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Summary and Overview

Summary and Overview

Riboswitches are an important class of regulatddARRlements that respond to cellular
metabolite concentrations to regulate gene exmmessi a highly selective manner.
2’-deoxyguanosine-sensing (2'dG) riboswitches repné a unique riboswitch subclass
only found in the bacteriuriviesoplasma florum and are closely related to adenine- and
guanine-sensing riboswitchésThe I-A type 2'dG-sensing riboswitch represses the
expression of ribonucleotide reductase genes at ¢efular concentrations of 2’dG as a
result of premature transcription termination.

Increasing evidence within the last decade sugghstis transcriptional regulation by
riboswitches is controlled kinetically and emphasithe importance of co-transcriptional
folding.2~* Addition of single nucleotides to nascent trarssrcauses a continuous shift in
structural equilibrium, where refolding rates aoenpeting with the rate of transcriptif.
For transcriptional riboswitches, both ligand bmgland structural rearrangements within
the expression platform are precisely coordinatedie with the rate of transcription. The
current thesis investigates the mechanistic detditsanscriptional riboswitch regulation
using the I-A 2'dG-sensing riboswitch as an exammie riboswitch that acts under kinetic

control.

Chapter | describes the relevant background of riboswitcheth the focus on
transcriptional regulation and kinetic control. Bgsrinciples of riboswitch-mediated gene
regulation are outlined in 1.2.1, available evidehar kinetic control by transcriptional
riboswitches is summarized in 1.2.2, and a detdobetkground on guanine-, adenine- and

2'dG-sensing riboswitches can be found in sectibAs3-1.2.4.

Chapter Il describes methodological approaches applied tostigaste riboswitch
structure and function and is subdivided into beroital and biophysical approaches.
Biochemical approaches include P@Rvitro transcription and enzymatic splinted ligation
for RNA preparation, gel-electrophoresis and HPIb€ RNA analysis and purification,
and transcription assays for functional studiesopBysical approaches include UV-
spectroscopy for RNA analysis, ITC to determinaid-binding affinities, stopped-flow

spectroscopy to determine ligand-binding kinetassxy NMR-spectroscopy including two
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different time-resolved approaches to study stmectdynamics and folding kinetics of
RNA.

Chapter 11l describes the structural characterization of betjulatory ON- and OFF-
states of the I-A type 2'dG riboswitch by NMR. NMfRaracterization of the full-length
riboswitch in presence and absence of ligand shithas the riboswitch adopts the
regulatory OFF-state at thermodynamic equilibritmboth the ligand-bound and ligand-
free form. This result reveals that the riboswitgterates under kinetic control, where the
regulatory ON-state represents a transient, métasssate that folds during transcription.
Once formed, this ON-state is kinetically stabiiaentil the point of regulatory decision.
The regulatory ON-state was first identified in221Int long transcriptional intermediate.
NMR analysis of this transcriptional intermediatevealed two conformations that
exchange on the seconds time scale. In additidiscaepancy in the allosteric modulation
between ON- and OFF-states in comparison to guaamteadenine riboswitches was
identified. Therefore, allosteric states in the RAG riboswitch were further compared to
mfl I-B 2’dG- and IlI-B guanine-sensing riboswitch@he ligand-dependent structural
rearrangement in all thredfl riboswitches was found to be identical. This resufjgests
that the difference in the ligand-dependent allistanodulation is not related to 2'dG
riboswitches but appears to be a bacterium spef@éture. In addition, the preliminary
NMR results on the I-B 2'dG-sensing riboswitch segfg that this riboswitch also exhibits
structural heterogeneity in the ON-state.

Following structural characterization of the 2’d@nsing riboswitcha methodological
approach taapidly synthetize darge number of transcriptional intermediates foviR|
analysis was developed. This approach can be apienonitor how structures evolve
during transcription as single nucleotides are dddethe mRNA chain. The approach
addresses two issues that impede rapid preparatidRNA for NMR-spectroscopic
analysis byn vitro transcription. First, run-off transcriptions witlf-polymerase typically
yield inhomogeneous 3’-ends with non-templated and n+2 nucleotide additions. Self-
cleaving 3-ribozymes are commonly applied to resothis issue, which further
decelerates the process of RNA preparation. Seiaddard purification by HPLC or
PAGE is time-consuming and cannot be paralleliZéd 3’-end homogeneity for run-off
transcription from PCR templates could be signifttaimproved by using DMSO as a co-
solvent in transcription reactions. In combinatiovith 2’-methoxy modifications

implemented at the two 5’-nucleotides in DNA tentgsd random nucleotide addition to
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the 3’-end of the RNA by T7 polymerase could be plately inhibited. Transcription
products produced under these conditions provbed txceedingly pure and homogeneous,
such that simple buffer exchange of the transanptnixture in centrifugal concentrators
yielded NMR spectra comparable to samples puribgdPAGE or HPLC. The whole
procedure of RNA preparation can be performed withio days and is divided into three
steps. First, DNA template preparation is perforrsieaultaneously within two hours for a
multitude of transcriptional intermediates by vagyreverse primers accordingly. Second,
transcription reactions are performed overnightrd;ithe transcription mixture is washed

with water and exchanged into buffer within 10 rsdur

In Chapter IV, the mechanistic details of transcriptional ribosWwitregulation is
investigated by combining biophysical analysisrahscriptional intermediates with light-
induced NMR experiments to monitor ON-state foldimgreal time. A total of 29
transcriptional intermediates were synthesizedntgestigate structure, ligand binding
affinity and ligand binding kinetics in the contef{ttranscription.

NMR structural profiling in the absence of ligare/eals that the metastable ON-state is
stable during the transcription of 24 nucleotidesneen transcript lengths 113 and 137 nt.
This result implies that the rate for ON-state flogdmust occur on the same time scale as
required by the polymerase to synthesize theseu2featides, otherwise transcription
would always be terminated. The regulatory OFFestagains thermodynamic stability
only five nucleotides prior to the genetic decisi®@herefore, the time frame during which
the ON-state must be kinetically stabilized is tigkdy small.

Ligand binding affinity analysis by NMR shows théte ligand-bound state is only
populated >90% in the individual aptamer domainro&esequential frame of 10-13
nucleotides from transcript lengths 80 to 93 narigiation of the mMRNA chain leads to a
continuous loss in the ligand-bound population @7 during transcription of the
subsequent 20 nucleotides to a transcript lengtili# nt. Even in the full-length
riboswitch, the ligand-bound state is only popudaty 70%. The decrease in ligand-
binding affinity during mRNA chain elongation ispported by thermodynamic analysis
of transcriptional intermediates using ITC. Ligandding kinetics derived from stopped-
flow fluorescence spectroscopy of transcriptiontdimediates show that kinetics of ligand
binding do not change as the RNA is elongated ihglsinucleotides. Consequently, ligand
binding kinetics are solely guided by fluctuatiamshe cellular 2’dG concentration, where

a decrease in the ligand-bound population witheasing RNA length directly reflects a

3
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response mechanism to the cellular 2’dG conceantratkt high concentrations of 2’dG,
ligand association rates are high and the liganditiastate will be populated to a larger
degree. Decreasing 2'dG concentrations deceleleteptocess of ligand association,
directly resulting in a lower population in thedrgd-bound state. According to these results,
the rate of ligand binding associated with thei@ltconcentration of 2'dG required to
trigger riboswitch function resembles the rate rahscription required to synthesize 30
nucleotides. This rate is in the range of 0.3 2 &scording to reported transcription rates
for bacterial polymerasés!!

Finally, ON-state folding was monitored by real-éifdMR by means of the 122 nt, ON-
state stabilized, transcriptional intermediate.sTbonstruct was trapped in the aptamer
conformation by photolabile protection groups inmpésted in the expression platform.
The construct was prepared by enzymatic ligatiocanakotope labeled 85mer, prepared by
in vitro transcription, to a photocaged 36mer, preparegddbg-phase synthesis. Light-
induced cleavage of the photolabile protection gsonitiates refolding to the ON-state
and can be monitored directly. The kinetic expentaeshow that the ligand-free aptamer
domain folds to the ON-state at a rate of 112wsd the ligand-bound aptamer domain at a
rate of 0.08 3. While folding of the ligand-free aptamer domaatuors on the same time
scale as the transcription of the determined 24entide window of opportunity for ON-
state folding (0.4 - 3.7%, ligand binding decelerates ON-state foldingtligbelow these
transcription rates. Further, co-transcriptionddlifog was simulated during the synthesis
of these 24 nucleotides both in presence and abs#ntgand. The simulations suggest
that the I-A 2’dG-sensing riboswitch mediates tegulatory outcome only in a dynamic
range of ~40-50% and requires transcription rated©eb0 nt/s to be regulatory active. In
comparison, reported rates of transcription for tér@@l polymerases are between
10-90 nt/g11

Results presented within this chapter strongly sagthat transcriptional riboswitches do
not operate as binary ON/OFF switches. In contaspulation ratios are continuously
fine-modulated as the RNA is extended by singldeuimes and directed by small changes
in kinetic rates for both ligand-binding and ONtstkolding. In this kinetically coordinated
system, the ligand-dependent population differemesveen ON and OFF states at the
regulatory decision point does not exceed 50% &odgy depends on bacterium specific

transcription rates.
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Chapter I: General Introduction

1.1.Role and function of RNA in cellular processes

The classic central dogma of molecular biology dbss the flow of genetic information
from DNA and its replication, to the transcriptiohmessenger RNA (mRNA) and finally
the translation of proteins:'3 In this pathway leading to protein synthesis, RWAs
silently declared to serve simply as a messengegeoietic information for protein
translation. According to this former paradigm, teimos were believed to constitute the
cellular machinery on their own by combining catialactivity with the ability to regulate
gene expression through transcription factbrBNA was classified as the primordial
molecule of life, both capable of catalytic actyénd storage of genetic information, but
appeared to have been replaced by the more stathleasy to replicate DNA as genetic
carrier and the chemically more versatile protéiEhe discovery of a vast amount of non-
protein coding RNAs within the last decades havesed a significant paradigm shift
regarding the role of RNA in cellular processes.

In 1977, introns were discover&t’ At this point in time, these non-coding RNA segsen
were simply dismissed as degrading transcriptionae. However, it became increasingly
evident that the large amount of intronic RNA camtéamany functional RNAE The first
structural RNA elements found to exert enzymatitvag were discovered in 1982 in
terms of RNA-mediated self-splicing and were consady termed ribozymes:2° The
identification of tRNAs and rRNAs was followed bynall nuclear RNAs in 1986
(snRNAs), more recently termed spliceosomal RRAsnRNAs are involved in diverse
RNA-RNA and RNA-protein complexes and constitute emsential co-factor in RNA
splicing?? In 1995, the class of small nucleolar RNAs (snoRNAvas found in the
nucleolus. snoRNAs guide proteins to cause metbyla{subclass box C/D) and
pseudouridylation (subclass box H/ACA) of rRNAsSN#Rs and snRNAs, essential for
ribosomal (tRNA) and cellular (MRNA maturation gmeé-mRNA splicing) functior®2°
RNA was first evidenced to play a role in gene tagon by the discovery of small
regulatory RNAs (miRNA) in 1993 and later in 1998dmall-interfering RNAs (SiRNA).
These RNA classes constitute the today well-estiabdl system called RNA interference
pathway (RNAI)?%2?7 siRNAs derive from longer dsRNA precursor RNAs ammce
processed, bind to the AGO protein component ofRhN&A-induced silencing complex
(RISC). The RNA interference pathway is based amssentisense RNA base pairs
guiding RISC to specific locations within the mRN& induce gene silencing by either

translation inhibition or RNA degradation, theremntrolling many cellular process&s?®
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siRNAs are very gene specific by perfect WatsorciCdomplementary to the mRNA,
whereas miRNA are less precise in targeting mRNd\ae therefore capable of regulating
many different genes. Small regulatory RNAs havenbfund also in bacteria. Their
function involves simple antisense mechanisms pms& or protect cis-acting sites of the
mRNA by inducing changes in the secondary strucflite

In 2002, cis-acting regulatory RNA sequences, ternitgoswitches, were discoveréd
Riboswitches bind cellular metabolites with extdipary selectivity to regulate the
transcription and translations of proteins direc#diated to the catabolism or metabolism
of these metabolites. Today, riboswitches are mdieeg as important gene control
elements in diverse bacterial species, and argfalswl in plant and fungf—3¢

The large amount of research invested into deciphéhe diverse functions of ncRNA is
constantly revealing new classes of functional RNé:. example, long non-coding RNA
(IncRNAs), roughly defined as ncRNAs larger thar©6-2it, were recently evidenced to
exhibit very cell type specific expression patter8sme IncRNAs have been found to
mediate epigenetic changes by guiding chromatirodaing protein complexes to specific
genomic loci. INncRNAs are today believed to playraportant role in embryonic stem cell
differentiation, although their study is still itsiinfancy and it remains unclear if all of
these RNA sequences contain structural featuresasndiologically relevart’=° Very
recently, bacterial and archaeal genomes were fdandontain loci assembled from
regularly spaced repeats as part of their immuséBy. The interspace is composed of
virus-derived DNA sequences, termed clustered egtyuinterspaced short palindromic
repeats (CRISPRY-*?Transcription and processing of the RNA producesalsRNAs that
serve as guide for their effector complex to dgswical DNA or RNA.

Findings within the last two decades have uncoveredst amount of ncRNAs, which
exert diverse cellular function and demonstrateitigortance of RNA in all forms of life
today. Despite its simplicity in primary structesembled by its four ribonucleotide units,
RNA appears to be universally involved in all kiodl cellular processes exhibiting
extraordinarily complex molecular functions. Comyréo former beliefs, the structural
complexity and selectivity of RNA rivals proteinceptors and antibodies despite their
structural advantage of 20 different amino acididmg units. In particular, the strict
requirement of RNA riboswitches to sense cellulataholite concentrations with very
high selectivity and to couple this sensor witlalosteric cellular response signal demands

the formation of extraordinarily complex structuaathitectures. The study of these unique

7



Chapter I: General Introduction

RNA elements can yield fundamental insights in® plasticity of RNA and RNA folding
dynamics. This thesis aims to contribute in elutbndghow ligand recognition mechanisms
and allosteric folding rearrangements are evolatipnfine-tuned to control gene

expression.

1.2. RNA riboswitches

1.2.1 Gene regulation by riboswitches

Riboswitches are gene control elements that arieafyp found in the 5'-untranslated
regions of bacterial MRNAs and regulate downstrgame expressiott.Regulated genes
are directly involved in transport or metabolismtbé sensed ligand that dictates the
regulatory outcome. In bacteria, gene expressiaoismonly controlled on the level of
transcription or translation. Riboswitches haveo dleen found to operate in eukaryotes
(plants and fungi), although less common, wherg toatrol gene expression on the level
of mMRNA processing®

Regulatory mechanism

Riboswitches are composed of two allosteric domaihe metabolite sensor domain
(aptamer) and the expression platform. The regldtmction of riboswitches is based on
the ability of the aptamer domain to selectivelgognize particular metabolites within the
cell. Metabolite binding causes structural rearesngnts within the aptamer domain. The
adjacent expression platform directly evaluatestatus of ligand binding and will interact
with the aptamer domain if the ligand is not boéhd.

Among the large variety of riboswitch classes, rigidinding to the aptamer domain can
either repress (OFF-switch) or allow (ON-switchhge&xpression. In case of riboswitches
that regulate gene expression on the translatlenal, the Shine-Dalgarno (SD) sequence
is directly located on the expression platform. @Hesteric ligand-dependent modulation
of the riboswitch controls access of th&S8bosomal subunit to the SD sequence by either
sequestering the SD sequence in base pairing vingg# accessible to allow ribosome
docking and translation initiation (Figure 1A).dase of transcriptional regulation, ligand
binding either induces the formation of a rho-inglegent terminator hairpin, a mechanism
commonly used by bacteria to abort transcriptffd,or the formation of a competing

antiterminator helix, which allows transcription pooceed. In eukarya, riboswitches are
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located on introns, where they control gene expradsy alternative splicing. Similar to
the mechanism of translational control, ligand migccan sequester or release a splice site
to impede or allow splicing by the spliceosome. Agdhese three different levels of
regulation, transcription termination represents thost prevalent mechanism of gene
regulation by riboswitches. Regulation on the lesfefanscription is the most direct form

of genetic control, since the mRNA is not unnecelyssynthesized in the first pladé.

A
Transcription Translation Alternative Splicing
termination/antitermination activation/inhibiton
Ligand Ligand Ligand

Terminator

H Ribosome
Antiterminatoré RNAP FI
5' RNA Uuuuuu 3 AUG=—==seeeeee 5 RNA (. f 2 - 3
NN 5' splice site
— DNA
Aptamer Aptamer Aptamer
| — v n—
| T —
Expression platform Expression platform Expression platform
B c Upstream
1) Pause SYAVAVA N AVAVAVAS bubble
GECCUUUUUALU
5--GCA X /\\ I/\
l /\/\/ NEAVIAN /\/\-’ ;
2) Hairpin folding /NN NN loop stem SRR
AGeccuuuuuAuu -3-10nt , 5-17 nt i UUAUU
A —
Gqu® GCAGGccuU Distal
bbb i i Proximal - U-tract
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Figure 1: A) Most common established mechanismsilafswitch-based gene regulation: Transcription
termination/antitermination, Translation activatiohibition and splicing control. B) Three step rhanism

of rho-independent transcription termination: 1pafscriptional pausing caused by the poly-U sequence
followed by 2) the formation of the terminator hghir and finally by 3) the disruption of the elonigat
complex. C) Sequence conservation of terminatophre inE.coli.*®4°The extent of conserved nucleotides
in the RNA stem and U-track are shown below the RitAording to Peteet al.*°

Regulation of transcription is achieved by the fation of a rho-independent terminator, a
mechanism of prokaryotes to achieve transcriptewmination without the assistance by
an RNA helicase termed RABAIthough the basic principle of the terminatiomgess is
well-known, the structure of a stalled elongatiomplex has not been determined to date
and the mechanistic details still remain uncertainen after decades of studiés.
Sequential and mechanistic features of transcnptiegerminators have been primarily
studied inE.coli with little insight into diversities between batét species. Available

mechanistic studies on transcription terminatiom lse summarized to the following: The
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elongation complex of transcription (EC) contairgsE0 bp long RNA:DNA duplex within

a 12-14 nt transcription bubble and about 5 nuidestof single stranded RNA in the exit
channeP?>3Intrinsic RNA termination elements are typicallyatacterized by a G-C rich
hairpin followed by a 7 to 8 nt U-track, but mayhéit differences in their exact
sequence®* The process of intrinsic termination has been estggl to occur in at least
three steps involving an initial pause, followed the formation of a termination
intermediate and finally the dissociation of the Bagure 1B)!® The U-track located
directly adjacent to the terminator hairpin actsagsause site causing the polymerase to
temporally stall, and generates a time window fermminator hairpin folding. The
terminator hairpin extends in the exit channehi® paused U-track and causes melting of
~3 bp within the DNA:RNA duplex}>° destabilizing the elongation complex to the point
of RNA dissociation. Figure 1C shows sequentidiuiesss of intrinsic terminators. Bcoli,
terminators vary from 5 to 17 bp in length withteosg preference of GC base pairs at the
five nucleotides prior to the U-track. Terminatoops vary from 3 to 10 nt, with 4 nt being
the most common loop size. The strong preferenceefra-loops in terminator hairpins is
based on these loop architectures, particularly tiéCG and GNRA family, to
significantly contribute to the formation of vemable hairpin$®°’ The stem-loop structure
is followed by at least two Us, with a high consgion for U in the following 3 nucleotides
(positions +3 to +5). Nucleotides at position +6-8exhibit much more sequential variety.
It has been suggested that imperfect U-tracks sitipos +4 to +8 (distal U-tract) can be
compensated by a high % of A/U residues furtherrtiiream (positions +10 to +12). This
distinction in conservation likely reflects two st&s of terminators with differences in their

detailed mechanism of actiéh.

Riboswitch classes

Riboswitches have been found in a variety of orgrasi including well-studied bacteria
such asB.subtilis and E.coli, where they control fundamental metabolic pathways
directly sensing fluctuations in related metabatib@centrations. I1B.subtilis, the number

of known riboswitch classes is greater than thebemof validated protein factors known
to bind metabolite® According to the current state of research, 2fedsht riboswitch
classes have been validated (Figure 2). Riboswstahe assigned to specific classes based
on their sequence conservation, which is dire@lgted to the metabolite they sense.
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Figure 2: Riboswitch class representatives of addid riboswitches relative to their occurrenceénagmes

of ~700 bacterial species according to Breadeal., 20128 and recently discovered riboswitches binding
c-di-GMP-12° ZMP 8° Mn,* and possible azaaromatic compouffdReported crystal structures of the most
abundant riboswitches highlighting the global feldd ligand binding architecture of thuB AdoCbl
riboswitch from E.coli,®® the thiM TPP riboswitch from E.coli,* the SAM-I riboswitch from

T. tengcongensis,®® the Mr?* riboswitch fromLactococcus lactis,®® the FMN riboswitch fronfFusobacterium
nucleatum,®’” the glycine riboswitch frorv. cholera,® the PreQ1 riboswitch frorB.subtilis,®® theasd lysine
riboswitch from Thermotoga maritinfdthexpt guanine ribowitch fronB.subtilis,”* thepfl ZMP riboswitch
from Thermosinus car boxydivorans.”
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The most abundant riboswitch class binds thiamiroplyosphate (TPP¥;** the only
validated riboswitch class found also in plant &mhi to control alternative splicing of
precursor MRNA$? Apart from the TPP riboswitch, the ten most comnnit@switch
aptamer classes sense adenosylcobalamin (AdéT8hadenosyl methionine (SAM),
manganes® flavin mononucleotide (FMNJ222 lysine/® glycine/” guanine/adenine/2’-
dG 3 "8the bacterial second messengers c-di-GMRd c-di-AMP>°

Validated riboswitch classes are assumed to omlsesent a small proportion of existing
riboswitch classes and contain some motifs, suduasandspeF, which have not been
assigned to a specific ligand yet. New riboswitiesses are continuously uncovered along
with the identification of new types of ligands Imouby aptamers. One of the most
abundant riboswitch classes, tigbP-ykoY motif was only very recently identified to
respond to Mfi", and is assumed to regulate the expression ohabname protein involved
in metal homeostasf$:°®6 The extremely commorydaO riboswitch motif, in 2012
hypothesized to bind AT® was recently reported to bind c-di-AMP with higlainity.>°
Further, thepfl motif was found to respond to 5-aminoimidazole-dscaamide
ribonucleotide (ZMP), a precursor for the putati@mone 10f-THF, only last yeéftFor
the yjdF motif, the precise natural ligand still remainkomown but the motif has been
reported to respond to azaaromatics, possibly atiggl a response system to toxic
compounds with chemical structures similar to azaatics®? To summarize, riboswitches
bind a collection of ligands including coenzymesiigives, metal ions, amino acids,
purine nucleobases, an amino sugar, and regulatbitisynthesis and transport of these

essential metabolites.

Among the discovered riboswitch classes, few w@ilery unique mechanisms to control
gene expression. For example, a riboswitch bingjngosamine-6-phophsate (GIcN6p)
acts more like a ribozyme-riboswitch, regulatinggexpression by metabolite responsive
self-cleavage that leads to selective degradatitheomRNA coding regiof!®2 Further,
the dynamic range of gene regulation can be smmfly improved or fine-tuned by
stacking two riboswitches in tandem. Two conseeutivoswitches responding to the same
ligand lower the ligand concentration required ¢biave the same effective gene control
by one half? In the glycine riboswitch, two aptamer domainssieeked in tandem. Two
contradicting mechanisms of action have been pexpts this riboswitch. The first model
proposes cooperative ligand binding, where glydmeding to one aptamer domain

increases the ligand affinity of the second aptasoenain®®8*&In contrast, a more recent
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study suggests that dimerization of the two domingrs the energy barrier for ligand
binding of the regulatory relevant second aptamanain®®®’ In the 5-UTR of the
Bacillus clausi metE mRNA two riboswitches with different ligand seleties are
stacked in a tandem arrangement to achieve genesspn by either coenzymes AdoChl
or SAM 8 In addition, SAM-Il and SAM-1V riboswitches havedn found to contain both
transcription and translational control elementthimione riboswitci¥®

There are also exceedingly rare riboswitch classss) as the 2’-deoxyguanosine (2'dG)
sensing riboswitch (dGsw). The architecture andlibigymode of this riboswitch is highly
related to guanine riboswitches, which are amomgntiost common riboswitch classes.
Despite their similarity, currently only two 2'dGelective riboswitches have been
discovered in only one bacterial spediéssoplasma florum. 2’'dG represents an essential
and universal monomer for DNA synthesis in alldiyiorganisms, raising the question of
why this riboswitch class is found only in one leaictl specie$®

Structurally, riboswitches are assembled of rengrmotifs including tertiary interactions.
Secondary structure elements and nucleotides mgléealigand recognition, particularly
in the core of the binding pocket, are typicallyikshgly well conserved in aptamer
domains. The high sequence conservation appebesitoperative to form highly selective
binding pockets for specific metabolite interacipwith only four types of nucleotides
available as building units. In contrast, the egpren platform varies largely in sequences
due to the different processes that are controbgd riboswitched2 74991 Some
riboswitches are extremely conserved in their segei@nd architecture, such as the TPP
riboswitch® In contrast, the precursor of quenosine 1, preosiae (PreQ1), is bound by
two classes with different ligand-binding fol¢fs®and the second messenger c-di-GMP is
sensed by both c-di-GMP-I and c-di-GMP-Il, whichvlaa very diverse global
architecturg®%

Most typical global structural features of ribosshiés are kink-turns, ribose zippers, and
E-loops, which cause bending to allow long-ranggaey interactions (Figure 2). Some
riboswitches, such as the SAM-II, Pre@nhd ZMP riboswitch, adopt pseudoknots when
bound to their ligan@°-° These motifs stabilize a global arrangement, djpic
composed of parallel aligned helical bundles wittexdally stacked base pairs. As
illustrated in Figure 2, the TPP, SAM-I, manganasel guanine-sensing riboswitches
exhibit typical coaxial stacking of two helices, ilehin the lysine riboswitch, three helices

are stacked coaxialff. The binding pocket is composed of a multi-way daljunction
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and fully encapsulates the ligand. The ligandabitized by a network of hydrogen bonds
supported by stacking and/or electrostatic intévasf®

Riboswitches are classified into two types: Typ@NAs feature a structurally ordered
ligand-free state, where an initial encounter ca@mplith the ligand is followed by only
small local changes in conformation upon tight digabinding!°®-1°2 Purine-sensing
riboswitches (adenine and guanine) are model reptatves of this class. Type Il RNAs
contain unfolded aptamer domains in the absendigarfd®® and ligand binding leads to
global and distal conformational changes, sucthas3NRA like tetraloop docking of L5
to helix P3 in the TPP riboswitcf54103

1.2.2 Thermodynamic and kinetic components of riboswitchbased gene regulation

Dissociation constantsgKdetermined for riboswitch aptamers vary from 10 fuvithe
c-di-GMP aptamer fronVibrio cholera'®to ~200 uM for a GImS riboswitdt. These K
values manifest a discrepancy between much highlelar metabolite concentrations and
the concentrations actually needed by the ribo$wiicallow ligand binding according to
equilibrium Ko values. For transcriptional riboswitches, singlendin vitro transcription
assays have shown that much larger ligand condemisaare required to achieve a half
maximal regulatory responsesgJin comparison to apparenpkalues’®-10°106
Experiments published in 2005 on the FMN riboswificm B.subtilis, which is located
prior to the ribDEAHT operon, encoding genes resgaa for riboflavin biosynthesis,
provided the first evidence for the importance wfekics in transcriptionally modulated
gene regulation by riboswitché&igand binding to the FMN riboswitch induces préuone
termination of transcription (OFF switch). In tlady, the FMN concentration required
to induce a half maximal modulation of transcriptiflso) was determined at various
parameters influencing the speed of transcriptsuch as the nature of the polymerase,
NusA, a protein transcription factor that has bamown to extend the time RNA
polymerase spends on pause sites during transerffiand the NTP concentration. In
addition, pause sites were mapped in single ro@mgtription assays and mutated to show
that in the absence of transcriptional pausinghérig-MN concentrations are required to
trigger riboswitch function. As a general findingducing the speed of transcription by
RNA polymerase leads to increased transcriptiomiteation and vice versa. This
observation can be explained by an extension irtithe window for ligand binding at

slower transcription rates. Further, pause sitpsapto be intentionally positioned adjacent
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to the aptamer domain to generate time for ligamdlibg. Within the time frame of
transcription, the riboswitch cannot equilibratehnits cognate ligand. In this riboswitch,
a 10-fold higher ligand concentration than suggkstye the K is necessary to trigger

riboswitch function.

Another study by Blocket al. in 2012 on thepbuE adenine-sensing riboswitch from
B.subtilis, a riboswitch that terminates transcription at lagdenine concentrations (ON-
switch), used single molecule force spectroscopydaitor co-transcriptional folding by
fully extending the RNA under high force, measuriotging states through transcript
extensior® Their experiments suggest that ligand bindindyeadptamer domain can only
occur once during transcription or never due tof@onational lock down by the more
stable terminator conformation, while ligand-birglistabilizes the aptamer domain fold
sufficiently to prevent terminator formation. Hovegyexperiments performed under these
conditions do not directly observe conformatiore@rrangements during transcription and
therefore only yield a vague insight into co-trang®nal folding. Further, co-
transcriptional folding has been modeled for theMsAand pbuE adenine-sensing
riboswitch by Lutzet al.'®® In their theoretical approach, they have impleraérstrict
spatial restraints arising from RNA-polymerase riattions as the nascent RNA chain
leaves through the exit channel. Similar to thelgtaf Block et al., they suggest that
substructures fold as they are transcribed andoealsrupted by newly synthesized RNA
unless previously synthesized RNA is stabilizedidpgnd binding.

Regulation on the level of transcription alreadypiies a kinetic parameter because
transcribing past the 5’-UTR is an irreversibleiden by the polymerase. In contrast, in
translational riboswitches the full mMRNA may fits¢ synthesized, and ribosome access
can be controlled in a later step. However, in é&g&ttranscription and translation are
coupled, raising the question if translationallytolled riboswitches are, at least in part,
also kinetically controlled. Lafontaine and cowaskdave directly compared thbuE
adenine-sensing transcriptional riboswitch frdsubtilis with the translationaladd
adenine-sensing riboswitch fromvulnificus.* Both systems represent ON-switches that
allow gene expression at high adenine concentstiBy means chemical probing and
2-AP fluorescence quenching, they find that adehinds to the isolated aptamer domains
with similar dissociation constants. However, aderbinding to the full-length riboswitch

to induce an allosteric conformational switch calyde observed for thadd riboswitch.
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Similar to the FMN riboswitch, NTP concentrationsre found to be proportional to the
adenine concentration required to achieve a hakimm modulation of transcription
termination for thebuE riboswitch. In addition, the authors suggest thasA promotes
ligand binding by extending the time RNAP pausdsratranscription of the aptamer
domain. Regarding translational contriol vitro reporter gene assays performed with the
add riboswitch by using either mMRNA or DNA as a tenelfor gene expression suggest
that the ligand-dependent modulation of gene espasemains the same regardless of
whether transcription or translation are coupletlleast in this model system, the results
imply that the riboswitch has sufficient time toudtprate in a coupled transcription and
translation framework.

The reversibility of ligand binding in translatidrm&boswitches can be derived from the
small energy difference between the two alloststates, including usually only few base
pairs difference. For thexdd adenine riboswitch, a three-state mechanism ltasitly been
proposed, which compensates for increased ligamdirig at lower temperatures to keep
the switching efficiency constant over a broad terapure rangé&® In this system, energy
differences between allosteric states are stri¢the-tuned to ligand-binding and
temperature variations thermodynamically (Figurg.3A contrast, high thermodynamic
stability is a critical feature of intrinsic ternaitors to execute their function (see Figure
1C), and ligand binding to the aptamer domain, Wiaiccounts for about -8 kcal/mol, can
usually not compensate this energy difference. 8/indm a thermodynamic perspective,
ligand binding is more efficient at lower temperaty the speed of ligand associatiosm)(k
rather than the Krepresents the decisive functional parameter metlgally controlled
riboswitches, and these rates increase with higlkenperatures. Increased ligand
association rates may, at least in part, alreadydmpensated by an increase in the
polymerase speed at higher temperatties:!

Combined, these data support a coupling of decisiaking and co-transcriptional folding

in transcriptional riboswitches. The term “switchiiay be misleading in transcriptional
riboswitches, as it implies an interconversion lestw different folds responding to
fluctuations in the metabolite concentration. Inttast, the RNA is more accurately biased
towards one of the two folding pathways that ulteha dictates the genetic decision
(Figure 3B)? The aptamer domain is always transcribed firstthadime for ligand binding

is limited. Ligand binding is suggested to lock #@q@amer conformation to prevent an

interaction with the expression platform, and thee must occur before the expression

16



Chapter I: General Introduction

platform is synthesized. However, detailed mech@nsudies on this co-transcriptional
event are not available. Further, it appears tbfmiding to form an interaction between
aptamer and expression platform (ON switch: tertoingDFF switch: antiterminator) in

the absence of ligand must also be limited in tim#,this folding rearrangement has not
yet been investigated either. A very large numbfestadies have been performed on
isolated aptamer domains. However, the precisergnmging in time regarding ligand

binding, pausing and folding rearrangements bystaptional riboswitches demands the

study of mechanistic details in the context of $Giption.
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Figure 3: A) Secondary structure of the regulatdegisive conformations in thgbuE adenine-sensing
riboswitch andadd adenine-sensing riboswit¢h Approximate free energies according to mitldor the
particular states and energy differences betweerstétes are indicated accordingly. B) Exemplargeho
for kinetic regulation for OFF-switches. Duringrisgription, the aptamer domain is always transdriivet
and metabolite binding needs to take place diretidyeafter to trap the aptamer domain conformation
Otherwise, the antiterminator conformation is taiteed, which is believed to inhibit ligand bindimgd
lead to the opposite regulatory outcome.
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The mechanism of kinetic regulation is contraryrtost ncRNAs (as outlined in Chapter
1.1) and proteins, which typically adopt a distifuzictional fold to respond to the cellular
environment. The complex mechanism of couplingtsgsis and folding to cause a default
biological outcome may be an advantage of kindyicantrolled riboswitches compared
to protein genetic factors because it adds an iaddit functionality for fine-tuning
responses to different metabolite concentratiSnSGoncentrations required to trigger
riboswitch function may be further adjusted by djiag ligand association rates through
aptamer mutations, by altering the amount of nuiee incorporated in the linker
connecting aptamer domain and expression platforchainge the speed of riboswitch
synthesis, or by designing pause sites at distowztions to generate time for ligand

binding or refolding.

1.2.3 Purine-sensing riboswitches

As outlined in section 1.2.1, many riboswitcheogaze metabolites that contain a purine
or related moiety. Among riboswitches binding pearirelated metabolites, the class
binding guanine, adenine and 2’dG represent the wels studied riboswitch class. While
adopting intriguingly similar architectures, guamiand adenine riboswitches are distinct
in their ability to discriminate between many cheally closely related metabolites
available in high concentrations in the cell. Daeheir small size, they serve as model
system to decipher regulatory function by riboshs>>’® Purine riboswitches control
fundamental metabolic pathways in purine transpgymthesis and salvadeFigure 4
shows the metabolic pathway of purinie novo synthesis inB.subtilis!®® while
highlighting the pathways controlled by the mostlwstidied transcriptional riboswitch
model systems iB.subtilis: thexpt guanine-sensing riboswitckpt Gsw)1°° and thepbuE

adenine-sensing riboswitchlUE Asw).’®

The xpt Gsw represents an OFF-switch, terminating trapsori at high guanine
concentrations, while tha@buE Asw represents an ON switch that terminates trgstgm

at low adenine concentrations. Tk Gsw binds guanine, hypoxanthine and xanthine,
therefore straightforwardly repressing the expaessi of xanthine
phosphoribosyltransferase, which catalyzes the e@mn of xanthine to XMP, provided
the concentrations of these metabolites are higfimihe cell to avoid excessive synthesis

of XMP. Similarly, thepbuE Asw is assumed to repress the expression of diymita
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hypoxanthine exporter at low adenine concentratisumsh that hypoxanthine is maintained

within the cell for ATP synthesis.

ATP de novo GTP
A l A
A A

AMP <€—— sAMP «<—— IMP e XMP —>» GMP

Cxot D
N4
Adenine e Hypoxgnthine —_— Xanihine ——» Guanine
IHYSYPYY :
 (oouE) |
: \\»ui/ A E
Hypoxanthine Xanthine

Figure 4: Purine interconversion and catabolic wath in B.subtilis. Enzymes involved in metabolic
interconversion and transport are indicated acogrtt their genesipt, adenine phosphoribosyl-transferase;
hpt, hypoxanthine-guanine phosphoribosyltransfergstexanthine phosphoribosyltransferaade, adenine
deaminaseguaB, IMP dehydrogenaseyuaA, GMP synthetasgurA, adenylosuccinate synthetagerB,
adenylosuccinate lyasguaC, GMP reductasepbuE, putative hypoxanthine exportepbuX, xanthine
permeasét?

The secondary structure of conformations leadinggd¢oe expression (ON-state) and
terminating gene expression (OFF state) forqbteGsw andpbuE Asw are depicted in
Figure 5A,B7+%2In analogy to the general allosteric modulatiorigrened by riboswitches
(Figure 1), the sequence shared between aptamexanession platform (in blue), termed
switching sequence, represents the crucial elefoen¢gulatory signaling. The switching
sequence is typically located at the boundary etwo domains, and is either involved in
aptamer domain formation or acts as part of theesgoon platform to base pair with the
strand highlighted in red. In thgt Gsw, it forms the antiterminator helix (blue-réathe
absence of ligand, while in thgbuE Asw, it forms the terminator helix (blue-red) imet
absence of ligand.

Guanine and adenine riboswitch aptamers have a kigly sequence conservation
(nucleotides highlighted in red within the aptardemain in Figure 5) and adopt the same
secondary structure composed of a three-way hglination connecting three helices P1,
P2, and P3%>78 Base paired helical segments exhibit little seqaeconservation, while
sequences of loops L2, L3 and particularly theifgrregion between helices (J1/2, J2/3,
and J3/1) are highly conserved. Purine-sensingwiiohes are representatives of class |

riboswitches that do not undergo major structutenges upon ligand binding and in
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consequence many conserved nucleotides have beed fe relevant to keep an open

conformationt***>The loops L2 and L3 associate through tertiargranttions with the
two G-C base pairs G38-C60 and G37-G¥11°Loop-loop interactions align helices P2
and P3 parallel to each other, arranging the glabchitecture into a typical three-way

junction stabilized by distant tertiary interactdh’ The three-way junction represents the

structural motif directly involved in ligand recagon and binding.
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Figure 5:Secondary structure of the ligand-bound Bkgand-free state of thgpt guanine-sensing (A)
riboswitch and thebuE adenine-sensing riboswitch (B)Tertiary Watson Crick base pairs in the binding
pocked and within loops are connected with sotiddi Tertiary hydrogen bond interactions are irtditdy
dashed lines. C) Hydrogen bond interactions wighliiand in the bound state for thdd adenine riboswitch

(1Y26) andxpt guanine riboswitch (1Y27%
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It has been shown that loops L2 and L3 do not dheir conformation as guanine,
hypoxanthine or xanthine are bound to xpe Gsw. However, the region joining helices
becomes more structured upon ligand binding. Thdibg pocket is tightened by coaxial
stacking of helices P1 and P3 and the formati@ewéral base-triples formed by conserved
nucleotides. The critical nucleotide for ligandagoition is nucleotide 74, which forms a
Watson-Crick base pairing with the ligand and hasrbconfirmed to universally be a
uridine in adenine-sensing riboswitches or a cyg®@$in guanine-sensing riboswitches by
both X-ray crystallography and NMR (Figure 5&}% A single point mutation at this
particular nucleotide alters the ligand affinitpiin guanine to adenine and vice ver$a.
The ligand is further recognized by U51, which tbge form a base-triple with the ligand
including additional hydrogen bond stabilizationN\df by 2’-OH of U22. Within helix P1,
two additional base-triples, A21-U75-C50 and U206AT749 further stack with the ligand
base-triple. These tertiary interactions stabitieéx P1, and sequester the 3'-P1 switching
segment to prevent an interaction with the expoessiatform in the ligand-bound staté.

In the ligand-bound state, the ligand is closelyedoped by RNA and is 98% solvent
inaccessible. While ligand binding does not leadh&jor global structural changes, Mg
has been shown to induce a large compaction ictste; and is essential for stabilizing

tertiary loop-loop interaction$120121

1.2.4Riboswitches in the bacteriumMesoplasma florum

The genome of the straMesoplasma florum L1 was sequenced completely in 2004 by
Knight et al. [RefSeq NC_006055.1M. florum were isolated from the flower of a lemon
tree and are assumed to be associated with plaattirvectors. The bacterial species
belongs to the class of Mollicutes, which are cbinastic for their lack in a cell wall and
low G+C content?? Mollicutes have evolved from gram positive baetdsy gradually
reducing the genome size to <1 Mb. They represeatad the smallest living organisms
with limited biosynthetic abilitie$?® Due to the reduction in genome size, they lack many
genes involved in metabolic pathways and in trapgon regulation. This deficit causes a
dependency on their host organism to supply therth wissential nutrient€? In
comparison tce.coli andB.subtilits, they lack many DNA repair proteins, which allows
quick incorporation of mutations to rapidly evolaad adapt to different environmental
conditions. The genome bf.florumis circular with a size of about 8 kb and a G+@Gteat

of 27.02%.
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Eight aptamer sequences were discovered in 2a8éM.florum genome by bioinformatic
search algorithms based on their closely relatets@usus sequence to known purine-
sensing aptamer domains (Figure* @wo of these riboswitches were found to exhibit a
strong selectivity for 2’-deoxyguanosine over gmanor guanosine (200 fold), being the
first organism found to regulate synthesis of DNAlding units by a riboswitch. In-line
probing analysis of a variety of metabolites shbat the I-A and I-B aptamers selectively
bind 2’dG with an apparentd<of about 80 nM. The I-A aptamer sequence exhibits 39
nucleotide changes compared to #p guanine riboswitch, among which 10 nt are
typically highly conserved in purine aptamers. ieatarly nucleotides U22, U47 and U51
that directly interact with the ligand are mutatedC22, A47 and C51. Stems P2 and P3
are swapped in length and loop L3 is shortenechi®etnucleotides, typically conserved
and involved in critical loop-loop interactions. & aptamer domain of the type I-A 2’'dG
riboswitch has been extensively studied by in-lprebing, X-ray crystallography and
NMR spectroscopy?>~*?’ All studies reveal the U51C mutation to be crutiahichieve a
discrimination between 2'dG and guanine. C51 iftathitowards C74 to generate space
for the extra ribose moiety in 2’dG in comparisorgtianine riboswitches (Figure 6B).

In addition, the U47A mutation has been shown talenately affect ligand affinity, and
by NMR proposed to remain flexible in solution a@amy to the U47-N9 adenine/guanine
interaction. X-ray data revealed C49 to be rotatetivards, thereby preventing the base
triple with U20-A76 in P1, universally present inamine and adenine riboswitché&This
structural feature in guanine and adenine ribo$widypically fixes the J2/3 lid to P1 to
tightly close the binding pocket, which appearbéanore flexible in case of 2’dG-sensing
riboswitches. In fact, by means of NMR no interastbetween J2/3 and P1 could be
detected?®

Further, the shortened loop L3 causes critical gharin tertiary loop-loop arrangements.
G-C base pairs G37-C61 and G38-C60 remain consebudhe 2'dG riboswitch lacks
three canonical base pairs including stacking augons to stabilize loop-loop
interactions. X-ray data propose a “key-and-lock&ngent to stabilize parallel helix
alignment, where A65 represents the key to loc& It?, stacking on A34. P3 is further
stabilized by additional stacking interaction artil#iy a G24-G25-G46 base-triple, also
confirmed by NMR to be in close proximity, whichntet be observed in adenine and
guanine riboswitche’¥%127
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Intriguingly, the 2'dG riboswitch discriminates agst guanosine by two orders of
magnitude, which differs only by a single hydrogybup. It has been proposed that this
extra 2’0OH moiety can only be accommodated in timelibg pocket in the unfavorable
C3’-endo conformation (pdb: 3SKZ). This conformatios incompatible with the

, . . . : ity 127
C49-3'0OH interaction causing a decrease in guaeasifinity.
P11 J1-2 P2 L2 P2 J2-3 P3 L3 P3  J3-1 P1 K, (in-line probing)
xpt  (phosphoribosyltransferase) — GAACACUCAUAUAABCEEBUECAUA-UGCERBECEAGUUUCUACCEGEUA CCGUARAUGUCCGACUAUGEEUGAGCA F—eorot+——
-
I (ribonucleotide reductase) AGAARCUUAUACAG- -AUAAUGG -GACCCCGCCUUCARACCUA--UUUGGAGACTAUARGTGAARR 11
-B (unknown lipoprotein) AGAAACUUAUACAG- —~AUAAU - GACCCCGCCAUGAAACCUA--UUUCAUGACUAUAGGUCUUUA  |——or—+8+7)
oS3
II-A  (phosphate transporter) AAAAACUUAUACAG- -AUAAU -GAA-CCGCCCCGGGACCAA--UCUCGGGACUAUARGUGUGUA H H ‘
I8 (unknown lipoprotein) AAAAACUUAUACAG- ~AUAUU - GUU-CCGCCUCAAGACCAA - -UCUUGAGACUAUAAGUGUARR |+ teeid—+—7
PR
IlI-A  (glycerol-3-P transport) AUUAAGUUADACAU- ~AUAUC -GAC-CUGCCUUAAGACCGA - -UCUUAAGACUAUARGARAAUA 1o 1o
l-B (GMP synthase) ARARACUUAUACAU- - AUAUU -GAC-CUGCCUCUGGACCUA- -UCCUUAGACUAUAAGCGU-——  |——ot—totoi
I-C  (xylulose transporter) AAAAACUUAUACAU- -AUAAC -GAC-CUGCCUUAGGACCCA-~UCCARAGACURUBRGCGCAGA  ©  * o -
IV-A (xanthine/uracil permease) GARRACUUGUAUA A - FEEUUE - UAUCGGERRGEA - GUCUCUACCUBACA CCAA--UGUUAG-AUDAUGAGUUUUAU  ——io—o——|
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Figure 6: A) Sequence of the eight aptamers digeovén M. florum and comparison to the consensus
sequence of the guanine-sensing riboswitch. Pligkliphted in cyan, P2 in green, and P3 in orange.
Conserved nucleotides from tlRpt aptamer are marked in red. The determined by in-line probing for
guanine (blue circle), 2'dG (red circle), 3'dG (thacircle), dGMP (orange circle), guanosine (puigiele)

and adenine (open blue circle) are indicated onrigiet of the sequence according to Kanal.l B)
Comparison of secondary structure of #pe guanine-sensing aptamer domain with the I-A 2'@@sing
aptamer domain. Conserved nucleotides are colazdcodblue in thexpt aptamer and deviations from this
conservation in red in the 2’dG aptamer. Solid dimepresent Watson-Crick base pairs and dashesl line
represent non-canonical hydrogen bond interacti®hs. binding mode according to the published ctysta
structure (3SKIl) of the I-A 2'dG riboswitch is shovon the right?® C) Transcription termination assays
performed for the I-A 2'dG-sensing and the llI-Bagiine-sensing riboswitch. Gels show results oflsing
round transcription assays in the presence of wanrine metabolites. Graphs show the changadatidn
terminated with increasing 2'dG or guanine conaign! D) Biological role of the 2'dG-sensing
riboswitch. At high 2'dG concentrations, transdadptis terminated. At low 2’dG concentration trarigton
progesses to synthesize the coding strand for witlentide reductase associated genes (RNR subdnit R
shown 1RLR3Y), which catalyze the reduction of ribonucleotitizsleoxyribonucleotides.
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Another interesting characteristic of the 2’dG-seggsiboswitch appears to be its strict
discrimination against closely related metabolit¢8IR studies have revealed that tpe
Gsw readily binds near-cognate ligands such as 2li@oxanthine and xanthine in
solution, whereas the 2'dG riboswitch only bindd@2° It has been proposed that the
2'dG riboswitch requires a more strict regulatigaiast closely related metabolites due to
the low cellular concentration of 2’dG (UM rangeBrroli*®%) in comparison to guanine
(mM in E.coli'®9). kon rates, the critical parameter for kinetic riboshitregulation (see
Chapter 1.2.2), for 227dG and guanine binding to e Gsw are virtually identical.
However, 2'dG may have a limited effect on reguiatbyxpt Gsw due to the low cellular
2'dG concentration, which is accompanied by slogatid binding. Kinetics for 2'dG
binding to the 2'dG riboswitch may be faster dueth® less extensive structural
rearrangement induced by ligand binding, which oang with the more flexible nature of
the binding pocked as described ab&Ve.

M.florum riboswitches of the type Il selectively bind girsm over various nucleoside
derivatives by 100-fold or more. TheKhowever, is about 100-fold lower than for #pe
Gsw. Nucleotide conservations in IlI-B riboswitchegygest many similarities in global
architecture to the 2’dG riboswitch. For exampltes shortened L3 and lengths of helices
P2 and P3 in type IlI-B riboswitches are identimathe 2'dG riboswitch, suggesting that
the global architecture of these riboswitches [saeterium specific feature. In contrast,
conserved nucleotides relevant for recognitionumi@bases opposed to nucleosides show
more similarities to thept Gsw. In generalmfl type Il guanine-sensing riboswitches
appear to resemble a hybrid of guanine and 2’'dGisgrriboswitches, containing the
critical U51 in J2/3 for N9 recognition, but lackithe moderately important U47 present

in guanine and adenine riboswitches.

All of the aptamer domains discoveredhn florum are located upstream of a terminator
stem, suggesting that all of these riboswitchesiledg gene expression on the level of
transcription. Kimet al. have performedn vitro transcription termination assays with
E.coli polymerase for the I-A 2'dG-sensing riboswitch ahe [1I-B guanine-sensing
riboswitch. These transcription termination assstysw roughly 53% of termination for
the I-A 2’dG-sensing riboswitch at 25 pM 2'dG and%@ of termination for the I111-B
guanine-sensing riboswitch at 25 pM guanine (Fig€g In the absence of both ligands,

transcription is still terminated by 21% for I-A d@ and 33% for 11I-B Gsw, respectively.
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This result implies that the time frame for antiv@rator folding is in fact relevant and
limited, since not all RNAs fold to the antitermioa conformation within the given
window of time during transcription to prevent témator formation. In addition, guanine
causes a relatively large degree of terminatiortHerl-A 2'dG-sensing riboswitch with
40% opposed to 53% for 2’dG. However, in line withbiological function, the riboswitch
strikingly resents guanosine to a larger degrespitke guanosine being structurally more
related to 2'dG than guanine. This result againtemsjzes the importance of ligand binding
kinetics for transcriptional riboswitch functionnee the K determined for guanosine and
guanine binding to I-A dGsw are identical. Pre¢e@nination efficiencies may diffen
vivo in the presence of RNA folding proteins, such asA ions or the native polymerase
that in combination cause a difference in the kaneamework.

Figure 6C further shows a dependency of terminRfg4 fractions with increasing ligand
concentration for the two riboswitches. The conitn needed to trigger half maximal
modulation of transcription terminatiomols approximately 2 uM for the 2’dG riboswitch,
which is much higher than the apparentdt 80 nM. In line with the parameters relevant
for kinetically controlled riboswitches as outlinedsection 1.2.4, the riboswitch therefore

appears to be under kinetic control.

The I-A 2'dG-sensing riboswitch regulates the traipgion of a polycistronic mRNA
coding region including ribonucleotide-diphosphegductase subunit alpha (Mfl528), a
ribonucleotide reductase stimulatory protein (M8%2and ribonucleotide-diphosphate
reductase subunit beta (MfI530). The riboswitcloated 42 nucleotides upstream of the
start codon initiating translation of the ribonwtide reductase subunit alpha. The
combination of these proteins are required to gepeR’-deoxyribonucleotide DNA
building blocks from ribonucleotides. Consequentbxpression of ribonucleotide
reductase genes is repressed if the cellular coratem of the 2’-deoxyribonucleotide
2'dG is sufficiently high in a negative feedbackpo(Figure 6D). The physiological role
of the 2'dG-sensing riboswitch also explains whgtsa high degree of discrimination
between the remarkably closely related metaboljigmnosine and 2'dG is mandatory.
Type Il RNAs also have highest affinity for 2'dG tbare less selective, possibly to
deliberately allow a modulation of gene expressiynthe presence of a variety of

metabolites.
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Chapter II: Materials and Methods

2.1.Biochemical

2.1.1 DNA template preparation

DNA templates foin vitro transcription reactions were prepared by PCR fiiagarized

or circular plasmid DNA. Plasmid DNA templates fok dGsw, I-B dGsw and IlI-B Gsw
were purchased in a 4 pg scale from Genscript (Newey, USA). All DNA template
sequences contain a T7 promotor sequence, a 5-bamead ribozyme, and the desired
RNA sequence and were cloned into pUC57 by EcoBPastl. The sequence for I-A dGsw
and IlI-B Gsw starts at the predicted transcriptgiart site according to R. Breaker
(personal communication). The transcription stae for I-B dGsw was predicted by
sequence alignment to I-A dGsw and IlI-B Gsw ribitslhaes based on -35 and -10
promotor sequences. The template sequence for Gdwdends at the termination site.
Template sequences for 11I-B Gsw and I-B dGsw enthe translation start codon. The
plasmid DNA for dGsWw’#Y was obtained by site-directed mutagenesis of #haelGsw
plasmid DNA. Site-directed mutagenesis was perfdrmsing the QuickChan{é-Kit
from Agilent Technologies (Karlsruhe, Germany). &llst on sequences and construct
design can be found in Appendix Al. To amplify ptés DNA for PCR, plasmids were
transformed into competent DH%.coli cells (Invitrogen, Karlsruhe). 50 ng of plasmid
DNA was added to 20 pE.coli cells. Cells were left on ice for 30 minutes, h&aicked

at 42 °C for 45 seconds, and cooled on ice. THe welre plated onto 100 pg/mL ampicillin
agar plates. After overnight incubation at 37 °Girgyle colony was transferred to 50 mL
of LB medium with an ampicillin concentration ofdQg/mL. Cell cultures were incubated
at 37 °C and 160 rpm overnight and harvested btribegation at 5000 g for 30 minutes
at 4 °C. Plasmids were purified by alkaline lyssidwing the protocol for Midi-kit or
Mini-kit preparation provided by Qiagen (Hilden, Ggny).

As template for PCR reactions, amplified plasmidf®Mas used. For constructs that were
transcribed with a 5’-hammerhead ribozyme, thedstiesh T7 promotor primer (20 nt) was
used as forward primer. The length of reverse pgmeas adjusted to match the melting
temperature of the forward primer (54.3 °C). Fdranstructs that were transcribed
without a hammerhead ribozyme (for rapid purificator transcription of fragments within
the riboswitches), the T7 promotor primer was eaéehby a sequence segment of the RNA
including two additional G’s for transcription irtion to yield a total melting temperature
of 74.8 °C. Exact sequences for all primers carobiaed in Appendix A2. Primers were

purchased from Eurofins MWG Operon (Ebersberg, Gegn PCR reactions were
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performed according to the standard protocol froewNengland Biolabs (NEB) with
10-fold increased amount of primers (1-3 uM of epdmer, 0.2 ng/uL DNA template,
200 uM dNTPs) using homemade PhuS8idsigh-Fidelity DNA Polymerase. The
thermocycling program used for PCR reactions tedisn Table 1. Annealing temperature
and cycles were optimized to obtain the highedtdytembined with high purity of PCR
products formfl riboswitch DNA templates. The extension tempegmttgsembles the

optimal temperature for Phusi®hligh-Fidelity DNA Polymerase according to NEB.

Table 1:Thermocycling program used for PCR reastimimifl riboswitch transcripts.

Step Temperature Time Cycles
Initial denaturation 98 °C 2 min 1
Denaturation 98 °C 30 sec
Annealing 54 °C 30 sec 51
Extension 72 °C 1 min
Hold 4°C - 1

2.1.2RNA preparation

In vitro transcription reactions were performed from douftiended DNA templates
obtained from PCR. Transcription reactions werdgoered in 200 mM of buffer (Tris-
glutamic acid, pH 8.3), 20 mM of DTT, 2 mM of spedmne, 0.01% of Triton X-100, 15
ng/mL T7 polymerase (P266L, homemadé)n a volume 5-20 mL. Both Mg(OAgrnd
NTPs were optimized to a final concentration offd®l each in 25-50 pL transcription
assays. DMSO was optimized to 20% to avoid 3’-emabmogeneities from run-off
transcriptiong. Transcription reactions with unlabeled NTPs wemrfgrmed with
0.2 U/mL and transcription reactions using isottgieeled NTPs with 0.5 U/mL of yeast
inorganic pyrophosphatase (NEB, Frankfurt), respelst All RNA constructs prepared
by in vitro transcription are listed in Appendix A2.

Isotope labeled NTPs forin vitro transcription reactions and®N,*C-labeled
2’-deoxyguanosine were purchased from Silantes {(Mn2-aminopurine deoxyriboside
was purchased from Berry & Associates (Dexter, gjah, USA). RNA constructs
prepared by solid-phase synthesis were obtained harmacon (Boulder, Colorado,
USA) (Appendix A3) and deprotected according togheocol provided by the supplier.
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2.1.3DNA splinted ligation

Photocaged dGs\& was prepared by splinted enzymatic ligation ugiddgRNA ligase 2.
T4 RNA ligase 2 catalyzes the ATP-dependent joinofgfragments containing a
5’-monophosphate with a 3-OH with a preference RNA/RNA and RNA/DNA
duplexes-33While RNA ligase 2 is prone to ligating monophospitated single stranded
segments in a side reaction, T4 DNA ligase is nsefective but exhibits an overall lower
turnover and is therefore less suitable for NMRestigation reactions®N G/U labeled
dGsw® was prepared biy vitro transcription as described in section 2.1.1-2.hdieither
extensively washed with water or purified by denaty PAGE. Photocaged dG&w?!
was synthesized by solid-phase synthesis (Dearzikddt AK Heckel, Goethe University
Frankfurt). The 31 nt long DNA splint (splift was purchased from Eurofins MWG
Operon (Ebersberg, Germany) in a 5 pmol scale (HR®IEy).

Table 2: Individual fragments used for splintedyenatic ligation with T4 RNA ligase 2U correspond to
NPE-photocaged Uridine residues and p to monoplargfatted 5’-ends.

Fragment Sequence
5-AAU GAA UAU AAA AGA AAC UUA UAC AGG GUA GCA
UAA UGG GCU ACU GAC CC CGC CUU CAA ACC UAU UUG
GAG ACU AUA AGU GAA A-3
caged 5-pAAC CAC UCU UUA AUU AUU AAA G(°U)U (CU)CU (CU)UU
dGswpé-121 UAU GUC-3’
Splint3? 5-AAT AAT TAAAGAGTG GTT TTT CAC TTA TAG T-3'

I5N G/U
dGswp°

Ligation reactions were optimized in a 25 pL sasit respect to ATP, spliditand ligase
concentrations, and the ratio between splitGsv#® and dGswP121134 The large scale
ligation was performed in 120 x 1 mL scales cortgjri2.5 uM dGs#?, 6.25 uM caged
dGswP®12L 10 uM splintl, 48 pg/mL T4 RNA ligase 2 (homemade), 10 mM Mg@imM
ATP, 25 mM DTT in 50 mM Tris-Cl, pH 7.4. Ligatiomactions were incubated at 37 °C
for 1-2 h and 16 h at room temperature. Followiggtion, the mixture was incubated with
TURBO DNAse (0.02 U/uL) (Thermo Fisher Scientifmjernight at room temperature.
Ligations reactions were purified by HPLC, lyophdd and exchanged into NMR buffer
(50 mM KClI, 25 mM kHPQWKH2PQy, pH 6.2) using centrifugal concentrators (Vivaspin
20, MWCO 5000).
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2.1.4Gel electrophoresis

Agarose gel electrophoresis

The integrity of PCR products and plasmid DNA wasalgzed by agarose gel
electrophoresis. DNA samples were loaded in a velofrlO pL containing 5 uL loading
buffer (0.1% bromphenol blue, 0.1% xylene cyanol@% glycerine). Plasmid DNA was
analyzed with 0.8% agarose gels and PCR produtisiwb-2% agarose gels. Separation
of DNA products was achieved in 1x TAE buffer (4MnTris/acetate pH 7.5, 1 mM
EDTA) at 120 V. Lengths of dsDNA fragments wereigrsed by comparison to the 2-log
DNA marker from New England Biolabs (Frankfurt, @amny).

Denaturing polyacrylamide gel electrophoresis

The lengths of transcription products were analylagddenaturing polyacrylamide gel
electrophoresis. Denaturing gels were composed 02026 acrylamide (29:1
acrylamide:bisacrylamide), 7 M urea in 1x TBE buff60 mM tris/boric acid, 1 mM
EDTA). The polymerization was initialized by addidd % of APS and 0.1% of TEMED.
RNA was loaded in a volume of 10-20 uL with 50%da#ding buffer (99% formamide,
0.1% bromphenol blue, 0.1% xylene cyanol). Highaamrations of urea in the gel and
formamide in the loading buffer guarantee denaturf the RNA to achieve RNA
separation based exclusively on the RNA lengthsGetre run for 30-40 minutes at
220 V.

Native gel electrophoresis

To investigate the fold of RNA constructs, incluglithe formations of dimers,
polyacrylamide gel electrophoresis was performedeumative conditions. Native gels
were composed of 10-20% acrylamide (29:1 acrylarbidacrylamide) in TA buffer (50

mM Tris/acetate, 100 mM NaOAc, pH 8.0). RNA wasded in a volume of 10 pL with 5
pL of loading buffer (70% glycerine, 0.1% bromphkblue, 0.1% xylene cyanol). Gels
were run for 3-4 h at 40 V at 4 °C.

Visualization
Agarose gels were stained with GelRéend acrylamide gels were either visualized by
UV shadowing or staining with GelRBH GelRed is a sensitive fluorescent nucleic acid

dye with strongly enhanced fluorescence propewtiasn intercalated into RNA or DNA.
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Stained Gels were visualized with a Gel iX Imagdetas). UV shadowing was performed

on UV fluorescent TLC plates that were excitedt gm.

2.1.5RNA purification
RNA was purified by either PAGE, RP-HPLC or by ediwe washing in centrifugal

concentrators.

For HPLC purification ofn vitro transcription reactions, the majority of non-irparated
nucleotides and enzymes were first removed by aaxmhange column chromatography
using DEAE-Sepharose (GE Healthcare, Uppsala, SvwyeD&AE-Sepharose (suspension
in 20% ethanol) was equilibrated with 0.1 M NaOA¢i(5.5). The RNA was eluted by
applying a stepwise gradient of NaOAc (0.6 - 3 Mhe content of RNA in collected
fractions was analyzed by either UV-spectroscoggtisn 2.2.1) or gel electrophoresis
(section 2.1.4). Fractions containing RNA were @itprecipitated by dilution to 0.6 M
NaOAc followed by precipitation with 4 volumes athanol (stored at -80 °C) or by
concentration in centrifugal concentration. SubseguHPLC purification was performed
by Elke Stirnal (AK Schwalbe, Goethe Universityafkfurt) by applying samples to a
PerfectSil RP18 column with a size of 10x250mm gparative scale) or 4.6x250mm
(analytical scale). RNA was eluted at 60 °C by gioyg) an acetonitrile gradient (0-60%)
in phosphate buffer (50 mM potassium phosphate gH 5 mM tetrabutylammonium
hydrogen sulfate). For removal of acetonitrile, Rb#taining fractions were lyophilized.
High salt concentrations were removed by submitthig dissolved RNA to centrifugal
concentrators (Vivaspin, MWCO 2000-5000). Tetraybatnmonium hydrogen ions
bound to the backbone of the RNA were replacedibpy precipitation with five volumes
of 2% (w/w) LiClOs in acetone. Liions were finally replaced by*Kby buffer exchange
in centrifugal concentrators using NMR buffer (5SMi{CI, 25 mM Ko:HPQy/KH2P Oy, pH
6.2).

Ligation reactions were directly applied to a Kr@hd&P18 10x250mm column without
further concentration and eluted at room tempeeabyrapplying an acetonitrile gradient
starting from trietylammonium acetate buffer (0.1tléthylammonium acetate, pH 6.0).
HPLC fractions were lyophilized and exchanged MR buffer.

For PAGE purification, transcription reactions wemncentrated tel mL by centrifugal
filter units (Vivaspin 20, MWCO 2000-5000). PAGE rfication was performed using
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10% polyacrylamide gels (29:1 (w/w) acrylamide/bisdéamide, 7M urea) in 1x TBE
buffer. For transcription reactions containing dime fragments, up to 600 OD were
loaded on the gel and for transcription reactioieéding a single RNA fragment, up to
1600 OD were loaded on the gel in at least 30%0oohémide. The gel was run for 30
minutes at 25 W to allow migration of the RNA inte gel matrix and subsequently for
4-6 hours at 50 W under cooling. The RNA was vigeal by UV shadowing at 253 nm,
excised from the gel and passively eluted in 0.8l&0Ac (pH 5.5) at room temperature
overnight. Eluted RNA was precipitated with fivdwmes of -80 °C ethanol and then twice
with five volumes of 2% (w/v) LICI@in acetone. The RNA was exchanged into NMR
buffer using centrifugal filter units (Vivaspin 2BIWCO 2000-5000).

Extensive washing for rapid RNA screening was penéd by applying the transcription
mixture directly to centrifugal concentrators, waghthe solution with 60 mL of water
followed by buffer exchange into NMR buffer with additional 40-60 mL of NMR buffer

as described previousty.

RNA purified under denaturing conditions was foldscthermal denaturation of the RNA
at high concentrations (0.2 - 0.5 mM) followed bwfold dilution with water (0 °C) and
incubation on ice for 1 h. Folded RNA was exchanigéol NMR buffer and analyzed by
native gel electrophoresis. For RNA purified byssdive washing under native conditions,

no refolding protocol was applied prior to measuzats.

2.1.6 Transcription termination assays

Multi-round transcription termination assays weegfprmed withE.coli RNA polymerase
and dsDNA obtained from PCR. The PCR reactionpeaformed from a circular plasmid
containing the T7A1 promotor and the I-A dGsw semacextended to 235 nt containing
the start codon including 46 nucleotides of theimgdsequence for ribonucleotide
reductase subunit alpha (Appendix Al). PCR reastwware performed as described in
section 2.1.1. Transcription reactions were perémnvith 5 vol-% PCR product, 0.1 U/uL
E.coli RNA polymerase holoenzyme (NEB, Frankfurt), 150 md@l, 10 mM MgCb,
0.01% Triton X-100, 500 pM of each NTP, 5 p@i*fPJUTP, 1 mM DTT in 40 mM
Tris'HCI (pH 7.5) in presence and absence of 200 uMdik 2Reactions were incubated
for 2 hours at 37 °C and analyzed by 10% PAGE. Getse visualized using a

Phosphorimager and analyzed with the software 11Qag8IT.
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2.2.Biophysical

2.2.1UV spectroscopy

UV-spectroscopy is commonly applied to determire ¢bncentration of DNA, RNA or
nucleotides. Concentrations can be calculated basdlde Beer-Lambert equation: As=

* ¢ * d, where A is the optical density, the wavelength dependent molar extinction
coefficient in Lmottcm?, ¢ the concentration in mofLand d the path length in cm. For
double stranded DNA, the extinction coefficient aeammonly approximated to 50
ng*cm*uLL. For RNA, the molar extinction coefficient wasaahted by summarizing the
molar extinction coefficient of individual basesélfollowing extinction coefficients were

used for the individual bases and ligands:

Guanosine: 10400 *rittm™ (260 nm)
Cytidine: 6500 I*métcm™ (260 nm)
Adenosine: 10400 I*mistm? (260 nm)
Uridine: 9100 *médtcm™? (260 nm)
2’-deoxyguanosine: 13300 I*riftm? (254 nm)

2-aAminopurine 2'-deoxyriboside: 3600 I*misbm™ (303 nm)

Final extinction coefficients used for all synttzesi RNA constructs are listed in Appendix
A2. The absorption of nucleic acids was measureélitber a Varian UV/vis-spectrometer
Cary 50, a NanoDrop UV/vis spectrometer ND-1000 QREB) or a NanoDrop One
UV/vis spectrometer (Thermo Scientific). For measoents with the UV/vis-spectrometer
Cary 50, quartz cuvettes with a path length of Jaagha volume of 1 mL (0.1 — 0.9 OD/mL)
were used. The NanoDrop spectrophotometers usthdgpagth of 0.2-1 mm, normalized
to 1 cm path length, allowing measurements of B@e$i more concentrated samples to
obtain nucleic acid concentrations according to Besr-Lambert law. Samples were

applied in a 1-2 pL volume without further dilution

2.2.21sothermal titration calorimetry

Isothermal titration calorimetry (ITC) allows diteassessment of heat generated or
absorbed by interacting molecules. The differentéheat is measured by the power
required to maintain the temperature differencevben a reference cell and a sample cell
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close to zero. ITC measurements yield a completertbdynamic profile of biomolecular
interactions in the mM to nM range including disation constants (K), the reaction
stoichiometry (n), enthalpyAH) and entropy4S). ITC measurements were performed on
a MicroCaf™ VP-ITC (Northampton, MA, USA). RNA samples were addedn®ITC

cell in a volume of 1.4 mL in concentrations of 100 uM, while the ligand 2'dG was
provided in the syringe in a volume of 500 pL irxZbncentration excess compared to
RNA. Both components were provided in NMR bufferO (5nM KCI, 25 mM
KoHPQWKH2PQy, pH 6.2) and 3 mM MgGI The ligand was injected in a 1-3 pL volume
spaced by 120-240 seconds for equilibration wittotal of 30-50 injections to reach
saturation. The baseline for released heat fromjaantion was recorded and subtracted by
titrating ligand into NMR buffer. Heat amplitudes each injection were integrated and
evaluated using the Origin ITC software (OriginLalorthampton, MA, USA). The
program uses the following iterative model to fietchange in released heat after each
injection. The total heat content Q for each ing@ctfor a single set of identical binding

sites is expressed as follows:

_
Q:M[l_}_ﬁ_}_ 1 _\/(1+£+ )P e )

2 th TlKMt th TlKMt th

where n the number of binding sites; islthe concentration of the macromolecule in the
cell, and X the concentration of the ligand in the syringeaht X are provided in the fit.
Q is first calculated by initial guessing of n, Kdx\H for the I" injection. Then, the change

in heatAQ(i) from injection i-1 to i is calculated accordito:
4Q) = Qi) + L4 [EEY] _ o - 1) )

where \4 is the actual cell volume and d\ the change in volume after the injection.
Calculated changes in heat contat(i) for each injection are compared to experimienta
values. Initial values of n, K antH are improved by standard Marquardt methods, laad t

process is iterated until further iteration doessignificantly improve the fit.

2.2.3 Stopped-flow spectroscopy

Stopped-flow spectroscopy allows monitoring of folyl events in the millisecond to
second timescale. Biomolecular interactions, suicligand binding, can be monitored by

rapid mixing followed by detection using diversesfposcopic methods. Most commonly,
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changes in UV absorption, fluorescence or CD cause@&nvironmental changes are
monitored.

Stopped-flow measurements to monitor the eventgaint binding of the fluorescent
ligand 2-aminopurine 2’-deoxyriboside were perfodusing at*-180 CDF-spectrometer
(Applied Photophysics). Folding was initiated byxng I-A dGswF’#V transcripts (2 uM)
with 2-aminopurine 2’-deoxyriboside (2 uM — 512 uM)a 1:1 volume ratio at 25 °C.
Both RNA and ligand were provided in NMR buffer (@M KCI, 25 mM
K2HPQy/KH2PQy, pH 6.2) and 3 mM MgGl Fluorescence was monitored after a dead time
of 1.8 ms over a course of 20-60 seconds. 2-ammop@’-deoxyriboside was excited at
304.5 nm with a Xe lamp and monitored at >340 nma{E271 nm) using a wavelength
cut-off filter. The fluorescence signal was detdatsing a cell path length of 2 mm over a
bandwidth of 4 nm. Kinetic measurements were aegtayer 10-15 single measurements.
Kinetic traces were analyzed with the program sigioa12.5 (Systat).

Exponential fluorescence decays were fitted withglel and/or double exponential
functions: y(t) = y, + a * e** andy(t) = y, + a * e*1t + c * e*2t, where y(t) is the
time dependent fluorescence signalthg fluorescence in the ligand-bound complex, and
c the fluorescence amplitude of free 2-aminopuirdeoxyriboside, kand k the apparent
rate constants and t the time.

Association and dissociation constants, knd ki were determined by recording
fluorescence decays at various ligand concentrg#gnM — 512 uM) while keeping the
RNA concentration constant. The ligand was appliedexcess (> 16x) to keep the
concentration of the free ligand during the cowfsthe kinetics constant by approximation
(pseudo-first-order conditions). Association conttaon and dissociation constantsik
were determined by plotting determined apparerd canstants dp against the ligand

concentration [2'dAP] within the range of lineapa@adence according td,,, = ko, *

[2'dAP] + ko

L s - . ko
The equilibrium binding constantddvas calculated according t6; = k—ff

36



Chapter II: Materials and Methods

2.2.4 Simulations of co-transcriptional folding

Rates of refolding between aptamer and

antiterminator conformations were 05 y = -0.3897x + 0.8031

401 ° R?=0.995

calculated based on kinetic traces
measured by real-time NMR for three
bistable RNAs at 298 K. These 25

experiments have revealed an exponential 301

204

log (k)

dependence between the number of base =1

-4,0

pairs that need to dissociate and the life- 2 i 6 5 o 2
base pairs

time of adopted structures in the _ o
Figure 7: Logarithmic rate constants versus the

interconformational equilibrium (Figure number of dissociated base pairs including linear
7). Based on the linear fit of logarithmic fit s derived previously>

rate constants versus the number of base

pairs, rates for interconversion were

approximated.

Kinetic Markovian simulations of co-transcriptiorialding were performed with Wolfram
Mathematica 8. Kinetics between the states wereritbesl by first order rate equations
with a single rate constakj for the inter-state transition i to j. The trar@it matrix ki
assembled from rate constants was provided as itgpudescribe statistical dynamics

between Markov states (Appendix A4).

2.2.5NMR-spectroscopy

Strategy for RNA secondary structure assignment

NMR-spectroscopy represents a powerful tool to iobtagh-resolution structures of
nucleic acids Currently, the increase in spectral overlap condbiméth a continuous
increase in line broadening with growing size a thacromolecule limits high resolution
structures to a size of about ~50-70 nucleotidegedding on fold and homogeneity of the
macromolecule. Particularly in case of RNA, NMRrsits exhibit limited chemical shift
dispersion due to the existence of only four striadty related ribonucleotide units along
with the A-helix being the predominant structureneént in double stranded regidd%®®’
Despite these limitations in size to obtain higketation structures, the application of
NMR-spectroscopy extends beyond structure calanatto the study of complexes and

folding dynamics:38 The imino protons H1 of guanine and H3 of ural @nique reporters
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of RNA secondary structure. These signals canloalyetected provided they are protected
from solvent exchange in base pairing. Imino prstasonate between 10 and 15 ppm,
substantially dispersed from aromatic protons andjas protons, and facilitate
determination of secondary structure, monitoringafiformational changes and binding
interactions for nucleic acids >100 nt (Figure IB).canonical Watson-Crick base pairs,
imino protons resonate between 12-15 ppm and aftechupfield to 10-12 ppm in U-U
and G-U wobble base pairsH-1°N correlation spectra allow further differentiation
between guanine H1 and uracil H3 protons due td@&ppm chemical shift dispersion
between N1 of guanine and N3 of urdéf.
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Figure 8: ExemplaryH-'°N correlation spectrum illustrating characteristi@mical shifts for imino protons
in A-U (green), G-C (red) and G-U wobble (blue, miag) base pairs.

The assignment of dGSty dGswN including its individual domains was facilitated by
combining'H,'H-NOESY,H,1>°N-HSQCH,®N-TROSY, with?>N/*N-X-filtered *H,H-
NOESY and HNN-COSY experiments (see below). Thenamprotons of the 144 nt
dGswtwere assigned in a ‘divine-and-conquer’ approatie felatively large size of the
RNA causes broadening of many cross peaks in NOg&®Xtra beyond detection as a
result of decreased T2 relaxation times. Therefd@sw' was dissected into its two
individual domains aptamer and terminator hairpid ghe assignment of the individual
domains was aligned to imino proton signals offtiidength construct. The antiterminator
helix of the 122nt dGs® construct could be identified due to its partéritity with the
terminator helix. For the more detailed examinatibstructural heterogeneity in dGSY
dGswPN was assembled from fragments with differ&iz labeling patterns (see chapter
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[lI) and the final secondary structure assignmeas ¥acilitated by using a combination of
different®>N/**N-X-filtered NOESY spectra.

H,'H NOESY

The'H,*H NOESY (Nuclear Overhauser Exchange Spectroscexpg@riment is based on
the nuclear Overhauser effect (NOE) betwédrspins. The NOE is a magnetization
transfer by through space dipolar coupling thabvedl correlation of protons within a
distance of 5 A. The effect correlates witf) where r is the distance between the two
atoms!* In NOESY spectra, cross peaks from one imino prdtoimino protons of
adjacent base pairs, both inter- and intercateaarbe observed in helical regiofi$41142
H,'H-NOESY spectra were recorded using a jump returhoewater suppression
schemé?*3 The proton carrier frequency was set to the resomérequency of the solvent
(4.7 ppm) in the direct dimension and to 8.5-9 ppitine indirect dimension. Spectra were
recorded with a spectral width of 24 ppm in thedidimension and 12 ppm in the indirect
dimension. For RNA constructs larger than 100 ratades, spectra were recorded with a
mixing time of 70-100 ms and for smaller RNA coosts (30-70 nt) with a mixing time
of 100-150 ms. Spectra were recorded with an aitguidime of 70-100 ms representing
1024-3072 points in th&H dimension. In the indirect dimension, 348-800nt®iwere
recorded depending on RNA size and spectrometeuémcy. The relaxation delay
between experiments was set to 1.2-1.8 s and dejgeon the RNA concentration, 32-256

scans were recorded.

wl,w2-X-filtered NOESY

X-filtered NOESY spectra were recorded to assigawd by filtering*H protons attached

to 1°N/2N or 13C. X-filter techniques exploit the evolution tky coupling during a spin
echo period, which allows selective rotation of @i¢he two magnetizations back to the
z-axis** X-filtered experiments were recorded as descrifleove using a jump return
echo scheme.

For 1°N/*N-X-filtered experiments, an X-filter scheme wasplemented in the direct
dimension 2). H-N or H-“N components of magnetization were selected by
variations in the phase cycle. For the assignmieadd@nine H2 in dGs# (*3C-A,*N-full),

a NOESY experiment was recorded implementiféCaX-filter in the indirect dimension
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(wl), where only cross peaks of imino protons to aseH?2 and diagonal peaks of adenine

H2 and H8 are detected. X-filter pulse programspao®ided in Appendix A5.

IH,15N-HSQC, SF-fH,5N]-HMQC, BEST-[!H,5N]-TROSY

Guanine H1 and Uracil H3 signals in NOESY spectmrenresolved by recording
N-HSQC (Heteronuclear Single Quantum Coherenée-HMQC (Heteronuclear
Multiple Quantum Coherence) of°N-TROSY (Transverse Relaxation Optimized
Spectroscopy) spectra. Thésg™N correlation spectra yield an imprint of RNA sedary
structure by resolving most imino protons everangér RNA molecules.

HSQC experiments were recorded to obtdi!>N correlation spectra ofN isotope
labeled RNA constructs <70 ftd,’>N-HSQC experiments correlate protons bounttb

by transferring magnetization betwedf and >N throughJw coupling using INEPT
(Insensitive Nuclei Enhanced by Polarization Transéchemes and represent the most
common pulse scheme applied to obf&r>N correlation spectri® HSQC spectra were
recorded using a soft WaterGATE suppression schéhiExperiments were recorded with
relaxation delays of 1s.

SF-HMQC experiments were recorded to obf#r'>N correlation spectra of unlabeled
RNA constructs <50 nt. SOFAST (band Selective Ozt Flip-Angle Short Transient)
experiments exploits HMQC-type coherence transiehich requires lower radio
frequency pulses compared to HSQC experiméntd® Further, HMQC experiments
enable Ernst-angle excitatiéf?, which is a pulse flip angle that yields maximurgnsil
intensity in the least amount of time. The useaidselectivéH pulses further shortens
interscan delays significantly, sintté T1 relaxation of excited nuclei proceeds much faster
if the majority of nuclei within the sample, pattiarly the solvent, are maintained at
equilibrium®® The combination of these features allow very shioterscan delays,
perfectly suited to acquire a large amount of seagsired for samples that contdiiN
only in natural abundance (0.4%). Natural abundaPdeSF-HMQC experiments were
recorded with >1024 scans and an interscan del@y3d.

BEST-TROSY experiments were recorded to obthi®N correlation spectra of°N
isotope labeled RNA constructs larger than ~70rROSY experiments are designed to
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exploit constructive or destructive interactionsliggfole-dipole (DD) inducedlrelaxation
with chemical shift anisotropy (CSA) induced fBlaxation in non-decoupletH,®>N
correlation spectr&?! The experiment selects the component of-dkie coupling multiplet
with the smallest line width caused by partial aiation of CSA and DD relaxation. The
resulting signals are shifted by -47 Hz in the cidimension and +47 Hz in the indirect
dimension compared to broadband decoupled HSQGrapé&uie to relatively large size
and corresponding long.Ttimes of the RNAs investigated in this thesis, T8RO
experiments contribute significantly in reducinge thine width and increasing the
resolution. TROSY spectra were recorded in an edeénSOFAST manner by
implementing Band Selective Short Transient (BEQT¥est>21%4Spectra were recorded

with an interscan delay of 0.3-0.5 s.

All >N-correlation experiments were recorded with aogién carrier frequency of 153
ppm, resembling the intermediate resonance frequeetsveen guanine N1 and uracil N3.
Spectra were recorded with a spectral width of @ pvith 1024-3072 points in the direct
dimension and 25 ppm with 128-256 points in théred dimension. TROSY experiments

were recorded with up to 512 points at high specéter frequencies.

HNN-COSY

HNN-COSY spectra allow monitoring of 2J-coupling over a hydrogen bond N:=N
through a sequentialdun INEPT magnetization transfer followed by2aw COSY
magnetization transfép>*%This hydrogen bonding pattern is present in alt&tia-Crick
base pairs and facilitates direct observation sehairing interactions in RNA. The HNN-
COSY spectrum for dGSW was recorded with a nitrogen carrier frequenc¥8% ppm as
intermediate frequency of acceptor (adenosinefity)dand donor (guanosine/uridine)
bases. The spectrum was recorded with a specti#h wf 24 ppm and 2048 points in the
direct dimension and 100 ppm and 256 points inrtteect dimension. The delays for HN
transfer were shortened to 2.3 g+«(3110 Hz) and for the NN-transfer to 10.5 ma@24
Hz) to reduce Trelaxation during a single experiment. 1024 scdribe experiment were

recorded with an interscan delay of 1.1 s usingfeWaterGATE suppression schefi.
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Screening of ligand binding
1 mM of ®N-labeled 2'dG was added to ~500 pM samples olddirmen buffer exchange of 2.5
mL transcriptions!H-'*N-filtered experiments were recorded to monitor ltgand imino proton

signal integral at varying Mg concentrations (2 mM, 3 mM, 4 mM and 5 mM).

Light-induced real-time NMR experiments

Time resolved NMR experiments were performed irsaupgo 2D experiment using the
jump return echo water suppression schéteinetics were triggered by a TLL

connection to a laser set up (Paladin Advanced 88&f) operating at 8 W. Laser
irradiation within the NMR tube was achieved byediing the laser beam to a Shigemi
tube plunger, modified to achieve conical lightidisition within the sample, via a quartz
fiber. The laser beam retains ~60-70% of its ihigawer at the end of quartz fiber.
Experiments were optimized to achieve a maximurtinie resolution. Laser irradiation

was performed for 500 ms in the presence of ligamdl for 1 s in the absence of ligand.
The signal intensity was maximized by Ernst angleitation and an interscan delay of
0.3 s*® Measurements were averaged over 2 transientsi@ligaund) or 10 transients

(ligand-free).

NMR samples and experimental setup

NMR samples were prepared in a concentration rgnfgom 100 pM to 800 uM of RNA
in NMR buffer (50 mM KCI, 25 mM KHPQWKHPQy, pH 6.2). Measurements were
performed in Shigemi susceptibility matched michatsiin a volume of 260-300 pL with
5-10% of DO added. All experiments were recorded at 283-29Bxact temperatures for
each experiment are listed in the respective Figapions. Fot°N- and**C-broadband
decoupling, GARP sequence were us¥d.

NMR experiments were performed on Bruker spectremsdisted in Table 3. Experiments
were analyzed using the Bruker Biospin software Sfmp 2.1.-3.5. Assignments were

performed using the software Sparky141°8
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Table 3: Bruker spectrometers including equippadbeheads used for all NMR measurements.

Spectrometer
AVIII 600 HD
AVII 600
AVIII 600
AVIIlI 700 HD
AV 800
AVIII 800 HD
AV 900
AVIII 950

probehead
Prodigy 5mm TCEH,*N,*C Z-GRD
5 mm TCI cryo'H,*N,**C Z-GRD
5 mm TXI cryo'H,®N,**C Z-GRD
5 mm QCI cryo'H,**N,*C 3P Z-GRD
5 mm TXI cryo'H,**N,**C Z-GRD
5 mm TCI cryo'H,**N,*C Z-GRD
5 mm TXI cryo'H,**N,**C Z-GRD
5 mm TCI cryotH,**N,**C Z-GRD
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Chapter III: NMR Characterization of the I-A 2’dG-sensing Riboswitch

3.1. Structural characterization of the I-A 2'dG-sensingriboswitch

3.1.1NMR characterization of the full-length riboswitch

Previous studies performed on the I-A type 2'dGssam riboswitch have focused on
ligand binding, ligand selectivity and the architee of the aptamer domain investigated
by NMR-spectroscogy®1?°and X-ray crystallographs? (see Chapter 1.2.4). Experiments
performed on the full-length riboswitch includings iligand-dependent allosteric
modulation and mechanism of regulation are limi@dranscription termination assays
performed by Kimet al.> According to these assays, gene expression ohuitleotide
reductase genes is repressed at high concentratbn2dG by formation of a
transcriptional terminator. The work presentedhis thesis centers around the full-length
2'dG riboswitch from the bacteriunMesoplasma florum and aims to decipher the
mechanism of action by transcriptional riboswitctesed on this model system. The
sequence of the full-length riboswitch (dG$mvas provided by Breaker and coworkers
starting from the transcription start site and agdat the termination site (personal
communication).

First, dGsW" was investigated by NMR-spectroscopy to charamedonformations
relevant for the regulation of the downstream gexyression. The secondary structure of
dGswt was characterized in both absence and presergaoél by assigning the imino
protons in*H-'H-NOESY spectra (Figure 9). Due to the size of R¢A, secondary
structure motifs within the riboswitch (aptamer domand expression platform) were
characterized individually. The assignment of imdiial domains was then transferred to
the full-length riboswitch for verification of ingpendent folding. Figure 1B shows an
overlay of NOESY spectra of dG8w(black) and a model terminator hairpin (40mer, in
red) recorded in the absence of ligand at 283 Kthin NOESY spectrum of dGS&ty
primarily cross peaks corresponding to the ternsinbairpin can be detected. Within the
aptamer domain, only the cross peak emerging fh@strong NOE transfer between imino
protons in the G70-U56 wobble base pair can berebde The remaining aptamer cross
peaks are broadened beyond detection in d6aw283 K due to its large size (144 nt),
and consequently larger correlation timeThe increased signal intensity for terminator
signals suggests accelerated motion in comparisahe aptamer domain and implies
decoupled motion between the two domains. Incrgasia temperature to 298 K leads to
a loss in signal intensity for terminator signafed aan increase in signal intensity for

aptamer domain signals. The increase in the amafusptamer signals can be explained
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by a decrease in the correlation time, while therese in the amount of terminator signals

is associated with an increase in the imino pratiment exchange. Changes induced by

ligand binding to the aptamer domain of d&swere therefore investigated at 298 K.
Figure 9C shows a NOESY spectrum of dBsat 298 K in the presence of 2’dG and
Mg?*. In general, ligand binding to dGSwcan be detected also in the absence of*Mg
but loop-loop interactions and the formation ofab$e binding pocket require the addition
of Mg?*. In the presence of Mg ligand binding is significantly enhanced by sliabig

the parallel alignment of helices P2 and P3 andeguently preorganizing the binding
pocket towards the ligand bound state. The assighmiethe aptamer domain in the

presence of ligand was adapted from Waeket.'2°

A D s “Nppmi
' 25 70
50 ARA +2 dG 37 -4 “?32
/ c_ A 145 52 2'dG 135 69 24
c—G 30
) . P2 ACCCCG 20-U—A 107\L?/‘£QLT = I‘SLQLJ 1
u®Cscuacy % ® P3 ©C 462 .
A LLI1] Cuy & Q{J A 150 38 72
A, ACGAUGG 2d6 /] /CAAAC L3 G pa
0 25 \ CAgg /1 ¢ U-A
A cA Guyy U—A 45
a—uC 7 AU c—G 155 56 <
20-U—A 74 ! 10- U—A 114
G:R 65 H:ﬁ 75w é’ 33
U—A G—C 14 2044 77 &
e Ao 1601 o5 124 w12 LA e
A GA % 00 UA U ! = 17{6 72’8
. A v W 4106
5'-AAUGAAUAUAAAAG AAACCACUCUUUAAUUA u-3
15 14 13 12 M5 W ippm)
<
5 "Hppm] 3 "Hippm]
- G132/U114 R . - U45-G2 -
G70/U56 ¢ o v G70-G55 U45-G26 o oU45-G24 U4§,GZS¢

v

-
00)

. .
G1o7u14¢’ 11OV109.5

107/U1088 ‘g |

U113/l£|12/’°°
u109/U108

%
> &

| G135/U112
G912 o ©G13EUTI0 f

&

12 4
Gii1

13

G38-U
U67-U

1. UGB-UGT-p.2
¢107-ut08 83'0_;3(136/_

6
)

U56;U55 G69-U68

G75-U20, ~G37-G38

G135-U112 | G30-G39
9-U120= G135-U110.

. G72-U55
U1B-UIT, 571520

G107,

09-U108-

-U75-dG g%

G70-Gog G70-G56
- [-4 o

° .

0

U185, <.

"

3 'H [ppm]
PP

14

3 "H[ppm]
QS Teem

Figure 9: NMR characterization of dG3win presence and absence of ligand. A: Secondaugtste of
dGsw" restrained by NMR. B: Overlay of NOESY spectral@sw' in black (450 uM, 800 MHz) and the
terminator model helix in red (40mer, 700 uM, 608IM). The spectra were recorded at 283 K. C) NOESY
spectrum of 400 uM dGgW 2 eq. 2'dG, 12 eq. Mggtecorded at 950 MHz and 298 K. D) Overlay -
TROSY spectra of dGswin the absence of ligand (grey, 400 uM RNA, 12MgCl,) and in the presence
of ligand (200 uM RNA, 12 eq. MggIThe spectra were recorded at 800 MHz and 298 {aer signals
are color coded in blue and terminator signalscater coded in red.
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Comparison of°N-TROSY spectra (Figure 9D) of dGSwecorded in the presence (black)
and absence (grey) of ligand reveal the presenterminator signals (in red) not only in
the ligand-bound state but also in the ligand-fibeswitch form. The effects of ligand
binding to dGsW is limited to the formation of a compact liganddiing pocket including
parallel alignment of helices P2 and P3, while tdr@ninator helix remains completely
independent of this structural rearrangement. Ardyinduced allosteric conformational
switch that would allow transcription to proceedicat be observed.

The terminator conformation represents the lowest énergy state independent of ligand
binding, a feature of kinetically controlled trariptional riboswitches, which was also
previously observed for both thet guanine-sensing OFF riboswitch and thiguE
adenine-sensing ON-riboswitch froBisubtilis.31961%9.160As described in Chapter 1.2.2,
regulation of transcription by riboswitches inebita comprises a kinetic component,
where both ligand binding and conformational traoss within the expression platform
are tightly coupled to the speed of transcripfidf®® As a consequence, dynamic and
structural investigations on fully transcribed, rthedynamically equilibrated,
transcriptional riboswitches yield limited insigimto the mechanism of regulation. The
functional state leading to gene expression (Olextavhich cannot be observed in the
full-length riboswitch form, represents a transjenetastable state that is adopted during
transcription as nascent transcripts are extenglesinigle nucleotides. Gene expression is
facilitated by kinetic trapping of this genetic Gitate beyond the time point of regulatory
decision. The following section addresses the 8irat characterization of the

conformation that allows gene expression to proceed

3.1.2NMR characterization of the genetic ON-state

Typically, in transcriptional OFF-riboswitches, thenetic ON-state involves an alternative
base pairing of strand T, that forms the terminh&dix TH in the presence of ligand, with
a sequence segment in the aptamer domain to forem@erminator helix (Figure 10).
Since the formation of the extremely stable ternun&airpin TH prevents formation of
the alternative antitermator helix, truncation tfaed H should energetically favor the
formation of the antiterminator helix and allow cheterization of the genetic ON-state.
Mfold folding predictions®? of this transcriptional intermediate (dGVy 122nt) suggest
that the antiterminator helix PT forms with segmen{blue, Figure 10). Further, it is

predicted that in the ON-state, the 3’-strand dixhel is involved in the formation of an
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additional helix P5. To verify mfold folding prediiens, the secondary structure of d&8w
was investigated by NMR-spectroscopy. Extensivéyaisaof NOESY spectra of dGSW

at different mixing times (50 - 200 ms) and TRO®¥dra yield a preliminary assignment,
covering approximately 70% of detected imino pretddelices P2 and P3 of the ligand-
free aptamer domain could be identified to alsonfon the ON-state. In addition, the
antiterminator helix PT could be identified dueit partial identity with the terminator
helix TH, which cannot form in the transcriptiomatermediate dGs@ due to the absence
of strand H. However, helix P5 as predicted by ohfobuld not be identified.

OFF-state characterized by NMR ON-state predicted by mfold
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Figure 10: Predicted allosteric conformational madan of the I-A 2'dG responsive riboswitch acciogl

to mfold*?In the presence of ligand, the switching strar(thTed) anneals with the terminator strand H (in
green) to form terminator helix TH. In the absenédigand, the aptamer stabilizing strand P (ineblis
predicted to anneal with the terminator strandHy(een) to form the antiterminator helix PT. Thedictions
also hypothesize the formation of an additionaidaélsegment P5 in the genetic ON-state.

To complete the missing assignment, d&%was assembled from fragments with different
I5N-labeling patterns without further ligation. Intab three constructs were prepared:
dGsw 122 dGsw 52122 and dGsW*>122 (Figure 11A). The structural integrity of the
individual constructs was examined by comparing IS®@Bpectra of assembled dG¥v
with intact dGswWN. An overlay of NOESY spectra for the structuraityst divergent
construct dGsWP2122 with dGswN is shown in Figure 11B. dG8®?1?2 appears to be
destabilized compared to dG3\Wy leading to reduced signal intensity of signals
corresponding to unassigned NOESY pathways (redeardye pathways). However, cross
peaks corresponding to these pathways can stilebected and assigned partially (Figure
11D). Additional signals appearing in the NOESYcpen of dGsW®2122can be assigned
to the artificially implemented G-C base pairs &lix P3. For construct dG$#°122 the
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antiterminator helix is destabilized and signalshim the

broadened beyond detection.
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Figure 11: Secondary structure determination ofid®sA) Secondary structure representation of assamble
dGswPN constructs (dGs¥5122 dGswi-2122 dGsw-3>123) from two fragments without ligation. Isotope
labeling patterns of the individual fragments amdi¢ated. B) Overlay and assignment of NOESY spettr
of dGsw52122(black)and dGsw?? (red) for verification of correct folding. The twaassigned NOESY
pathways that do not correspond to either helixA22¢r PO are indicated in red and orange, resdgtiC)
Overlay of NOESY**N(black)/*N(red)-X-(w2)-filtered spectra of dG(§°>122 The spectra were recorded at
900 MHz, 283 K with a mixing time of 150 ms on 40 of each RNA fragment. D) Overlay of NOESY
N(black)AN(red)-X-(w2)-filtered spectra of dGsW§?122 The spectra were recorded at 800 MHz, 283 K
with a mixing time of 100 ms on 500 uM of each Ritagment. E) NOESY spectrum of dG5#122 1N-
X-(w2)-filtered. The spectrum was recorded at 700 Mhiz 283 K with a mixing time of 100 ms and 400
UM of each RNA fragment. Unassigned pathways higitdid in red and orange are shown in each NOESY
spectrum including the secondary structure informmaderived from each of the experiments. F) Asdemgb

of the proposed elongated antiterminator accordingesults shown in B-E and corresponding NOESY
spectrum for verification. The spectrum was recdrd@0 MHz, 283 K on 500 puM of each RNA fragment.
G) Final assignment of dG&W and identified secondary structures (M: multi loaptiterminator
conformation; |: interior loop antiterminator confeation) in conformational exchange. Continuous
pathways of segments of PO (red, green, orangefcyrgd), and P3 (blue) are color coded accordimyly
both NMR spectra and secondary structures.
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Nevertheless, the construct contributes to thetifieation of the orange assignment
pathway. dGsW*°>'?2 represents the most stable of the assembled ootsstand is
conformationally homologous to dGSW The final assignment for the missing NOESY
pathways was achieved by recordiffl->N- or H-1*N-(w2)-X-filtered NOESY
experiments, by which inter- and intra

strand NOE transfers can be distinguished. The gmatibn of X-filtered NOESY analysis
of the three assembled ON-state constructs, asrsiowigure 11B-E, reveal that G24,
G25 and G26 are involved in an alternative basengginteraction competing with helix
P2 formation and yield a final hypothesis for tleformation of dGs®N. The results
suggest that the genetic ON-state is formed bydnwectures in conformational exchange.
The multi-loop conformation (M) (Figure 11G) retaihelix P2 and P3 from the aptamer
domain, while in the interior-loop conformation,(helix P2 is destroyed to form an
elongated, stabilized antiterminator helix PT. Tiwss-validate the presence of the
elongated antiterminator helix, this helical seghwveas artificially reconstructed from two
fragments, while the upper segment was stabiliyad/b additional G-C base pairs (Figure
11F). The imino proton NOESY pattern of this assketh model antiterminator helix is in
agreement with the NOESY spectrum of d8%wThe artificially implemented G89
appears as an additional signal in the NOESY spectf the model helix. Significant
chemical shift perturbations can only be obsernvedJ27 and derive from the additional
G-C base pairs.

The complete NMR characterizations of d88was performed at 283 K in the absence
of Mg?*, since neither temperature nor ¥Mdéave significant effects on the conformation
adopted by dGsW' (Figure 13). Addition of M§ causes minor chemical shift
perturbations, which are negligibly small compatedvig?*-induced changes within the
aptamer domain (Figure 13A). Further, chemicaltgteiturbation cannot be linked to a
specific structural element within dG8W(G69:P3, G12:P0, G39:P2, U68:P3). Signals
corresponding to the antiterminator helix PT (G25L19, and U5) may appear more
pronounced in the presence of Mput Mg?*-induced signal broadening leads to a general
decrease in signal intensity. Increasing the teatpex to 298 K also leads to an overall
loss in imino proton signal intensity, despite ldage size of the RNA (Figure 13B).
Direct G-C and A-U base pairing within dG®Wwas investigated by the HNN-COSY
spectrum depicted in Figure 13C. This experimerdolkes the signal overlay of
G72/G24(1), which cannot be resolved in the TRO$¥csrum depicted in Figure 13A.
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Figure 13: A) Overlay of TROSY spectrum of dG&8Wwecorded at 283 K and 900 MHz (black) with a
TROSY spectrum of dGsW in the presence of 3 mM Mgrecorded at 283 K. B) Overlay of TROSY
spectrum of dGs@ recorded at 283 K and 900 MHz (black) with d88wecorded at 700 MHz and 298 K
(red). C) HNN-COSY spectrum of dG8Wrecorded at 900 MHz and 283 K. B-X-(wl)-filtered NOESY
spectrum showing only cross peaks between imintpsoand adenine H2. The spectrum was recorded at
800 MHz and 283 K.

Further, adenine H2 could be assigned for heli@esrél P3 and parts of the antiterminator
helix PT by a®C-filter in wl in a NOESY spectrum offC-adenine labeled dG&W
(Figure 13D). However, the elongated helix PT i@ itterior loop conformation consists
only of three stable base pairs G24-C91, G25-U@PG26-C93 and cross peaks to neither
adjacent adenine residues A90 or A23 can be deltdcieto a relatively weak base pairing
with U27 and U94, respectively. Therefore, the tredaequilibrium population between
the two conformations cannot be conveniently qdigation the basis of non-exchangable

protons. In order to examine exchange rates betwmennterior loop and multi loop
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conformation and to possibly determine the equitrpopulation between conformations

| and M,®Nzz exchange experiments were performed at twindisemperatures (283 K,
298 K) and different exchange delays (70 ms, 150208 ms, 300 ms) in the presence of
Mg?* (3 mM) and in absence of Migat 700 MHz. However, a cross peak between G25I
and G25M could not be detected in any of the rembmekperiments. Therefore, the two
conformations likely exhibit life times within treeconds regime, a timescale that is too

slow for ZZ-exhange experiments to detect.

3.1.3 Allosteric conformational switch in Mesoplasma florum riboswitches

2'dG-sensing riboswitches froMesoplasma florum belong to the class of purine-sensing
riboswitches. Comparison of the allosteric confaroral switch found in the I-A 2'dG-
sensing riboswitch to well-studied purine-sensiibgswitche$! reveals a discrepancy in
the ligand-dependent rearrangement of mutuallyusked conformations. In well-studied
purine-sensing riboswitches, strand A is involvedmtiterminator formation (Figure 14),
leading to a small separation in nucleotides betvibe two complementary strands below
33nt’ In case of the I-A 2'dG-sensing riboswitch, strahds involved in antiterminator
formation, and therefore the separation of thegtsands is much larger (85 nt for the multi
loop antiterminator conformation). In both thxpt guanine-sensing riboswitch from
B.subtilits and the I-A 2'dG riboswitch, segments R&pi{ Gsw) and P (I-A dGsw) are
composed of a free segment located 5’ (I-A dGswg’ ¢xpt Gsw) adjacent to the aptamer

domain and a segment involved in helix P1 formation

xpt Gsw mfl dGsw

Figure 14: Schematic representation of the reaenawegit between strands P (5’-aptamer strand), Aufagt
stabilizing strand) and T (switching strand) tonfiothe antiterminator helix at low ligand conceritras
during transcription. In thept guanine-sensing riboswitch froBisubtilis, the PA aptamer interactions
dissociates to form the antiterminator helix betwstands A and T. In the I-A 2'dG-sensing ribosWit
from M.florum, the PA interaction dissociates to form the antiieator helix between strands P and T.
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In the xpt Gsw, 5’-3" synthesis of the complementary antiteator strand T allows
association of part of the antiterminator helixidgrtranscription prior to 3’-P1 melting. If
the 5’-end of P1 is involved, either melting of Br&cedes association of the antiterminator
helix or strand T needs to be completely synthésteeinitiate refolding. Consequently,
the structural rearrangement in well-studied puseesing riboswitches appears to be
more adapted to the progress of transcription.

In order to investigate if the structural rearrangats found in the I-Anfl dGsw is a
universal feature of 2'dG-sensing riboswitches @ctbrium specific, the allosteric
conformational modulation of two additionafl riboswitches (I-B dGsw, 11I-B Gsw) was
investigated (I-B aptamer by Irene Bessi, IlI-B akB full-length riboswitches by
Alexander Mazur and Strahinja Lucic). The I-A dGand I-B dGsw represent the only
identified riboswitches to bind 2'dG with high sefieity and reject similar related purine
derivativest The IlI-B Gsw binds guanine selectively, howevby, two orders of
magnitude weaker compared to #pe Gsw fromB.subtilis (see Chapter 1.2.4). According
to theoretical folding predictions, the aptamer donof both I-B and IlI-B riboswitches is
located prior to a putative terminator hairpin @ese expression is regulated on the level
of transcription. For the 1lI-B Gsw, single roundriscription termination assays confirm
ligand-dependent transcription terminatforFigure 15 shows secondary structures
including a preliminary assignment tl,1°N-correlation spectra of respective OFF and
ON-states of I-B dGsw and IlI-B Gsw (Bachelor TlseStrahinja Lucic). The regulatory
OFF-state including aptamer domain (PA) and tertomaairpin (TH) could be
characterized by NMR completely. The terminatonh€H is adopted also in the absence
of ligand for both I-B dGsw and I1lI-B Gsw riboswites, consistent with previous
observations for kinetically controlled riboswitagulation. The genetic ON-state of these
two riboswitches was investigated in the transmigl intermediates 1-B dGS# and 111-

B Gsw”®. NMR analysis confirms the predicted ON-statelfisB Gsw. However, for I-B
dGsw, NMR analysis suggests the presence of ati@ualiconformation, similar to the I-
A dGsw, which was not further characterized.

In both riboswitches, the antiterminator helix fartvetween strands P and T in analogy to
themfl 1-A dGsw, suggesting this allosteric rearrangenteriie a common feature imfl

riboswitches.
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Figure 15: Secondary structure and TROSY assignmehB dGsw (A) and IlI-B Gsw (B). Full-length
riboswitches were characterized in both presentacKbTROSY spectrum) and absence of ligand (grey
TROSY spectrum) on the left. Transcriptional intechiate ON-state representatives were characteoaed
the right in absence of ligand. C) Schematic remregion comparing the ligand-dependent rearrangeme
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strand), T (switching strand) and H (terminatoastt) in common purine-sensing riboswitches (laft) .
florum riboswitches (right).
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Regarding IlI-B Gsw, it appears to be remarkabbg tfene regulation can be controlled
kinetically considering the extremely short dise@nbetween aptamer domain and
terminator helix (3 nt). Typically, the averagetdizce between aptamer domain (PA) and
terminator helix (TH) exceeds 20 nts, and the tiarehe polymerase to transcribe these
nucleotides generates a critical time span to dligand association to the aptamer domain
and prevent antiterminator (PT) formation. The agadomain is commonly followed by
a pause site to extend this time span. In IlI-B @gyand binding must occur directly after
the aptamer domain is transcribed to ensure tetramaf transcription. Despite the shorter
distance between aptamer domain and terminatquihaiin vitro transcription termination
assays of 11I-B dGsw show that this riboswitch aeleis 75% transcription termination at
high guanine concentrations, while I-A dGsw onlgaiees a termination efficiency of 60%
at high 2’dG concentrations. Both riboswitches ibitha similar Ko in the range of
80-100 nM. The high termination efficiency of IlI-Bsw may also be a consequence of its
short terminator hairpin (26 nt for 11I-B Gsw conmpd to 37 nt for I-A dGsw and 35 nt for
I-B dGsw), which could significantly reduce the wow of opportunity for ON-state
folding. This hypothesis would be supported by 3886 of termination observed in the
absence of ligand for IlI-B Gsw opposed to 21%l{8rdGsw.

In comparison to the guanine-sensing riboswitchulemg thexpt gene inB.subtilis,
[1I-B Gsw exhibits a I that is one order of magnitude larger. This changdfinity may

be significant for 11I-B Gsw to strictly discrimit@ against hypoxanthine, while both
guanine (K < 5 nM) and hypoxanthine @<~ 50 nM) bind toxpt Gsw IlI-B Gsw
regulates the expression of GMP synthase (reprasenfor theguaA motif in B.subtilis

in Figure 4), while the xpt Gsw regulates the expression of xanthine
phosphoribosyltransferase. The different selegtimiay be correlated to GMP synthase
generating GMP from XMP instead of guanine, progligeanine concentrations are low,
whereas XMP synthesis is repressed if either hypiwae, xanthine or guanine

concentrations are high.
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3.2.Rapid NMR screening of RNA secondary structure

3.2.1Introduction

In Chapter 3.1, the three allosterically responsoamformations leading to either
progression (ON-state) or termination (OFF-state}ranscription were identified by
NMR. According to structural investigations on dGswthe full-length riboswitch
exclusively adopts the functional OFF-state. Howgewduring transcription, folding
towards the most stable conformation continuousighwes with the addition of new
nucleotides:® Therefore, the conformation adopted at a partiditee during transcription
may not represent a thermodynamically equilibragiede, and transiently adopted states
may not reach equilibrium within the given windowWtone before the thermodynamic
equilibrium shifts towards a different conformati@dnmethodological approach that would
allow monitoring of co-transcriptional folding from structural perspective has not yet
been developed. Both speed and low RNA concentistturingin vitro transcription
complicatein-situ analysis of the transcriptional progress by NMRtesatively, the
knowledge of folding states of transcriptional imtediates, interconversion rates between
conformational states and the speed of transcniptieluding potential pause sites, could
be combined to simulate how riboswitch conformatienwolve during transcription. The
former issue can be addressed by investigatingdldéing state of each transcriptional
intermediate at single nucleotide resolution to mithe transcriptional progress from a
thermodynamic perspective. However, establishedoagpes for RNA preparation for
NMR-spectroscopy are time-consuming with a low tigtgout. In this section, a method
to rapidly synthesize RNA at single nucleotide heson for NMR-spectroscopic analysis
is described.

RNA preparation for NMR spectroscopy includes DNémplate preparation, RNA
transcription and its purification. In general, RNAtranscribed by T7 polymerase from
linearized plasmids or PCR templatés1®3To synthesize a multitude of DNA templates
that differ by a single nucleotide in length, theethod of choice for DNA template
preparation is PCR. PCR allows simultaneous syighasall DNA templates with the
reverse primers being the only parameter that nields adjusted. It is commonly known
that T7 RNA polymerase produces inhomogeneous @-dy appending one to three
random nucleotides to the 3'-éfitl'%1%®and to circumvent this issue, self-cleaving
ribozyme cassetté¥~1! have been widely applied. However, implementatioh

ribozymes requires more extensive DNA template gmaon and decelerates the
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purification process. To screen exact sequencendepé conformational transitions at
single nucleotide resolution, 3’-end homogeneitytrahscripts is imperative. A possible
solution to obtain 3’-homogeneous transcripts fl@8R templates is addressed in section
3.2.2.

Finally, ion-pair reversed phase HPLC or polyaamjlde gel electrophoresis represent the
standard procedures to purify RNA for NMR-spectogsct >3 These methods are time-
consuming with a limited throughput and thereforefficient to facilitate rapid synthesis
of a large amount of different RNA constructs. 8ett3.2.3 describes an alternative
approach to synchronize removal of perturbing tepsSonal additives under native

conditions to allow rapid structural screening iR

3.2.2 Effect of DMSO on transcription yield and homogendy

To address the issue of transcript homogeneityirmdderom run-off transcription reactions
with T7 RNA polymerase, the effect of various tremstion additives (Triton X-100,
DMSO, PEG 6000) was screened in transcription asdaf the three tested additives,
DMSO proved to be the most effective regarding mnpd transcript homogeneity and
yield. No increase in 3’-end homogeneity could beesved by the addition of PEG 6000,
while the addition Triton X-100 had a minor effect transcript homogeneity.

In general, transcriptions of the I-A 2’dG-sensnilgoswitch exhibit an unusually high
degree of 3-heterogeneity. Inhomogeneous additipn37 polymerase are presumably
caused by the high A/U content, which exceeds 7®%e expression platform. DMSO
transcription optimizations were first performedammstructs dGst##*112 representing the
riboswitch segment during which the antitermindelix is continuously stabilized (Figure
16A, green), and dGS#-dGsw’, representing the segment during which the tertaina
helix is continuously stabilized (Figure 16A, red).

Figure 16 shows gels of transcriptions performetha presence and absence of 20% of
DMSO. In the absence of DMSO, RNA fragments witlke ttorrect length are only
transcribed from five DNA templates, namely d&¥wdGsw!? dGsw?, dGsw?® and
dGsw°. The remaining transcription products exhibitghhilegree of heterogeneity, with
the main products being >+4 nt longer than therddstranscript length. Since all
transcripts were co-transcribed with a 5’-hammedh@&aozyme, inhomogeneities can be
unambiguously assigned to the 3’-end. In the pesen20% of DMSO, the homogeneity
of transcription products significantly improveddahe corresponding RNA length appears
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to conform to the desired transcript length. Howedee to the size of the RNA, the gel

cannot resolve single nucleotides.
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Figure 16: A) 12% denaturing polyacrylamide gelsvgimg transcription products for dG¥#dGswH?
(green) and dGsW-dGswe (red) of transcription reactions performed undandard conditions (upper
gels) and in the presence of 20% of DMSO (lowes)gd3) 20% denaturing polyacrylamide gels showing
transcription products of dG$W°2dGsw®1!! (orange) in the absence (upper gel) and presémeer(gel)

of DMSO. Segments transcribed within dGsw are caoded accordingly in the depicted secondary
structures. C) Direct comparison of the DMSO effectfive selected RNA transcripts shown in B. Lane
marked with a D correspond to transcription reaxtiperformed in the presence of 20% of DMSO. D) @MS
optimization for the 36 nt long transcript showrBin

To resolve single nucleotides, smaller segmentseofiboswitch were transcribed starting
from nucleotide 75 and ending at residues ident@abnstructs investigated in Figure 16A
(Figure 16B). To allow transcription initiation by7-polymerase, the T7 promotor
including two additional guanine residues werdiarally implemented within the forward

primer. Gel analysis of the smaller fragments (90AB) shows that in the presence of
DMSO, the majority of fragments are transcribechveithigh degree of homogeneity with
the exact sequential length. When comparing thgthenof the different fragments that are
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designed to differ by a single nucleotide, n+1ticats can be detected for most constructs.
For the 33nt length construct, even in the presenddVSO, the extend of n+1 addition
still exceeds 40%. However, n+2 products are raotsicribed. Figure 16C shows a direct
comparison of transcription reactions performetheabsence and presence of DMSO for
five selected constructs (31 nt - 35 nt). In thesemte of DMSO, a minor fraction
corresponding to n+1 transcripts can be detectbdde VRNA transcripts with the correct
length are not transcribed. Only constructs witbrggth of 35 nt and 39 nt are transcribed
with the desired length in the absence of DMSOuidL.6D shows DMSO optimizations
(0-30%) on the 36 nt transcript. According to thepéimization, 20% of DMSO in the

transcription mixture appears to be optimal regaydioth yield and homogeneity.

When investigating a potential correlation betwéss sequence and random nucleotide
additions, it becomes apparent that incorporatiba & (35 nt transcript) and C (39 nt
transcript) considerably reduces the addition of-native nucleotides by T7 polymerase.
Further, a decrease in heterogeneity can be olis@wéhe 30 nt transcript. This decrease
in heterogeneity could be attributed to additioBalesidues located prior to dG8what
stabilize the DNA/RNA duplex during transcriptiomcathat are located prior to the
subsequent 13 nt long A/U stretch ranging from d@sl@sw .

Transcription reactions using DMSO as a cosolvediibgt a significant improval in
transcript homogeneiety obtained from PCR produdtsvever, transcription reactions
from templates containing long stretches of A/Tidess still contain n+1 products; with
the extent varying from 10-40%. To investigate seqial folding at single nucleotide
resolution, transcripts with exact sequences wibmdgeneities larger than 90% are
required.

It has been reported that the use of 2’-methoxyQ®le) modified primers at the last two
nucleotides of the 5’-end significantly reducesmaive addition of +1 and +2 nucleotides
by T7 polymerasé Therefore, the effect of 2’-methoxy modified primevas compared to
and combined to the use of DMSO as a cosolvent. cOneparison was performed on
aptamer constructs of the I-A dGsw (dG&dGsw?) and is shown in Figure 17.
Transcription products of aptamer constructs aeheterogeneous compared to constructs
that contain the expression platform. The decredsstcription heterogeneity can be
attributed to the larger G/C content in the aptadmenain (38% vs. 25% in the expression
platform). Figure 17A shows that the 2’-methoxy nfied primers cause a significant

reduction in the transcription yield. For most donests, the transcription yield is reduced
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by approximately 50%, while for dG$thand dGswWthe decrease in yield exceeds 80%.
<+4 nucleotide additions to the 3’-end can succdlgshe reduced by implementing
2’-OMe modifications in the DNA template. Howevahe DNA modification does
significantly affect the transcription of longedsiproducts. Figure 17B compares the effect
of DMSO to the use of 2’-OMe modified DNA. The atioin of DMSO prevents the
formation of longer transcripts much more efficlgrthan the use of 2’-OMe modified
primers. Only for constructs dG&w dGsw® and dGsw®’, a minor n+1 fraction is
transcribed in the presence of DMSO. The gel shielgare 17C compares the addition of
DMSO as a cosolvent and in combination with 2’-OMedified DNA. According to this
comparison, 2’-OMe modified DNA in the presenceDdfISO completely prevents n+1
additions also for dGs{% dGsw?®, and dGsw.

A B C
dGsw’”? dGsw’® dGsw?® dGsw® dGsw®! dGsw”7 dGsw’® dGsw”? dGsw® dGsw?! dGsw’>  dGsw’® dGsw”’ dGsw’”® dGsw’® dGsw® dGsw®!
>+4nt e ]
transcripts
APLaMEr-s — — . — — - s GRS Wiy Sass
R ——— ——— — e ———————— ——————
intemediates
M M M M M DMDMDMDMDM MD D MD D MD D MD D MD D MD D MD D
D
R . S oo — | e—
E
— — —
— O ———

F

e e ——c

Figure 17: 20% polyacrylamide gels investigating #rend homogeneity of I-A dGsw aptamer transesript
Comparison of run-off transcriptions from: A: 2’-thexy modified DNA (M) and standard PCR products,
B) 2’-methoxy modified DNA (M) and standard PCR guets in 20% of DMSO (D), C) standard PCR
products in 20% of DMSO and from 2’-methoxy modifieNA in 20% of DMSO (MD), D, E, F) enlarged
section of the target sequences of the gels show),iB), and C). The Figure was adapted from Higignl
etal®

In summary, the effect of 2’-OMe modified transtiop templates appears to be limited
to n+1 and n+2 additions by T7 polymerase, as tedoiRegarding these n+1 and n+2
additions, 2’-OMe DNA is superior to the addition@MSO as a cosolvent. However, the
formation of longer byproducts produced during s@iption is more efficiently inhibited

by DMSO. As reported previously, these longer tcapsion products may be caused by
RNA primed DNA template extensidff+*’°In contrast, unspecific n+1 and n+2 additions

are non-templated nucleotide additidfs'®® Therefore, these two sources of transcript
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inhomogeneity derive from unrelated events and lmarsuccessfully inhibited by the
combination of 2’-OMe modified DNA with DMSO to yehighly pure and homogeneous

transcripts from run-off transcriptions.

3.2.3 Native high-throughput purification

The transcription of highly homogeneous and puréRfdnscripts allows acceleration of
the purification procedure, since no separatioRNA fragments is required. In contrast
to time-consuming HPLC or PAGE purification, tharscription mixture can be directly
applied to centrifugal devices, washed with water exchanged into NMR buffer (method
developed by Sara Keyhani). This procedure rem®di/Ess, transcription additives and
ions. Due to their size, enzymes (T7 RNA polymeras®ganic pyrophosphatase) and the
DNA template cannot be removed in centrifugal comr@gors and remain in the final
sample. However, the concentration of those compuisng below the NMR detection limit
(2.4 uM for T7 RNAP and <8.5 uM for the DNA tem@gatFigure 18 shows 1D NMR
spectra comparing HPLC purified dG¥with dGsw® exchanged with different amounts
of NMR buffer (60 mL and 120 mL corresponding ttution factors of <1¢ and 10,

respectively).

dGsw®”
HPLC purified
15 14 13 12 1M 5 [ppm]
.‘—
41126
55, 68 -, 56 69 =0
dGsw® 3 39
washed with 120 mL of NMR buffer 17 77 45 25

H H -16 ; : = ; ; . ! h - . .
(dilution factor <107) 15 12 1 s 1 o el
4—

41/26

dGsw®
washed with 60 mL of NMR buffer
(dilution factor <10°)

66

15 14 13 12 11 3'H [ppm]
“+—

Figure 18: Comparison 8H-NMR spectra recorded of HPLC purified d@8wlGsv#® washed with 60 mL
of NMR buffer and dGs# washed with 120 mL of NMR buffer. The spectra weeorded at 800 MHz and
298 K.
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The imino proton pattern of buffer exchanged andl €Elpurified spectra can be considered
identical provided that the transcription mixtusenashed with sufficient amount of water
(> 120 mL). In case of dG${ a washing volume of 60 mL is not sufficient tonmve
RNA binding additives present in the transcriptioixture. Transcription additives, such
as Md¢* and spermidine, are known to bind to RNA and leadncreased thermal
stability}1%17This interaction can cause chemical shift pertiioba and lead to alterations
in the imino proton pattern. The final amount ofsWiag buffer required for complete
removal of RNA binding ions depends on their bigdaffinity to the RNA and is therefore
construct specific. In particular, 2’dG riboswitchnstructs with a fully synthesized P1
helix bind Mg* and spermidine more tightly to prepare the bindiagket for ligand
binding1?%126 Therefore, these constructs require more extensaghing compared to
shorter constructs within the aptamer domain ogrfrants containing the expression

platform.

3.2.4Overview of the screening procedure

Figure 19 schematically summarizes the proceduat atows rapid screening of RNA
secondary structure by NMR. The procedure is comegbo$three steps: 1) PCR to prepare
DNA templates for transcription intermediates carplerformed simultaneously, with the
reverse primer representing the only parameterrntbatls to be adjusted; 2) The multiple
PCR products are directly applied for overnighinsaiptions without further DNA
purification; 3) Following overnight transcriptiorttanscription mixtures are directly
applied to centrifugal concentrators and bufferhexged. Depending on the size of the
RNA and consequently the required membrane, extermiffer exchange can take up to
10 hours. The whole procedure of NMR sample prejeraan be performed within a total
of two days. In addition, the RNA retains its natifold and is not denatured during the
purification procedure. The number of RNA constsubiat can be prepared simultaneously
by this approach is limited by the availability oéntrifuges. In most cases, 1D NMR
screening is sufficient to monitor sequence-dependbanges in folding based on the
imino proton pattern, and can be performed witma day. Following 1D NMR screening,
selected constructs can be further isotope lalmiddanalyzed by multidimensional NMR
experiments. Since buffer exchange is relativelpetconsuming, thermodynamic
equilibration of secondary structures after traipsion is inevitable. However, screening

of equilibrated structures still contributes sigzahtly to improve understanding of co-
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transcriptional folding pathways; in particularchease potential transient and/or misfolded

states can be detected by this approach.

JAVAVAVAVAVAVAVAVAVAVAVAVAVAVAN

T PCR (2 h)
/\J\J\/\J\'@J\/\f‘z Transcription
L (overnight)
y

ol s ad ke ale 'y

F i [

NMR Measurement

Buffer exchange
(up to 10 h)

=1 =1

Figure 19: Schematic representation of the threp streening approach. Multiple DNA templates are
prepared simultaneously within two hours followgddwernight transcription. Transcription mixturag a
buffer exchanged in centrifugal concentrators angctly measured by NMR.

65



Chapter III: NMR Characterization of the I-A 2’dG-sensing Riboswitch

66



Chapter IV

Dissecting ON- and OFF-Function through

Transcriptional Intermediates



Chapter IV: Dissecting ON- and OFF-Function through Transcriptional

Intermediates

4.1. Introduction

The method described in Chapter 3.2 enables rapithasis of multiple transcriptional
intermediates at single nucleotide resolution amtsequently allows the study of various
parameters relevant for riboswitch regulation &snation of the transcript length. In this
chapter, transcriptional intermediates are invastid both structurally and with respect to
their ligand binding properties by NMR-spectroscoyC and stopped-flow fluorescence
spectroscopy. Investigations performed on trangoripl intermediates are divided into
the subsections: “ON-function” (4.2) and “OFF-fuoat’ (4.3). In Chapter 4.2, secondary
structures of transcriptional intermediates arerattarized by NMR-spectroscopy in the
absence of ligand to monitor conformational traosg between the strands P, A, T and H,
as the RNA is extended by single nucleotides. imdbntext, the effect of temperature and
Mg?* on folding states adopted by transcriptional imtediates was investigated. Based on
the results of NMR experiments, Markovian simulasiavere performed to simulate co-
transcriptional folding in the absence of ligand. Chapter 4.3, the ligand affinity of
individual transcriptional intermediates was invgated by both NMR and ITC. These
experiments were supplemented with kinetics ofricgainding to examine the event of
ligand binding in the context of transcription. @texr 4.4 describes real-time NMR
measurements of antiterminator folding monitoretioth absence and presence of ligand
by means of photo-labile protection groups in tkeression platform. Based on obtained
kinetic rates and data derived from experimentscritlesd in sections 4.2 and 4.3,
co-transcriptional folding was simulated in botlsafice and presence of ligand to describe
how the events of ligand binding and structuratnsegement are fine-tuned with the speed
of transcription to modulate gene expression igand dependent manner. In Chapter 4.5,

the various experiments are further related ancldised.

4.2.0N function (-2'dG)

Conformational transitions between the helical segs1 PA, PT and PA-TH in relation to
the transcript length were fist predicted theoedljcusing the mfold web servét? Figure

20 showsAG values for the ON-state (represented by the foomaf helices PO, P2 and
P3) and the OFF-state (represented by the formafitelices P1, P2, P3 and P4), as the
RNA is extended by single nucleotides. Accordinghese theoretical predictions, the

terminator conformation also represents the lovies#t energy state in the full-length
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riboswitch in absence of ligand, while the antiterator conformation represent the lowest
free energy state at transcript lengths d&8%dGsw?’. These theoretical predictions are
remarkably close to our experimental findings, escdbed below.

In the secondary structure depiction in Figure 208,29 selected constructs chosen for
NMR structural profiling based on these theoretis@ values are shown. Transcripts
dGsw>-dGswPwere synthesized to investigate at which RNA lerlgehPA interaction is
stably formed, and to determine the shortest rilitobviength required for ligand binding.
Constructs dGsif*to dGsw?? were synthesized to identify the length requie@witch
from the PA aptamer interaction to the antitermondielix PT. dGsw* to dGsw?° were
selected to define the transcriptional length, laictvthe thermodynamic equilibrium shifts

from the PT helix to the terminator conformation-PHA.
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Figure 20: A)AG values of the ON-state (green) and OFF-statg éezbrding to mfoltt? for transcriptional
intermediates of various lengths. B) Secondarycsiire of dGsW illustrating the 29 transcribed
intermediate constructs: aptamer transition contrdGsvi>-dGsw?, PT transition constructs dG&#
dGsw?, dGsw'’, dGsw'®-dGsw?? and PA-TH transition constructs dGS$tdGsw°, dGsw** by

segments framed with black boxes.

For kinetically controlled riboswitches, the reamgament from PT to PA-TH during

transcription is considered insignificant, sinceidtassumed to occur only after the
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polymerase has advanced beyond the point of regulaecision. However, the precise
RNA length, at which the antiterminator conformat®'T no longer represents the lowest
free energy state, represents a barrier for thdirfiglevent from PA to #T. Once the

polymerase proceeds past this threshold, ON-st&dan§ can no longer occur.

4.2.1 Structural profiling of transcriptional intermediat es in the absence of ligand

Selected transcriptional intermediates of dGswi¢aigd in Figure 20), were synthesized
as described in Chapter 3.2. Secondary structuees subsequently screened in 1D NMR
spectra and the imino proton pattern of each inteliate was assigned to specific structural
motifs by means of 2D NMR analysis presented inpgf#ra3.1. According to structural
characterizations performed in Chapter 3.1, imiraigns in weakly base paired segments,
in particular closing base pairs of helix PT, arerenpronounced at lower temperatures.
However, at 283 K, the bulk of imino protons canbetresolved sufficiently in 1D NMR
spectra due to extensive line broadening causédebgecrease in temperature. Therefore,
1D NMR screening within strands T and H were penked at 298 K. Screening of
transcriptional intermediates within strands A dmatix P1 was performed at both 298 K
and 283 K due to the smaller size of the aptameragimand the relatively weak interactions
within helix P1 that contains primarily A/U baseinga At 298 K and in the absence of
Mg?*, the imino proton pattern observed in 1D NMR sgedf dGsw®-dGsw can be
considered identical and includes helices P2 andrPBe absence of Mg imino proton
reporter signals for helix P1 (U17, U77 and U18) ba observed only at 283 K in the fully
transcribed aptamer domain (Figure 21A-B). Theefdormation of a stable P1 helix
requires formation of the closing G-C base pair @8®. Further, formation of a fully
stabilized P1 cooperatively stabilizes helix P2jclhcan be observed by the appearing
imino proton signal G39. G39, the closing base péihelix P2 further indicates the
presence of weak loop-loop interactions betweelcéeP2 and P3 even in the absence of
ligand and M§" at 283 K. Md" bindingto riboswitch aptamer domains is commonly
known to play an important role in stabilizing thigtamer domain fold, in particular with
respect to tertiary interactioh®.*?® Therefore, 1D NMR spectra of dG&Gsw! and
dGsw?® were recorded also in the presence of 3 mM*™Mg 298 K, the physiological
temperature oMesoplasma florum (Figure 21C). In the presence of MgP1 formation

can be observed by the reporter signal U77 al9&tK but requires nucleotide 79 to be
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synthesized to form a 5 base pair helix. Repoitgrads U17 and U18 can be detected once
the aptamer domain is elongated past nucleotidél8dever, U17 appears to be strongly
shifted in dGsW compared to dGs{k Parallel alignment of helices P2 and P3 in the
presence of Mg coincide with helix P1 formation and also requitd base pairs in P1 to
form. These tertiary interactions can be obserwedeporter signals U66, G39, G24 and
G25.

A C 298 K, 3 mM Mg*

25
2 5 dGsw®

15 14 13 12 11 5Hppm] 15 1% 13 12 1 5'H tppm]‘
P A — —

Figure 21: A) Overlay o®N-HSQC spectra showing imino protons of uridinddess of dGs# recorded

at 283 K (blue) and 298 K (red) and 950 MHz. B)NMBIR spectra of dGs®dGsw® recorded at 283 K and
800 MHz. C) 1D NMR spectra of dG$adGsw' and dGsW recorded at 298 K and 900 MHz in the presence
of 3 mM Mg?.

Figure 22A,B shows 1D NMR spectra obtained fromosédary structure screening of
transcripts larger than dG&% Characteristic reporter signals to identify thelidal
interactions PA, PT and TH are color-coded in oearggeen and red, respectively. The
transition from PA to PT was monitored by isolategorter signals U18 (PA, orange), G12
(PT, light green) and U108 (PT, dark green).

71



Chapter IV: Dissecting ON- and OFF-Function through Transcriptional

Intermediates

U41/G26

G27/G30,

U27/G30 G119
G70

u41
U55\ \GZG G72
U108 G132

G72../G107
3
U109, LG&% %‘USS U4sm
U112 1U681(73§1‘2’56669 70 NRC
U108 G251 A =JU\/\— j}\M
dGsw'™ St N P : HEmE

)
Q.
()
9]

g

G107}

J\MAAWAJJL dGsw™
JURE s

dGsw'"”

dGSW114 ; \AAM
dGsw'™ \“\M
dGsw'™? : \/\‘“ M :
GZ7IG30U68 : A dGsw'®
ANE : % |uar” 39U
11 H\E : ’ 672 56 ng G25i/119
dGsw HIR : i @670
HI : Us 134
H : dGsw
A w 150 14.0 13.0 12,0 10 5'H [ppm]
110 H w ARA
dGSW H : H cCc cchA
H s W0pges A [ 120 U—A
s S R 4 S
06 yACBAUGG  2dG G’A/U°qu/A/A"° 13 e g
dGsw YT Ry oS =
20-U—A 74 | 10 U—
= G i
108 ‘55 Seiw w . 3 g
dGSW 5'-AAUGAAUAUAAAAGA AAAAACCACUCUUUAAUUAUU uUU’S
cCy L3
L3 P3 L
dGSW107 cAA//:S ) ccccﬂcc"u :s
Ac/ue Y CuAuAAGUG AAA & c"‘.‘,
§ kY Eo1 g
dGsw™ s L N
: °‘\\ Qo — o
105 Pk R = o S
H = o
dGsw : uzwes%ﬂszi;n w2 £ HpT
Pouss | 1i75/; U56 G69 G70 rod=y PT po i
Ut (?!39 e :§“
dGSW U ! 5 AAI.IGAAk%C"z:‘ 5 AAUBE:%C“:'
15.0 14.0 13.0 120 1.0 & 'H [ppm]
c © U18 (PA) U108 (PT) ©G12 (PT) 1o ®G107(TH) @U5(PT) ©G25I/119 (PT)
> 1.0 > 1.0
= K7)
g 0.8 § 08
£ <
5 0.6 § 0.6
o] (o]
a 0.41 & 0.4
2 2
E 027 £ 02
0.0 0.0
108 10 112 114 116 118 132 134 136 138 140 142 144 146

RNA length [nt]

RNA length [nt]

Figure 22: Imino proton region of 1D NMR spectral8ftranscriptional intermediates showing the titaors
from PAto PT (A) and from PT to PA-TH (B). Spectoa dGsw®*- dGsw’ were recorded at 800 MHz and
spectra for dGst* - dGsw** were recorded at 700 MHz. All spectra were recorde298 K. Reporter
signals for the PA interaction are highlighted rarge, for the PT helix in green and for the THxiel red.
C) Normalized imino proton intensity of reportegrsals for PA (orange), PT (green) and PT (red)llggked
by boxes in A and B color coded accordingly.
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The transition from PT to PA-TH was monitored bg tholated reporter signals U5 (PT,
dark green), G251 (PT, light green) and G107 (Tét)r The signal intensity of these
isolated reporter signals in relation to the traipsdength is shown in Figure 22C. The PA
interaction can be observed up to transcript d&swrhe transition to form the PT
interaction occurs within the extension of threeliadnal nucleotides up to dGsW.
Constructs dGsW! and dGsw'? represent bistable transcripts and show repoigeals
for both PA and PT. Compared to mfold predictishewn in Figure 20, experiments show
that three additional base pairs are required rim f@ stable antiterminator helix PT. The
thermodynamic equilibrium shifts from PT to PA-THtiveen dGsw’ and dGsw*®,
which conforms with the theoretical predictions.

In addition, it was investigated if Mzinduced structural stabilizations are sufficiently
strong to shift determined transcript lengths, licl structural transitions between strands
P, T and H occur. M titration experiments on transcript dGdfywhich forms a stable
PT helix, are shown in Figure 23A. This experimgimbws that gradual addition of Kig
leads to a significant loss in signal intensityRdf reporter signals G12, U108, U109 or
G25I. Mg* addition only causes signal broadenings and maéfié¢ts chemical shifts for
helix P3 signals, which according to results shaw@hapter 3.1, can form weak tertiary
interactions with P2 in the antiterminator confotima M. Therefore, addition of Mg
alone cannot induce a shift in thermodynamic elgaidm from PT to PA (Figure 23A).
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Figure 23: A) Titration of dGst* with Mg2+ at 800 MHz and 298 K. B) Secondary structure o$afG
illustrating shifts in lowest free energy statemfrPA to PT and PT to PA-TH in black boxes. C) $chtc
representation of equilibrium state conformatiodef@ed by transcriptional intermediates highlightthe
window of opportunity for ON-state folding of 23-24s.
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The structural screening approach described irs#eion yields lowest-free energy states
for particular transcript lengths. These structures/ not represent structures adopted by
nascent transcripts as they emerge from the trigiser elongation complex, which are
rarely at equilibrium. However, the identificatiohthese lowest free energy states restricts
the folding event from PA to PT to occur during th@nscription of dGsW-dGsw'.
Folding to the antiterminator conformatiofifPmust occur within the transcription of these
23-24 nucleotides to ensure gene expression ialdkence of ligand (summarized in Figure
23B-C). In the following section, co-transcriptidmalding within this derived window of

opportunity for ON-state folding is simulated.

4.2.2 Markovian simulations of co-transcriptional folding

Co-transcriptional folding can be simulated based9odiscrete Markov states. These
Markov states represent three distinct RNA confaiona at three distinct RNA lengths
(Figure 24). The model describes the folding resgeanent from PA (aptamer, state 1),
which is always transcribed and folded first, to [@ititerminator conformations M: state
2, and |: state 3). Folding is initiated at a taip length of 113 nts (dGs#). While
nascent transcripts fold from PA to PT, the RNAuidher elongated to a length of 137 nt
at the rate of transcription. According to expemtsepresented in the previous section,
during transcription of nts 113 to 137, the antitErator conformation forms at
thermodynamic equilibrium. Therefore, transcripi$8 land 137 represent the boundaries
of the 24 nt antiterminator folding window. Fromariscript length 137, the RNA elongates
to 144 nt, the point of regulatory decision. Duriranscription of these 7 nts, the terminator
conformation PA-TH represents the lowest free enatgte. Therefore, folding to*P
from PA is arrested and folded antiterminator std#®T can equilibrate slowly to the
terminator conformation PA-TH.

The Markov state model (MSM) describes the stoahaghamics between these 9 states
based on a transition matrix assembled from cooredipg transition rates. Interconversion
rates were first calculated theoretically basedtlm number of base pairs required to
dissociate in order to enter a state of transitidmese rates were derived from real-time
NMR experiments on RNA structures in interconforimadl conversion equilibria that

revealed an exponential dependence between the anunfbbase pairs required to
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dissociate and rates of interconversiéhCalculated interconversion rates between PA,
PAT (I and M), and PA-TH were used as input for transition matrix for Markovian

simulations.

PT PT
P2 P3 '
Il P2  P3
P2 P3 / “.\/@Q /W’ T ‘ P2 P3
Kﬁ%% P2 P3
PT = PT
PT (M) PT () PA-TH
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Figure 24: A) Theoretical model for co-transcripéd folding in the absence of ligand including
interconversion rates between folding intermediated the rate of transcription. B) Arc diagram MR
secondary structut® visualizing the changes in base pairing for thecstiral rearrangement from aptamer
(PA) to the antiterminator conformatioiP(M), from P*T (M) to P°T (I) and from PT (M) to PA-TH. C)
Graphical illustration of the fraction of ON-staibtained at the regulatory decision point dependimghe
rate of transcription including two exemplary siatidns at distinct transcription rates (10 and 46)nD)
Multi-round transcription assay of dG&wwith E.coli polymerase. The 235 nt transcript correspondleo t
run-off transcript and the 144 nt transcript to tt&estion of terminated transcript. Individual pentages of
abortion and full-length fragment were quantifieivthe software ImageJ and corrected for the amofin
U residues within the two fragments.
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Changes in base pairing induced by conformatiomaisitions are illustrated in the arc
diagrams shown in Figure 24B. According to thesesdary structure plots, the transition
from PA to PT (M) requires dissociation of three base pairhinihelix P1 and should be
fast with a rate of ~0.43's Folding to PT () from P*T (M) requires three base pairs
within helix P2 and should be similarly fast. Iméast, direct folding from PA to’f (1)
requires dissociation of both helix P1 and helix PRerefore, calculated transition rates
are slow with 0.03'$ Consequently, rate calculations suggest fasirfgittom PA to PT
(M), followed by equilibration to T (I). Further, once either of the antiterminator
conformations PT is adopted, refolding to PA-TH during transcrptiof nts 137 and 144
should be slow with rates of <?@?, since it requires complete dissociation of thehBllx
(15 bp for PT (M) and 20 bp for T (1)).

Results of Markovian simulations of co-transcripabfolding are shown in Figure 24C.
Since rates of transcription in the bacteritvin florum have not been identified yet,
transcription rates were estimated to 10-90 n#sfoand for bacterial polymerases!
Figure 24C shows a graphical illustration of thacfron of ON-state obtained at the
regulatory decision point depending on the rateasfscription. In addition, two exemplary
simulations performed at transcription rates of it and 40 nt/s are shown. Slow
transcription rates coincide with a larger popolatof ON-state obtained at the regulatory
decision point due to the increase in time requingthe polymerase to synthesize nts 113-
137. Consequently, an increase in the rate of ¢rgptgon decreases the temporal window
of opportunity for folding from PA to#T and decreases the fraction of ON-state obtained
at the regulatory decision point. Even at slowscaiption rates of 10 nt/s the antiterminator
conformation PT (I) does not completely equilibrate within theé frame of transcription
(light green line). After transcription of nts 118 144 (3.1 s), it only folds to ~35%
compared to its equilibrium value. At a transcoptrate of 40 nt/s, only"H (M) is adopted
after the time frame of transcription (0.8 s). Tenption termination assays performed
with E. coli RNA polymerase show that approximately 70%-80%lldfanscripts progress
past the point of regulatory decision in the abseat ligandin vitro (Figure 24D).
Comparison to our simulations would suggest a tid@pison rate of 8-12 nt/s,
corresponding to the lower end of reported rates acterial polymerases. These
theoretical calculations and simulations are furtt@mpared to experimental refolding

rates from PA to T determined by real-time NMR in section 4.4.
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4.3. OFF function (+ 2’dG)

In this section, transcriptional intermediates wiekestigated with respect to their ligand
binding properties. Ligand binding is expectedapthe PA interaction within the aptamer
domain to prevent antiterminator foldindPduring synthesis of dGS#-dGsw’, as
determined in the previous section. In analogyttiectural profiling studies performed in
the absence of ligand (section 4.2.1), the distinctlow of opportunity for ligand binding
was mapped, investigating both the aptamer leregihired to bind 2'dG and if the degree
of 2’dG binding is altered as the RNA is extendgdsimgle nucleotides until transcript
length 113. The extent of ligand binding by transernal intermediates was investigated
by NMR for construct lengths highlighted in blueFigure 25 (section 4.3.1). In particular,
ligand binding was monitored during synthesis of(ft$ 75-80), between nts 80-112 (PA
fold), nts 114 to 137 (PT fold) and nts 135 to {BA-TH fold). Further, NMR experiments
were supplemented by ITC equilibriuny Kheasurements of eight selected transcriptional
intermediates highlighted in cyan circles in Fig@Be(section 5.3.2).

According to findings described in Chapter I, ligabinding never reaches equilibrium
during transcription and ligand binding is acceledaby cellular ligand concentrations that
exceed I§ values by 3 orders of magnitudi¥® Ligand binding kinetics were investigated
by stopped-flow fluorescence spectroscopy to ingat if kinetics change as the RNA is
elongated by single nucleotides for 10 transcri@lontermediates, selected according to
results presented in sections 4.3.1 and 4.3.2 hagidighted in red circles in Figure 25
(section 4.3.3).
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Figure 25: Secondary structure of dGsillustrating intermediate sequences investigatétt vespect to
their ligand binding affinity by NMR-spectroscoplle) and ITC (cyan circles), and their ligand fd
kinetics by stopped-flow fluorescence (red cirtles
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4.3.1 Ligand-binding efficiency of transcriptional interm ediates by NMR

Ligand binding efficiencies by transcriptional inteediates were assessedty-labeling

of 2’dG to allow filtering of the imino proton sighof 2'dG from signals corresponding to
unlabeled riboswitch RNA. Since imino protons candetected only if they are protected
from solvent exchange, the signal intensity ofitheo proton of 2'dG is directly related
to the fraction of ligand bound to the RNA. Howevetongation of the RNA is
accompanied by an increase in size and succesgiva §roadening. Therefore, relative
2'dG H1 signal intensities yield distorted resudisd to avoid this issue, the 2’dG H1 signal
was integrated for the various transcriptionalnmediates (Figure 26A). Ligand binding
to transcriptional intermediates was investigatedifferent Mg+ concentrations ranging
from 2 mM -5 mM (2 - 10 eq.) (Figure 26B)

Ligand binding is most pronounced for constructsw®-dGsw?® that contain a fully
synthesized aptamer. Between d&sand dGsw'? ligand binding continuously decreases
by 30% despite structural profiling studies of samptional intermediates in the absence
of ligand suggesting the aptamer domain to reptekeronly conformation adopted >10%
within this sequential segment. Possibly, RNA ekliman beyond the aptamer domain
expands the conformational landscape, and mulstdees populated below 10% form
within the structural ensemble, which cannot bected by NMR. Elongation of the RNA
by two additional nucleotides to dGSWleads to a further decrease in the ligand binding
efficiency by 20%. Ligand addition to constructsatthadopt the antiterminator
conformations PT at thermodynamic equilibrium in the absence ghrid (dGsw*
dGsw?") induces a conformational switch to PA by ~20-408th the ligand-bound
population reaching a low of 20% once the PT hislcompletely synthesized. Continuous
stabilization of the terminator helix TH betweensté&*-dGsw** leads to an increase in
the ligand binding efficiency; however only up 1% in dGsW" compared to the isolated
aptamer domain.

Effects of M@* on ligand binding are strongest for construct$aittruncated P1 helix.
For these constructs, stabilizations by?Mg induce a parallel alignment of helices P2 and
P3 likely compensates for destabilizations of thesé@ary interactions caused by P1
truncation. Once the P1 helix is completely formibe, effect of Mg* on ligand binding
becomes insignificant. Only the ligand-induced stvifrom the antiterminator helix PT to
the aptamer domain (PA) can be increased by ~10%sddition of Mg*. In section 4.2.1

it was shown that Mg-binding alone is insufficient to induce a confotioaal
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rearrangement from PT to PA above the detectiot ti~10%; however, in combination
with 2’dG, M¢** appears to capture ligand binding sufficiently dause a shift in

equilibrium between PT and PA.
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Figure 26. NMR analysis of ligand binding to tramstional intermediates. A) Exemplary 28N-X-filtered

1D spectra filtering the imino proton of 2'dG boulnddGsw for dGsW, dGsw*® and dGsw#*. Spectra were
recorded on 500 uM RNA samples in the presencenofilof 2'dG and 2 mM of M#' at 600 MHz and 298
K. B) Relative integrals of 2'dG imino proton sidgaahown in A) depending on the transcript lengihs
Mg?* concentration of 2 mM (white), 3 mM (light gref),mM (dark grey) and 4 mM (black). C) 1D NMR
spectra of transcriptional intermediates in thespnee of 2 eq. of 2’dG at 3 mM Kfgrecorded for 14
exemplary transcriptional intermediates at 600 Matm 298 K. Aptamer reporter signals (PA) are
highlighted in orange, antiterminator reporter sign(PT) in green and terminator reporter (TH) algrin
red D) Graphical representation of secondary airestadopted at different transcript length aceaydo
results shown in B).
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Figure 26C (left) shows a more detailed 1D NMR wsial of ligand binding to aptamer
constructs with a truncated P1. While P1 formatiannot be detected prior to dE8in

the absence of ligand, 2’'dG binds to the aptamearaio at a length of 78 nt. This result
suggests that a P1 helix consisting of four bages marequired to enable ligand binding.
Segment P required to form the antiterminator helixcontains the three lower base pairs
in P1, and once formed, leaves a 3 base pair X Beich a P1 helix would be too instable
to form by one nucleotide, further demonstrating #trict fine-tuning of conformation
equilibria between mutually exclusive conformationriboswitches. I-B and 111-Bfl
riboswitches exhibit the same pattern regardingntimaber of nucleotides involved in P1

helix formation in strand P (Figure 15, Chapten.3.1

4.3.2 Ligand binding affinity of transcriptional intermed iates by ITC

ITC measurements to obtain equilibriunp Kalues were performed for eight selected
constructs representing the fully synthesized aptadomain with maximum ligand
binding efficiency (dGs#), constructs that adopt the aptamer domain aaugptdi NMR
analysis but exhibit reduced ligand binding affr{dGsw®4, dGsw?), PA-PT intersection
constructs (dGst? dGsw'4 and the full-length riboswitch with a fully forrdeéerminator
hairpin (dGsW") (Figure 25). The results of ITC measurementstliese constructs are
shown in Figure 27 and their derived thermodyngmai@ameters are listed in Table 4. The
lowest Ko value of 250 nM was obtained for the aptamer danfdGsv#®), which also
exhibits the highest ligand binding efficiency aating to NMR. The K for 2'dG obtained
from these ITC measurements for the aptamer doimaif3 fold higher than the reported
Kp derived from in-line probing experiments of 80 ANdifferences in I values can be
explained by changes in the experimental conditisnsh as the much higher excess of
Mg?* over RNA in in-line probing experiments (20 mM #@ nM RNA compared to 3
mM Mg?*:10 uM RNA).

Aptamer constructs that contain parts of strandd®s(#%, dGsw®) exhibit slightly
reduced apparentvalues of 310/320 nM. The decrease infkom dGsw® to dGsw®

is relatively modest compared to the decreasegantl binding efficiency of 20-30%, as
determined by NMR. ITC experiments directly meaghsgrmodynamics of 2'dG binding
to binding competent species within the structarelemble. Misfolded species that do not

bind 2'dG lead to an overestimation in the RNA aamtcation provided in the fit. However,
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concentration errors in the ITC cell (RNA) havenaited effect on determinedgdalues,
while Kp values are largely affected by errors in the swimgncentration (2'dG). In
contrast, NMR measures ligand binding as a comioimadf binding competent and
incompetent species. Therefore, combining theseréBGlts with NMR results reveals the
presence of misfolded structures within the stmattensemble.

Within the two constructs framing the conformatibtmansition from aptamer (PA) to the
antiterminator helix PT (dGsW and dGsw'¥), the K decreases from 370 nM to 3.6 M.
In dGsw4 the aptamer domain (PA) is populated <10%, aackfore ITC measurements
are no longer biased towards 2'dG binding to bigdiompetent species and directly reflect
the Ko of 2'dG binding to dGsw* with a partially formed PT helix. Once the
antiterminator helix PT is fully stabilized (dG5W dGsw??), Kp values further decrease
significantly to >10 uM. The course of induced higatelation to the amount of injected
ligand does not contain an inflection point andéfare the k cannot be reliably derived
for these two constructs. dG8wexhibits a i value of 370 nM, which is identical to the

Kp value determined for dGs¥, and therefore in line with NMR experiments.
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Figure 27: ITC curves of dGSM12 uM), dGsw* (15 pM), dGswP® (15 pM), dGsw*? (15 uM), dGsw*4
(40 uM), dGswt’ (80 uM), dGsw?? (80 uM) and dGsw144 (20 uM) titrated with 2'dG %26xcess in
concentration over RNA). Upper graphs display thange in heat induced by each injection with ligand
Lower graphs display integrations of heater poweluding fits to a standard single-site binding elod
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Table 4: Thermodynamic parameters &dAG obtained from ITC measurements of transcriptional
intermediates. Errors were calculated based om propagations of standard deviations.

Construct ~ dGsw® dGsw'® dGsw'* dGsw'? dGsw'“ dGsw''’ dGsw'# dGsw*
Ko [uM] 0.25+0.00.32 +0.030.31+£0.010.37+£0.023.6 £0.2 >10 >10 0.37x0p3

AG [kcal moll] -9.0+0.2 -89+0.4 -89+0.1 -89+04 -7.5+0.8 - - -8.8+0.3

Stoichiometry values (N) vary from 0.7 to 0.9. Tdeviation from the ideal value of 1.0
can be explained by errors in the RNA concentratidecurate determinations of the
binding stoichiometry require exact concentraticsembling only active conformations
of the RNA provided in the fit, which would demamare time-consuming procedures for
concentration determinations, such as RNA hydrslysilowed by UV measurements.
Further, RNA constructs were prepared by the rauictening approach described in
Chapter 3.2 leading to a slight overestimation in the RNA camtration and consequently
lower stoichiometry values. However, as describ&édva, errors in the ITC cell
concentration have a relatively small impact gndlues. The formation of a 1:1 complex
of 2°7dG with a properly folded aptamer domain wasven by NMR experiments
performed in Chapter 3.1 and 4.3.1.

4.3.3Ligand binding kinetics of transcriptional intermediates by stopped-flow
spectroscopy

Analysis of ligand binding kinetics for a multitudé transcriptional intermediates was
performed by stopped-flow fluorescence spectroscbpynonitor changes in fluorescence
upon ligand binding, the Watson-Crick base pai@7g-2'dG was mutated to U74 to allow
binding of fluorescent 2-aminopurine 2’-deoxyriesi(2’dAP). The fluorescence of the
nucleobase 2-aminopurine (2AP) is strongly quenchedn binding by changing
environments, such as stacking upon adjacent ninhsd'179-181According to the base
pairing architecture derived from the publishedstay/structure of the I-A aptamer domain
(Figure 28A)*?7 2’dAP is expected to bind well to the C-74-U mutaihdGsw (dGsw’4Y).
The base pairing pattern of the ligand with C5dasaltered by the mutation. However, a
decline in ligand affinity is expected due to theaker nature of the A-U base pair in
dGswF"#V compared to the G-C base pair in dGsw. Previaudiest report a C74-to-U74
mutated guanine riboswitch to readily accept adeama ligand, although 2,6-DAP binds

more tightly to these aptamers compared to ad€fittd=or the I-A dGsw, it is reported
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that dGsw’4Y does not bind 2’-dA (K> 1 mM) but binds 2’-d-2,6-DAP with ag<of 8
UM, emphasizing the importance of hydrogen bondraudtions of the exocyclic amine
group in both G and 2,6-DAP with C51.
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Figure 28: A) Secondary structure of dG&t¥ highlighting the C to U mutation at position 74ried and
comparison of the base pairing pattern in the bipgiiocket of dGsw bound to 2'd& with dGsw’*Y bound

to 2’dAP. B) Overlay of°N-TROSY spectra of dGswfY®recorded in the absence (black) and presence of
2 eq. of 2’dAP (red) and 3 mM Mgat 800 MHz and 298 K. C) Overlay 6iN-TROSY spectra of
dGsw74Y-8 (red) and dGst# (black) recorded at 800 MHz and 283 K. Arrows aade chemical shift
perturbations caused by the mutation in the bingimgket.

Prior to kinetic measurements, the integrity of ligand binding pocket was investigated
by NMR-spectroscopy. The overlay ®N-TROSY spectra of dGsw*Y recorded in the
absence and presence of ligand at 3 mM*NIgigure 28B) shows that 2’dAP binds to
dGsw’#VY and forms a homogeneous ligand-bound state, stigges Ko of <100 pM.
Ligand binding leads to the appearance of repaitgrals G24, G25, G52 and U66, also
detected in dGsw. In Figure 28C, the conformatib@ dAP-bound dGsWw’ 4V (red) is
directly compared to 2'dG-bound dGSwMutations in the binding pocket lead to chemical
shift perturbations of G52, G72 and U75. An addiéilbUracil signal appears at ~13.3 ppm,
which likely corresponds to the mutation site UTée remaining signals are virtually
identical in dGsw, demonstrating homology in thebgll fold.

Kinetic stopped-flow experiments were performed emght selected constructs:
dGsw 4V 78 and dGsw’#Y"® both contain a truncated P1 helix, and accordin§iMR

experiments represent the first two constructs dbléind the ligand; dGsw*V8
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dGsw U85 dGswr 4V 90 dGswr 4V dGswr 498 dGswr Y109 dGswi 74U 110form the
aptamer domain (PA) but NMR experiments show ainaatis decrease in ligand binding
efficiency; dGsw’*V122 was investigated as a reference construct to fatigpt the
antiterminator conformation”f. kon and k¢ rates were obtained by varying the 2'dAP
concentration to keep the Kfgover RNA ratio constant. Experiments were perfatrae
an RNA concentration of 1 uM while an excess oAPJ16, 32, 48, 64, 96, and 128 uM)
was applied to guarantee pseudo first order canditiBy applying an excess of ligand
over RNA, a potential pre-equilibrium in the ribatskh RNA can be monitored. If the RNA
was applied in excess and ligand binding competpaties were populated >10%, only
binding to these species would be observed.

Figure 29A-F shows kinetic traces recorded at 24 &fq2'dAP added to dGsw*V
constructs at varying lengths. Constructs withlly synthesized aptamer domain quench
fluorescence by approximately 2% in the presen@afq. of 2’”dAP (Figure 29C-D). Due
to the low proportion of fluorescence quenched #mel corresponding high error, a
correlation between the extent of fluorescence cueth and the population of ligand-
bound state cannot be reliably derived from theqeeements. However, fluorescence
quenching is significantly decreased for dG&K "8 dGsw’*Y"® and dGsw’4V122to
0.4%, 0.6% and 0.2%, respectively (Figure 29A,BF9r dGsw’4Y"® and dGsWw’4Y-"°,
the decrease in fluorescence quenching may beaaysacomplete stacking in P1. While
ligand binding requires four base pairs in P1, BfRNa stable P1 helix can be detected
only from dGsw° on. For dGsw’4Y122 the degree of fluorescence quenching can be
directly correlated to its low ligand-bound popidat in line with NMR experiments
(20%). Kinetic traces for RNA constructs beyond ldregth of 80 nt are well described by
single exponential decays. The exponential decaypos$tructs with a truncated P1 helix
(dGsw#V"8and dGsw’*V"9 is better described by bi-exponential functids.fiThe bi-
exponential fit includes a rate that resemblesniilgainding rates obtained for the larger
constructs and a second rate that is one ordeaghitude slower. The second rate possibly
describes the compact formation of the ligand iggiocket including tertiary loop-loop
interactions, which may occur on a slower timesdale to truncations in helix P1, while

the initial encounter complex formation is equd#lgt for these constructs.

84



Chapter IV: Dissecting ON- and OFF-Function through Transcriptional

Intermediates

>
W
(o]

Rasisuals

6.10: dGsw 7 dGsw 7 - ‘ I‘ dGswEv®
B e R - — 632 ) 1
3 6,100 k1: 047 s" P— ; o \ kW: 0.44 S: -:M““,.' o 3 \ €046
- k,:0.03s" s k;: 0.03 s L al
E 6.095 \ ey 8 622+ — g |

5] 628
o boscoarca 3 oo o b
g 6,080 i E 2 621 o E g
IS} S 626
3 s S 3 626
= — W exd — o2el
080 s
6075 . . . . 6,19 622
0 10 2 B @ 50 0 10 2 % 0 10 2 x
time [s] time [s] time [s]
D E F
632 6194

626 | dGsw* 630 | dGswC e _ e dGswo 12
7ol | coars | 3 | 049" T | (0425
< S oo S
o \ v 6,188 \

g ez 8 | | 8 \
] @ O 6186 \
o 820 Q 622 2
8 2 8 o
O . L s )
S S S s
3 2 o 2
b 616 6180
o — 6.14 —— 61
612 12

3 .
0 10 20 30 0 10 o

time [s] time [s] N »

2
time [s]

Figure 29: Kinetic traces of 1 pM dGS#V-78 (A), dGsw74Y 7 (B), dGswW’4U-90(C), dGsw’4V-*4 (D),
dGsw74V-1109(E) and dGsWw4VU-122(F) mixed with 24 eq. of 2'dAP. (A) and (B) shomserted windows with
residuals depending on time to compare single-tasgckponential fits.

Table 5 summarizes all obtained apparent rate aotssat different ligand concentrations
and derived #, kot and Ko values. Figure 30A shows exemplary linear fit®ldain kn
and kg for dGswV"?and dGsWw’*Y*4 In Figure 30B, the dependence of &nd ki on
the transcript lengths is shown. Ligand associataies kn can be considered to be in a
similar range for aptamer constructs dG&RELdGsw4V110 while dGswr’4V-"8
dGsw 4P and dGsw’*Y122exhibit reduced & rates. For dGsW*Y-"8and dGsw’4V-"9
association rates are reduced by a factor of fivehe context of transcription, ligand
recognition may be initiated while the P1 helixnist fully transcribed. However, the
proposed refolding rate of 0.03 # form a compact binding pocket involving allatd
tertiary interactions is on a slower timescale tlia@ transcription of two additional
nucleotides to dGsw*V8 dGsw?? exhibits only a ~2-fold reduced association rate
compared to all aptamer folded constructs. Howealatermined kinetics represent binding
to the low population of binding competent speadspted at a length of nt 122, which is
also reflected in the low signal to noise of theekic experiments.

Kp values determined by stopped-flow fluorescence raguced by two orders of
magnitude in comparison topkalues obtained from ITC and by one order of magia
compared to binding of 2’-d-2,6-DAP to dGsW#¥. A general decrease in the Kcaused
by the switch from G-C to A-U base pair, is expdcieherefore, determined rates of ligand
association may be underestimated by these expasimdowever, considering the much

larger excess of ligand over RNA in the cell, ligasinding rates likely exceed 1,sas
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determined at 128 eq. of 2'dAP. Further, stopped+lexperiments show that, while
populations change as the RNA is elongated by eimgicleotides, kinetics of ligand
binding to binding competent species within theicuiral ensemble do not change. The
data demonstrate that all conformations that attepaptamer domain conformation (PA)
exhibit similar ligand binding kinetics. Therefothe amount of transcripts that are trapped
in the OFF-state during co-transcriptional ligandding is not regulated by a change in
ligand binding kinetics but by a shift in the pogtibn of the folded aptamer domain.
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Figure 30: A) Exemplary linear fits of rate constannder pseudo-first order conditions to obtaiakd ki
according tok,,, = kop * [2'dAP] + k,pp for dGsw"*V"® and dGsWwV*% B) kon (left) and ke (right)
rates of 2’dAP binding to dGs$##Vat varying transcript lengths.
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Table 5: Apparent rate constants,kfor selected dGsw*Y constructs (1uM) at six different ligand
concentrations determined by singl&t) = y, + A x e*arrt) and bi-exponential decdy(t) = y, + A *
ek1avvt + B x ek2appt ) functions. kn, kot Were determined as described in Figure 29 andaues were

. . k
determined according %, = k"—ff
on

‘ kapp [5°1] kon [M-1s1] | kog[s1] | Kp[uM]

[2’dAP] - 16uM 24uM 32pM  48uM 64 puM 128 uM
0.436 0.477 0.492 0476  0.502 0.54

dGswC7#U-78 1.0710 0.43 430.0

0.016 0.080 0.028 0.047 0.211 -

0.412 0.436 0.442 0.486 0483 0.552

dGsw C74U-79 1.3*10° 0.40 307.7

0.026 0.029 0.042 0.085 0.045 0.207

dGsweue0 0429  0.466 0.503 0.583 0.671  0.967 5.0%1C° 0.35 70.0

dGsweues 0373 0.393 0434 0518 0.685 0.948 4.7%1C 0.36 76.6

dGswcu90 0445  0.481 0.525 0.603 0.688  0.922 8.9*1C° 0.37 35.6

dGswcu94 0423 0474 0520 0.617 0.726  1.107 6.0*103 0.34 56.6

dGswcU96 0446  0.466 0.520 0.602 0.696  0.968 5.3*1C° 0.35 66.0

dGswcru-100 | 0.441  0.485 0.527 0.614 0.707  0.945 5.4*1C° 0.36 66.7

dGsweru110 0448 0498 0.538  0.621  0.705  0.995 5.4*108 0.36 66.7

dGswc74u-12z. 0,480  0.428 0.420 0.477 0.571 0.936 5.5%10° 0.23 41.8

4.4.Kinetics of antiterminator folding monitored by real-time NMR

4.4.1 Strategy and introduction

Markovian simulations of co-transcriptional foldifigsed on calculated refolding rates
between PA, PT and PA-TH, as presented in secti@i2,4roughly estimate how folding

intermediates can interconvert during transcriptiém this section, a strategy was
developed to allow monitoring of the folding evéwoim aptamer (PA) to the antiterminator
helix PT by real-time NMR. Kinetics of antiterminatfolding were then compared to

calculated rates used in the previous model ini@ect.4.5. In addition, previously

performed simulations were only performed in theesize of ligand, since the effect of
ligand binding could not be reliably included inetnetical rate calculations. The

experimental setup allows also determination obldi#ig rates from PA to PT in the

presence of ligand, where PA is stabilized.

To monitor the formation of the PT helix in reah&, nucleotides within strand T were
protected from forming canonical base pairs witarsd P by photolabile protection groups
(Figure 31A). These protection groups can be rembydaser irradiation at 355 nm within

the NMR spectrometer to initiate folding from PARG 182-86Dye to the relatively large
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size of dGsWN (122 nt), photocaged dG$was prepared by enzymatic splinted ligation.
The RNA was dissected into the following two fragnse dGsw®, which forms the
aptamer domain (blue segment in Figure 31B), arsivd%2% which represents part of the

expression platform including strand T (red segneifigure 31B).
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Figure 31: A) Schematic representation of the styaapplied to monitor antiterminatotPfolding by real-
time NMR. Strand T is protected by three photokpilotection groups (illustrated by yellow circldspht-
induced cleavage of these photolabile protectiamus triggers refolding from PA to PT. B) Design of
photocaged dGsW, composed of'SN-G/U labeled dGs# obtained fromin vitro transcription and
dGsw 12! modified at Uridine residues 108, 110, and 113.NIdR spectral overlays of the imino proton
region show a comparison of intact dG&in green) and dGstw (in blue) with assembled dG&#from
fragments dGs#+dGsw1?land dGswP+N3-methylated dGs#'%?(in black). Spectrometer frequencies
and RNA concentrations are indicated for each specand all spectra were recorded at 298 K.
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dGsw?® was prepared with®N-labeled GTP and UTP by vitro transcription to allow
higher resolution NMR analysis. dG&wW?was prepared by solid-phase synthesis to allow
implementation of the photolabile protection graufse smaller fragment dG&®?!
contains 22 free nucleotides 5’ of the photocagstiues to enable DNA splint annealing.
Due to the time-consuming and costly procedure@baring photocaged dG&#in NMR
scale, the approach was first cross validated bynéghylation of three Uridine residues
within strand T (U108, U110 and U113) (Figure 31Bfodified residues were chosen
based on helical segment stability. According to iRilno proton signal intensities in
dGswPN, the helical segment G107-C111:G12-C16 represiyetanost stable segment
within the antiterminator helix PT and interferenneits base pairing is most likely to
inhibit antiterminator formation (). N3-methylated dGs#%'?! was obtained
commercially and tested for its association affinit dGsw® in comparison to unmodified
dGswP12L This initial validation was performed by addirmg ttwo fragments together in
a 1:1 ratio without further ligation. 1D spectrakigure 31B show that unmodified
dGsw®12 hybridizes to dGs# to form the antiterminator helix PT, identified biye
appearance of reporter signals highlighted in grébe imino proton pattern of assembled
dGsw?! closely resembles the spectrum of intact d®%aGsw?? with the exception of
signal U5. U5 is located at the lower end of thehlix, and its imino proton may be more
accessible to solvent exchange due to destabdimatn the PT helix caused by the lack of
covalent connection between the two fragments.olmrast, the 1D NMR spectrum of
dGsw® in the presence of N3-methylated d&%¥¥! shows no indication for PT helix
association and lacks corresponding reporter sgndtile reporter signals for helix P1
(U17 and U18) can be detected. In this spectruty,reporter signals corresponding to the
aptamer domain (PA) can be identified. Alternatdase pairing interactions both within
N3-methylated dGs#*?'or betweerthe two fragments cannot be observed. These results
strongly suggest that the antiterminator conforova* T can be inhibited by protection of
the Watson-Crick base pairing site within Uracgideies 108, 110 and 113.

4.4.2 Preparation of photocaged dGsw! by enzymatic splinted ligation
Photocaged dGSW*?! (c-dGsw#® 12, containing three 1-(2-nitrophenyl)ethyl (NPE)

protection groups at uridine residues 108, 110 Hif] was provided by Dean Klétzner
(AK Heckel, Goethe University Frankfurt, Germangd segment in Figure 32A). dG8w
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and c-dGswWP12'were pre-annealed to a 31 nt long DNA splint (8P and ligated using
T4 RNA ligase 2. Ligation reactions were optimizedobtain the largest turnover of
c-dGsw® 1?1 which was achieved by applying dG8in 2-fold excess (Figure 32B-C).
Optimal ligation conditions yield ~80% ligation mhact with respect to c-dG$#'?% The
increased hydrophobicity of c-dG&vand c-dGsw 2! introduced by the three NPE
modifications allows separation of all RNA fragmenicluding splintt by RP-HPLC
(Figure 32C). In the RP-HPLC chromatogram showhigure 32C, AMP/ATP elute first
at a retention time of 15 minutes, followed by d&sand the splirff at ~21 minutes.
dGsw and the splirtt could not be completely separated as shown in ¢hdepicted in
Figure 32C and were directly applied in a mixtureféirther ligation reactions. The desired
product c-dGsw!elutes at a retention time of 26 min, followed hytien of the smaller,
but more hydrophobic, dG&§2! at 29 min. After purification and buffer exchan§e

umol of  c-dGsw?were obtained (54%).
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Figure 32: A) Strategy for preparation of c-dG&vby enzymatic splinted ligatiod®N G/U labeled dGs#%
(blue segment) was annealed by a 31 nt long DNits c-dGsw® 2 (red segment) and ligated with T4
RNA ligase 2. B) 12% denaturing polyacrylamide gethe ligation reaction under optimized conditions
using a 2:1.6:1 ratio of dG&w: splinf! : dGsw®?1 The gel shows an additional negative control and
reference lane loaded with intact dG%vC) HPLC-chromatogram with a fixed wavelength@® 2m (left).
Solvent A: 0.1 M triethylammonium acetate, pH &0jvent B:Acetonitrile. The peak numbering refers t
HPLC fractions loaded on the 12% denaturing poljfacnide gel shown on the right.
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4.4.3 Structural integrity of photocaged dGsw'before and after laser irradiation

The structural integrity of c-dGs# was investigated by NMR to ensure homogeneous
folding of the aptamer domain (PA) and inhibitionhelix PT formation. To provide for
efficient cleavage of the photolabile protectioougs, the RNA concentration for kinetic
experiments should not exceed ~100 uM. TherefoeeMg* concentration was reduced
to 600 UM to keep the MGRNA ratio constant and comparable to all NMR ekpents

previously performed on dGsw.
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Figure 33: Secondary structure of c-d&%vin absence (A) and presence (B) of ligand inclgdissigned
IN-TROSY and'H NMR (**N-X-filtered in orange an&N-X-filtered in black) spectra. The unlabeled RNA
fragment containing nts 86-121 is highlighted iaygimino protons of residues highlighted in orange be
detected in 1D and 2D NMR spectra. Ligand-boundtspevere recorded at 600 MHz, 298 K on 100 uM
c-dGsw?! in presence of 2 eq. of 2’dG and 6 eq. o?Mdligand-free spectra were recorded at 800 MHz,
298 K on 100 uM c-dGsW% in presence of 6 eq. of M

The *H,'®N correlation spectrum of c-dG&# recorded in the absence of ligand (Figure
33A) contains all reporter signals for the aptash@main (PA). No imino proton signals
characteristic for antiterminator conformatiofiTPcan be detected. Further, the aptamer
domain retains its ability to bind 2'dG with higffiaity as shown in théH,>N correlation
spectrum in the presence of ligand (Figure 33B).cAtical reporter signals for ligand
binding, such as G24, G25, U45, U66, G37 and Ga&8, ke detected. Since the 36 nt
fragment containing the photocages (grey segmehiguare 33) was not isotope labeled,

intrinsic structure formation within this segmennhaot be detected in the spectrum. Imino
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protons within this segment were filtered by re@ogdH-“N-X-filtered 1D NMR spectra
(projected in black above thE,>N-correlation spectrum). According to this spectriin@
segment containing nts 85-121 does not adopt a gensmwus stable fold. Only broad
signals with low signal intensity can be detectdygesting that the photocaged segment
is primarily unstructured and accessible to strang form the antiterminator helix PT
upon cleavage of the photolabile protection groups.

Subsequently the sample was irradiated at 355 nimvestigate if photocleavage of the
NPE protection groups induces formation of a homeges antiterminator foldH,**N
correlation spectra recorded after laser irradmticcluding a comparison to the imino
proton pattern before the irradiation in a 1D pctEn are shown in Figure 34. In the
absence of ligand, laser irradiation leads to ¢tinmétion of a homogeneous antiterminator
fold and no reporter signals for the aptamer domambe detected in the final spectrum.
With respect to kinetic measurements, antiterminéttwing can be monitored by the
appearance of the three isolated and characteR3ticelix imino proton reporter signals
G12, U108, and U109. Further, the spectrum contamesisolated signal characteristic for
the interior loop conformation, namely G25. In iresence of ligand, the riboswitch does
not fold completely to the antiterminator conforioatafter laser irradiation, but the ligand-
bound aptamer domain fold is partially retainede T#,*°N correlation spectrum depicted
in Figure 34B shows a mixture of signals correspagtb both the ligand-bound aptamer
domain (orange) and the antiterminator conformafipaen). This result is in line with the
NMR analysis of ligand binding presented in secdoB.1, according to which dGs%%
can be switched from the antiterminator conformaf®T to the aptamer (PA) by ~20%
in the presence of Mg Since imino protons in the aptamer domain argepted from
solvent exchange to a greater extent due to ligadoeed secondary structure
stabilizations, relative populations on the basisx@hangeable imino protons cannot be
guantified. Despite the incomplete structural raéagement from PA to PT in the presence
of ligand, refolding kinetics can be measured basedeveral isolated reporter signals for
both the antiterminator conformation (U108, U1088UG39, G12, U56) and the aptamer
domain (U66, G24, G25, G39, U56, G69). Due to thectural identity of helices P2 and
P3 in the ligand-free aptamer domain and the antiteator conformation, the number of
reporter signals to monitor the refolding evenbysfar greater in the ligand-bound state,

where helices P2 and P3 are differently aligneth wéspect to their tertiary structuré.
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Figure 34: Comparison of NMR spectra of c-d&3wafter laser irradiation in absence (A) and presdi)

of ligand. A)*H NMR spectra recorded before (black) and aftezdgy laser irradiation at 355 nm including
N-TROSY spectrum recorded after laser irradiatibetectable reporter imino proton signals for the
antiterminator conformation are highlighted in grée the secondary structure depicted below. Tleetsa
were recorded at 800 MHz, 298 K on 100 uM RNA samjh the presence of 6 eq. of ¥dB) *H NMR
spectra recorded before (black) and after (gress®@rlirradiation at 355 nm includiftN-TROSY spectrum
recorded directly after laser irradiation in thegence of ligand. Signals highlighted in orangesspond to
the ligand-bound aptamer domain as illustrated hie secondary structure depiction below. Signals
highlighted in green correspond to the antiterninabnformation as highlighted in the secondarycitire
accordingly. Signals labeled in black represenhonmprotons signals of either helix P2 or P3 thétileik an
identical resonance frequency in both the ligandrgoaptamer domain fold and in the antiterminator
conformation. The spectra were recorded at 800 M98, K on 100 uM RNA samples in the presence of
2eq. 2’dG and 6 eq. of My

4.4.4Kinetics of antiterminator folding

Optimization of laser irradiation

First, the time of laser irradiation was optimizedminimize the dead time of kinetic
experiments using c-dG&62L Figure 35 show!d NMR spectra of c-dGst'?'recorded
before and after laser irradiation. The photoclgav&action can be monitored directly by
the change in chemical shift of the NPE methyl grptotons, which shift from ~1.5 ppm

to ~2.6 ppm upon cleavage. Since c-d&s\#'contains three NPE protection groups, three
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signals should be observable. One methyl groumedes at 1.46 ppm and the remaining
two resonate at 1.55 ppm. After laser irradiatithey merge into one signal in the final
photocleavage product at 2.6 ppm. Signal integnatiefore and after laser irradiation
suggests that during 1 s of irradiation, approxetya®0% of all photolabile protection
groups are cleaved. To increase the time resolutienduration of laser irradiation can be
reduced to 500 ms at the expense of signal seihsitaused by a decrease in photocleavage
yield to ~75%. However, analysis of the methyl gronmtensity change upon irradiation
suggests that the three photocages are cleavedepual extent and a cleavage preference

for one of the three NPE protection groups caneabliserved.

NPE caged dGsw™ ™ NPE caged dGsw™™
1 s laser irradiation

1 s laser irradiation

CH, CH,

o//k NP RNA-O)\NP

L L

T T 1
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 ppm 30 25 20 15 10 05 ppm

Figure 35:!H NMR spectra of dGs#'?'recorded before (black) and after 1s of lasediation (red). The
chemical shift perturbation of the NPE methyl gragpused by the photocleavage reaction from 1.5 opm
2.6 ppm is indicated by the depicted chemical stinigcwith NP:2-nitrophenyl. A comparison to a spet
recorded after 500 ms of laser irradiation (orangeshown on the right. Spectra were recorded @h 1
dGswé121at 800 MHz und 298 K.

Kinetics of antiterminator folding in the absence ¢ ligand

Since antiterminator folding in the absence ofridigroved to be relatively fast, kinetics
were recorded by irradiating the sample for 500an855 nm to achieve optimal time

resolution. Further, spectra were recorded withimylementing any X-filters to achieve

optimal sensitivity despite partial isotope labglof the constructs. The final dead time of
the kinetic experiment including the duration o first experiment is ~900 ms. After this
time interval, folding to the antiterminator helscalready completed to ~70%. Figure 36

shows kinetic traces for antiterminator formatioreraged over 10 transients. The most
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pronounced and isolated reporter signals for antiteator formation, G12 and U108,
cannot clearly resolve this non-equilibration ie flist few experiments due to a relatively
low S/N. It requires averaging over all detectasipals within PO (G12, U108, U109,
U110) to clearly illustrate that folding from aptamdomain (PA) to the antiterminator
helix PT has not yet reached equilibrium duringsthexperiments. The final rate for PT
formation in the multi-loop antiterminator confortizan PAT(M) is fast with approximately
1.3 sk, In contrast, the interior loop antiterminator famation PT(l), monitored by the
isolated reporter signal G25I, folds at a 20-fdtmh&r rate of 6.9 * 18 s™.
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Figure 36: Kinetics of ON-state folding in the ahse of ligand. A) Kinetic traces for the isolated $ignals
G12, U108 including a kinetic trace averaged ovkedetectable PT signals (green), and kinetic trice
PAT(I) reporter signal G25I (cyan). B) Schematic esg@mtation of secondary structures involved in the
refolding event from photocaged dG8Wwto antiterminator conformations®P(M) and PT(I). Helical
segments monitored by real-time NMR are highlighitegreen (PT) and cyan (elongated PT).

Due to the structural identity of helices P2 andifPBoth aptamer domain and ®RM),
NMR experiments cannot resolve ifKl) is adopted directly from the aptamer domain or
by equilibration with PT(M). However, since T (M) is formed within seconds and the
reporter signal for P1 (U18) disappears equally, l@sT (1) inevitably has to be adopted
from PAT(M). This folding pathway was already predictedsiction 4.2.2 and appears
reasonable, since direct folding tbTRI) from the aptamer domain requires dissociatibn
two helices (P2 and P1) opposed to one (P2) anddwouolve a much higher energy
barrier compared to equilibration fro¥RM). Due to the rapid formation of the PT helix,
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fitting of the kinetic trace for G251 with a funof including the preceding kinetic
(y(t)=ao*(1-e12%)*(1-e’) leads to an insignificant change in the deteedirate.

Compared to rates calculated in section 4.2.2,reéxpats reveal a ~2.5-fold faster rate for
PAT(M) formation and a ~10-fold slower rate fof Rl) formation. The folding rate for
PAT(M) was well estimated by the calculations and2fefold deviation from experiments
likely derives from an overestimation of helix Ralslity in the calculations, which does
not distinguish between G-C and A-U base pairsil8ity, calculated rates to"f(l) were
purely based on secondary structure, while theepias of reporter signals G39, U45 and
G25 suggest weak tertiary interactions betweeréIP2 and P3 in*P(M), which might
account for the slower rates in the experimentsrdiore, both differences in helical
stability based on the extent of G-C and A-U baaiespand tertiary interactions were not
taken into account in the calculations. Howeveg, phedictions already suggested that at
leastin vitro and within the time frame of transcriptior,TRI) cannot quantitatively be
formed. This prediction is confirmed by the expeits and reveals*P(M) as the single
regulatory relevant conformation leading to generession. To substantiate this
hypothesis, co-transcriptional folding is furtheimslated based on experimentally

determined refolding rates in section 4.4.5.

Kinetics of antiterminator folding in the presenceof ligand

In the presence of ligand, samples were irradifiied s and kinetics were monitored after
a dead time of approximately 1.4 s. Further, asri®ed in section 4.4.3, helices P2 and
P3 can be distinguished in the ligand-bound aptaamet PT(M), allowing a more
guantitative and accurate analysis of the refoléwent. In addition to the formation of the
antiterminator helix PT, the dissociation of thgald-bound aptamer domain complex can
be monitored. Individual kinetic traces of bothiké&3 and PT formation (Figure 37A) and
helix P2 and P3 dissociation (Figure 37B) yielduatly identical rate constants (Figure
37D). This result cross validates signal averagmvgr single residue transients, as
performed for the PT helix in the absence of ligandbtain a more accurate final rate for
folding of the entire helical segment. The averagse for PT helix formation in the
presence of ligand corresponds to ~9 *21€}, and is approximately 10-fold slower
compared to the rate determined for the ligand-d@gemer domain. Dissociation of 2'dG
and U18 (P1) appears to occur slightly faster witlate of 1.5 * 18 s* (Figure 37C) and
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precedes the conformational rearrangement. Duketsignal overlap of 2’dG and U18,
this preceding kinetics cannot be assigned to elitbkex P1 dissociation, 2’'dG dissociation

of if the two dissociation events appear coopeefiv
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Figure 37: Kinetics of ON-state folding in the prase of ligand. A) Individual kinetic traces of oefer
signals for helix P2 and PO formation in both thatiMoop and interior loop formation including aeged
kinetic trace over several P2 and PO signals. Bividual kinetic traces of reporter signals forikd?2 and
P3 dissociation of the ligand-bound aptamer dorratuding averaged kinetic traces over several R2 a
P3 signals. C) Kinetic trace of ligand dissociatincluding U18 (P1) dissociation. D) Bar plot ofaleling
rates obtained from individual reporter signals P and P2 formation (light green), averaged PORxd
formation (dark green), individual reporter signiaisP2 and P3 dissociation (light red), averag2did P3
dissociation (dark red), and ligand including P&sdciation (blue). E) Secondary structures of th&2
bound aptamer domain in photocaged d&%and the interior loop and multi loop conformaticaifer
cleavage of photolabile protection groups. Secondtucture elements monitored by real-time NMR are
color coded according to the bar plot depictedDi. All kinetic traces were fitted with bi-exponéait
functions y=g+(1-ek*)+(1-e*%) (exponential rise) or ysae*'+e*?t (exponential decay).
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Due to incomplete folding from PA to PT in the gese of ligand, the reporter signal for
the interior loop antiterminator conformation GB5T(l) overlaps partially with G25 in
the ligand-bound aptamer domain. Therefore, theldify rate to PT(I) cannot reliably
be determined. However, if*P(l) is formed from PT(M), folding to P*T(I) should not
depend on ligand binding and should be identicéhéorate determined in the absence of
ligand.

Formation of helix PT as well as dissociation @& ligand-bound aptamer complex is best
described with bi-exponential functions includingadditional slower rate in the order of
~102. The slower rate may resemble re-equilibratioruaedi by the delayed formation of
the antiterminator conformatior®P(l). Provided that folding to #7(l) from P*T(M) is
equally fast in the presence of ligand with 7 *1, the second rate of ~¥@vould be on

an adequate time-scale for re-equilibration.

Ligand-induced stabilizations of the PA interactisithin the aptamer decelerate folding
from PA to PT by a factor of 10. This attenuatiomisinbe sufficient for the RNA
polymerase to transcribe past nts 113-137 at amateexceeds folding to PT. Folding to
PAT(M) in the presence of ligand occurs on the same scale as folding to’f(l) in the
absence of ligand. This result further confirms #ssumption that“A(I) cannot form
during transcription, otherwise ligand binding wabalso not lead to effective termination
of transcription. In the following section, simutats of co-transcriptional folding in
presence and absence of ligand demonstrate thet &tre-tuning between rates of

transcription and refolding rates to modulate #gutatory outcome.

4.4.5 Simulations of co-transcriptional folding

Simulations of co-transcriptional folding accordiegexperimentally determined refolding
rates were performed in both presence and absdnggand using a simplified model
compared to simulations described in section 4Pk simplified model contains only
rates relevant in relation to the time scale ofgaaiption (Figure 38A). For kinetically
controlled riboswitches, this approximation is k@zable, since the regulatory outcome is
dominated by fast kinetics, while nascent transsripe never at equilibriumEirst, since
PAT() only reaches a population <10% at very sloanscription rates, refolding from
PAT(1) to PAT(M) to reach an equilibrium between the two states not included in the
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simulations. Further, folding to the terminator faymation PA-TH, once the
antiterminator conformation”ff is adopted, is assumed to be negligibly slow.sThi
approximation may neglect partial equilibration b&x PA-TH during transcription of nts
139-144. However, the refolding window of 5 nteidremely small for a folding event
that was predicted to occur at a rate of 2&b. Therefore, the simplified model assumes
the conformation adopted at a transcript length3atnt to represent the regulatory decisive
state and only simulates folding during transcoptof nts 113 to 137. Folding in the
absence of ligand is described in 6 states reptiagethe three conformations: aptamer
(PA) (state 1), fT (M) (state 2) and (1) (state 3) at transcription lengths 113 to 137.
In the ligand-free state, PA folds t RM) at a rate of 1.267% followed by PT(l) folding

at a rate of 0.07% In the ligand-bound state, simulations were penéal accordingly with

a refolding rate from PA to’/(M) of 0.83 s*. This simulation assumes that all transcripts
have bound 2'dG by the time nt 113 is synthesizedtdte model). However, NMR
screening of transcriptional intermediates in threspnce of ligand (4.3.1) show a
continuous decrease in the ligand-bound populaliwimg transcription of nts 93-113 from
100% to 70%. Since ligand binding is described bgosd order kinetics, accurate
guantification of the ligand-bound population at ht3 would require substantial
knowledge on physiological RNA concentrations alndttiating 2’dG concentrations in
Mesoplasma florum. Therefore, a second simulation was performedchviaissumes a
ligand-bound population of 70% at a transcript tngf 113 nt (8-state model). The two
models describe the two extreme cases of rapiddigending (within 10-13 nts) followed
by kinetic trapping of the ligand bound-state frats 93-113 opposed to slower ligand
binding and/or partial equilibration to 70% by titee nt 113 is transcribed. In both cases,
it is assumed that ligand binding is fast compéaodtie synthesis of nts 80-113. In addition,
ligand association rates may vary depending ontdaions in the cellular 2'dG
concentration. Provided the critical cellular camication of 2'dG required to trigger
riboswitch function (2 pM) is exceeded, the accurate fraction of terminataastripts
likely represents an intermediate value betweerivileemodels.

Figure 38B shows the fraction of ON-state obtaiaea transcript length of 137 depending
on the rate of transcription. In Figure 38C, simiolas are shown for the three models at
transcription rates of 10 nt/s and 40 nt/s. To onprvisualization, states representing the
identical conformation but a different transcrigphgith were summarized. The simulations

show that PT(I) folds only in the ligand-free simulation atosl transcription rates of
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10 nt/s with final population of less than 10%, letihe fraction of ON-state formed at the
regulatory decision point is dominated BYTEM).
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Figure 38:Markovian simulations of co-transcriptbriolding. A) Schematic representation of the ¢hre
models used to simulate co-transcriptional foldiinging synthesis of nts 113 to 137. The 6 statmligfree
and ligand-bound model describes folding from PAPYG(I) and PT(M) based on experimental rates
derived from real-time NMR experiments. The 8 stigf@nd-bound model includes a pre-equilibriumio# t
aptamer-ligand complex with a final population bé tigand bound state of 70% at transcript lendt 1
derived from data presented in section 4.3.3. @uRion of the genetic ON-state at the point giutatory
decision depending on the rate of transcriptiorttierthree theoretical models: 6 state ligand-fneelel in
green, 6-state ligand-bound model in dark red astag ligand-bound model in light red. Dasheddine
represent the riboswitch regulation efficiency detieed byin vitro transcription assays for the 2'dG
riboswitch (80%:40%) and after consideration of the effects of the dcaiption elongation factor NusA
according to reported data (50:13%6)) Exemplary simulations of co-transcriptiondtiiag for transcription
rates of 10 nt/s and 40 nt/s.
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According to Figure 38B, the ligand-dependent matloh of gene expression does not
exceed 20% at very fast (> 90 nt/s) and very skow (t/s) transcription rates. The largest
regulation efficiency is achieved at transcriptiates of 10-20 nt/s with a ligand-dependent
modulation of gene expression of 45%-60.vitro transcription termination assays
propose a 40% modulation of gene expression withaion of 80% of ON-state in the
absence of ligand and 40% of ON-state in the passehligand To achieve this degree
of regulation in both presence and absence of digancording to our model, transcription
rates would be between 10-20 nt/s. Compared tolations performed in section 4.2.2,
transcription rates are shifted to slightly fastges, in line with the more rapid folding of
the antiterminator helix according to real-time NMRperiments.

In vivo, it has been shown that the transcription eloogafiactor NusA extends the time
that polymerase spends on pause $ftels vitro transcription termination assays on the
FMN riboswitch have shown that addition of NusA sasia ~30% increase in terminated
transcripts both in absence and presence of ligafiis increase in the fraction of
terminated transcripts is caused by a pause siethyi located after the aptamer domain,
which extends the window of opportunity for ligabishding. Provided NusA has similar
effects in the bacteriumesoplasma florum, transcription rates would be around 40 nt/s.
At this rate of transcription, the ligand-depend®eidulation of gene expression of 40% is
better described by our model (Figure 38B).

4.5.Conclusion and Summary

The current chapter addresses the precise progragmimitime regarding both ligand-
binding and structural rearrangements within theression platform during transcription.
These two folding events need to be tightly coupitethe rate of transcription to allow
regulation on the level of transcription as introéld in chapter | (1.2.2).

Mapping of transcriptional intermediates by NMR eals that both ligand binding and
antiterminator folding are precisely fine-tunedime (Figure 39). In transcriptional OFF-
riboswitches, the window of opportunity for ligabthding always precedes the window
of opportunity for antiterminator folding. In thigay, once the competing antiterminator
strand is transcribed, it can directly assessaiflidand is bound and dictate the regulatory
outcome. However, the results presented in thiptelhauggest that ribowitches act far

from the simple model of a binary on-off switch. &hdifferences in kinetic rates dictate
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the regulatory outcome and modulate populatiomsatiith every added nucleotide, such
that the allosteric modulation of gene expressimescthot exceed 50%. This relatively low
regulation efficiency may even reflect a protectimechanism by bacteria to prevent
overexpression or complete inhibition of gene esgien of the downstream gene, and to

cause only a small but significant fluctuationhe downstream gene expression.
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Figure 39: Schematic representation of co-trangoripl folding for the I-A 2'dG-sensing riboswitch.
Termination of transcription requires ligand birgligirectly after the aptamer domain (80 nt) is $raibed.

To terminate >90% of all transcripts, ligand birglimust occur during the transcription of 10-13 Htisgand
binding occurs within the transcription of 30 ritgand-bound state will only be populated by 70%teA
transcription of nt 113, ON-state folding is inféd and time limited to the transcription of 24. ®tscording

to reported data, ON-state folding completes t@6% in the absence of ligand and to 10-40% in thegnce

of ligand!? Determined rates by real-time NMR experimentsdbl-state folding are indicated accordingly.
Transcription rates for respective folding windoer®e estimated based on reported rates for bacterial
polymerase$:! Tertiary interactions within the aptamer domaia ardicated by solid black lines. Green
and red arrows represent base pairing interactftcompete with displayed secondary structures.

Figure 39B summarizes the distinct folding eventshie context of transcription derived
from results presented in this chapter. As the mR&g&longated by the polymerase, the
aptamer domain always folds first, and once a st&dl helix is formed, transcripts can
adopt a homogeneous ligand-bound fold. Howeveanligbinding needs to occur within
the transcription of 10-13 nts to enable formatadra stable complex for >90% of all
transcripts. If folding to the ligand-bound stadééoot be completed within this time frame,
the ligand-binding competent population continugudkecreases to 70% within the
transcription of the following 20 nts. While ligabthding kinetics determined by stopped-
flow spectroscopy do not change as the RNA is elddrby single nucleotides, the subtle
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population changes may allow the riboswitch to reéaaninor fluctuations in the ligand
concentration. The cellular ligand concentratiotedaines the time required for ligand
binding. Therefore, a decrease in the ligand camagons is directly coupled to a lower
population in the ligand-bound state. According ttds model, the critical ligand
concentration required to trigger transcriptiomtiration corresponds to the concentration,
at which the rate of ligand association is equahtrate of transcription for nts 80-113.
Once the polymerase proceeds past nucleotide ¥EI8lding to the antiterminator
conformation is initiated regardless of whetherligand is bound. In analogy to the event
of ligand binding, where cellular ligand concentras would always allow equilibrium
binding to the aptamer domain, differences in foddkinetics determine if the structural
rearrangement can compete with the rate of trgstgmni Since ON-state folding is
described by first order kinetics, it does not depen cellular concentrations and therefore
kinetic rates could be directly derivedlvitro from real-time NMR experiements. In the
absence of ligand, the antiterminator folds atta o 1.3 &, which is comparable to the
rate of transcription to synthesize the 24 nuctEptiON-state folding window
(0.4 - 3.7 3). In the presence of ligand, the rate of refoldmgttenuated slightly below
the rate of transcription to 0.08,sallowing the polymerase to transcribe past n& 137,
while keeping the majority of aptamer-ligand conxgele kinetically trapped.

Simulations of co-transcriptional folding visualizeow small differences in the
transcription rate significantly change populatiatios between ON- and OFF-states at the
regulatory decision point, and show that the I-A@’riboswitch can only attain >40%
regulation efficiency at transcription rates of 3@-nt/s. Within this dynamic range of
transcription rates, the population ratios withiatib ON-state and OFF-state at the

regulatory decision point shifts by ~40%.
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Appendix

Appendix

Al: Plasmid DNA

I-A 2'dG riboswitch

GAATTCTAATACGACTCACTATAGGGAG
AATGAATATAAAAGAAACTTATACAGGGT

AGCATAATGGGCTACTGACCCCGCCTTCAAACCTATTTGGAGACTATAAGT

AAAAACCACTCTTTAATTATTAAAGTTTCTTTTTATGTCCAAAAGACAAGA AG

AAACTTTCTGCAG

I-A 2’dA riboswitch

GAATTCTAATACGACTCACTATAGGGAG
AATGAATATAAAAGAAACTTATACAGGGT

AGCATAATGGGCTACTGACCCCGCCTTCAAACCTATTTGGAGATTATAAGTGA

AAAACCACTCTTTAATTATTAAAGTTTCTTTTTATGTCCAAAAGACAAGAA GA

AACTTTCTGCAG

Primers used for site directed mutagenesis:

Forward Primer: CTT ATT TGG AGA TTA TAA GTG AAA AAC

Reverse Primer: TTT GAA GGC GGG GTC AGC AGT AG

I-A 2'dG riboswitch E.coli promotor
GAATTCTTATCAAAAAGAGTATTGACTTAAAGTCTAACCTATAGGATACTTAC
AGCCATGAATATAAAAGAAACTTATACAGGGTAGCATAATGGGCTACTGACC
CCGCCTTCAAACCTATTTGGAGACTATAAGTGAAAAACCACTCTTTAATTATT
AAAGTTTCTTTTTATGTCCAAAAGACAAGAAGAAACTTTTTT ATTTAGTTGAA
TTTATAATAAGAGAAAAAGAAAGGATATTAT ATGGCAAAAATAAAAAACCA
ATATTACAACGAGTCTGTTTCGCCAATTGCTGCAG

I-B 2’dG riboswitch
GAATTCTAATACGACTCACTATAGGGAGA
AACTGAATATTAAGAAACTTATACAGGGT
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AGCATAATGGGCTACTGACCCCGCCATGAAACCTATTTCATGACTATAGGTT
TTATAAACACTTTAATTAAAGTTTCTTTCAACATCAAAACTTGAAAGAAAC TT
TTTATTTAGTTGAATTTTTAATAAAAAGAAAGGAAAAACATA ATGAAAAAAT
TAATAGCAATTTTAGGGGCAGTTGGATTAACTGCTACAGGTTCAGCAAGTTTA
TTAGTTTCTGCAG

[1I-B G riboswitch

GAATTCTAATACGACTCACTATAGGGAGA
AATAATTAAATATAAAAAACTTATACAT

GACAACATATTGGGTTGTCGACCTGCCTCTGGACCTATCCTTAGACTATAGAC

GTGAGGTTTTTTTACACAAAAAAGCCTCTTTTTTATTTAGAAGGAGATTAAA A

TGAAAAATACTCAAATCTTGATTTTAGATTTTGGAAGTCAATATACACAGTTA

TTAGCCTGCAG

Legend:
Restriction sites

Promotor sequence

RNA sequence

Translation start codon
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A2: RNA constructs prepared byin vitro transcription

Sequence and primers

Construct

dGswt

dGsweN

dGswAPT

dGsw™
(Sara)

dGsw’®
(Sara)

dGsw’’
(Sara)

dGsw™
(Sara)

dGsw™®
(Sara)

dGsw?
(Sara)

dGsw?!
(Sara)

dGswP°

dGswP4

dGswP®

Sequence

AAUGAAUAUAAAAGAAACUUAUACAGGGU

AGCAUAAUGGGCUACUGACCCCGCCUUCAA
ACCUAUUUGGAGACUAUAAGUGAAAAACC
ACUCUUUAAUUAUUAAAGUUUCUUUUUAU

GUCCAAAAGACAAGAAGAAACUUUUUC
(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCGCCuUU
CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUUAAUUAUUAAAGUUUCUUUU
UAUGUCC

(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCGCCuUU
CAAACCUAUUUGGAGACUAUAAGUGAAA

(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCcGCCcuUU
CAAACCUAUUUGGAGACU

(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCGCCuUU
CAAACCUAUUUGGAGACUA

(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCGCCuUU
CAAACCUAUUUGGAGACUAU

(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCcCcGCcCcuUU
CAAACCUAUUUGGAGACUAUA

(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCcGCcCcuUU
CAAACCUAUUUGGAGACUAUAA

(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCGCCuUU
CAAACCUAUUUGGAGACUAUAAG

(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCGCCuUU
CAAACCUAUUUGGAGACUAUAAGU

(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCcGCcCcuUU
CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCA
(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCcGCcCcuUU
CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCU
(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCGCCuUU

Forward
Primer

T7

T7/T7GG

T7/T7GG

T7GG

T7GG

T7GG

T7GG

T7GG

T7GG

T7GG

T7GG

T7GG

T7GG

Reverse
Primer

AAA AAA
GTTTCT
TCT TGT
CTTTTG

GGA CAT
AAA AAG

AAACTT
TAATAAT

TTT CAC
TTATAG
TCT CCA
AAT AG
AGT CTC
CAA ATA
GGTTTG
AAG
UAG TCT
CCA AAT
AGG TTT
GAA G
AUA GTC
TCC AAA
TAG GTT
TGAA
UAT AGT
CTC CAA
ATA GGT
TTGA
UUA TAG
TCT CCA
AAT AGG
TTT G
CUT ATA
GTCTCC
AAA TAG
GTTT
ACTTA
TAG TCT
CCA AAT
AGGTTT
TGGTTT
TTC ACT
TAT AGT
CTCC
AGA GTG
GTTTTT
CACTTA
TAGT
AAA GAG
TGGTTT
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dGswi®

dGsw!%

dGsw%®

dGswioe

dGswi?

dGsw!%

dGswio®

dGswto

dGsw!t

dGsw!t2

dGswi?

dGsw!4

dGsw!t’
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CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUU
(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCGCCuUU
CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUUAAUU
AAUGAAUAUAAAAGAAACUUAUACAGGGU
AGCAUAAUGGGCUACUGACCCCGCCUUCAA
ACCUAUUUGGAGACUAUAAGUGAAAAACC
ACUCUUUAAUUAUUA
(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCcGCCcuUU
CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUUAAUUAUUAA
(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCGCCuUU
CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUUAAUUAUUAAA
(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCGCCuUU
CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUUAAUUAUUAAAG
AAUGAAUAUAAAAGAAACUUAUACAGGGU
AGCAUAAUGGGCUACUGACCCCGCCUUCAA
ACCUAUUUGGAGACUAUAAGUGAAAAACC
ACUCUUUAAUUAUUAAAGU

(GG)AAUGAAUAUAAAAGAAACUUAUACAG

GGUAGCAUAAUGGGCUACUGACCCCcGCcCcuUU

CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUUAAUUAUUAAAGUU

(GG)AAUGAAUAUAAAAGAAACUUAUACAG

GGUAGCAUAAUGGGCUACUGACCCCGCCuUU

CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUUAAUUAUUAAAGUUU

AAUGAAUAUAAAAGAAACUUAUACAGGGU
AGCAUAAUGGGCUACUGACCCCGCCUUCAA
ACCUAUUUGGAGACUAUAAGUGAAAAACC
ACUCUUUAAUUAUUAAAGUUUC
(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCcGCcCcuUU
CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUUAAUUAUUAAAGUUUCU
(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCGCCuUU
CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUUAAUUAUUAAAGUUUCUU

AAUGAAUAUAAAAGAAACUUAUACAGGGU
AGCAUAAUGGGCUACUGACCCCGCCUUCAA
ACCUAUUUGGAGACUAUAAGUGAAAAACC
ACUCUUUAAUUAUUAAAGUUUCUUU

AAUGAAUAUAAAAGAAACUUAUACAGGGU
AGCAUAAUGGGCUACUGACCCCGCCUUCAA
ACCUAUUUGGAGACUAUAAGUGAAAAACC
ACUCUUUAAUUAUUAAAGUUUCUUUUUA

T7GG

T7

T7GG

T7GG

T7GG

T7

T7/T7GG

T7/T7GG

T7

T7IT7GG

T7/T7GG

T7

T7

TTC ACT
TAT AG
AAT TAA
AGA GTG
GTTTTT
CAC TTA
TAATAA
TTA AAG
AGT GGT
TTTTCAC
TTA ATA
ATT AAA
GAG TGG
TTITTTCA
TTT AAT
AAT TAA
AGA GTG
GITTITC
CTT TAA
TAATTA
AAG AGT
GGTTTTT
ACT TTA
ATA ATT
AAA GAG
TGGTTTT
AACTTT
AAT AAT
TAA AGA
GTG GTT
TT
AAACTT
TAATAA
TTA AAG
AGT GGT
TT
GAA ACT
TTA ATA
ATT AAA
GAG TGG
AGA AAC
TTT AAT
AAT TAA
AGA GTG G
AAG AAA
CTT TAA
TAATTA
AAG AGT G
AAA GAA
ACT TTA
ATA ATT
AAA GAG
TG
TAA AAA
GAA ACT
TTA ATA
ATT AAA
GAG



dGsw!18
(Viktor)

dGswt1®
(Viktor)

dGsw?0
(Viktor)

dGsw2!
(Viktor)

dGsw!*2

dGswi34

dGswi3

dGsw!

dGswh’

dGswi38

dGsw*

dGswP-62

dG SV\IBZ—lZZ

Appendix

AAUGAAUAUAAAAGAAACUUAUACAGGGU
AGCAUAAUGGGCUACUGACCCCGCCUUCAA
ACCUAUUUGGAGACUAUAAGUGAAAAACC
ACUCUUUAAUUAUUAAAGUUUCUUUUUAU
AAUGAAUAUAAAAGAAACUUAUACAGGGU
AGCAUAAUGGGCUACUGACCCCGCCUUCAA
ACCUAUUUGGAGACUAUAAGUGAAAAACC
ACUCUUUAAUUAUUAAAGUUUCUUUUUAU
G
AAUGAAUAUAAAAGAAACUUAUACAGGGU
AGCAUAAUGGGCUACUGACCCCGCCUUCAA
ACCUAUUUGGAGACUAUAAGUGAAAAACC
ACUCUUUAAUUAUUAAAGUUUCUUUUUAU
GU
AAUGAAUAUAAAAGAAACUUAUACAGGGU
AGCAUAAUGGGCUACUGACCCCGCCUUCAA
ACCUAUUUGGAGACUAUAAGUGAAAAACC
ACUCUUUAAUUAUUAAAGUUUCUUUUUAU
GUC
(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCcGCcCcuUU
CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUUAAUUAUUAAAGUUUCUUUU
UAUGUCCAAAAGACAAGA
(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCcGCcCcuUU
CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUUAAUUAUUAAAGUUUCUUUU
UAUGUCCAAAAGACAAGAAG
(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCGCCuUU
CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUUAAUUAUUAAAGUUUCUUUU
UAUGUCCAAAAGACAAGAAGA
(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCcCcGCcCcuUU
CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUUAAUUAUUAAAGUUUCUUUU
UAUGUCCAAAAGACAAGAAGAA
(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCcCcGCcCcuUU
CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUUAAUUAUUAAAGUUUCUUUU
UAUGUCCAAAAGACAAGAAGAAA
(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCGCCuUU
CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUUAAUUAUUAAAGUUUCUUUU
UAUGUCCAAAAGACAAGAAGAAAC
(GG)AAUGAAUAUAAAAGAAACUUAUACAG
GGUAGCAUAAUGGGCUACUGACCCCcGCCcuUU
CAAACCUAUUUGGAGACUAUAAGUGAAAA
ACCACUCUUUAAUUAUUAAAGUUUCUUUU
UAUGUCCAAAAGACAAGAAGAAACU
AAUGAAUAUAAAAGAAACUUAUACAGGGU
AGCAUAAUGGGCUACUGACCCCGCCUUCAA
ACC
GGUUUGGAGACUAUAAGUGAAAAACCACU
CUUUAAUUAUUAAAGUUUCUUUUUAUGUC
C

T7

T7

T7

T7

T7GG

T7GG

T7GG

T7GG

T7GG

T7GG

T7GG

T7

TAATAC
GAC TCA
CTATAG

ATAAAAA
GAAACTTT
AATAATTA

AAGAG
CATAAA
AAGAAA
CTTTAA
TAATTA
AAGA
ACATAA
AAAGAA
ACTTTA
ATAATT
AAAG
GACATA
AAAAGA
AACTTT
AATAAT
TAAA

CTT GTC
TTTTGG
ACA TAA
AAA G

TTCTTG
TCTTTT
GGA CAT
AAA AAG

CTTCTT
GTCTTT
TGG ACA
TAAA

TCT TCT

TGTCTT

TTG GAC
ATAA

TTCTTC
TTGTCT
TTT GGA
CAT A

TTTCTT
CTT GTC
TTTTGG
ACAT

GTTTCT

TCT TGT

CTTTTG
GAC

GGTTTG
AAG GCG
GGG TC

GGA CAT
AAA AAG

119



Appendix

GTT TGG AAACTT
AGA CTA TAATAAT

TAA GTG A
ATT ATG
eaups | AAUGAAUAUAAAAGAAACUUAUACAGGGU - CTA CCC
AGCAUAAU TGT ATA
AGT T
TAA TAC
GGGCUACUGACCCCGCCUUCAAACCUAUUU  GACTCA | GGA CAT
(caupsizz | GGAGACUAUAAGUGAAAAACCACUCUUUA | CTATAG | AAAAAG
AUUAUUAAAGUUUCUUUUUAUGUCC GGCTAC = AAACTT
TGACCC | TAATAAT
CGC C
(T;x\:TT’éi GGA CAT
_ GGACUCUUUAAUUAUUAAAGUUUCUUUUU AAA AAG
dGswAo122 CTA TAG
AUGUCC AAA CTT
cacucuuy  AACTT
AAUUAUU
TAT AAT

GGAAUGAAUAUAAAAGAAACUUAUACAGG

dGsWE™U78 | GUAGCAUAAUGGGCUACUGACCCCGCCUUC  T7GG ACIAC ggﬁ
AAACCUAUUUGGAGAUUAUA
TTG A
GGAAUGAAUAUAAAAGAAACUUAUACAGG %.Ar E%AA
dGSWEU7 | GUAGCAUAAUGGGCUACUGACCCCGCCUUC — T7GG Hhevsa
AAACCUAUUUGGAGAUUAUAA
TG
GGAAUGAAUAUAAAAGAAACUUAUACAGG ﬂg f?gé
dGSWE™U8 | GUAGCAUAAUGGGCUACUGACCCCGCCUUC — T7GG VP
AAACCUAUUUGGAGAUUAUAAG
GTTT
GGAAUGAAUAUAAAAGAAACUUAUACAGG E/T\ ?:X
dGSWE™U85 | GUAGCAUAAUGGGCUACUGACCCCGCCUUC — T7GG IR lal ool
AAACCUAUUUGGAGAUUAUAAGUGAAA VA
GGAAUGAAUAUAAAAGAAACUUAUACAGG TGG TTT
Geycrive | GUAGCAUAAUGGGCUACUGACCCCGCCUUC 1o TTC ACT
AAACCUAUUUGGAGAUUAUAAGUGAAAAA TAT AAT
CCA cTcC
GGAAUGAAUAUAAAAGAAACUUAUACAGG AGT GGT
Geycrivse | GUAGCAUAAUGGGCUACUGACCCCGCCUUC 1o TTT TCA
AAACCUAUUUGGAGAUUAUAAGUGAAAAA CTT ATA
CCACU ATC T
GGAAUGAAUAUAAAAGAAACUUAUACAGG AGA GTG
dGeycrius: | GUAGCAUAAUGGGCUACUGACCCCGCCUUC 1o GTTTTT
AAACCUAUUUGGAGAUUAUAAGUGAAAAA CAC TTA
CCACUCU TAAT
GGAAUGAAUAUAAAAGAAACUUAUACAGG AAA GAG
dGeycriuss | GUAGCAUAAUGGGCUACUGACCCCGCCUUC 1o TGG TTT
AAACCUAUUUGGAGAUUAUAAGUGAAAAA TTC ACT
CCACUCUUU TAT AA
TAA TAC
GAC TCA
AAUAAUUAAAUAUAAAAAACUUAUACAUG CTATAG | AAA AAA
g | ACAACAUAUUGGGUUGUCGACCUGCCUCUG ~ GAA TAA GAG GCT
GACCUAUCCUUAGACUAUAAGCGUGAGGU | TTA AAT TTTTTG
UUUUUUACACAAAAAAGCCUCUUUUUU ATA AAA TGT AAA
AAC TTA
TAC ATG
pon | AAUAAUUAAAUAUAAAAAACUUAUACAUG TAA TAC TAA AAA

ACAACAUAUUGGGUUGUCGACCUGCCUCUG| GACTCA AAC CTC
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GACCUAUCCUUAGACUAUAAGCGUGAGGU CTATAG ACG CTT
UUUUUUA GAATAA ATAG
TTA AAT
ATA AAA
AAC TTA
TAC ATG
TAATAC
GAC TCA

AAUAAUUAAAUAUAAAAACUUAUACAUGA CTATAG CGCTTA

I-B T | CAACAUAUUGGGUUGUCGACCUGCCUCUGG $¢AA Z/QTA /Iﬁg ;%
ACCUAUCCUUAGACUAUAAGCG Jav =
AAC TTA
TAC ATG
TAA TAC
GAC TCA
CTATAG = AAAAAA
i GGGAGGUUUUUUUACACAAAAAAGCCUCU GAG GCT
II-B GGA GGT
UUUUU TTTTTG
TITTITACA | LTS
CAA AAA
AGC CTC
AACUGAAUAUUAAGAAACUUAUACAGGGU E%TFACC;
AGCAUAAUGGGCUACUGACCCCGCCAUGAA  SAC TEA 1 aan AAG
. ACCUAUUUCAUGACUAUAGGUCUUUAUAA | 1A TAS TTT CTT
ACACUUUAAUUAAAGUUUCUUUCAACAUC | A8 =T TCA AGT
AAAACUUGAAAGAAACUUUUUAUUUAGUU TTT GAT G
GAAUUUUU AAG AAA
CTT ATA CA
TAA TAC
AACUGAAUAUUAAGAAACUUAUACAGGGU | GACTCA |
AGCAUAAUGGGCUACUGACCCCGCCAUGAA  CTA TAG T s
|-BON ACCUAUUUCAUGACUAUAGGUCUUUAUAA | GAACTG o1 108
ACACUUUAAUUAAAGUUUCUUUCAACAUC | AATATT  AAS AP
AAAA AAG AAA
CTT ATA CA
TAA TAC
AACUGAAUAUUAAGAAACUUAUACAGGGU | GAC TCA ST TAT
AGCAUAAUGGGCUACUGACCCCGCCAUGAA  CTATAG | 1T AT
-BAPT ACCUAUUUCAUGACUAUAGGUCUUUAUAA = GAA CTG
CTA TAG
AC AAT ATT slioNion
AAG AAA
CTT ATA CA
TAA TAC
GAC TCA
CTA TAG
GAAAGT | AAAAAG
. GGAAGUUUCUUUCAACAUCAAAACUUGAA | CAAACT 1 rrrerT
AGAAACUUUUUAUUUAGUUGAAUUUUU TCAAGT
CATCAA | 111 GAT G
AAC TTG
AAA GAA
ACT TT
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Extinction coefficients and Labeling Schemes

Construct Labeling Scheme Extinction
coefficient [LM-
lemy
dGswt unlabeled*N G/U 1344200
unlabeled*N-G/U, full N, 5N-
dGsweN UGN A 1123200
dGswAPT unlabeled*N-U, **N-G/U 789100
75

(Sar(cjaGKSt\eA;/hani) unlabeled 687700

7€
(Sar(.jaGIfg/hani) unlabeled 698100
77

(Sagelf:;/hani) unlabeled 707200
78

(Sagelf:;/hani) unlabeled 717600
79

(Sarc.iaGIf:;/hani) unlabeled*N-G/U 728000
C

(Sagelthani) unlabeled 738400
1

(SagGlthani) unlabeled 747500
dGswt unlabeled 833300
dGsw* unlabeled 864500
dGswPt unlabeled 882700
dGswi unlabeled 921700
dGswi% unlabeled 960700
dGswi® unlabeled 971100
dGswAo unlabeled 981500
dGswio unlabeled 991900
dGswi08 unlabeled 1001000
dGswio unlabeled 1010100
dGswi¢ unlabeled 1019200
dGswt! unlabeled 1025700
dGswtl: unlabeled 1034800
dGswlt unlabeled 1043900
dGsw“ unlabeled 1053000
dGswil? unlabeled 1081600
dGswiit

(Viktor Pfeifer) unlabeled 1090700
dGswii€

(Viktor Pfeifer) unlabeled 1101100
dGswt

(Viktor Pfeifer) unlabeled 1110200
dGswt?!

(Viktor Pfeifer) unlabeled 1103700
dGswi3: unlabeled 1233700
dGswi3 unlabeled 1254500
dGswist unlabeled 1264900
dGswist unlabeled 1275300
dGswid? unlabeled 1285700
dGswist unlabeled 1292200
dGswis¢ unlabeled 1301300
dGswe-62 unlabeled 573300

dGswpz 122 "N-GIU 551200
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dGswP-3
dGswA5122

dG S\NQO—lZZ

dGSV\F74U-78
dGSWC74U-79
dGSWC74U-8C
dGSWC74U-85
dGSWC74U-9C
dGSWC74U-92
dGSWC74U-94
dGSWC74U-96
n-B -
(Strahinja Lucic)
-B oN
(Strahinja Lucic)

[1-B APT
(Alexander Mazur)
m-B 7
(Strahinja Lucic)
I-B FL
(Strahinja Lucic)
I-B ON
(Strahinja Lucic)
|_BAPT
(Alexander Mazur)
I-BT
(Strahinja Lucic)

Appendix

15N_U

361400
*N-G 761800
unlabeled 321100
unlabeled 720200
unlabeled 730600
unlabeled 740000
unlabeled 791700
unlabeled 835900
unlabeled 851500
unlabeled 867100
unlabeled 885300
I5N-G/U 1084200
I5N-G/U 904800
unlabeled*N-G/U 748800
I5N-G/U 315900
I5N-G/U 1301300
I5N-G/U 1120600
unlabeled!>N-G/U 759200
I5N-G/U 384800

A3: Synthetic RNA constructs

Construct

Terminator model

Antiterminator model
dGswf1%3(model for ON-

state)

dGswf1? (ON-state

assembly)

dGsw’2°(ON-state assembly)

dGsw*? (interior loop

conformation assembly)
N3-methylated dGsvf*1

NPE-caged dGswF12

I11-B Gsw P2 model
I11-B Gsw AT model

Sequence
AAAGUUUCUUUUUAUGUCCAAAAGACAAGAAGAAACUUUG
AUAUAAAAGAAACUUUUCGAAGUUUCUUUUUAUGUC
AGUGAAAAACCACUC

AAU GAA UAU AAA AGA AAC UUAUAC AGG GUC C

AAUGAAUAUAAAAGAAACUUAUACAGGGUCC
AAU GAA UAU AAA AGA AAC UUA UAC AGG GUC C

AAC CAC UCU UUA AUU AUU AAA G(3-M-U)U (3-M-U)CU U(3
M-U)U UAU GUC

5-pAAC CAC UCU UUA AUU AUU AAA G(CU)U (CU)CU (CU)UU
UAU GUC-3’

AUGACAACAUAUUGGGUUGUCGA
AAAAAACUUAUACUUCGGUGAGGUUUUUUG
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A4: Mathematica script for Markovian simulations

Script for the 9-state simulation in the absence digand (5.2.2)

Synthesis_folding_rev.nb (by Boris Furtig)

In[1]:=C ear[k12, k13, k14, k15, k16, k17, k18, k19, k21, k23, k24, k25,
k26, k27, k28, k29, k31, k32, k34, k35, k36, k37, k38, k39, k41, k42
k43, k45, k46, k47, k48, k49, k51, k52, k53, k54, k56, k57, k58, k59
k61, k62, k63, k64, k65, k67, k68, k69, k71, k72, k73, k74, k75, k76
k78, k79, k81, k82, k83, k84, k85, k86, k87, k89, k91, k92, k93, k94,
k95, k96, k97, k98]

n =29

kMatrix = {{0, k12, k13, k14, ki5, k16, k17, k18, k19}, {k21, 0, k23
k24, k25, k26, k27, k28, k29}, {k31, k32, 0, k34, k35, k36, k37, k38
k39}, {k4l, k42, k43, 0, k45, k46, k47, k48, k49},{k51, k52, k53, k54, 0,
k56, k57, k58, k59},{k61, k62, k63, k64, k65, 0, k67, k68, k69},{k71,
k72, k73, k74, k75, k76, 0, k78, k79},{k81, k82, k83, k84, k85, k86, k87
0, k89},{k91, k92, k93, k94, k95, k96, k97, k98, 0}};

kMatrix //MatrixForm

K = Transpose[kMatrix]; For[i = 1, i <= n, i++ K[[i, i]]
SunfkMatrix[[i, jIl, {j., 1, n}]];

K // MatrixForm

Cear[p];

p[t_, pO_] := MatrixExp[t K] . pO

po0O = {1,0,0,0,0,0,0,0,0};

synt h=40

k12=0. 43;

k13=0. 03;

kl4=synt h*1/ 24;

k15=0;

k16=0;

k17=0;

k18=0;

k19=0;

k21=0;

k23=0. 43;

k24=0;

k25=synt h* 1/ 24;

k26=0;

k27=0;

k28=0;

k29=0;
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k31=0;
k32=0. 071;
k34=0;
k35=0;
k36=synt h*1/ 24;
k37=0;
k38=0;
k39=0;
k41=0;
k42=0;
k43=0;
k45=0. 43;
k46=0. 03;
k47=synt h*1/ 8;
k48=0;
k49=0;
k51=0;
k52=0;
k53=0;
k54=0;
k56=0. 43;
k57=0;
k58=synt h*1/ 8;
k59=0;
k61=0;
k62=0;
k63=0;
k64=0;
k65=0. 071;
k67=0;
k68=0;
k69=synt h* 1/ 8;
k71=0;
k72=0;
k73=0;
k74=0;
k75=0;
k76=0;
k78=0;
k79=0;
k81=0;
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k82=0;
k83=0;
k84=0;
k85=0;
k86=0;
k87=0;
k89=0. 43;
k91=0;
k92=0;
k93=0;
k94=0;
k95=0;
k96=0;
k97=0;
k98=0. 071;

K // MtrixForm

p[t, pO]
pl ot end=4

pl=Plot[{p[t, pOJ[[1]]}, {t, O, plotend},
>{Li ghter[ Orange], Thi ck}, Aspect Rati o->. 5]
p2=Plot[{p[t, pOJ[[2]]}, {t, O, plotend},
>{ Li ghter[ Bl ue], Thi ck}, Aspect Rati o->. 5]
p3=Plot[{p[t, pOJ[[3]]}, {t, O, plotend},
>{Dar ker[ Bl ue], Thick}, Aspect Rati o->. 5]
p4=Plot[{p[t, pO][[4]]}, {t, O, plotend},
>{ Dar ker [ Orange], Thi ck}, Aspect Rati o- >. 5]
p5=Plot[{p[t, pOJ[[5]]}, {t, O, plotend},
>{Li ghter[ Cyan], Thick}, AspectRati o->.5]
p6=Plot[{p[t, pOJ[[6]]}, {t, O, plotend},
>{ Dar ker [ Cyan], Thi ck}, Aspect Rati o->. 5]
p7=Plot[{p[t, pOI[[7]]}, {t, O, plotend},
>{ Red, Thi ck}, Aspect Rati o- >. 5]
p8=Plot[{p[t, pOJ[[8]]}, {t, O, plotend},
>{Li ghter[ G een], Thi ck}, Aspect Rati o->. 5]
p9=Plot[{p[t, pOI[[9]]}, {t, O, plotend},
>{ Dar ker [ Green], Thi ck}, Aspect Rati o->. 5]

Show p1, p2, p3, p4, p5, p6, p7, p8, p9]
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A5: Pulse programs

N(w2)-X-filtered NOESY
xfilterl_noe.jb (by Janina Buck)

#i ncl ude <Avance. i ncl >
#i ncl ude <G ad. i ncl >

#i ncl ude <Del ay. i ncl >

"in0=i nf1/2"

" d0o=3u"

" DELTA=d0+d0+p22"
"d16=100u"
"d22=d2- p16- d16- p1*2-d19*2"
"d23=d2- p16- d16- p21*4- 6u"
"p22=p21*2"

"p2=pl*2"

"cnst 10=90/ 90"

1 ze
2 d11 do:f3
3 d12 do:f3
di
10u pl1:f1
10u pl 3:f3
d12 fg=cnst19(bf ppm:f1l
pl ph7
do
(p22 phl):f3
do
(p2 phl)
DELTA
pl ph8
ds
d12 fg=cnst18(bf ppm:fl
pl phl
di9
pl ph2
d22 UNBLKGRAD

127



pl6: gpl

di6

pl ph3

d19*2

pl ph4

(p21 ph5):f3
3u

(p22 phl):f3
3u

(p21 ph6):f3
pl6: gpl

di16 pl 16:f3
d23 BLKGRAD
go=2 ph31 cpd3:f3

Appendix

dl1l do:f3 nc #0 to 2 F1PH(i p7, id0)

exit

ph1=0

ph2=2

ph3=0 0 112 2 3 3
ph4=2 2 330011
ph5=0 2

ph6=0 0 0 00 00O

ph7=0 0 0 0000022222222

ph8=0

ph31=0 2 2 0022020022002

LN (w2)-X-filtered NOESY
xfilter2_noe.jb (by Janina Buck)

#i ncl ude <Avance. i ncl >
#i ncl ude <& ad. i ncl >

#i ncl ude <Del ay. i ncl >

"in0=i nf1/2"

"do=3u"

" DELTA=d0+d0+p22"
"d16=100u"
"d22=d2- p16- d16- p1*2-d19*2"
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" 423=d2- p16- d16- p21* 4- 6u"
"p22=p21* 2"

"p2=pl*2"

" cnst 10=90/ 90"

1 ze
2 d11 do: f3
3 d12 do:f3
di
10u pl1:f1
10u pl 3:f3
d12 fg=cnst19(bf ppm:fl
pl ph7
do
(p22 phl):f3
do
(p2 phil)
DELTA
pl ph8
ds
d12 fg=cnst18(bf ppm:fl
pl phl
di9
pl ph2
d22 UNBLKGRAD
pl6: gpl
di6
pl ph3
d19*2
pl ph4
(p21 ph5):f3
3u
(p22 phl):f3
3u
(p21 ph6):f3
pl6: gpl
di16 pl 16:f3
d23 BLKGRAD
go=2 ph31 cpd3:f3
dl1l do:f3 nc #0 to 2 F1PH(i p7, id0)

exit
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ph1=0

ph2=2

ph3=0 0 112 2 3 3

ph4=2 2 330011

ph5=0 2

ph6=0 0 0 00 00O

ph7=0 0 0 0000022222222
ph8=0

ph31=02 2 0022020022002

13C(wl)-X-filtered NOESY
noesyllecho2013_13Cxfwl.ch

#i ncl ude <Avance. i ncl >
#i ncl ude <G ad. i ncl >

#i ncl ude <Del ay. i ncl >

"d12=20u"

"inO=infl/2"

" d0o=3u"
"DELTA=d8- d12- p16-d16"
"acqt 0=-pl*2/ 3. 1416"

1 ze
2 d11 do:f3
d12 pl 16:f3 pl2:f2
3 di12 pl10:f1 pl 3:f3
pl7 ph8
pl17*2 ph9
dl pl1l:f1
d12 fg=cnst19(bf ppm:fl
pl phl
d2
(p2 phl):f1
(p3 ph7):f2
3u
(p3 ph8):f2
d2
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do

(p22 phl):f3 (p4 phl):f2
do

pl ph2

ds:r

d12 fg=cnst18(bf ppm:fl
pl ph3

di9

pl ph4

50u UNBLKGRAD

pl6: gpl

di6

pl ph5

d19*2

pl ph6

50u

pl6: gpl

di16 pl 16:f3

4u BLKGRAD

go=2 ph31 cpd3:f3

dl1l do:f3 nc #0 to 2 F1PH(i pl,

exit

ph0=0

phl=0 2
ph2=(8) 1
ph3=0 0 2 2
ph4=2 2 0 0
ph5=0

ph6=2

ph7=0 2 2 0
ph8=0

ph9=1
ph31=0 0 0 O

i do)
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Real-time NMR experiments

rt_jr_2D (by Boris Furtig)

prosol relations=<triple>

#i ncl ude <Avance. i ncl >
#i ncl ude <Grad.incl >

#i ncl ude <Del ay. i ncl >

"d11=30nt

"d12=20u"

"d16=100u"

"d22=d2- p16-d16- pl-d19-p21"
"d23=d2- p16-d16- pl-d19-p21"
"p22=p21*2"

"p2=pl*2"

"cnst 20=cnst 21/ 90"
"pl0=pl*cnst 20"

"1 0=0"

"1 23=1"

"1 31=cnst 10*ns+1"

1 ze
2 d11 do:f3
3 dl2
3m i u0
if "I0 ==131"
{
10u setnnr 3| 14
d27
10u setnnr 3714
d28
}

el se

{
d1

}
10u pl1:f1
10u pl 3:f3
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pl0 phl
d19
pl10 ph2
pl16: gpl
di6

(pl ph3 d19*2 pl ph4):f1l

pl6: gpl
d16 pl16:f3 pll1l2:f2

go=2 ph31 cpd3:f3
d11l do:f3 nt #0 to 2

F1QF(i u23)

exit

ph1=0
ph2=2
ph3=0
ph4=2
ph5=0
ph6=0
ph7=2
ph31=0
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German Summary

German Summary

Riboschalter sind wichtige regulatorische RNA Elateedie durch selektive Binding von
Metaboliten (Liganden) die Genexpression in Bakteregulieren kénnen. Riboschalter,
die den Metaboliten 2'-desoxyguanosin (2'dG) bind&murden bislang nur in dem
Bakterium Mesoplasma florum gefunden und gehéren zur Klasse der purin-bindende
Riboschaltet. Im Falle des Typ I-A 2'dG-bindenden Riboschaltirisren hohe zellulare
Konzentrationen von 2'dG zu einer vorzeitigen Terieriung der Transkription. Dadurch
wird der nachfolgende codierende Bereich fiir dasyEnRibonukleotid Reduktase nicht
transkribiert und somit die Genexpression verhinder

Studien an Riboschaltern, bei denen die Genexpressif der Ebene der Transkription
reguliert wird, haben gezeigt, dass die Regulgtiimar durch Faltungskinetiken und nicht
durch thermodynamische Gleichgewichte bestimmt vidabei spielt co-transkriptionelle
Faltung eine wichtige Roll&*Wird die RNA wahrend der Transkription am 3‘-Emtigch
einzelne Nukleotide verlangert, fuhrt dies zu ekuantinuierlichen Erweiterung moglicher
Strukturen, die angenommen werden kénnen. Dabekkaeren Umfaltungsraten zur
thermodynamisch stabilsten Struktur mit der Traipskmsrate>® Daher konnen wahrend
der Transkription Gber einen gewissen Zeitraumk®tinen angenommen werden, die nicht
der thermodynamisch stabilsten Struktur entsprecbk@mdern kinetisch stabilisiert sind.
Solche Strukturen haben sich fir viele RNA-basieztpulatorische Prozesse als relevant
erwieserr:188-1% |n  Riboschaltern sind sowohl die Ligandenbindurlg auch die
Umfaltung der Expressionsplattform zeitlich dirakit der Transkription koordiniert
(Abbildung 1).

Wahrend der Transkription faltet zunachst die Lagmbindungsdomane (Aptamer).
Direkt im Anschluss bestimmt die zellulare Ligankiemzentration, ob die RNA den OFF-
Faltungspfad oder den ON-Faltungspfad einschléagt dié Genexpression auszuschalten,
muss die Ligandenbindung zeitlich vor der Synthése 3‘-Antiterminatorstranges (rot)
erfolgen, damit die Terminatorhelix (rot:grin) aebddet werden kann. Wird die
Aptamerdomane (orange:blau) nicht vor der Synthdes roten Segments durch
Ligandbindung stabilisiert, bildet sich die Anti@natorhelix (blau:rot) und der
Riboschalter befindet sich im ON-Faltungspfad. Gieeitig muss die Faltung der
Antiterminatorhelix (blau:rot) zeitlich vor der Bhese des 3'-Terminatorstranges (grun)
erfolgen um die Bildung der Terminatorhelix (rotigy in Abwesenheit des Liganden zu

verhindern. In der vorliegenden Arbeit wurde dieitliche Koordination dieser
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Faltungsereignisse in Relation zur Transkriptiotesemnhand des kinetisch kontrollierten

2'dG-bindenden Riboschalters addlorum detailliert untersucht.

ON-Faltungspfad
> e e e B B
SSVAVA AVAVAVEREESS SIEEAAVAY AVAVAN RS VAVAY NN = BN AVAVAYES
57: ’

£ UUULU
v/

5 5 )

Aptamer Antiterminator N

Antiterminator Antiterminator

; B
. 2 - . ) .. ) 3\3
SYAVAY AN — SN VYAV SISV AVA . AVAVAVERE S S
59z — h :
(E\ g~ 2\ VExpressions- : E g |
& = =l

J = platform
Aptamer @

OFF-Faltungspfad

Terminator

Terminator

Abbildung 1: Schematische Darstellung des kineéscWodells der Genregulation auf transkriptioneller
Ebene durch Riboschalter.

Zunéchst wurden ON- und OFF-Zustand des 2'dG-bideerRiboschalters mittels NMR-
Spektroskopie strukturell charakterisiert. Dabagteesich, dass der Riboschalter voller
Lange sowohl im liganden-gebundenen und im ligafdgen Zustand die
Terminatorhelix ausbildet und in beiden Fallen cEgulatorischen OFF-Zustand annimmt.
Der ON-Zustand konnte nur durch Verkirzung der RNMA das grine Segment in
Abbildung 1 in einem Transkriptionsintermediat (188 stabilisiert und identifiziert
werden. Mittels struktureller NMR Analyse konnterwez Konformationen im
regulatorischen ON-Zustand nachgewiesen werden,adfeeiner Zeitskala von >1 s
austauschen. Weiterhin unterschied sich der 2'd@dnde Riboschalter beziglich der
liganden-abhangigen allosterischen Modulation vem verwandten Guanin- und Adenin-
bindenden Riboschaltern (Abbildung 2). Um herauszieh, ob dieses Umfaltungsmuster
charakteristisch fir 2'dG-bindende Riboschalter rodpezifisch fir das Bakterium
M.florum ist, wurden zwei weitere Riboschalter aus dem &alin M.florum untersucht:
der I-B 2'dG-bindende Riboschalter und der IlI-B @in-bindende Riboschalter.
Strukturelle Untersuchungen mittels NMR-spektros&agrgaben, dass die allosterische
Modulation in allen M.florum Riboschaltern identisch ist und daher nicht der
Ligandenklasse zugeordnet werden kann. Weiterhasevi die NMR-spektroskopischen
Untersuchungen darauf hin, dass der I-B 2'dG-biddede Riboschalter analog zu dem I-

A 2’dG-bindenden Riboschalter zwei Konformationen@N-Zustand annimmt.
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xpt Guanin Riboschalter mfl I-A 2'-Desoxyguanosin Riboschalter

Aptamer ON-Zustand Aptamer ON-Zustand

Abbildung 2: Schematische Darstellung der struktemeJmordnung zwischen den Stréngen P, Aund T bei
der Umfaltung von der Aptamerdoméane in den ON-Agtaeimxpt Guanin-bindenden Riboschalter aus
B.subtilis und dem 2'dG-bindenden Riboschalter &uglorum.

Im Anschluss an die strukturelle Charakterisierdag I-A 2'dG-bindenden Riboschalters
wurde eine Methode entwickelt, die es ermoglichtinee Vielzahl an
Transkriptionsintermediaten parallel und schnellsyathetisieren. Mit dieser Methode
sollte schrittweise verfolgt werden, wie sich Starkn durch Verlangerung der RNA durch
einzelne Nukleotide verandern kénnen, und somifldanskriptionsprozess rekonstruiert
werden. Der konventionelle Prozess der RNA Herstglldurchin vitro Transkription
konnte dabei in zwei Schritten verbessert und Hdesaolgt werden. Zunachst werden bei
run-off-Transkriptionen mit T7 Polymerase 1-2 zlif@ Nukleotide an das 3'-Ende
angehangt. Die Addition zufalliger Nukleotide wiggbischerweise durch die Verwendung
von Ribozymen verhindert, die sich wahrend der Skaption selbst abschneiden. Die
Verwendung von Ribozymen hingegen verlangsamt wnakiziert den Prozess der RNA
Synthese. Weiterhin sind standardisierte Aufreinggverfahren fir RNA, wie HPLC und
PAGE, zeitaufwandig und kénnen nicht parallel dgefiihrt werden.

Die 3'-Homogenitat von run-off-Transkriptionen kdandurch die Verwendung von
DMSO als Zusatzl6semittel signifikant verbessendea. Wurde DMSO in Kombination
mit DNA-Templaten, die 2'-Methoxy Modifikationen aten letzten zwei 5'-Nukleotiden
enthielter’, eingesetzt, wurde die zufallige Addition von Nukiden an das 3‘-Ende der
RNA komplett unterbunden. Diese Transkriptionsbgdigen lieferten sehr reine und
homogene RNA, so dass die Transkriptionsmischurekdin Zentrifugalkonzentratoren
gewaschen und umgepuffert werden konnten. Die tiesethden NMR-Spektren wiesen
eine vergleichbare Qualitat zu Spektren auf, die HMPLC oder PAGE aufgereinigten
Proben aufgenommen wurden.

Der beschleunigte Prozess der RNA Synthese ernmbglies, eine Vielzahl an
Transkriptionsintermediaten innerhalb von zwei Tadeerzustellen und kann in drei
Schritte gegliedert werden (Abbildung 3): Zunachstden DNA Template durch PCR
unter Variation der RuUckwarts-Primer innerhalb vamvei Stunden hergestellt.
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German Summary

Anschlieend werden Transkriptionen auf Basis d&R#Produkte Uber Nacht
durchgefuhrt. Im letzten  Schritt wird die  Transkigmsmischung in
Zentrifugalkonzentratoren fir ca. 8-10 Stunden Wésser gewaschen und anschliel3end
umgepuffert
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N PCR (2 h)
-‘ - ol -: ‘- Puffer Austausch
it ] (bis zu 10 h)
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o‘wﬁ (Uber Nacht) NMR Messungen
Sesoeiy,
b

Abbildung 3: Schematische Darstellung der Methode sthnellen und parallelen Synthese multipler
Transkriptionsintermediate. Die DNA Template fue diranskription werden parallel innerhalb von zwei
Stunden durch Variation der Ruckwartsprimer hergkstranskriptionen erfolgen tber Nacht. Zum Sslsl
wird die Transkriptionsmischung mit Zentrifugalk@mtratoren innerhalb von 10 Stunden gewaschen und
umgepuffert.

Mit der entwickelten Methode wurden 29 Transkripsmtermediate parallel synthetisiert
und biophysikalisch hinsichtlich Struktur und Ligembindungseigenschaften untersucht.
Die Ergebnisse dieser Untersuchungen sind in Abbdd4 zusammengefasst.

Zunachst wurde die Sekundarstruktur der Transkmgintermediate in Abwesenheit von
2'dG mittels NMR-Spektroskopie bestimmt. Dabei kengezeigt werden, dass sich der
ON-Zustand Uber eine Spanne von 24 Nukleotidencheis den Transkriptionslangen von
113 und 137 Nukleotiden ausbildet. Demzufolge ntisdmfaltung in den ON-Zustand
auf der gleichen Zeitskala erfolgen, wie die Traimlon dieser 24 Nukleotide um die
Genregulation in Abwesenheit des Liganden anzusahalb einer Transkriptionslange
von 139 Nukleotiden verschiebt sich das thermodyseme Gleichgewicht in den OFF-
Zustand. Da die Entscheidung Gber den Transkrigtierauf 5 Nukleotide spater erfolgt,
muss der metastabile ON-Zustand nur Uber diesemebregn Zeitraum Kkinetisch
stabilisiert werden.

Anschliel3end wurde Uberprtft, Gber welchen segelkeni Bereich der Ligand stabil an
die Aptamerdomane binden kann. NMR-spektroskopisdhiersuchungen zeigten, dass
der liganden-gebundene Zustand nur in der einzé\pgamerdoméne zu >90% Uber einen

Sequenzbereich von 10-13 Nukleotiden (Transkrigiéomgen 80-93) angenommen wird.

137



German Summary

Eine Verlangerung der RNA fihrt zu einer kontinliddren Abnahme (bis zu 70%) des
liganden-gebundenen Zustands uber die folgenden N2@Bleotide bis zu einer
Transkriptionslange von 113 Nukleotiden. Der Riladter voller Lange bindet den
Liganden ebenso nur zu 70%. Die NMR Ergebnisse teonalurch Bestimmung der
Dissoziationskonstante mittels ITC fir einige stBbrke Transkriptionsintermediate
bestéatigt werden. Auch wurden Ligandenbindungskieat mittels Stopped-Flow
Fluoreszenz Spektroskopie gemessen. Diese Expdamaeigten, dass sich die Rate der
Ligandenbindung mit einer Verlangerung der RNA hiérandert, insofern die Aptamer
Domane als stabilste Struktur vorliegt. Daraustfadigiss die Rate der Ligandenbindung
ausschlief3lich durch Fluktuationen in der zellut&&lG Konzentration reguliert wird. Da
die Ligandenbindung eine Kinetik zweiter Ordnung wird durch eine Erhéhung der
Ligandenkonzentration direkt die Bindungsrate bkschigt. Demensprechend wird bei
hdheren 2'dG Konzentrationen der liganden-gebundesend durch schnellere Bindung
starker populiert. Der sinkende Populationsvertiad liganden-gebundenen Zustands mit
zunehmender Transkriptionslange reflektiert somiekd eine Feinabstimmung der
liganden-abhangigen Regulation. Weiterhin zeigem Hrgebnisse, dass die kritische
zellulare Ligandenkonzentration und die darausltiesende Bindungsrate, die benétigt
wird um die Genregulation auszuschalten, der Sweitate von ca. 30 Nukleotiden
entsprechen muss. Ausgehend von Transkriptionsfatdrakterielle RNA Polymerasen,
liegt diese Rate im Bereich von 0.3 -3%!!

Zuletzt wurde die Umfaltungsrate von der Aptamerdoen zum ON-Zustand
experimentell bestimmt. Dazu wurde das verkirzteN-ZDstand stabilisierte
Transkriptionsintermediat (122 Nukleotide), hergést und durch photolabile
Schutzgruppen in der Expressionplattform dazu gétyadie Aptamer Konformation
anzunehmen. Zur Herstellung des Konstruktes wuirdenedifiziertes Fragment (36 nt),
hergestellt durch Festphasensynthese, an ein m=uttgrkiertes Fragment (85 nt),
hergestellt durcln vitro Transkription, enzymatisch ligiert. Licht-induzieiSpaltung der
photolabilen Schutzgruppen initiiert somit eine @dthing von der Apatmerdomane in den
ON-Zustand. Die kinetischen Experimente zeigten,ssdadie liganden-freie
Aptamerdomane mit einer Rate von 1'8und die liganden-gebundene Aptamerdoméne
mit einer Rate von 0.087sin den ON-Zustand faltet. Wahrend die ligandenefrei
Aptamerdomane auf der gleichen Zeitskala in denZbbkand faltet, auf der die RNA
Polymerase die Nukleotide 113-137 synthetisie#t (3.7 &Y, ist die Umfaltungsrate im

liganden-gebundenen Zustand im Vergleich zur TrapS&nsrate zu langsam.
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German Summary

Simulationen zur co-transkriptionellen Faltung 8afsis dieser Ergebnisse zeigten, dass
der I-A 2’dG-bindende Riboschalter die Genexprassiar in einem Bereich von ~50%
regulieren kann und dabei auf charakteristischedoi@ke Transkriptionsraten angewiesen
ist (10-90 nt/$1Y. Folglich ist das traditionelle Modell eines hieé AN/AUS Schalters
stark vereinfacht. Im Gegensatz dazu werden Papntaterhaltnisse durch
kontinuierliche Verlangerung der RNA wahrend dearikription angepasst und durch

subtile Fluktuation in der Ligandenkonzentratiogedtimmt.
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Abbildung 4: Zusammenfassung der co-transkriptieneFaltung des I-A 2'dG-bindenden Riboschalters.
Um die Transkription auszuschalten, muss die Ligabthdung direkt nach der Synthese der
Aptamerdomane (80 nt) erfolgen. Um 90% aller Traps& zu terminieren, muss die Ligandenbindung
weiterhin wahrend der Transkription von 13 Nukldeti erfolgen. Sollte der Ligand wahrend der
Transkription von 30 Nukleotiden binden, so wird liganden-gebundene Zustand nur zu 70% ausgebildet
Nach der Transkription von Nukleotid 113, faltet ®NA in den regulatorischen ON-Zustand. Dieseurait

ist auf die Synthese von 24 Nukleotiden beschraBkperimentell bestimmte Umfaltungsraten, sowie
abgeschatzte Transkriptionsraten fur die jeweilidgealtungsereignisse, sind entsprechend angegeben.
Tertiare Interaktionen sind mit durchgezogenenédnngekennzeichnet. Gestrichelte griine und rotdePfei
beschreiben Interaktionen, die mit der angezei§edtundarstruktur konkurrieren.
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