in wt and apo&as (~40% docked w/o and 60% docked w/ adenine). These
observations suggest that not only adenine, but Mg can equalize the aptamer
docking equilibria of wt and apafg by eliminating apoB folding in wt. The fact that i
was at near-physiological Mgconcentration where the aptamer docking equilibriof

wt and apoAras showed greatest sensitivity towards adenine, anerevthe difference
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between wt and apaAss was most pronounced, indicated that the confoomati

dynamics of thedd Asw are adapted to physiological levels ofi\lg

PEG 6000
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Figure 27: Polyethylene glycol (PEG) dependent aptaer kissing-loop docking of wt and apoAras
"2asw monitored by smFRET. FRET histograms of L2/L3-labeled wt and ape& with increasing
amounts of PEG 6000 at 2 mM Kifg The fractional population of the docked stéteis indicated in
percent.

Last, the effect of macromolecular crowding on #mamer docking equilibrium of
L2/L3-labeled wt and apo#&as was investigated. FRET histograms were collected a
different concentrations of the crowding agent ptilylene glycol (PEG) 6000 at 2 mM
Mg?* without adenine (Figure 27). Increasing amount®B6 6000 led to an increased
fractional population of the docked st@dein wt and in apoAras. However, as opposed
to Mg®* and adenine, the addition of PEG 6000 did not tmbalance the difference in
the fractional population oD between wt and apgAas. This might signify that
macromolecular crowding shifted the docking eqpilitn of *Asw by destabilizing the

apoA-U state towards both apoB and apbDA-
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3.2.7. Establishment of an automated analysis routine fosmFRET traces

Extracting kinetic information on RNA conformatidndynamics from time-resolved
SMFRET data requires the analysis of a large sdluofescence time trajectories of
individual molecules (~1000). The general approaththis analysis depends on the
investigated construct. For the L2/L3-labelldAsw, two well-separated FRET states
could clearly be observed in the FRET histogramsunh systems, kinetic information
can be obtained from dwell-time analysis. Howewgopn initial inspection of the
collected smFRET traces it was realized that thé.3-2abelled **?Asw exhibited a
pronounced heterogeneity between molecules thasitianed between the two FRET
states and molecules that did not. In such a casis, advisable to visualize the
distribution of dynamics over the ensemble by éngatiransition occupancy density plots
(TODPs) (Blanco, 2010). Furthermore, some molecshesved artificial changes in the
FRET trajectory due to changes in fluorescencensitg of only the acceptor4) or only
the donor (). Such uncorrelated fluorescence intensity chancgs arise due to
fluctuations in the local environment of either dtaphore as a consequence of
nucleobase dynamics or cofactor binding (Blancd,020The resulting artificial FRET
changes must be sorted out and not considerectiarthlysis of the true FRET changes,
which are characterized by an anticorrelated flscgace intensity change of &nd b.

As a practical solution to this problem Blaretal. suggested to perform Hidden Markov
modelling of the FRET trajectory (E), of the norimat acceptor fluorescence intensity
trajectory (M1A™) and of the normalized donor fluorescence intgnsitjectory
(Ip/1,™, in order to subsequently compare the three imdltrajectories and identify
the true transitions in E with an anticorrelatetensity change in donor and acceptor
fluorescence (Blanco, 2010). This strategy was emgnted in a here established
software-based analysis routine for the smFRETesraxf L2/L3-labelled*?Asw, which

is described in the following. The analysis routea in principle be employed for any
system with two or three well separated FRET st@gtes0.1).

The analysis routine (Figure 28) consists of tiv@elLAB scripts (Appendix 3) and the
open source Hidden Markov modelling software HaMiWMigKinney, Joo and Ha, 2006).
It uses as input binary *.traces files that contdia background corrected donor and
acceptor fluorescence intensities of all molecubserved in a movie. These *.traces
files are created from Andor Solis *.raw movie $illey a custom program written in IDL,
that was kindly provided by Martin Hengesbach (segtion 2.8.2). The MATLAB script
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export_fluo_trajectories.m processes the data and saves the fluorescenositi@s b(t)

and h(t) of individual molecules from the *.traces files*.dat files for Hidden Markov
modelling (HMM) in HaMMy.
corrects the acceptor intensities for 10% donokdga. Second, it scales back negative

It performs three procésg steps. First, the script

fluorescence intensities, which can arise due teenm the data, to positive values such
that the calculated FRET efficiency falls into tinéerval between 0 and 1 through the
entire trace. This is a pre-requisite for the trawebe accepted by HaMMy, and, this
correction is relevant for the sSmFRET traces ofLB32Aabelledadd Asw due to the high-
FRET state at E~0.9 that occasionally fluctuatesEtel. The intensity scaling
implemented in the script by simply replacing0 or b<0 with an insignificant intensity
value (=10). Third, the script removes donor-omgjdctories and terminates each donor-

acceptor trajectory at the first photobleachingn¢éve

Input Output

*dyn.jpg, *stat.jpg

1 figure per molecule with the HMM fits of 1/, 1,/I,™*, E and the
corrected HMM fit of E; saved into distinct directories for dynamic and static
molecules

|| TODPjpg, TDPjpg

transition occupancy density plot and transition density plot
dwelltimes.txt

list of dwell-times of the form {dwell-time [s], E before transition, E after
transition}

statistics.txt

*.traces

1 binary file per movie with
background corrected I,(t) & I,(t) for
all molecules

export_flou_trajectories.m

- Corrects I, for 10% donor leakage

- Scales back negative values for I, and I such that
E€[0,1]

- Removes dim molecules (I, + I < 4000) and donor-
only molecules (E<0.1)
- Terminates each trajectory at the first photo-bleaching

#dynamic molecules, #static molecules, #static molecules with E>0.75,
#analysed molecules, #input molecules, average lifetime of analysed
molecules, average lifetime of analysed molecules with E>0.75

)

evaluate_ HMM_fits.m
- Removes all traces shorter than 50*t0
- Creates a corrected HMM fit of E: Removes donor-
acceptor uncorrelated FRET changes and insignificant
FRET changes (AE;,y<0.1) over a window of 5 frames

o - Analyses corrected HMM fit of E
HaMMy
- Hidden Markov
dell
roreine *path.dat, *dpath.dat, *apath.dat

- Initial guess: 4
3 ASClI files per molecule containing the

FRET states (E 0.2,
0.4,0.6, 0.8) HMM fits of E, of Ip/l;™* and of 1,/1,m2*

event
*.dat

1 ASCII file per molecule with the
fluorescence trajectory in the form
{Time [s], 15 [a.u.], Ix[a.u.]}

E create_input _for_ID_IA_HMM.m]

L 4

*d.dat, *a.dat

2 ASClII files per molecule of the form
{Time [s], 1- I/15™2, 15/1,m%¥} and
{Time [s], 1- 1/15™, 12/1,m}

Figure 28: Software-based analysis routine for themFRET traces of theadd Asw. Input / output files
are presented as grey boxes. The MATLAB scriptxport_flou trajectoriesm and
create input_for_ID_IA_ HMM were used to pre-process the data for Hidden Mankodelling (HMM).
HMM fitting was performed with the open source sa@ite HaMMy (McKinney, Joo and Ha, 2006). The
HaMMy output was analysed with the MATLAB scriptaluate HMM_fits.m. The analysis routine was
established on the basis of a strategy outlineBlagcoet al. (Blanco, 2010). The MATLAB script code is
attached in Appendix 3.
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This is achieved by employing a threshold on the sdi I, and b (>4000) and on the
FRET efficiency ¥0.1) over the median-filtered fluorescence traceer@ging window
3). The output ofexport fluo trajectoriesm is one *.dat file per molecule. It is
noteworthy that the output filenames contain anemsibn with the number of the
respective molecule (*_ml.dat, * m2.dat, * m3.dathe numbering is not continuous,
since donor-only molecules and dim molecules haenlyemoved by the script, but it is
retained throughout the following analysis, which riecessary to compare the three
HMM fits (for E, Ip/Ip™ and h/Ia™®) of each individual molecule at a later stage. The
MATLAB script create input_for ID IA HMM.m uses the *.dat output of
export_fluo_trajectoriesm and creates the additional HaMMy input files *d.dand
*a.dat for Hidden Markov modelling ofpllp™® and h/I\™® respectively. HaMMy
expects ASCII input files of the form {Time [s],tx(y(t)} and then fits a Hidden Markov
model to z(t) = y(t) / (x(t) + y(t)). Therefore,dihdata for Hidden Markov modelling of
Ip/Ip" and h/IA™® must be of the form {Time [s], 1pMlp™ Ip/Ip™®} and {Time [s],

1- [IA™ 1A1A™Y, respectively (Blanco, 2010).

For a statistically relevant population of ~1000lecoles one needs to process ~3000
input files with HaMMy. When running HaMMy one neetb consider that the software
can only process a limited number of files at aeti{m200). For the initial guess of FRET
states, it is important to select at least two FREafes more than one can actually infer
from the FRET histogram (McKinney, Joo and Ha, 206&MMy creates 3 output files
per input file (*dwell.dat, *report.dat, *path.datpf the HaMMy output, the three
*path.dat files per molecule (*path.dat, *d.path.dad *a.path.dat) need to be copied in a

single directory for further analysis in MATLAB.

The MATLAB scriptevaluate HMM_fits.m analyses the HaMMy *path.dat output for all
molecules with a trajectory of at least 50 timenp®i It compares the HMM fits of E,
Ip/Ip™™ and h/1™ and creates a corrected HMM fit of E, in which ARE&ansition
artifacts due to intensity fluctuations of a sinfileorophore are skipped. This is achieved
by comparing the transition points of the three HMik8. The transition points of the
HMM fits are identified from their correspondingfference vectors z(t+t0)-z(t) which
equal zero at all time points except for the triémsipoints (tO denotes the time resolution
of the data array). A transition in the HMM fit &f (Equm) is then accepted as true if (i.)

the HMM fits of bb/Io™* and k/1,™® contain an anticorrelated intensity change oéast
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10% amplitude in a window of £2 time points and) (ihe change in gy is significant
(AEqmm > 0.1).
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Figure 29: Three example *dyn.jpg output files ofevaluate HMM_fitsm for smFRET traces of

M2 sw (2 mM Mg®* w/o adenine). The HMM fits performed by HaMMy are depicted in gne The
corrected HMM fit of the MATLAB variable true_steps depicted in purple. Transition points in the
MATLAB variable trace_steps are depicted as cir@ed transition points in true_steps are depicted a
stars.

Based on the accepted transition points, the ssejparates the trace into sequential steps
and saves the duration and the mean valuas &f,IE and v for all intervals between
the trace-start, the transitions points and theetend in the variable trace_steps. The
variable trace_steps hence constitutes a reprémentd the trace in the form of dwell-
times. Ideally, the consecutive mean values gfnE in trace_steps would already
adequately model the FRET trajectory for all smFREaEes. However, due to noise in
the fluorescence traces, the employed checkingn®of transitions occasionally accepts
a transition into a state but not a subsequensitian out of that state (or vice versa).
This issue is dealt with in the script by additibp@erforming the following corrections
of trace_steps in the variable true_steps. Fitstnaan values in trace_steps fofivm
with AEpum < 0.1 are replaced by their average. Then, segliestéps with equal mean
values for lEuym are concatenated. Based on true_steps, the aoapgses the corrected
HMM fit of E and creates a transition occupancy signplot (TODP), a transition
density plot (TDP) as well as a list of dwell-timéglditionally, it reports a statistics file

stating the number of molecules with different mxigs and their average lifetime.
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Importantly, to allow for a visual inspection oktlcorrected HMM fit of E in true_steps,
the script exports a *.jpg figure for each analyssalecule with the scaled fluorescence
trajectory, the HMM fits of A/I.™®, Ip/Ip"® and E, as well as the corrected HMM fit of
E (Figure 29). These *.jpg files are named with #mding *dyn.jpg for dynamic

molecules and *stat.jpg for static molecules.

3.2.8. Single-molecule aptamer folding dynamics

The aptamer docking dynamics of L2/L3-labelled wil @poAras *?Asw were analysed
at equilibrium by acquiring time-resolved smFRETada he smFRET time traces were
collected at three different solution conditions: 2ZmM Mgf*, at 20 mM Mg* and at
2 mM Mg?* with 100 pM adenine. These three conditions wetecsed to investigate the
effect of the change from sub-saturating to sangavg®* conditions and the effect of
saturating amounts of adenine at near-physiolodgfi* concentration on the aptamer

docking dynamics of the two variants.
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Figure 30: Representative SmFRET time traces of L2B-labeled *?Asw. The data were collected for wt
at 2 mM Md" without adenine. The aptamer domain of singlesititches either statically remained in a
long-lived undocked or docked state (left panal)exhibited dynamics between short-lived and Idugd
undocked and docked states (middle and right palRkftobleaching events are indicated by a blacknar

Under all three conditions, the smFRET time traoésmt and apoAras exhibited
heterogeneous dynamics. The traces were groupedtatic and dynamic traces. Static
traces showed molecules that permanently residead long-lived undocked or docked

state (Figure 30, left panel). Dynamic traces exédbat least one transition and showed
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molecules that populated long-lived and short-livediocked and docked states (Figure
30, middle and right panel). The dwell-times of tbeg-lived undocked and docked
states were of the same order of magnitude aswbemge observation window until
photo-bleaching of Cy3 or Cy5 (~30 s). The dwettds of the short-lived states were on
the sub-second to second timescale. The traces awveakysed by creating transition
occupancy density plots (TODPs) and dwell-timedgstms. TODPs are heat maps that
give an overview of the distribution of N observemlecules between molecules that
showed static behaviour and molecules that exhiliggamics. In TODPs, every static
molecule is plotted as a diagonal peak at its @smeFRET efficiency in form of a two-
dimensional Gauss function (amplitude 1/N, full thiéit haf maximum 0.1) and dynamic
molecules are plotted as cross-peaks at each p&RRIET efficiencies (Eitial, Eina) for
which at least one transition was observed unbkgibleaching (Blanco, 2010).

The TODPs for wt and apefas **Asw (Figure 31) showed that Mgand adenine had a
similar effect on the proportioning of static angndmic molecules: The FRET
distribution of the static molecules was shiftednir the undocked to the docked state
(diagonal of the plots) and the fraction of molesulthat showed transitions was
decreased (off-diagonal of the plots). Notably, %36f the molecules in wt and apeis
stil showed dynamics at adenine saturation. Thiengly suggests that the holo
conformation of-*?Asw exhibited dynamic tertiary structure heterogignieetween states

with undocked and docked aptamer kissing loop motif

The rate constants for docking and undocking obiad apoAras Were obtained from
single-exponential fits of dwell-time histograms tbe undocked and the docked state,
respectively. This analysis was performed in d@pdcover 2 datasets of SmFRET time
traces that were collected in independent expefisneRepresentative dwell-time
histograms are shown in Figure 31. The rate cotstabtained from the in duplicate
analysis are listed in Table 9. At 2 mM Rigthe docking rate constant of WfAsw
(Kgoek = 0.7 + 0.1 8) was equal to the docking rate constant reportedhie isolated P1-
stabilizedadd Asw aptamer domain gl = 0.68 + 0.039), (Dalgarnoet al., 2013) and
the undocking rate constant of WEASW (kundock = 0.98 + 0.038) was increased ~2-fold
compared to the aptamer variantafke = 0.37 + 0.04 %) (Dalgarnoet al., 2013). For
apoAlstas, Kdock and kingockwere slightly decreased compared to wt, presumdtndyto the

internal mutations in the P2 helix.
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Figure 31: Mg®*- and adenine-dependent equilibrium docking dynamis of the aptamer domain in wt
and apoAstag “’Asw from smFRET time traces.Transition occupancy density plots (TODPs) andlbwe
time histograms of the undocked and the dockeé statained from the analysis of SmFRET time trades
L2/L3-labelled wt (A) and L2/L3-labelled apefs (B) at 2 mM Md"*, at 20 mM M@* and at 2 mM M§'
with 100 uM adenine. The number of analysed tratesnd the proportion of molecules that exhibited
dynamics ¢@yn) are indicated in the TODPs. The dwell-time hisémgs created from the dynamic sub-
population were fitted using single-exponential alefunctions which yielded the indicated dockinglan
undocking rate constants.
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Table 9: Summarized folding parameters for aptamedocking of wt and apoAstag “*?Asw obtained

by smFRET.
Variant [r'::ll\g/JI] [ﬁﬁ/ﬁ A(E'EL;E) k[ds‘?ii<b k‘Eg‘?i’fkb Ar?i#Ck
[kecal/mol] [kecal/mol]

Wit 2 0 0.8+0.1 0.7+0.1 0.98 £ 0.03 0.2+0.1
20 0 0.2+0.1 0.7+0.1 1.18 £ 0.02 0.3+0.1
2 100 0.1+0.1 0.7+0.1 15+0.2 04+0.1
apoAstas 2 0 0.5+0.1 0.5+0.1 0.9+0.1 0.3+0.1
20 0 0.2+0.1 05+0.1 1.1+01 05+0.1
2 100 0.0+0.1 0.49 £ 0.04 1.2+0.3 0.5+0.1

%Free enthalpy of the docked state relative to titooked state determined from the FRET distributibserved in the FRET
histogram (see section 3.2.6)45(UD) = -RT*In(D/U). The reported error was calculated from thetiitterrors of the FRET
Eopulations by Gaussian error propagation.

The reported rate constants are mean values witidlatd deviations from single-exponentially fitthdell-time histograms of two
independent experiments.

Free docking enthalpy determined from the obseevkinletics adGgock= -RT*IN(KgocdKundocd- The reported error was calculated
from the standard deviations of the rate constaots two independent experiments by Gaussian enapagation.

Remarkablythe Mdf*- and adenine-induced changes in the docking éauith did not
manifest themselves in the observed rate constédhesdocking rate constant of wt and
apoAstas Was completely independent of the concentratidnslgf* and adenine. The
undocking rate constant was slightly increased Wit and adenine. The adenine-
induced increase of the undocking rate constamtskated to a weak ~0.2 kcal/mol
increase of the free docking enthalpy calculatednfithe ratio of ko over Kndock A
comparison between the free docking enthalpiesirdaiarom the observed kinetics and
from the relative population of the undocked arel diocked state measured in the FRET
histogram is included in Table 9. This comparistusirates that neither the ligand-
induced stabilization of the docked state in wt apdAstag nor the stabilization of the
docked state in apafg towards wt was manifested in the observed kinetisgle-
molecule dwell-time histograms only include a statally significant number of dwell-
times for dwell-times that are substantially shortiean the observation time of the
molecules. The TODPs of wt and apgAs (Figure 31) have revealed a major proportion
of static traces at all investigated conditionss0%) that were in a long-lived undocked
or docked state with a comparable lifetime to thseovation time (~30 s). It was thus
concluded that the kinetics that accounted forahserved differences in the fractional
population ofD remained hidden in the long-lived states. Givengtonounced similarity
of the observed kinetics between wt and ap@Ain the ligand-free and in the ligand-
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saturated form, it was reasoned that the obserusstiés were specifically associated

with similar substates of apoA and holo, as diseddarther in the section 3.3.

3.3. Discussion
Complementary NMR and smFRET spectroscopic investigation of *?Asw

The ligand-induced conformational switch &fAsw was characterized at ambient
temperature by NMR and by sSmFRET spectroscopy.alimeof this investigation was to
elucidate the number of states, their structuraluies and their folding pathways in the
equilibrium conformational ensemble BfAsw by integrating complementary data from
NMR and smFRET. Figure 32 illustrates the foldirfg"3Asw as observed by the two
solution structural spectroscopies in absence andresence of adenine at near-

physiological M§* concentration.

/ w/o adenine \ / w/ adenine \

NMR (1 eq)

kea~0.7s"

D —
kas~2.0's"

apoA

SMFRET SMFRET (10°eq)

kaock~0.7s" |7
—_—

-—
Kundock ~1.5 5

apoA-U apoA-D1 apoA-D2 holo-U holo-D1 holo-D2

N | /

Figure 32: Adenine-dependent equilibrium folding of *?Asw at ambient temperature and near-
physiological Mg?* concentration observed by NMR and by smFRETWithout adenine, NMR showed
the apoB and an apoA conformation with docked aptaifhe indicated rate constants were determined in
a previous study using Atexchange experiments (Reiniegal., 2013). smFRET revealed apoB and 3
substates of apoA: ApoA-U with an undocked aptameoA-D1 with a docked aptamer and apoA-D2 with
a M¢”*-bound docked aptamer. For illustrative purposks,three M§" binding sites identified for the
isolated aptamer domain were depicted in apoA-D&@ite, Schwalbe and Wdéhnert, 2007). The indicted
rate constants were Mgindependent and hence specifically associated tighfolding between apoA-U
and apoA-D1. With adenine, NMR exposed an equilibrishift from the apoB-form to the apoA-form
which was captured in the holo conformation. smFRE®dwed equivalent 3 substates to apoA in the holo
conformation. The substate equilibrium was shiftedrards holo-D2 and undocking of holo-D1 was
modestly accelerated.
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NMR and smFRET revealed consistent results regardhe secondary structure
bistability of **?Asw between the apoB- and the apoA-form. By NMR, dipoB and the
apoA conformation were directly observed. By thenparative smFRET analysis of
L2/L3-labelled wild-type (wt), apoB-stabilized muata(apoBsras) and apoA-stabilized
mutant (apoAras), apoB was indirectly observed as an additiorattfon of molecules
with undocked aptamer in wt over apgAs. Both NMR and smFRET revealed an
adenine-induced switch from the apoB-form to theAsform secondary structure. In
NMR, the addition of ~1.1eq adenine over RNA indliee-4-fold decrease of apoB- and
a ~4-fold increase of apoA-specific signals, whiatliicated a population shift from 80%
apoB / 20% apoA to 20% apoB / 80% apoA. In smFRIBE, fractional population of
apoB could not be quantified, since the apoB aedutidocked apoA conformation had a
similar L2/L3 distance. But the observation thatusating adenine concentrations
equalized the kissing loop docking equilibria of amd apoAras demonstrated that
adenine binding eliminated apoB-folding in wt. Givehat the different RNA
concentrations employed by NMR (0.3 mM) and smFR&T nM) translated to a six-
orders of magnitude difference in the equivalerits1g** over RNA, this consistency of
the NMR and the smFRET results is striking.

Regarding the allosteric switch 8fAsw, NMR and smFRET both indicated a spatially
decoupled switching mechanism that involves no Jamge tertiary structural
interactions between the aptamer domain and theession platform. In this study and in
the recent study by Reinirgg al. (Reininget al., 2013), no NMR imino resonances were
observed that would report on tertiary structur@ddo pairing interactions between single
stranded segments of the two riboswitch domaing 3SMFRET data of L2/P5- and
L3/P5-labelled"*?Asw confirmed this result. Further, the smALEX datdicated that a
perpendicular orientation between the aptamer hadxpression platform with a similar
L2/P5- and L3/P5-distance was maintained in théirgis conformers of'*?Asw. This
strongly suggests that the structural basis ofattenine-induced allosteric switch of the
add adenine riboswitch is base pair formation of the H&lix coupled to base pair

disruption of the P4 helix.

A major difference between the NMR and the smFR&Tits of-*2Asw was that the two
methods revealed a different aptamer kissing lomid bf the apoA-form secondary
structure. NMR indicated that the apoA and the hotmformation predominantly
adopted a folding state with docked aptamer kistbogs at 5 mM M§. The*H,N-
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BEST-TROSY spectra acquired in absence and in pecesef adenine (1.1 eq) showed a
single set of imino resonances for the P2/L2 hairpidenine did not significantly affect
the imino signal intensity ratio of the L2 baserpagporters over the P2 base pair
reporters. SMFRET exposed a persistent equilibbetween comparably stable folding
states with undocked and docked aptamer kissing hootif in the apoA and in the holo
conformation. The corresponding low-FRET and higjERF state and transitions
between the two FRET states were detected in LiHdh8Hed wt and apo&ag at all
investigated ligand conditions up to saturatingoamtrations of adenine (100 uM) and
Mg** (20 mM). The analysis of time-resolved smFRET ddtat and apoAras at three
specific conditions (2 mM Mg, 20 mM Md¢* and 2 mM M@ with 100 pM adenine)
shed new light on the kissing loop docking mechanid the apoA-form aptamer in the
full-length 112-nucelotide sequence. The data skothat Md* and adenine did not
substantially affect the observable docking andogkihg kinetics (~s timescale) but
induced formation of a long-lived docked state téeibited more than 10-fold slower
undocking (~30 s timescale). The minimum model daat account for these observations
is a three-substate aptamer kissing loop dockinchar@sm of the apoA-form secondary
structure between one undocked (U) and two docibdtates (D1 and D2; Figure 32). In
absence of adenine, the flgndependent docking equilibrium between apoA-U and
apoA-D1 was coupled to M&dependent folding into apoA-D2. Folding into apB&-
could have occurred via the conformational cappatway from apoA-U over apoA-D1
to apoA-D2, or via the induced fit pathway from Apd to apoA-D2. The single-
exponential docking rate constant was consisterih whe conformational capture
pathway. However, a slower induced fit pathway Inelythe accessible timescale of the
single-molecule dwell-time histograms (~15s) canmotuled out. At saturating adenine
conditions, equivalent three substates were obderfigg the holo conformation.
Compared to adenine-free conditions, the equilibrietween holo-U, holo-D1 and holo-
D2 was shifted towards holo-D2 and the undocking canstant of holo-D1 was slightly
acceleratedRemarkably, the kissing-loop folding kinetics betnethe two substates U
and D1 of the apoA and the holo conformation wenetlte same timescale as the
secondary structure switching kinetics between apoB apoA that were previously
measured by p-exchange NMR spectroscopy (Reiniagal., 2013). Moreover, it is
noteworthy that the persistent heterogeneity betweelocked and docked substates of
the apoA and the holo conformation’dfAsw at near-physiological Mg concentration
was not observed in the P1 stabilizeii Asw aptamer (14 bp P1 with 7 GC) (Lematy
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al., 2006; Dalgarnat al., 2013). The latter adopted almost exclusivelydbeked state
under comparable solution conditions. This comparisdicates a positive correlation
between the stability of the P1 helix and the ditgof the kissing loop motif in thadd
Asw aptamer. With this regard, tleeld Asw aptamer differs from the relatggbuE
adenine riboswitch aptamer, for which P1 stabiicratesulted in a destabilization of the

aptamer kissing loop interaction (Nozinoeal., 2014).

The fact that NMR and smFRET displayed a differgmbA-form aptamer kissing loop
fold of **2Asw highlights the necessity to employ complementsolution structural
techniques to unravel the folding of large junctibniboswitches. The source of this
difference between NMR and smFRET could be reladgte following two points:

I. The substate dynamics of the apoA-form aptamerndidlead to chemical
shift changes of observable imino NH resonances

il. The smFRET specific experimental conditions (RNAbelling, RNA
immobilization, enzymatic oxygen scavenging systed®estabilized the

aptamer kissing loop motif

As for point i., it is a known drawback that NMRimo resonances can only be observed
for RNA nucleotides in stable base pairs which grbthe imino proton from solvent
exchange (Furtigt al., 2016). Characteristic imino signals for the uridmt apoA-form
aptamer would correspond to the solvent-exposep-feoninal base pairs of the P2/L2
and the P3/L3 hairpin. Thus, solvent exchange megptain why such signals were not
observed fol*?Asw. The lack of specific reporter signals for tt#L3-undocked folding
state of theadd Asw was also evident in a previous NMR spectroscapudy of the
isolatedadd Asw aptamer domain (Les al., 2010). In future studies, one could attempt
to detect the undocked substates of the apoA-fopranzer by NMR with recently
reported 1*C,"N-SQC experiments (Furtigt al., 2016). Using such experiments on
12Asw with position specifi¢’C/°N-labelled G32, G37 or G38 in L2, it may be possibl
to observe CN correlations of the imino nitrogesocasated with an L2/L3 base paired
and an L2/L3 unpaired conformation. As for poinf & destabilizing effect of the dye
labels on the aptamer kissing loop interactionéAsw is unlikely, since the labelled
uridine residues U36 and U62 were solvent expaséide X-ray structure of theddd Asw
aptamer (Serganost al., 2004; Lemayet al., 2006). This was further corroborated by
bulk fluorescence anisotropy data (section 3.2ich contained no indication of a
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specific interaction between the fluorophore lakatsl their environment in the L2/L3
labelling scheme. An effect of 3-immobilization tme aptamer fold of-?Asw cannot be
excluded, but is improbable, because there was@rgpof 8 single-stranded nucleotides
(~0.5 nm per nucleotide) and the chemical biotikér (~2 nm) in between the P4 helix
and the streptavidin-biotin-BSA coated coverslipfate. This should have allowed for a
global structural arrangement of the riboswitcht tisacomparable to its free form in
solution. The employed glucose oxidase / catalaggen system is state of the art in
single-molecule fluorescence experiments to inhiiygen based photo-bleaching
reactions. However, it requires supplementing halfar D-glucose to the measurement
buffer (Swobodat al., 2012). Recently, it was shown that a comparabfeentration of
ethylene glycol changed the SHAPE reactivity peofibf the add Asw aptamer
domain (Tyrrell, Weeks and Pielak, 2015). Therefdresides surface immobilisation,
also the smFRET specific buffer conditions coulgéhaad an impact on the folding of
2Asw in the smFRET experiment. In conclusion, NMR tbg imino protons is
intrinsically biased towards L2/L3-docked states*BAsw. Additionally, the specific
experimental conditions of smFRET could have a#fdcthe folding equilibrium of

2Asw, potentially favouring L2/L3-undocked states.

Conformational dynamics of *?Asw at near physiological concentrations of RNA, Mg

and adenine

The smFRET experiments 6fAsw provided insight into the conformational dynami
of *?Asw at near-physiological concentrations of RNA,?¥gnd adenine. The bacterial
RNA concentration (~1nM) (Churcht al., 2000) is close to the RNA concentration
employed by smFRET (0.1 nM). Metabolomic studie€ofoli have suggested that the
bacterial adenine concentration changes in theerbegween 1 uM and 100 uM (Iskii
al., 2007; Bennettet al., 2009). The Mg concentration inE.coli was recently
determined ~1 mM (Tyrrelét al., 2013). The here observed adenine dependences of th
aptamer kissing loop docking equilibrium Jf?Asw at near-physiological Mg
concentration (2 mM) demonstrated that a switcimftbe lowest (1 uM) to the highest
(100 uM) adenine concentration measuredt.icoli would saturate the riboswitch with
ligand, eliminate apoB folding and induced a ~2ifahcrease in the population of a
Mg?*-bound long-lived docked substate of the apoA-faptamer. At a 10-fold lower
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Mg?* concentration, no adenine induced aptamer foldingd be observed. At a 10-fold
higher and saturating Mgconcentration, the aptamer kissing-loop foldingikopium of
adenine-freé*?Asw was strikingly similar to adenine-saturateAsw: Saturating Mg
conditions also impaired apoB folding and inducee&old increase in the population of
a long-lived docked apoA-form aptamer. The’fttration data hence indicated that the
add adenine riboswitch is specifically adapted to jtewgreatest ligand sensitivity of the
aptamer kissing loop folding equilibrium at physigical M¢* concentration. Previously
reported SmMFRET data have revealed a fundamendigljnct Md*-dependence for
aptamer kissing loop folding of the structurallylated, transcriptional-operatingpt
guanine riboswitch (Brennest al., 2010). Thexpt guanine aptamer showed greatest
guanine sensitivity of the kissing loop folding éiuium at 0.1 mM Md"*, which is 10-
fold lower than the physiological M{concentration. The different Mgsensitivity of
aptamer kissing loop folding in theeld adenine and thept guanine aptamer is in line
with a fundamentally different role of aptamer kigsloop folding for translational- and
transcriptional-operating purine riboswitches. chse of the translational-operatiadd
adenine riboswitch, the ligand-dependent kissimg Idocking equilibrium can contribute
to the relative stability of conformational statedose equilibrium interconversion
directly modulates translational regulation. In ecad the transcriptionakpt guanine
riboswitch, the enhanced stability of the L2/L3-ked state at physiological Mg
concentration might be required to achieve efficiegand binding during transcription

which is necessary for ligand-modulated co-trapsicnnal riboswitch folding.

The regulatory conformational switch of *?Asw

The NMR characterization of the apoB-stabilized antitof **?Asw strongly suggested
that apoB adopts a short P4 helix with only thiteble base pairs and that the AUG start
codon does not form persistent base pairing intierss The NMR data of wt?Asw
demonstrated that adenine binding decreases ttiofral population of apoB and melts
the P4 helix. These observations are in excellgrdeament with the hypothesis that the
add Asw regulates the specific binding of the 30S siioe to the Shine Dalgarno
sequence by switching between P4-closed (gene @f&)P4-open (gene ON) states.
However, it remains unknown, which specific confatimnal transitions correlate with

P4 melting. P4 melting could be induced alreadycbgformational switching between
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apoB and apoA-U (as depicted in Figure 32). Thisuagption is consistent with two
previous data points of the apoA-stabilized mutaie *H,”N-HSQC spectrum of the
apoA-stabilized mutant without Myand adenine lacked the reporter signals of the P4
base pairs (Reiningt al., 2013). And, in transcription-translation couplediferasein
vitro expression assays with a luciferase reporter gader riboswitch control the apoA-
stabilized mutant proved to be an ON-state muf@aininget al., 2013). Still, it could be
possible that folding of the aptamer tertiary sinoe modulates P4 stability, and that
apoA-U, apoA-D1, apoA-D2, holo-U, holo-D1 and h@@- all have a differentially
stable P4 helix. Further studies should aim atigaimg the structural differences
between these states with respect to P4 in ordeajptheir regulatory property. Recently
published simulations of 3-state riboswitch regolatprofiles have shown that it has a
pronounced effect on the temperature dependentieedwitching efficiency of thadd
Asw, whether apoA is to be considered an OFF-stat;n ON-state (Furtigt al., 2015).

In these simulations, the scenario of two functidDBF states (apoB and apoA) and one
functional ON state (holo) resulted in a largelynstant switching efficiency between
4 °C and 30 °C X70%). The scenario of one functional OFF state Bapand two
functional ON states (apoA and holo) resulted itearease of the switching efficiency
between 25 °C and 30 °C (from 70% to 50%). Thusonty the riboswitch function, but
also the thermostat function of tleeld Asw critically depends on the structural and

functional properties of the apoA conformation.
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Chapter 4: Integrated NMR and smFRET analysis of?’Asw

4.1. Introduction

The mRNA channel of the bacterial ribosome cannpoate approximately 30 mRNA
nucleotides that are wrapped around the neck o8@s&ribosomal subunit (Yusupoea
al., 2001). Since the Shine Dalgarno sequence andAtf@ start codon of thedd
adenine riboswitch are located within the laste8htinal 15 nucleotides df?Asw, this
means that a larger mRNA construct tH&sw is required to study the formation of a
biologically representative 30S translation inibatcomplex between the riboswitch and
the 30S ribosomal subunit. In the Schwalbe labpsaime interaction studies have
therefore been initiated with a 127-nucleotide tauts of the native full-lengtiadd Asw,
12Asw, which contains a 3-extension of 15 nucleasiddat match the adenosine
deaminase encoding sequence fi\dirio vulnificus CMCP6.

In this study*’Asw was investigated by NMR and by smFRET spectpgto elucidate
whether the 3'-extension df“Asw to **’Asw affects the folding and or the relative
stability of the apoB, the apoA and the holo comfation. In section 4.2.1, the adenine-
induced switch of the global base pairing structfr&’Asw is characterized by NMR of
the imino protons. Sections 4.2.2 and 4.2.3 preaandmFRET analysis of the ligand-
dependent aptamer kissing loop folding equilibriamd the single-molecule aptamer
folding dynamics of L2/L3-labelled®*’Asw. The NMR and smFRET results suggested
that the the 3’-extension of thexld Asw stabilized the P4 helix and destabilized the
aptamer kissing loop interaction. Consequentlysation 4.2.4, it was tested whether
SMFRET of P5/L3-labelle?’Asw could shed light into a possible interactionwsen
the 3’-extension and thadd Asw aptamer domain. The structural effects of e
extension of*Asw to **’Asw and their implication for the regulatory mecisam of the

add Asw are discussed in section 4.3.

4.2. Results
4.2.1. NMR analysis of the adenine-dependent base pairing

To investigate whether the base pairing structiré’@sw differs from *?Asw, the
adenine-induced changes in the imino signal intiexssbf'>’Asw were evaluated in an

analogous manner t6°Asw (see section 3.2.1).
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The*H,"®N-BEST-TROSY spectra df ’Asw were acquired at 298 K and 5 mM Mdn
absence and in presence of 1.1 eq adenine (Fi@&@BR They showed the same peak
pattern that was observed fifAsw, albeit with a few differences. H’Asw without
adenine, G43b was shifted beyond linewidth, G44t spio a double peak and G112
appeared. Furthermore, four new and unassigneatésblsignals of">’Asw were
observed: G?1 and U?1 in tHel chemical shift region about 11 ppm, which is
characteristic of non-canonical base pairs, and &®2 U?2 with more downfieltH
chemical shifts typical of canonical base pairse Tour new signals had a comparable
intensity to the apoA-specific resonances of thiarmpr domain. However, these signals
could not be assigned due to a lack of cross pieakts,"H-NOESY spectra of*’Asw at
298 K (data not shown). I}f’Asw with adenine, the expression platform signa82U
G112 and G115 remained visible. G43b was shifted,@14b as well as the apo-specific
additional P3 signals of G72 and U71 were stillestaed. The P1 residues G78 and U77
showed double peaks consisting of a major peak witminor peak shoulder (~15%
intensity of the major peak). The imino signal G#&s still detected but G?1, U?1 and
U?2 were barely visible at contour levels above®&oi

The adenine-dependent relative intensities of tlected imino reporter signals of the
add Asw in the 127-nucleotide long construct are shawfigure 33C. Without adenine,
12/Asw exhibited a ~5-fold higher intensity of P1b pwl/P2. This indicated that the
population ratio of apoB to apoA was similar ‘t6Asw, for which a ~6-fold higher
intensity of P1b over P1/P2 had been measuredsgsmn 3.2.1). However, the relative
intensities of the P4 and P5 imino reporter sigrdls?’Asw were ~5-fold increased
compared to'*?Asw. With this regard,**’Asw resembled**?Asw-nx that contained
40 mM Li* (see section 3.2.2). In contrast ‘t6Asw and**?Asw-nx, the adenine-free
12/Asw also exhibited a ~2-fold higher intensity o&tR1 reporter signals over P2. Upon
addition of 1.1 eq adeniné?’Asw formed a holo conformation as evidenced by the
appearance of the J1-2/J2-3 resonances with cobipamdensities to the P1 resonances.
Adenine binding induced a ~2-fold decrease of {h@Baspecific P1b signals and a very
pronounced, ~30-fold increase of the signals of RiéP2 module. These observations
suggest that adenine did not only shift the secgnstaucture equilibrium from the apoB-
form to the apoA-form, but also induced considezagilobal structural changes of the

apoA-form aptamer that stabilized the P1/P2 imirmigns against solvent exchange.
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Figure 33: Adenine-induced switch in?’Asw base pairing monitored by NMR (A), (B) Overlay of the
imino region of théH,"®N-BEST-TROSY spectra df’Asw (0.7 mM; black) andAsw (0.3 mM; grey) at
298 K and 5 mM Mg in absence (A) and in presence (B) of 1.1 eq aderAssigned signals that are
missing or shifted beyond linewidth 1A’/Asw are annotated in grey. Assigned signals thpeapin'?’Asw

are annotated in blackC) Relative intensities of the imino reporter sign@ermalized to U92) without
adenine (top) and with 1.1 eq adenine (bottom). dterage imino reporter signal intensity of theictural
modules is indicated in blackD) Model of the 3-state conformational equilibrium*®fsw with colour-
coded G/U imino reporter residues and highlight&ih& Dalgarno sequence (SD). Residues denoted *
exhibited double peaks and the peak height of thempeak was used as a measure of the signakityiten
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Intriguingly, adenine did not affect the relativaino signal intensities of P4 and P5 in

27asw.

Taken together, the NMR data &fAsw showed that the additional 15 3'-terminal
nucleotides of?’Asw compared td'’Asw stabilized the expression platform base pairs
without changing the chemical shifts of the coroespng imino resonances. This
stabilization had the consequence that adeninezedluformation of the holo
conformation did not induce an allosteric meltirfgPgl compared to P5. The structural
basis of the adenine induced allosteric switchhefadd Asw is that base pair formation
of the P1 helix is coupled to base pair disruptdthe P4 helix (see section 3.3). With a
three-nucleotide overlap only between P1 and P4s highly unlikely that adenine-
induced P1-stabilization could have destabilizethlioe P4 and the P5 helix BfAsw in

an equal manner. The NMR data &fAsw therefore suggest that the 3-state
conformational equilibrium of?’Asw needs to be described by a model in which apoB,

apoA and holo all exhibit a P4-closed expressiatf@tm (Figure 33D).

4.2.2. FRET histogram analysis of aptamer folding

Like for *?Asw, the aptamer kissing loop docking equilibriufn*@Asw was analysed
via FRET histograms of L2/L3 labelled constructsnipare section 3.2.6). First, adenine-
dependent kissing-loop docking of the wild-types #ipoB-stabilized mutant (apefas)
and the apoA-stabilized mutant (apgAs) was monitored in their respective 127-
nucleotide long sequences at 2 mM#gecond, the Mg-dependence was analysed for
wt and the apoA-stabilized mutant by comparingetdiferent MG* concentrations (0, 2
and 20 mM) in absence and in presence of adenine.

Figure 34 shows the adenine-induced switch in thgmaer kissing loop docking
equilibrium of L2/L3-labeled apoBas, Wt and apoAras *’Asw at 2 mM Mg*. The
127mer variants exhibited identical two FRET stdtethe 112mer variants (see section
3.2.6): A low-FRET state at E~0.2 that correspotwd&2/L3-undocked moleculedJj
and a high-FRET state at E~0.9 that correspond&2it3-docked molecules).
However, apoBras, Wt and apoAras “’Asw without adenine were all almost
exclusively in the undocked state (>95%), whileawtl apoAras of **Asw adopted 20%
and 30% docked molecules, respectively (see se@iar6). ApoRras 2’Asw was

unresponsive to adenine. For wt and apaA **’Asw, the addition of 100M adenine
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induced a shift of the conformer distribution to092 docked state, which is ~2-fold less
docked molecules than observed“iPAsw (see section 3.2.6). Since 2 mM ¥Mgould
not induce significant folding of the docked aptarite’?’Asw, wt and apoAras were
indistinguishable both in absence and in preserficadenine. The secondary structure
bistability of wt thus remained entirely hidden these data. The sensitivity of the
docking equilibrium of**’Asw towards adenine was higher than{fAsw, in that
adenine induced a ~7-fold increase in the fractipopulation ofD, while this increase

was ~2-fold for'*?Asw (see section 3.2.6).
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Figure 34: FRET histogram analysis of adenine-depefent aptamer docking of **’Asw. smFRET
histograms of L2/L3-labeled 127-nucleotide appR, wt and apoAras in absence and presence of
100M adenine at 2 mM M. The fractional population of the docked sttis indicated in percent.

The Md¢*-dependence of aptamer docking of wt and apai\'*’Asw was investigated
by collecting FRET histograms at 0 mM, 2 mM and BM Mg?* in absence and in
presence of 100M adenine, and plotting the fractional populatidriree docked state in

a bar diagram (Figure 35). As expect&dAsw showed no adenine-dependent aptamer
docking in the absence of ¥fg The docked state df’Asw could be stabilized by the
addition of Mg in the absence of adenine. But the aptamer kisking docking

equilibrium of **’Asw without adenine was less KMegesponsive than fot*?Asw. The
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addition of 20 mM M§" in the absence of adenine induced only ~15% donieecules
in wt and in apoAras *’Asw compared to ~40% i*?Asw (see section 3.2.6). Notably
also the addition of both 100 pM adenine and 20 Mif* did not compensate the
difference in the fractional population of the dedlstate betweeri’Asw and**?Asw. At
all investigated solution conditions, wt and aged *2’Asw exhibited an equal fractional

population oD.
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Figure 35: FRET histogram analysis of M§'-dependent aptamer docking of*?*’Asw. Fractional
population of the docked staiein smFRET histograms of L2/L3-labeled 127-nucldetivt and apobyag

at 0, 2 and 20 mM Mg without adenine (black bars) and with 0@ adenine (blue bars) and
corresponding difference to the fractional popolatiof D in the 112nt constructs. *docked state not
detectable

4.2.3. Single-molecule aptamer folding dynamics

The aptamer kissing loop equilibrium docking dynesnof L2/L3-labelled wt’Asw

without and with 100 uM adenine at 2 mM fMgvere analysed by collecting sSmFRET
time traces. These data were acquired by Klara Brtibkus as part of a supervised
Bachelor thesis. As expected, the traces'TAsw showed static molecules that
permanently resided in a long-lived undocked oikeédcstate and dynamic molecules that

exhibited transitions between long-lived and shtiwgd undocked and docked states (data
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not shown). The traces were evaluated by creat@®Hs and dwell-time histograms
(Figure 36).
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Figure 36: Adenine-dependent aptamer docking dynaros of wt*?’Asw. Transition occupancy density
plots (TODPs) and dwell-time histograms of the widm and the docked state obtained from the asalysi
of SMFRET time traces of L2/L3-labelled WfAsw in absence and presence of 100 uM adeninerai 2
Mg?". The number of analysed traces N and the proppdfanolecules that exhibited dynamiaiyr{) are
indicated in the TODPs. The dwell-time histogramsated from the dynamic sub-population were fitted
using single-exponential decay functions whichdgel the indicated docking and undocking rate cotsta

As evident from the TODPs (Figure 36, left panéte addition of adenine t§'Asw
decreased the fraction of molecules that showetsitrans and increased the fractional
population of static molecules that resided inragiived docked state. Without adenine,
the number of dynamic molecules was reducediAsw (~30% dyn at 2 mM M)
compared td*?Asw (~50% dyn at 2 mM M; see section 3.2.8). With adenif&Asw
exhibited only a very weak TODP crosspeak for mdex that transitioned between
E~0.3 and E~0.9. Thus, for this condition, the ~20%-RET traces that were identified
as dynamic traces by the automated analysis routreee additionally inspected
manually. This revealed that ~10% of all tracesuaty showed transitions between
E~0.3 and E~0.9, while 4% showed transitions betwEe0.3 and E~0.6 and 6%
corresponded to erroneous sSmFRET traces that éadhilonultiple donor or multiple
acceptor bleaching events. Representative smFR&Jesrof*>’Asw that transiently
sampled a FRET state with E~0.6 are shown in Fi@idteThe comparison of transition

density plots (TDPs) created for the dynamic supdtation of **’Asw and**?Asw in
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absence and in presence of 100 uM adenine at 2 ngfl (Figure 38) illustrated that
only adenine-bound?’Asw exhibited appreciable transition density betw&s-0.3 and
E~0.6. Since the FRET state with E~0.6 was onlgaet in 4% of the molecules for

12/Asw at one specific solution condition, it was nohsidered significant.
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Figure 37: smFRET time traces of L2/L3-labeled*’Asw that showed transitions between states with
low FRET efficiency (E~0.3) and intermediate FRET #iciency (E~0.6). The data was collected at
2 mM Mg™ with 100uM adenine. Photobleaching events are indicated biaek arrow. The black star
indicates an acceptor blinking event.
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Figure 38: Transition density plots (TDPs) of L2/L3labeled **wt and *awt. The TDPs visualize as a
heat map the relative number of transitions betwdifarent pairs of FRET states in the subpopuratib
dynamic molecules (§,) and were constructed from the same datasetsvidmtsed for the TODPs shown
in Figure 36 for?'wt and in Figure 31fof*awt.

The dwell-time data of*’Asw (Figure 36 middle and right panel) show that #uldition

of adenine did not affect the observable rate @mstfor docking (kW) and undocking
(Kundoad)- Intriguingly, kioek and kngock Of 2’Asw without adenine were equal (within error
limits) to kock and kindock Of *2Asw (see Table 10). The rate constants obtained in
presence of 100 pM adenine were also simildf¥sw, but the subtle increase Qffock

that was observed fdr?Asw with adenine could not be detected ¥gAsw. While the
free enthalpies for aptamer kissing loop dockinlgudated from the FRET histograms
were pronouncedly increased iffAsw compared td*?Asw (+1.2 kcal/mol in absence

and +0.7 kcal/mol in presence of adenine) the &ethalpies for aptamer kissing loop
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docking calculated from the observable kineticsemequal (within experimental error)

for *’Asw and*'’Asw (see Table 10).

Overall, the TODPs and the dwell-time histogramewadd that the effect of adenine on
the aptamer docking dynamics '6fAsw was similar td*Asw. The difference between
12Asw and *’Asw observed in the FRET histograms was thus dueadditional
undocked state that did not exhibit docking atdbeessible timescale of the dwell-time
data (~12 s).

Table 10: Summarized folding parameters for aptamedocking of **’Asw in comparison to**%Asw.
The data for *?Asw are taken from section 3.2.8.

: Mg Ade AG(UaD) kdockb kundockb AG'dOCCk
Variant [mM] [uM] Hist [s‘l] [s‘l] Kin
" [kcal/mol] [kcal/mol]

2 0 0.8+0.1 0.7+0.1 0.98 +0.03 0.2+0.1
112ASW

2 100 0.1+0.1 0.7+0.1 1.5+0.2 0.4+0.1

2 0 2.0+0.2 0.64 +0.06 0.89 + 0.06 0.2+0.1
127ASW

2 100 | 0.78+0.04 0.56 +0.08 0.8+0.1 0.2+0.1

%Free enthalpy of the docked state relative to tiidooked state determined from the FRET distributibserved in the FRET
histogram (see section 4.2.2)85(UD) = -RT*In(D/U). The reported error was calculated from thenfitterrors of the FRET
opulations by Gaussian error propagation.

The reported rate constants are mean values \itidatd deviations from single-exponentially fitthgell-time histograms of two
independent experiments.

“Free docking enthalpy determined from the obseevkinletics ad Ggock= -RT*IN(KgocKundocy- The reported error was calculated
from the standard deviations of the rate constaots two independent experiments by Gaussian enapagation.

4.2.4. FRET histogram analysis of the L3/P5-labelled constict

Since the population of an additional undockedestat'*’Asw was inferred from the
SmMFRET data of the L2/L3-labelled construct, FRE3tdyrams of*>’Asw were also
collected in the L3/P5-labelling scheme. It wassoeeed that the L3/P5-labelled construct
might reveal an interaction of the 3’-extensionhwihe aptamer domain, since such
interaction could affect the orientation of the R@&lix. Figure 39 shows the FRET
histograms of P5/L3-labeled apeRs, wt and apastas “2’Asw at 2 mM Md" in absence
and in presence of 100 uM adenine. These data agepaéred by Klara R. Mertinkus as
part of a supervised Bachelor thesis. The FRETogiains all show a similar FRET
distribution with a single Gaussian FRET state i@ehat E~0.15. The FRET efficiency of
P5/L3-labelled"*’/Asw was thus equal to the FRET efficiency of P5iaBelled*?Asw

(E~0.15; see section 3.2.5). A difference in tHatiee orientation of the P3 helix and the
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expression platform betweéi’/Asw and**?Asw could not be observed in this labelling

scheme.
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Figure 39: FRET histogram analysis of L3/P5-labelld **’Asw. smFRET histograms of P5/L3-labeled
apoB-stabilized mutant (apeBg), wild-type (wt) and apoA-stabilized mutant (apgds) *’Asw in
absence and presence of 100 adenine at 2 mM M. The observed low-FRET state was fitted with a
Gaussian with the indicated peak centre FRET efficy E.

4.3. Discussion

In this chapter*?’Asw was characterized by NMR and by smFRET usiegL#/L3 and
the P5/L3 labelling scheme. Whit€Asw formed no other long-lived secondary structure
elements than'*?Asw, the 15-nucleotide 3'-terminal extension of tlall-length
riboswitch led to an unexpected destabilizationtha aptamer kissing loop motif and

appeared to decouple aptamer folding from P4 basmg@ in the expression platform.

12/Asw without adenine exhibited a similar populati@tio between apoB and apoA to
12Asw, as judged by the relative NMR signal intemsitiof imino base pair reporter
signals. However, the apoA aptamerdfAsw was less structurally pre-organized. The
FRET histograms acquired in the L2/L3-labellingestie showed that near-physiological
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Mg** concentration (2 mM) did not induce folding of taptamer kissing-loop motif in
the wild-type and in the apoA-stabilized mutant'@fAsw (fractional population oD
<5%). The destabilized aptamer kissing-loop irdgoa correlated with an increased
stability of the P4 and the P5 base pairs agamisest exchange. With adening/Asw
clearly adopted the compact aptamer tertiary sirecof the holo conformation but
exhibited no melting of the P4 helix. It was theref suggested that the apoB, the apoA
and the holo conformation df’Asw all had a P4-closed expression platform. Atse,
folding of the holo aptamer df’Asw differed from**?Asw. The FRET histograms of the
wild-type and the apoA-stabilized mutant '6fAsw with 100 uM adenine and 20 mM
Mg** showed a ~2-fold reduced fractional populatiorthef docked state compared to
12Asw, indicating that the kissing-loop motif was destable in*?*’Asw even under
ligand-saturation. The NMR spectra in presenced#name showed P1 and P3 related
double peaks. That neither the NMR data'@Asw nor the smFRET data of P5/L3-
labelled **’Asw provided evidence for an interaction betweea Hrextension of the
expression platform and upstream sequence eleroetite aptamer domain points to an
unspecific effect of the 3’-extension on P4-staéjiliTaken together, the NMR and
SMFRET results are consistent with the hypothésitsa stabilized P4 helix translates to a
destabilized P1 helix, which in turn translatesatalestabilized aptamer kissing loop

interaction in theadd Asw (see section 3.3).

The finding that"*Asw but not**’Asw exhibited an adenine-induced melting of the P4
helix suggests that onl{*?Asw can modulate the accessibility of the ShinegBaio
sequence as a function of the adenine concentratiofirst glance, this seems puzzling.
The add Asw is considered a thermodynamically-controll@abswitch that regulates
ribosome binding to the fully transcribed mRNA @#witch + protein coding sequence)
via an adenine-dependent equilibrium between staitks a liberated (P4-open) and a
masked (P4-closed) Shine Dalgarno sequence (seorset.5). Accordingly, its
regulatory properties must not change with an edtedymRNA sequence. It was recently
proposed that stand-by binding of the 30S ribosaosn@lunit to single-stranded regions
upstream or downstream of a masked Shine Dalga¥quesice is a general feature of
translation initiation for mRNAs with helical seatary structure at the translation
initiation site (see section 1.2) (De Smit and \2ann, 2003). An initial stand-by binding
event of the 30S ribosome would occur 3’ to thesetb P4 helix of thedd Asw and

could eliminate stabilizing effects of the protemding mMRNA sequence on the P4 base
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pairs. It is tempting to speculate that the ademdeced switch of thedd Asw might
thus modulate the relocation of 30S ribosomes faostand-by site to the Shine Dalgarno

sequence.
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Chapter 5: Characterization of the Aswencounter complex with hypoxanthine

5.1. Introduction

Purine riboswitches are known to bind their regpedigand with high specificity over
chemically related metabolites. TpbuE adenine riboswitch aptamer binds its cognate
ligand adenine (K=0.3 uM) with at least 30-fold higher affinity @v guanine (I§
>10 uM) and 1000-fold higher affinity over hypoxiime and xanthine (&> 300 uM),

as was determined by in-line probing assays (MaaddlBreaker, 2004). Yet, NMR data
suggest that thebuE adenine riboswitch weakly binds hypoxanthine amat thexpt
guanine riboswitch weakly binds adenine (Betkl., 2007). This weak binding of near-
cognate ligands by purine riboswitch aptamers legs lnterpreted as encounter complex
formation (Bucket al., 2007). An encounter complex describes an ind@tking event
between a ligand and the riboswitch binding pockatcounter complex formation
between a riboswitch aptamer and its cognate ligagders induced fit folding of the
binding pocket such that the cognate ligand becostesgly bound by the aptamer.
Encounter complex formation between an aptamer andear-cognate ligand is
unproductive. It does not induce a specific foldiransition of the riboswitch RNA and

the weakly bound ligand dissociates.

One goal of biophysical studies of purine ribostigptamer ligand encounter complexes
is to shed light on the initial ligand binding sigad the molecular mechanism of
riboswitch ligand recognition. Specifically, it rams unknown whether initial ligand
binding occurs at the junction,.gdand initiates folding of the junctions.d or vice
versa (Porter, Marcano-Velazquez and Batey, 20A4%econd goal is to investigate
whether the weak binding of near-cognate ligandsutine riboswitches could contribute
to riboswitch regulation under physiological comatis. The measured concentrations of
purines inE.coli are 1-100 uM for adenine (Ishet al., 2007; Bennettt al., 2009), 3-
200 pM for guanine (Ishigt al., 2007) and 277 uM for hypoxanthine (Isétial., 2007).

It is thus possible that near-cognate purine ligaswlld be present in large excess (~100)

over the cognate ligand and affect the regulatesponse of a purine riboswitch.

In section 5.2.1, the existence of a site-spe@ficounter complex of low mM affinity
between hypoxanthine and the adenine binding poakéhte full-lengthadd Asw was
unambiguously shown using WaterLOGSY NMR. Furthiee affinity of theadd Asw
hypoxanthine encounter complex was determined biei@GSY NMR. Section 5.2.2
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summarizes results that were obtained in the Malsésis of Albrecht Volklein that was
co-supervised together with Henrik Gustmann and. Riachtveitl. This Master thesis
tested the feasibility of FTIR difference spectimsg for the analysis of purine riboswitch
encounter complexes. Since near-cognate ligandrgrtd purine riboswitches is fast on
the NMR timescale but slow on the IR timescalewds reasoned that encounter
complexes might be directly observed through FHARIR difference spectra dfC,**N-
labelled hypoxanthine and unlabelled hypoxanthme&aomplex with thegobuE adenine
aptamer and thept guanine aptamer are presented. The data suggesbitickng of
hypoxanthine in a weak riboswitch encounter comgled in a strong riboswitch ligand
complex both has a pronounced effect on the IR darichypoxanthine. However, the
FTIR difference spectra of the RNA-hypoxanthine ptexes with the different isotope
labelling of the ligand could not be interpreteceda spectral overlap. In section 5.3, the

implications of these results are discussed briefly

5.2. Results
5.2.1. Hypoxanthine binding of **?Asw analysed by WaterLOGSY NMR

The site specificity and the strength of the hypikine binding interaction of‘?Asw
were characterized using the WaterLOGSY method el&GSY is a one-dimensional
'H-NMR experiment that can be used to screen sanopliégands in large excess over a
macromolecule for weak binders (Dalgtal., 2000, 2001). It employs selective water
excitation followed by NOE mixing to distinguish ale binders from non-binders and
strong binders. Weak binders exchange rapidly betwe hydrated free and a hydrated
bound state, such that their NMR signal is affedigdhe positive water-ligand NOE of
the bound state, while non-binders and strong bsdee almost exclusively in the
hydrated free state, which has a negative watanddgNOE.

Competition binding WaterLOGSY experiments weredraried to investigate whether
low-affinity hypoxanthine binding of th@dd Asw occurs specifically at the adenine
binding site. WaterLOGSY spectra of hypoxanthineenecquired in buffer, with*?Asw
and with both**?Asw and 2,6-diaminopurine. 2,6-diaminopurine isa@enine analogue
(Figure 40A), which binds to the adenine bindintg 9f theadd Asw with ~30-fold
higher affinity than adenine (Mandal and Break€04).
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Figure 40: Competition binding WaterLOGSY experimerts of **?Asw with hypoxanthine and 2,6-
diaminopurine. (A) Structural formulas of the purine ligands hypokéam#, adenine and 2,6-
diaminopurine with the aromatic CH groups indicat®) One-dimensional WaterLOGSY spectra of free
hypoxanthine (top), hypoxanthine witi’Asw (middle) and hypoxanthine with botfiAsw and 2,6-
diaminopurine (bottom). For the spectra withAsw, the relative hypoxanthine signal intensityfetiénce
to the signal intensity of free hypoxanthifBl .. is indicated. The signal denoted * stems from Giged
proton of 2,6-diaminopurine. All spectra were retmd with an NOE mixing time of 2 s at 298 K in
presence of 5 mM Mg. The parameters of the CPMG pulse train for sugsioe of the RNA resonances
were n =14 and = 1 ms.(C) One-dimensional WaterLOGSY spectra of hypoxanttaadan (B) but at
different RNA/ligand concentrations. All spectran& recorded with an NOE mixing time of 2 s at K98
in presence of 2 mM Mg. The parameters of the CPMG pulse train for sugsgioa of the RNA resonances
were n =70 and = 0.2 ms.

Here, 2,6-diaminopurine was used as a replacenoeradenine, because thid-NMR
resonances of adenine overlap with the hypoxanth@s®mnances. A first series of
WaterLOGSY experiments was performed using 400 |ypbkanthine and 40 uM RNA
(Figure 40B). The WaterLOGSY NMR signal of hypoxane clearly changed sign with
the addition of 0.1 ed*?Asw (Figure 4036B, black and red spectrum). Thieatfwas
reversed by the addition of ~8 eq 2,6-diaminopuoker the RNA (Figure 40B, purple
spectrum), thus proving that hypoxanthine and Za@dthopurine competed for the same
binding site.
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Figure 41: Determination of the hypoxanthine bindirg affinity of ?Asw with the WaterLOGSY
method. WaterLOGSY signal intensity of hypoxanthine asuaction of the hypoxanthine concentration
measured without*?Asw (triangles) and with 1AM *2Asw (diamonds). The signal intensities without
M2 sw were fitted linearly (slope = 0.0556 + 0.000@) calculate the signal intensity difference of
hypoxanthine without and with RNA (circles). Thgrsl intensity difference was fitted using the dopra

| = -lnad (L+X/Kp)+1 ey (Dalvit et al., 2001) which vyielded J,x=70+ 7 and I = 1800 + 30uM. The
WaterLOGSY data were recorded with an NOE miximgetiof 2 s at 298 K in presence of 2 mM g
The parameters of the CPMG pulse train for suppessf the RNA resonances were n =70 ard0.2
ms.

However, the hypoxanthine signal intensity in tpectrum of hypoxanthine with?Asw
and 2,6-diaminopurine was still 30% reducefl/Ifree) compared to the spectrum
without RNA (Figure 40B, purple and black spectrujditionally, a positive signal of
2,6-diaminopurine was detected, although the sigria2,6-diaminopurine should be
negative, since 2,6-diaminopurine is a strong hindleese observations indicated that
both purine ligands bound also unspecifically’fé\sw at the employed ligand and RNA
concentrations. It was then tested whether a IdRKA concentration (1uM) would
allow monitor hypoxanthine binding t3°Asw up to mM ligand concentrations without
significant contribution of unspecific binding (feige 40C). A positive NOE contribution
to the hypoxanthine signal was observed for 1800 Iphoxanthine in presence of
12Asw in form of a ~34% reduction of the signal irgitm (Al/lfree) compared to the
spectrum without**?Asw (Figure 40C, red and black spectrum). At thidAR
concentration, the signal intensity of 1600 hypoxanthine with*?Asw and ~10 eq 2,6-
diaminopurine over the RNA did only marginally det@ from the intensity of free

hypoxanthine (~6%), and no positive 2,6-diaminoperrisignal was detected. These
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conditions were thus adjudged suitable to deterrttirehypoxanthine affinity of*?Asw

from a concentration series of WaterLOGSY spectra.

To determine the Kof theadd Asw hypoxanthine encounter complex, the hypoxaethin
signal intensity (C2H+C8H) was extracted from Wh@GSY spectra that were
measured in absence and in presence of 10 '}fAsw at different hypoxanthine
concentrations. The intensity difference betweendpectra with and without RNA lied
on a conventional dose-response curve (Figure EtQm this curve, the ligand
dissociation constant was determined as descrilgedatvit et al. (Dalvit et al., 2001).
The hypoxanthine dissociation constanp)tof *2Asw extracted from these data was
1800 £ 30QuM. This value matched the highest employed ligar@hcentration,
indicating that more data points would be requficgch reliable measure ofg{However,

at hypoxanthine concentrations higher than 1@8@0unspecific binding occurred (data
not shown). Therefore, higher ligand concentratioosld not be used to improve the
accuracy of the hypoxanthine dissociation consttérmined from the WaterLOGSY
titration. To conclude, the WaterLOGSY method pdad an estimate for thepkof the
add Asw hypoxanthine encounter complex (1800 uM) thabstantially exceeded the
physiological hypoxanthine concentration Encoli (277uM) (Ishii et al., 2007). This
suggests that physiologically relevant concentratiof hypoxanthine do not significantly
impact the adenine-dependent gene regulation cdthié\sw by competitive binding.

5.2.2. FTIR of hypoxanthine in purine riboswitch aptamer complexes

In a co-supervised master thesis, it was testedh&hd-TIR difference spectroscopy
between isotope labelled and unlabelled liganddashkd light into the different binding
modes of hypoxanthine in a weak riboswitch ligamdoeinter complex and in a high-
affinity riboswitch ligand complex. The idea behitiils approach is that FTIR spectra of
two identical samples with different isotope lalgg]l of the ligand are subtracted from
each other, to yield a difference spectrum thatuskeely shows the IR bands of the
ligand. In this study, hypoxanthine antC,N-labelled hypoxanthine was used, and
riboswitch complexes were prepared using a 66-otide pbuE adenine riboswitch
aptamer for the encounter complex and an 80-nudkegpt guanine riboswitch aptamer
for the high-affinity complex. The FTIR experimenigere performed by Albrecht
Volklein and Henrik Gustmann.
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Figure 42: FTIR difference spectra for'*C,"N-labelled hypoxanthine subtracted by hypoxanthinen
the free form and in complex with an adenine and a@uanine riboswitch aptamer. (A) Secondaary
structure of the 66-nucleotiqebuE adenine riboswitch aptamer. Modifications to thédtype sequence
from Bacillus subtilis are highlighted in red(B) Secondary structure of the 80-nucleoti# guanine
riboswitch aptamer. Modifications to the wildtypegsience fronBacillus subtilis are highlighted in red.
(C) Structural formula of hypoxanthine. The moleculdrations ¢ stretchingé bending) that contribute
to the observed IR band in (D) according to a tegcal study by Fernandez Quept al. are
indicated (Fernandez-Quejo, de la Fuente and Nayva005).(D) Hypoxanthine FTIR difference spectrum
at a concentration of 1.5 mM in buffered@ (25 mM potassium phosphate pH 6.2, 50 mM potassiu
chloride, 16 mM magnesium chloride) at 293(K) Hypoxanthine FTIR difference spectrum at the same
conditions as in (D) but with 1.1 eq 66-nucleotjg®IE adenine riboswitch aptamer) Hypoxanthine
FTIR difference spectrum at the same conditionsnafD) but with 1.1 eq 80-nucleotidgpt guanine
riboswitch aptamer. Acquisition and processinghef spectra was performed by Albrecht Volklein.
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The FTIR difference spectra dfC*N-labelled hypoxanthine and hypoxanthine that
were obtained in the free form, in complex with #tenine aptamer and in complex with
the guanine aptamer are shown in Figure 42. Thierdiice spectrum without RNA
(Figure 42D) showed a single IR band f6€,*N-labelled hypoxanthine (1620 ¢m
positive band) and hypoxanthine (1670%Gmmegative band). According to theoretical
calculations, this IR band corresponds to vibratiaomodes involving stretching of the
C6-O bond and the C6-C5 bond as well as bendinghef N1-H bond (Figure
42C) (Fernandez-Quejo, de la Fuente and Navarr95)20rhe corresponding band in
polyinosinic acid (1678 cH) has been shown to undergo a 19'cshift towards higher
frequency upon duplex formation with polycytidylacid (Miles, 1959). This IR band
hence is a promising reporter for Watson Crick tiyase pairing. The FTIR difference
spectrum of-*C,*N-labelled hypoxanthine and hypoxanthine in presesfcthe adenine
aptamer (Figure 42E) was obtained at RNA and ligaontentrations in the range of the
hypoxanthine dissociation constant of the reladd adenine riboswitch (K~1.8 mM,;
see section 5.2.1). One would thus expect IR b@ordsypoxanthine in the free form and
in the RNA bound form. Indeed, the FTIR differersgectrum obtained in presence of
the adenine aptamer was changed compared to the @&ifference spectrum without
RNA, suggesting that an encounter complex was fdrbetween hypoxanthine and the
adenine aptamer. However, it showed no clear pattepositive and negative peaks. The
FTIR difference spectrum dfC *>N-labelled hypoxanthine and hypoxanthine in presenc
of the guanine aptamer (Figure 42F) was even mamgptex and showed a multitude of
overlapping bands. However, at the here employeahige riboswitch aptamer and
ligand concentrations, hypoxanthine should be ekedly in the bound state, because the
hypoxanthine dissociation constant of #pt guanine aptamer is in the low micromolar
range (Batey, Gilbert and Montange, 2004). Notalkdy,similarly crowded FTIR
difference spectrum was obtained f8€,°N-labelled adenine and adenine in the cognate
complex with the adenine aptamer (data not sholvnjight thus be a general feature of
purine riboswitches, that formation of the cognagamer ligand complex induces
pronounced vibrational changes of the purine ligdralconclude, since the IR bands of
3¢ ®N-labelled hypoxanthine and hypoxanthine could b@tunambiguously deduced
from the FTIR difference spectra obtained in preseaf the adenine aptamer and the
guanine aptamer, it was not possible to evaluasetilata.
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5.3. Discussion

In this chapter, WaterLOGSY NMR spectroscopy antRdifference spectroscopy were
employed to characterize the encounter complex ygoxanthine with the adenine
riboswitch RNA.

The WaterLOGSY competition binding experiments va{B-diaminopurine proved that
hypoxanthine is recognized by the binding pockethef full-length 112-nucleotidadd
Asw. By means of WaterLOGSY titrations, an estimatethe hypoxanthine binding
constant of theadd Asw was obtained, which was in the low millimolaange
(Kp ~1.8 mM) and ~5-fold higher than the physiologibgpoxanthine concentration in
E. coli (~0.3mM) (Ishii et al., 2007). The purine nucleobases that are involvethée
adenosine salvage pathway, which is regulated éwydd adenine riboswitch ivibrio
vulnificus, are adenine, hypoxanthine and xanthine. Of thi@s® metabolites, adenine
and hypoxanthine are structurally most closelyteglaThe fact that the here determined
hypoxanthine binding constant of thdd Asw clearly exceeds the bacterial hypoxanthine
concentration provides increasing evidence thaatldeadenine riboswitch responds only

to a single metabolite of the adenosine salvagenzat.

The FTIR difference spectrum ofC*N-labelled hypoxanthine and hypoxanthine
showed changes upon formation of an encounter @mplith the pbuE adenine
riboswitch aptamer and upon formation of a highrétff complex with thexpt guanine
riboswitch aptamer. However, these changes couldbeoevaluated, since no clear
pattern of positive and negative IR bands was eksem the FTIR difference spectra
with the aptamers. Still, it was striking that tbemplexity of the FTIR difference
spectrum of hypoxanthine increased from the frgand to the encounter complex and
from the encounter complex to the stable riboswitgAnd complex. One might follow
up on this preliminary data and perform titrationgth varying RNA and Mg§'
concentrations to gradually monitor the formationtleese purine riboswitch ligand
complexes and unravel the accompanying changefeofFTIR difference spectrum.
However, this would not help resolve the compleacsgal pattern of the FTIR difference
spectrum obtained for the holo state of xpe guanine riboswitch with hypoxanthine at
high Mg®* concentration (16 mM). Since tlpt guanine riboswitch aptamer did not show
global tertiary structure heterogeneity in smFREpeziments at Mg concentrations
exceeding 5 mM (Brennet al., 2010), the multitude of IR bands in the FTIR eiéfince

114



spectrum of the complex between hypoxanthine aedxph guanine riboswitch likely
corresponds to hypoxanthine encapsulated in a henwagly folded aptamer with
‘tuning fork’ tertiary structure (see section 1.Fhus, the IR spectra of the purine ligands
in the purine riboswitch aptamers might simply be tomplex to be accessible by FTIR
difference spectroscopy between uniformig **N-labelled and unlabelled ligands. To
address this issues, future FTIR difference spsctioic studies could be performed with
position specificC,”N-labelled nucleobases (Abad, Gaffney and Jone9;1Shallop,
Gaffney and Jones, 2003).
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Chapter 6: Concluding remarks

NMR, smFRET and FTIR as tools for biophysical studies of riboswitches

In this PhD thesis, three different biophysicalht@iques were employed to investigate
the molecular mechanism of purine binding riboskhet: Nuclear magnetic resonance
(NMR), single-molecule FRET (smFRET) and Fourieansform infrared (FTIR)

spectroscopy.

NMR and smFRET were used to study the adenine-galgonformational switch of the
full-length translation-regulatingdd adenine riboswitch fronVibrio vulnificus (Asw).
NMR is a well-established and powerful method fecandary structure elucidation of
RNA. In case of Asw, the secondary structure bibtalin the apo state, which is at the
heart of the biological riboswitch thermostat fuaotof Asw, was only uncovered by
NMR (Reininget al., 2013) and remained hidden in structural probiagadLemayet al.,
2011) and in single-molecule force experiments (deeet al., 2011). sSmFRET has
proven to be a valuable tool for the investigatbthe ligand-dependent tertiary structure
of purine riboswitch aptamer domains (Breneeal., 2010; Dalgarncet al., 2013). In
this thesis, NMR and smFRET experiments were ferfitist time performed on the same
purine riboswitch sequence such that the NMR aerdsthFRET data could be directly
compared. The main methodological conclusion of dbembined NMR and smFRET
study of Asw is that routinely employed NMR and $RH experiments as stand-alone
biophysical techniques could only capture a subk#te long-lived conformational states
of Asw. By NMR of the base pair reporter imino gosu folding states with undocked
aptamer kissing loop motif remained hidden, althotigey are long-lived (lifetime ~s)
and stable (fractional population ~50%) as revedlgdmFRET. By smFRET in three
different labelling schemes (L2/L3, L2/P5, L3/P&he could not obtain a specific FRET
signature for the apoB conformation, which is Idivgd (lifetime ~s) and stable
(fractional population ~50%) as demonstrated by NNMIRIy the combination of NMR
and smFRET allowed deducing a comprehensive mddbeanulti-state conformational
equilibrium of Asw that accounts for both the setany structure heterogeneity of the
apo state and the aptamer tertiary structure hgtemity of the holo state. Since
increasing evidence accumulates that full-lengbloswitches can occupy multiple-long-
lived conformational states (Hallet al., 2011; Liberman and Wedekind, 2012; Reining
et al.,, 2013; Helmlinget al., 2017), the integrated NMR and smFRET analysis of
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riboswitches represents a powerful means to unciivecomplex conformational space
of these intriguing regulatory RNA elements at kel of both secondary and tertiary

structure.

FTIR spectroscopy is an attractive method to ingast fast dynamics that average out
on the timescale of NMR and smFRET. In case ofrguriboswitches, FTIR could in
principle be used to compare the binding mode arHegnate ligands in transient
encounter complexes to the binding mode of cogligéads in a stable complex. Here,
FTIR difference spectroscopy betwedd,*N-labelled and unlabelled hypoxanthine was
employed to observe exclusively the IR bands oblgpnthine in a stable complex with a
guanine riboswitch aptamer and in a transient emeoucomplex with an adenine
riboswitch aptamer. Specific FTIR difference spaauld be obtained as fingerprints for
the stable ligand complex and the transient ligendounter complex. However, in
contrast to the FTIR difference spectrum of frepdyanthine in solution, the spectra of
hypoxanthine in complex with the guanine and thenate riboswitch aptamer could not
be analysed since they showed multiple overlapfagds. Unexpectedly, the FTIR
difference spectrum for hypoxanthine in complexhwiite guanine riboswitch aptamer
was most crowded, although it corresponded to @anagr complex with homogenous
RNA tertiary structure. Since riboswitches usualiydergo large conformational re-
arrangements in response to concentration chanfdigamd and Mg’ other FTIR
difference spectroscopy techniques like concewoimgtimp difference experiments can be
expected to result in even more complex spectra. i$sue of overlapping bands is the
major limitation of marker-free infrared spectroggmf biomolecules (Barth, 2007). The
fact that the specific IR bands of hypoxanthineldamot be deciphered for the complex
of hypoxanthine with thexpt guanine riboswitch aptamer by FTIR difference
spectroscopy on the basis of readily availableopetiabelling schemes of the ligand,
suggests that FTIR difference spectroscopy has otenpal to become a broadly

applicable technique in the field of riboswitches.

Sgnificance of the new insight into the functional dynamics of Asw

The here performed studies of Asw revealed two eishic features that are of general

significance for full-length purine riboswitches.
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First, the multivector smFRET investigation of Asvith dye labels across aptamer and
expression platform demonstrated that Asw openates spatially decoupled allosteric
switch that involves no long-range tertiary struwatuinteraction between the ligand-
bound aptamer domain and the expression platforemcel the allosteric switch is a
ligand-dependent stabilization of the 3-way junctaptamer secondary structure towards
alternative secondary structures with a helix fanbetween complementary sequence
elements of the aptamer and the expression platfdhis mechanistic principle of a
spatially decoupled allosteric switch was hypothedi to be the general switching

principle of purine riboswitches and could now bercborated experimentally.

Second, the smFRET study of the full-lengt#\sw in the aptamer loop labelling scheme
uncovered tertiary structure heterogeneity of tbhé kconformation between substates
with undocked and docked aptamer kissing loop matifnear physiological Mg
concentration, while the isolated P1-stabilizedaamr domain of this riboswitch is
homogenously folded and has a docked aptamer gissop motif at near physiological
Mg?* concentration (Dalgarnet al., 2013). This finding demonstrates that the extnsi
of purine riboswitch aptamers by their native esgren platform does not only expand
the secondary structure space of the riboswitch, digp alters the tertiary structure
folding landscape of the 3-way junction aptamer domin the native sequence of purine
riboswitches, tertiary structure folding of the 3ywjunction aptamer might be tuned to
fulfil specific requirements related to the ribosski mode of operation (transcriptional vs
translational) or to achieve a specific inducti@actbr in gene expression. Notably, the
dynamic interplay between folding of the P4 hethe P1 helix and the aptamer kissing
loop motif of the full-length*Asw changed further upon elongation'tiAsw to **’Asw

by 15 nucleotides of the protein coding sequencéhefadd gene. This highlights the
necessity to study translation-regulating riboshét also within their respective protein-

coding mRNA transcript.

With increasing available structural information wanscriptional and translational full-
length purine riboswitches (Helmliregal., 2017; Warhauét al., 2017) the new frontier

in the mechanistic study of purine riboswitcheshsfted to the investigation of these
riboswitches in the context of the macromoleculaachinery of transcription and
translation. Given the multitude of conformatiorsthtes observed for the full-length

purine riboswitches, the major challenge of theseliss is to figure out which specific
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conformational transition is central to the reglatof transcription termination or

translation initiation.
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Appendix

Appendix 1: Assignment of the imino NH resonancesf anutant apoBsrag “*?Asw
without adenine but with 5 mM Mg** at 283 K

Mutated residues are highlighted in red. Residhes showed chemical shift changes
(A6'H >0.05 orAd™N >0.2) compared to the wildtype are denoted *.SEhare the two

guanosines adjacent to the mutated base pairs #6d%46) and two P4 helix residues

(G81 and G115).

Residues H N

Gl4 11.55 145.1
G16 12.89 147.8
G38 12.70 147.8
G43* 12,22 147.2
G44 13.19 1485
G46* 13.21] 147.9
ua7 12.17 158.6
G57 12.42 146.7
G59 13.21 1479
u68 14.18 162.8
u70 13.96 162.3
u71 13.11 162.1
G72 11.81 146.6
G81* 13.21] 147.9
u82 14.40 162.9
uao 13.9 162.3
U9l 13.69 162.5
u92 12.98 161.9
U106 13.22 161.9
G112 11.94 147.5
G115* 12.85 146.8
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Appendix 2: MATLAB script for the analysis of sSmFRET histogram data

This script was provided by Martin Hengesbach

%Program to read binary traces file output by Haaér. program written by
%Michael Stone 01/17/2004

clearall;

total_frets =];

n_molecules = [[;

s = pwd;
files = dir(s);

for i = 3:length(files)

fileName = files(i).name;

s = strcat(s));

fullFileName = strcat(s,fileName);
FID = fopen(fullFileName);

% data = importdata(fullFileName);
accepted_traces = [J6 an array to hold good molecule data for futuralysis
fretthreshold = 4000% this is a threshold value to prevent crazy fiates

% %pFirst read in file from directory

% [fileName,pathl] = uigetfile(**.traces','Read dea File');

% addpath(pathl) %add path to path list each tinemsure proper file access
% FID = fopen(fileName);

%find number of frames and peaks from traces he#der
[n_fr,z1] = fread(FID,1int32); %z1 is just the number of indicated data types (shduld be 1)
[n_traces,z2] = fread(FID,1nt16);

rate_fr = 10%input('At what frame rate was the data collecjed?'
n_peaks = n_traces/2;

n_molecules = [n_molecules n_peaks];

exp_length = n_fr/rate_f#p(seconds)

time = (1/rate_fr:(1/rate_fr):exp_length);

%%Now read in the rest of the data from the trdites

[total_data,z3] = fread(FID,[n_traces+1,n_r32);

fclose=(FID);

total_data = total_data(2:n_traces,1:n_ff);% this gets rid of the frame number col, whicthis first colum in a traces file

%RemoveBleachedMolecules

total_donor = [J;
total_acceptor = [;
total_acceptor_corrected = [;

total_donor(1:n_peaks-1,1:3) = total_data(2*(0:rakse2)+1,1:3);
%%remember matlab starts arrays at 1
total_acceptor(1:n_peaks-1,1:3) = total_data(2*(peaks-2)+2,1:3);

%ocorrect the acceptor intensities for 10% leakag the donor channel

total_acceptor_corrected(1:n_peaks-1,1:3)= totakpmtor(1:n_peaks-1,1:3)-0.1*total_donor(1:n_peagls3);
%total_acceptor_corrected = total_acceptor;

fori=1:n_peaks-1
i
dyesum = total_donor(j,:)+total_acceptor_caed(,:);
FRET = total_acceptor_corrected(i,:)./dyesum;
[rows] = find(dyesum <fretthreshold);
FRET(rows) = [];
total_frets = [total_frets mean(FRET)];
%remove FRET below -0.1 and above 1.1:
[rowsoutsidelow] = find(total_frets <-0.1);
total_frets(rowsoutsidelow) = [];
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[rowsoutsidehigh] = find(total_frets >1.1);
total_frets(rowsoutsidehigh) = [];
end

end

%this creates the vector for binning into 0.025 FREeps

bins=[-0.1 -0.075 -0.05 -0.025 0 0.02805 0.075 0.10.125 0.15 0.175 0228. 0.25 0.275 0.30.325 0.35
0.375 0.40.425 045 0.475 0.50.52550.8.575 0.60.625 0.65 0.675 0.70.725 0.775 0.80.825 0.85 0.8]
0.90.925 0.95 0.975 1 1.025 1.05 78.01.1];

bins = bins',

%and this makes the vector for exporting the histogfigures (to Origin)
binned_data = hist(total_frets,bins);

exp_hist = [bins, transpose(binned_data)];

%finally, this gives the raw data in a vector fapert

export_frets = total_frets";

figure

hist(total_frets,bins)

%plot A

title(fileName)
saveas(gchistAVG3_STD2_b10_ft4000.jpg"

file2=strcat(histAVG3_STD2 b10_ ft40001xt);

save(file2,exp_hist' -ascii); %this saves binned AVG3 FRET values into a txtffleorigin!
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Appendix 3: MATLAB scripts for the analysis of SmMFRET time trace data

Script 1:export_flou_trajectories.m

%Script works on a directory containing all .trafitss of a specific measurement condition (andtier files)
%Needs frame rate in frames per second as an input

%The first part is an adaptation of Martins Sctipdhisttracesandor3.m"

%reads in the background corrected donor and amcepénsities

%ocorrects acceptor intensities for 10% donor leakag

%safes I(frame) as column vectors for all moleciresccepted_traces; (ID1,IAL, ID2, IA2 ... IDn,AA

clearall;
total_frets =[J;
n_molecules = [J;

alllifetimes=([]
list=[]
rate_fr = inputat what frame rate was the data collectgd?'

s = pwd;
files = dir(s);

for i = 3:length(files)

fileName = files(i).name;

s = strcat(s\);

fullFileName = strcat(s,fileName);
FID = fopen(fullFileName);

accepted_traces = [J6 an array to hold good molecule data for futuralysis
fretthreshold = 4000% this is the threshold value for photobleachingduis the second part of the script
fretthreshold2 = 10% this is the threshold value for intensity scalirsgd in the second part of the script

%find number of frames and peaks from traces he#der
[n_fr,z1] = fread(FID,1int32); %z1 is just the number of indicated data types (shduld be 1)
[n_traces,z2] = fread(FID,1nt16);

n_peaks = n_traces/2;

n_molecules = [n_molecules n_peaks];
exp_length = n_fr/rate_fjp(seconds)
time = (1/rate_fr:(1/rate_fr):exp_length);

% Now read in the rest of the data from the trédibes

[total_data,z3] = fread(FID,[n_traces+1,n_n32);

fclose=(FID);

total_data = total_data(2:n_traces,1:n_fe) this gets rid of the frame number col, whichhis first colum in a traces file

total_donor = [J;
total_acceptor = [J;
total_acceptor_corrected = [;

total_donor(1:n_peaks-1,1:n_fr) = total_data(2*(@eaks-2)+1,1:n_fr);
total_acceptor(1:n_peaks-1,1:n_fr) = total_date{2f(peaks-2)+2,1:n_fr);

%ocorrect the acceptor intensities for 10% leakage the donor channel
total_acceptor_corrected(1:n_peaks-1,1:n_fr)= teateptor(1:n_peaks-1,1:n_fr)-0.1*total_donor(leaks-1,1:n_fr);

%safes all ID and all corrected IA in column pait® the accepted_traces variable; 1 row per frame!
total_data_Acorr = reshape([total_donor(:) totategtor_corrected(:)]',2*size(total_donor,1), [])
accepted_traces = total_data_Acorr.'

%The second part pre-processes the intensity toajes for Hidden Markov Modelling in HaMMy

%It scales the intensities such that E-FRET fadisveen 0 and 1

%]t terminates the trajectory at a photobleachivenei.e. if dyesum<fretthreshold or E<0.1 in ave&dfiltered data

%It removes all molecules that were terminated iwithe first three frames: dim molecules and D-anlylecules

%It exports one ASCII file per molecule of the fotimime [s], ID [a.u.],IA [a.u.]"

%Additionally, for all saved molecule of each *des file, the script exports the lifetime [s] ifi.&t file (one list of lifetimes per
* traces file)
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%Scale the intensities so that E[0,1] and set trexoé right before avedyesum<fretthreshold or E€B-ftame average)

data = accepted_traces;
num_tr = size(data,1);
k=1

while k < size(data,2)/2+1

index = k*2;
donor = data(:,index-1);
accep = data(;,index);

%SW: scale back negative intensities

[rows] = find(donor<fretthreshold2)) creates a vector that contains indices of cetls FRET > 1 due to negative donor
intensities

donor(rows) = 10% substitutes donorl<0 values in [rows] with =10

[rows] = find(accep<fretthreshold2}; creates a vector that contains indices of cétls FRET < 0 due to negative accep
intensities
accep(rows) = 10% substitutes accepl<0 values in [rows] with |=10

%SW: Create a median filtered trajectory to detamirace_end

cutfilter = 3%each point n will be replaced by average of thte dderval [n-1:n+1]

aveDonor = medfiltl(donor',cutfilte@ymedian averaging the donor intensity

aveAccep = medfiltl(accep',cutfilterhmedian averaging the acceptor intensity

avedyesum = aveAccep+aveDonor;

[rows] = find(avedyesum<fretthreshdéldyreates a vector that contains indices of cétls éim intensities

aveAccep(rows) = 0% substitutes IA values in [rows] with IA=0, so thley become E=0 and are filtered with the follogvE-
FRET criterion

avefret = aveAccep./avedyesum

[hammy_rows] = find(avefret < 0.%creates a vector that contains indices of cells #<0.1

if [hammy_rows] > 0

trace_end = min(hammy_rows}#means the end of the trace should be 2 framesebsfe avedyesum is smaller than the
fretthreshold

else

trace_end = num_tr

end

% Then either export or skip the trace of the mdkec
% Traces are skipped if the molecule bleaches dthie first 3 frames (avedyesum<fretthreshold efrat<0.1; s.a.)

if (trace_end<3)
k=k+1
else

donor=donor’
accep=accep’

hammy_trace = [time(1:trace_ewdnor(1:trace_end); accep(l:trace_end)];
hammy_traceexport = hammy_trace’;

pattern Hraces'

replacement' =m;

fileNamel = regexprep(fileNametgat,replacement)
filel=strcat(num2str(fileName1)m2str(k),.dat);
save (filelhammy _traceexport-ascii, -tabs);

%SW: Puts the molecule's lifetime into alllifetimes
lifetime = trace_end/rate_fr

list=vertcat(alllifetimes, lifetime
alllifetimes=list

k=k+1

end
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end
%SW: Saves all lifetimes for that movie
file2=strcat(num2str(fileName)lifetimes.txt);

save (file2alllifetimes, "-ascii)
alllifetimes=[]

end

Script 2:create_input_for_ID_IA HMM.m

This script was written by Klara R. Mertinkus astpd a supervised Bachelor thesis

%Script works on a directory containing the *.disf with the "Time,lA,ID" trajectories of all mateles for a specific measuremen
condition (and no other files)

%]t creates the corresponding trajectories for idarkov modelling of the normalized donor inténsTime, 1-ID/IDmax,
ID/IDmax" in the files *d.dat

%and the corresponding trajectories for Hidden Manodelling of the normalized acceptor intensiynie, 1-IA/IAmax,

IA/IAmax" in the files *a.dat

clearall
files=dir(*.dat);

for j=1:numel(files)
filename = files(j).name;

%load dat data: time, ID, 1A
data=loadascii(filenamép’)

time=data(:,1)

donor=data(:,2)
normdonor=data(;,2)/max(donor)
subt=1-normdonor

data_d=[time subt normdonor]
hammy_traceexport = data_d

pattern =.dat;
replacement =d’;
filenamel = regexprep(filename,pattern,replacement)

file=strcat(num2str(filenameZl)jat);
save (file,hammy_traceexport-ascii, -tabs);

accep=data(:,3)
normaccep=data(:,3)/max(accep)
subt2=1-normaccep

data_a=[time subt2 normaccep]
hammy_traceexport2 = data_a

pattern =.dat;
replacement2 =
filename2 = regexprep(filename,pattern,replacenment2

file2=strcat(num2str(filename2)jat);
save (file2,hammy_traceexport2-ascii, -tabs);

end
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Script 3:evaluate HMM_fits.m

This script was finalized together with Klara R. miiekus as part of a supervised
Bachelor thesis

3]

%Script works on a directory containing the 3 Hanousput files *path.dat, *apath.dat and *dpath fdateach molecule of a specif|
measurement condition (and no other files)

%Needs the additional function loadascii.m fronpiitschwalbe.org.chemie.uni-frankfurt.de/research
clearall

rate_fr = inputfAt what frame rate was the data collectgd?'

alldwell =[]

TDPIist=[]

TODPIist =]

TODPdyn=0

TODPstat=0

TODPhistat=0

alllifetimes =[]
histatlifetimes =[]

mkdir(dyn_jpg)
mkdir(histat_jpd)
mkdir(lostat_jpgd)

%read acceptor paths
files_a=dir(*apath.da);

for j=1:numel(files_a)
filename_a=files_a(j).name;

data_a=loadascii(filename %,); %Format: Frame, 1-1A, IA, Anorm, Afit
trace_end=size(data_a,1)

if trace_end < 50%skip if shorter than 50 frames

%then do nothing

else

%load FRET path and donor path and analyze theculele
pattern=apath.daf’

replacements

moleculename=regexprep(filename_a,pattern,replatgme

files_e=strcat(num2str(moleculenan@ih.da);
filename_e=files_e%only FRET name

files_d=strcat(num2str(moleculenam@&)ath.daj;
filename_d=files_d%only donor name

data_d=loadascii(filename_@); %Format: Frame, 1-ID, 1D, Dnorm, Dfit
data_e=loadascii(filename '%)); %Format: Frame, ID, IA, E, Efit

frame=data_e(1:end,1);

Efit=data_e(:,5);
deltaEfit=Efit(2:trace_end,1)-Efit(1:trace_end-1,1)
deltaEfit(trace_end,:)=0;

Dfit=data_d(:,5);
deltaDfit=Dfit(2:trace_end,1)-Dfit(1:trace_end-1,1)
deltaDfit(trace_end,:)=0;

Afit=data_a(;,5);
deltaAfit=Afit(2:trace_end,1)-Afit(1:trace_end-1;1)
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deltaAfit(trace_end,:)=0;
slope_data=[frame deltaEfit deltaDfit deltaAfit];

%%export slope_data as optional control
%hammy_slopeexport=slope_data;
%file_slope=strcat(num2str(moleculename),'slop§;dat
%save(file_slope, ‘hammy_slopeexport’, '-asdibs')

%compare slope data to find "real" transitions

%"Real" transitions have Dfit intensity change >10Pframe n
%Anticorrelated Afit intensity change >10% withirafne n-2 and frame n+2
%And Efit change >0.1 within frame n-2 and fram&n+

arr=zeros(trace_end,1)
%intvlist=[]
for n=3:trace_end-2
if abs(slope_data(n,3))>0.%donor change

if abs(slope_data(n,4))>0.1 & slope_data(n,3)*slopta(d,4)<0%anticorrelated acceptor change in same frame
arr(n,1)=1;
slope_data(n,3)=0;
slope_data(n,4)=0;
%intv=0;
elseifabs(slope_data(n-1,4))>0.1 & slope_data(n,3)*sldp&a(n-1,4)<0 || abs(slope_data(n+1,4))>0.1 &
slope_data(n,3)*slope_data(n+1,4}%0anticorrelated acceptor change in frame-1 ordrath
arr(n,1)=1;
slope_data(n,3)=0;
slope_data(n-1:n+1,4)=0;
%intv=1,
elseifabs(slope_data(n-2,4))>0.1 & slope_data(n,3)*sldp&a(n-2,4)<0 || abs(slope_data(n+2,4))>0.1 &
slope_data(n,3)*slope_data(n+2,4}%0anticorrelated acceptor change in frame-2 or érai
arr(n,1)=1;
slope_data(n,3)=0;
slope_data(n-2:n+2,4)=0;
%intv=2;
end
%intvlist=vertcat(intvlist,intv)

if arr(n,1)==1 && max(abs(slope_data((n-2):(n+2),2P)L %removes transitions with no FRET change > 0.liwiftame-2
and frame+2

arr(n,1)=0

end

end
end

%Create matrix Trace_steps according to the "teatisitions

%Trace_steps is the trace separated into stepgdetinansitions; it contains

%as rows: "t0 to transition 1", "transition 1 tarsition 2", ..., "last transition to Trace_end"

%as columns: steptime, mean(ID), mean(lA), meantEan(Efit)

%Each steptime corresponds to a dwelltime, exd¢epfitst steptime (t=t0 until transition 1) and tast steptime (last transition unti
trace_end)

%Molecules with no Hammy transition will have 1ptme (t=tO until trace_end)

%The means are the respective means during thinstep

trans_rows=find(abs(arr)>0);
trace_trans=vertcat(trans_rows,trace_end);

Trace_steps=[];

k=1;
for i=1:size(trace_trans)
steptime=data_e(trace_trans(i),1)/rate_fr-detal)/rate_fr+1/rate_fr
if steptime == 1/rate_fr
stepD=mean(data_e(k:trace_trans(i),2));
stepA=mean(data_e(k:trace_trans(i),3));
stepE=mean(data_e(k:trace_trans(i),4));
stepEfit=mean(data_e(k:trace_trans(i),5));

else
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stepD=mean(data_e(k:(trace_trans(i)-1),2));
stepA=mean(data_e(k:(trace_trans(i)-1),3));
stepE=mean(data_e(k:(trace_trans(i)-1),4));
stepEfit=mean(data_e(k:(trace_trans(i)-1),5));

end
Trace_steps=vertcat(Trace_steps,[steptime,ssegiA, stepE,stepEfit]);
k=trace_trans(i)+1;

end

%Replace FRET-states in stepEfit with deltaEfitdfyltheir average
FRETstates=unique(Trace_steps(:,5))
for s=1:size(FRETstates, 1)

deltaFRETstates=FRETstates-FRETstates(s)
[sameFRETstate_rows]=find(abs(deltaFRETstafet)<

if size([sameFRETstate_rows],1) > 1

FRETs1=FRETstates([sameFRETstate_rows])
FRETs2=ones(size(FRETs1,1),1)*mean(FRETs1)

FRETstates=changem(FRETstates,FRETs2,FRETs1
stepEfits = Trace_steps(:,5)

stepEfits = changem(stepEfits,FRETs2,FRETs1
Trace_steps(:;,5) = stepEfits

end
end

%Remove wrong steps from Trace_steps
%\Wrong steps are sequential steps in Trace_stepswichange in stepEfit due to false positivel"rgansitions
%Such false positives arise if a transitions ol efate was accepted but the transition intosttaé not (or vice versa)

True_steps=Trace_steps(1,:)
k=1

for s=2:size(Trace_steps,1)

if True_steps(k,5) == Trace_steps(s,5)
True_steps(k,1)=True_steps(k,1)+Trace_&iehs
True_steps(k,2:5)=(True_steps(k,2:5)+Trateps(s,2:5))./2
else
True_steps=vertcat(True_steps, Trace_steps(s
k=k+1
end

end

%Also calculate the transition time points truensréor True_steps
%which is the equivalent of trace_trans for Trateps
true_trans=cumsum(True_steps(;,1))

%Now save the corrected HMM path according to Tsteps in Efitcorr

s=[]

Efitcorr=[]

for s=1:size(True_steps,1)
edge=round(True_steps(s,1)*rate_fr)
segment=ones(edge,1).*True_steps(s,5)
Efitcorr=vertcat(Efitcorr,segment)

end

%Classify and analyze corrected HMM-paths

frame=data_e(;,1)+1;
frametime=frame/rate_fr;
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if size(True_steps,1) >% then the molecule is dynamic
TODPdyn=TODPdyn+1%count it as dynamic

h(j)=figure;

subplot(24,1,2:6%0 ID, 1A

plot(frametime, data_e(:,2), frametime, data_e(:,3),)
ylabel(Intensity)

title(filename_e)

subplot(24,1,8:12 IA/IAmax, Afit
plot(frametime, data_a(:,4), frametime, data_a(:,5),)
ylabel(Intensity)

subplot(24,1,14:18) ID/IDmax, Dfit
plot(frametime, data_d(:,43;, frametime, data_d(:,5); )
ylabel(Intensity)

subplot(24,1,20:24% Efret, Efit, Efit_corrected with accepted traiwitpoints trace_trans and actual transition pdints_trans
plot(frametime, data_e(:,4), frametime, data_e(:,5), frametime, Efitcorfin’, trace_trans(1:end-1)./10, Trace_steps(1l:end-1,5
'ob, true_trans(1:end-1), True_steps(1l:end-1:6))

xlabel(Time/s)

ylabel(E-FRET)

set(gcf,PaperPosition[1 1 12.5 20])% size of plot-output

saveas(h(j), strcat(filename_@yn.jpg))

close(h(j))

if size(True_steps,1)athe molecule has at least 2 transitions, and,ehaotual dwelltimes

%Add the dwelltimes to the list alldwell of the fioat dwelltime, Efit, Efitafter
realdwelltimes=[True_steps(2:end-1,1),True_steps@-1,5), True_steps(3:end,5)]
alldwell=vertcat(alldwell, realdwelltimes)

%Save the molecules TODP/TDP peak coordinatesi&igitinal

%To extract the TODP coordinates, you have to mpylby 1000, round, do the unique command, and divéde by 1000
%because somehow the uniqgue command does not wadiws with decimal numbers
transitionpairs=[True_steps(1:end-1,5), True_stepa(®5)]

TDPIlist=vertcat(TDPlist,transitionpairs)

transitionpairs=round([True_steps(1:end-1,5), Trteps2:end,5)].*1000)
unique_transitionpairs=unique(transitionpairsys)./1000

TODPIist=vertcat(TODPIist,unique_transitionpairs)

else%the molecule has just 1 transition and no actwelltime

% Save the molecules TODP/TDP peak coordinate (s.a.
transitionpairs=[True_steps(1:end-1,5), True_stepa(®5)]
TDPIlist=vertcat(TDPIlist,transitionpairs)
transitionpairs=round([True_steps(1:end-1,5), Trteps2:end,5)].*1000)
unique_transitionpairs=unique(transitionpairsys)./1000
TODPIlist=vertcat(TODPIist,unique_transitionpairs)

end

% Save lifetime in allliftimes
lifetime = trace_end/rate_fr
alllifetimes = vertcat(alllifetimes, lifetime)

else% it is static
TODPstat=TODPstat+1%count it as static

h(j)=figure;

subplot(24,1,2:6%6 ID, 1A

plot(frametime, data_e(:,2), frametime, data_e(:,3),)
ylabel(Intensity)

title(filename_e)

subplot(24,1,8:120 IA/IAmax, Afit
plot(frametime, data_a(:,4), frametime, data_a(:,5);)
ylabel(Intensity)
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subplot(24,1,14:18)o ID/IDmax, Dfit
plot(frametime, data_d(:,43;, frametime, data_d(:,5); )
ylabel(Intensity)

subplot(24,1,20:24% Efret, Efit, Efit_corrected with accepted traimsitpoints trace_trans and actual transition pdints_trans
plot(frametime, data_e(:,4), frametime, data_e(:,5), frametime, Efitcorfin', trace_trans(1:end-1)./10, Trace_steps(1:end-bfB)
true_trans(1l:end-1), True_steps(1:end-135))

xlabel(Time/s)

ylabel(E-FRET)

set(gcf,PaperPosition[l 1 12.5 20]Y% size of plot-output
saveas(h(j), strcat(filename_'&at.jpg))

close(h(j))

% Save the molecules TODP peak coordinate: Indlsde-FRET as diagonal peak in TODP

DPstat=[Trace_steps(1,5) Trace_steps(1,5)]
TODPIist = vertcat(TODPIist, DPstat)

% Save lifetime in allliftimes
lifetime = trace_end/rate_fr
alllifetimes= vertcat(alllifetimes,lifetime)

%this part is construct specific: here | separatelynt the number and
%lifetimes of static molecules in the high FRETtst&>0.75)

if Trace_steps(1,5) > 0.75then it is in the highFRET state
TODPAhistat=TODPhistat+%count it as static and highFRET static
histatlifetimes = vertcat(histatlifetimes, lifetimé&psave lifetime in the separate list for highFREAtistlifetimes

movefile(strcat(filename_é&stat.jpgd), ‘histat_jpd)

end
end

end
end

%Make TODP plot:

%Plot a 2D Gauss function with amplitude 1 and siffp+0.002 at the coordinates (Efitbefore/Efitaffer)each transition FRET pal
Efitbefore/Efitafter found per molecule

%(Dynamic molecules: 1 Peak at E1/E2 or two pe&lEsL&E?2 and E2/E1; Static molecules: 1 Peak at B1/E

% Over all traces, this basically counts how mainyre molecules exhibit a transition between a jgdeRET pair or no transition
%(Example: In 3 molecules 2 exhibit transitionsteetn E1/E2, 1 between E2/E1 and 1 is static andehemains at E1/E1)

%This is as described for TDPs by Sean A. McKini@yiflmin Joo and Taekjip Ha in "Analysis of Singtelecule FRET
Trajectories Using Hidden Markov Modeling"

%Biophys J BioFAST, published on June 9, 2006 ad40d529/biophysj.106.082487 Copyright 2006

%But each transition is counted once per tracelonly

% Normalize by the number of molecules in ordéistale transitions based on the fraction of mokestihat exhibit them at least
once"

% as described by Mario Blanco and Nils WalterAndlysis of Complex Single Molecule FRET Time T@ies"

% Methods Enzymol. 2010; 472: 153-178. doi: 106180076-6879(10)72011-5

x = [0: 0.005: 1];
y =[0: 0.005: 1]
z = zeros(length(x), length(y)}p empty matrix init

[x_,y_] = meshgrid(x,y);

for k = 1:size(TODPIist,1)

z = z + exp((-(x_-TODPIlist(k,1))."2-(y_-TODPIist@)."2)./0.002y0each TODP entry is a Gaussian with amplitude 1 and
sigmasquare 0.002

end
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Molecules=TODPdyn+TODPstat
z=z./Moleculeg/normalize amplitudes by the number of molecules
%now plot the TODP with the fine grid

h(j)=figure

surf(x,y,z;LineStyle;'none, 'FaceLighting’phong)
view(2)

colormap(jet)o heat map

%ocolorbar()

caxis([0 0.15])
colorbar(YTick',[0,0.03,0.06,0.09,0.12,0.15])
axisequal

axis([0 1 0 1])

xlabel(initial FRET)

ylabel(final FRET)

set(gcaXTick', [0 0.2000 0.4000 0.6000 0.8000 1])
set(gcay Tick', [0 0.2000 0.4000 0.6000 0.8000 1])
set(gca,FontWeight' 'bold, 'FontName"Arial', 'FontSize14)
%h=get(gca)

saveas(gcffODP.tif);

close(h(j))

%Make TDP plot:

%Plot a 2D Gauss function with amplitude 1 and siffp+0.002 at the coordinate (Efitbefore/Efitaffier)each transition FRET pai
Efitbefore/Efitafter found over all traces

%Normalize by the overall number of transitionsrfdu

x = [0: 0.005: 1];
y =[0: 0.005: 1];
z = zeros(length(x), length(y)}p empty matrix init

[x_,y_] = meshgrid(x,y);

for k = 1:size(TDPlist,1)
z =z + exp((-(x_-TDPIlist(k,1)).”2-(y_-TDPIlist(k 2)2)./0.002)%6each TDP entry is a Gaussian with amplitude 1sagasquare
0.002

end

NoTransitions=size(TDPlist,1)

z=z./NoTransitiongonormalize amplitudes by the number of transitions
%now plot the TDP with the fine grid

h(j)=figure

surf(x,y,z;,LineStyle;'none, 'FaceLighting’phong)
view(2)

colormap(jet) heat map

%ocolorbar()

caxis([0 0.1])
colorbar(YTick',[0,0.02,0.04,0.06,0.08,0.1])
axisequal

axis([0 1 0 1))

xlabel(initial FRET)

ylabel(final FRET)

set(gcaXTick', [0 0.2000 0.4000 0.6000 0.8000 1])
set(gcay Tick', [0 0.2000 0.4000 0.6000 0.8000 1])
set(gca,FontWeight' 'bold, 'FontName"Arial', 'FontSize14)
%h=get(gca)

saveas(gcfTDP.tifY);

close(h(j))

%ocalculate and export statistics file

aveliftime=mean(alllifetimes)
aveliftimehistat=mean(histatlifetimes)

header={dyn_molecules'stat_molecules’histat_molecules'ave_lifetime'ave_histatlifetime''accepted_moleculgs'
'input_molecule}'
statistics = dataset({{TODPdyn, TODPstat, TODPhiatatliftime,aveliftimehistat, Molecules, numel(files)],header{:}})
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export(statistics)
%EXPORT COLLECTED DWELLTIMES
filel="dwelltimes.txt

save (filel,alldwell, -ascii);

movefile(*dyn.jpg), 'dyn_jpg)
movefile(*stat.jpg, 'lostat_jpg)
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