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Abstract

Aptamers are valuable tools invariety of biotechnological applications, ranging from
biosensing tan vivocell imaging. Studying these molecules can further our understanding of the
structure and kinetics of nucleic adidand binding. Theulforhodamine B binding aptame8RE2) isa
polyanionic molecul¢éhat was selected to bind a ligand with an overall negative charge. It is also a
somewhat promiscuous aptamer that can bind ligands that vary markedly in shape, size and charge.
These characteristics maks ftinding mechanisis of nterestto characterize.

In Chapter 2ye categorizd potential ligands based on their binding mode and structural
characteristics required for high affinity and selectivity. Several known and potential ligands-2f SRB
were screened for binding affinity using fluorescence. Promising candidates were subtgque
characterized bypiophysical assays including fluorescend€;, DSCSPRCD and NMR spectroscopy.
These studies shawd that rhodamine B has the ideal structural and electrostatic properties for selective
and highaffinity binding of the SRB aptaner. These are desirable properties in relevant applications
of aptamers, indicating that of SRBigands currently commercially available, rhodaminedsld be
the most usefuin those contexts.

In Chapter 3 we show NMR experiments performed on the SRiptamer with the goal of
elucidating a solution structure. An unldiea sample, as well as three samples selectively labelled on a
single type of nucleotide (A, C and U) were synthesized and analying@awsariety of pulssequencs.
These included nitiple variations of HSQC, NOESY, TOCSY and COSY expé&igignificant amount
of NMR data wre obtainedand sometentative andpartial assignments were made, but ultimatéhe
datawere insufficientfor unambiguous assignmerithis resulted from seval sources, but broad lines
caused bystructural heterogeneityvere the primary obstacle encountered.

In Chapter 4ye opted to pursue alternativBlMRapproaches whichid not require isotopic

labelling.This strategy,egmental analysjsnvolvesbreakirg a molecule down into smaller segments
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and studying them individuallyf he structural information obtained from the segmemtas then

combined to give an overall picture of the faiked moleculeThis methodvas used wherhere are
multiple stemloop segments in a sequence that form stable structures independent of the other stem
loops.Otherwise, this methodlid not yield accurate depictions of the overall structulethis chapter,
strategies for designing representatitreincations are outlined. For a 16mer containing a UUCG
tetraloop, assignmente/ere completed, and a structureras calculated. This allowed for several
resonances in the spectra of fldingth SRE to be identified Results with another stedoop region
indicate thatsegmental analysis beyond the UUCG tetraloop is not possible for this systeta
interactions between the two other stedoops.

In Chapter 5a Na'-binding aptameipresent in several DNAzymes was investigaiduese
DNAzymes require Né#or activity but show no activity in the presence 6faf other metal ions. Given
that DNA can selectively bind By forming a Guadruplex structure, tagoal of this work was to
determinewhether this Nadaptamer also uses a-@iadruplex to bind Na TheNa" aptameris
embedded inthe trivalent lanthanidedependent DNAzym€e13d Its sequenceonsists of multiple GG
sequences, which is also a prerequisite for the formation of G4 structlioegrobe the structure of
Cel3d for G4 presengthioflavin T (TH) fluorescence spectroscopy, NMR spectroscopy and CD
spectroscopy were used. Through comparative ThT fluorescence spectrometry studies$e ke ok
that a control Gquadruplex DNA exhibited fluorescence enhancemeithe presence of KThe Cel3d
DNAzyne did notshow fluorescence enhancement in the presence’obit displayed fluorescence
decrease with low millimolar concentrations of INa&his greeswith NMR experimentshat suggest
Cel3d adpts a significantly different conformatioor equilibrium of conformationgn the presence of
Na' versus K However, it doesippear significantly more stable in N&@heabsence of characteristic-G
quadruplex peaks in 111 NMR suggest tha Gquadruplexis not responsible for the Ndindingand

this is supported by thabsence of characteristic peaks in the CD spectra of this sequEneefore,

Vi



we concluded that the aptamer must be selective fof Biad binds using a structural element that does

not containa Gquadruplex structure
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Chapter 1: Literature Review

1.1 Overview of Nucleic Acids

Our understanding of the biologicahportance of micleic aciddias come a long way in the last
three-quarters of a centuryThe significance of DNA and RNA in biology cannot be underststed;
matter of fact,their story canbe summarizedh Nobel Prizes alon®dodern understanding of nueic
acidsall startedwith JamedNatson andFrancid NJA @ridKlaurice2 A f | A R&s&QNAE WIRY 1 £ A y Qa0
model of DNAandwon the 1962 Nobel Prize in Chemidittg3]. Shortly thereafterthe mechanism of
nucleic acid synthesis was detailed®ghoa and Kornbergvho discovered and characterized DNA
polymerase[4,5]. Theywere actuallyrecognizedby the Nobel committee for their work on nucleic acid
synthesis a few years earligran Watson, Crick and Wilkins, receiving their pfizgohysiologyin 1958
Thebig picture became much clearer whBobertHolley,HarKhorana, and/iarshallNirenbergwere
able to classify the functions of biomolecules, specifically the role of DNA in protein synthesis, forming
what we know today as the central dogma of moleculatdgy. Holley discovered and characterized the
structure and function of tRNP], while Khorana and Nirenberg determined the genetic code, showing
how codon tripets code for amino acid¥,8]. Their work won the NobelPrizefor physiologyin 1968.

With the fundamentals of nucleic acid structure, chemistry and function now in ptagas time
for field of molecular genetics to shine. This was made possible by the discovery of restriction enzymes
by WernerArber[9]. HamiltonSmith andDanielNathansdiscovered additional restriction
endonucleases angere then able to show how they work and how they can be used to create genetic
maps, respectivelfl0,11] These three men received the 1978 Nobel Prize in physioleyy.ifNine
were PaulBerg,Walter Gilbert andFrederickSangerwho won the Nobel Prize in chemistry just two
years later. Bergvas recognized for his work understanding the mechanisniEN#Arecombinationin

viruses[12] and Gilbert and Sanger for their development of DNA sequencing mefhdds!] Aside



from paving the way for the next chapter in studying nucleic acid structure and function, this work also
planted the first seed in the biotechnology field. Now that nucleic acids were becoming better
characterized, scientists could bado think of howto use these biological processes and chemistry
new, innovativevays.

To summarize this section, the biological and evohdity importance of nucleic acids is
immeasurable, but at their core nucleic acids are biomolecules, polymers and cheifiiealare tools

that scientists can apply to large variety of applications, just like proteins and small molecules.

1.2 History of A ptamers

In thelate W0sand early\80sanother revolutionary, Nobelrize winning discovery was made that
would forever change the ways scientists viewed nucleic aBidaeyAltman andThomasCech
discoveredrRNAwith self-catalyticcapabilities Altman and Cech independently found that RNA could
cut strands of RNAy, discovensuggestinghat life could have started as RNi5,16] This is now known
as the RNA world hypothesis, a phrase eventually coingbebgforementioned Nobel laureate Walter
Gilbert. Thiswork was eventually awarded the 1989 Nobel Prize in chemigtieywill come back to
catalytic nucleic acidstler, but the importance of this discovery with respecttiee eventual
development ofaptamers waghat RNA could have functional roles beyagxpression othe genetic
code This was expanded upomhen researclpy several groupsn HIViwas finally able taletermine
the previously unknown role of viralssociated RNAs, short RNA sequences that had been found in
adenoviruse$17¢20]. Their role in transcriptional regulation was fascinating in and of itsatfthe
major dscovery here wathat short, partially doublestranded nucleic acid sequencesn bind targets,
in this case proteins, with high affinity and specificity. Today, that is the textbook definition of an

aptamer.



Following the establishment of the biologidahctions ofnucleic acids and thexistence of
functional nucleic acidsesearchers began to investigate the diverse structures of single stranded
nucleic acids. Asptamer pioneef | NNBE D2 f R K Ihapes; notitdpds[21]. Kh8idtertlaldB & &
structures particulaly thoseoncell K 2 dz3 K i 2 T Wutherstildiyas 1RN2Sa0d tRNMdre now
recognizedas more similar t@lobularproteins thanto linearDNA. It was not lost on biochemists of the
time that these RNA molecules somewhat resembled the antigen binding sites of monoclonal
antibodies. Of course, by this timiae discovery of monoclonal antibodies and the creation of
monoclonal antibody hybridomdsadalready won Nobel Prizes of their ovand their potential to treat
diseases was recognizerthisinspiredthe searchn the late'80s and early{80sfor so callechucleic acid
antibodies This was done usirg vitro mutagenesis, a method that would eventyalie developed into
what we now know as SELEX (the systematic evolution of ligands by exponential enrichment).

The concept oin vitro selection originated in th&960swith work by Sol SpiegelmaHlis studiesn
the @ RNA bacteriophage led to the discovery of its replicase proagifRNAdependent RNA
polymerasg22]. Thisenzymemadein vitro synthesis of viral RNA possible. Spiegelthan 62 NJ 6 A (i K
exogenouwiral RNA was able to shdwarwinianselection whervariousselectivepressures were
applied[23]. These experiments resulted in mutants tthatd eliminated large portions of their
nucleotide sequence, retaining only those réwga for replication. Mutants with other interesting
phenotypes such as resistance to ethidium were also obtained and became the basis for studies on
selecting mutants with increased replication ratesder inhibitory condition$24]. This was some
significantprogressbut a couple of limitationgxistedthat would not be lifted until years later. Any
sequence of interest required a vectiororder to be studied in this capacitiye to their swift removal
upon any selection pressure. In addition, the scalaroplification, in generalwasstill minuscule

compared to what we have to work with today another decadehowever, this would akthange.



In the 1980s, Kary Mullis revolutionized the frgwf aptamer research when teame up with the
concept of the polymerase chain reaction (P{2B). PCR allowed for the rapid amplification of DNA,
making millions to billions of copi@s mere hours. It also made the process of amplification sequence
independent. This allowed researchers to easily amplify any sequence(s) of interest. This invention won
him the Ndbel Prize in chemistry in 1993. Reverse transcription PCihweted shortly thereafter and
is a staple of aptamer selectipand many other methodologieR) this day.

In 1989, Arnold Oliphant and Kevin Struhl published a paper in which they had synthesized DNA
oligonucleotides 25 base pairs in length with randesguence$26]. They screened those sequences to
select for those that bound tayeast transcription factgqiGCN4. However, this work did not use
amplification in any sense of the word. They simply used affinity chrognaphy to screen atif the
DNAsequenceshat they had made. This was really the first timevitro mutagenesis had been used on
this scalebut it still lacked the critical componesof evolution andamplification.

Finally, by combining then vitro mutagenesis work of Olifant and Struhl withthe PCRechnique
invented by MullisSELEX was established independdnylywo groups in 1990: firdty Larry Goldand
his student Craig Tuerthen byJack ostakand his student Andrew Ellington about a month
later[27,28] Craig Tuerk and Larry GOidd ¢ 2 NJ] F20dzaSR 2y |y wb! &SIldzsSyoO
bacteriophagel4 DNA polymeras@hey took an eight nucleotide stretch of this RNA and completely
randomized the sequence, creating a pool of 65 FBptlhieoreticalmutants. Their initial library was
large enough (theoretically 5 x 46opies of each individual sequence were presemdt even athe
lowest concentrationghey used millions of copies of eadequenceshould be presenat the start of
the experimenfassuming relatively consistent incorporation of each type of nucleofiies suggests a
high statistical probability thaall theoretical sequences wemraifficientlyrepresented After initial
transcription of the DNA library, selection was performed i bacteriophage T4 DNA polymerase

(gp43) These sequensavere isolated and reverse transcribed, followed by PCR &ogpion. Four
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theoretical sequences, they obtainégo with high binding affinity for thdacteriophager4 DNA
polymerase, the wildype sequence and a mutant with four varying nucleotidesnore detailed

schematic of this procedure is shown in Figure 1.
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The general steps of this procedure in include construction of a DNA template for transcriptittng

transcription of the RNA by T7 RNA polymerase, selection mtaeitulose filters by the target, gp43,

reverse transcription, and PCR.



Ellington and &stak used six rounds of essentially identical methodo(Bayure 2) to select
sequences that bound to seven different dye columineylwere interested in these particuldyes due
to their resemblance to biological cofactors, for examgl@dracon blugwhich was known to bind to the
NAD binding site of many dehydrogenases hadpreviously been used for affinity chromatography
They were able to obtain sequences with varying degrees of affinity and selectivity for the various dye
columns. Some of the clones obtained varied markedly while others had regions of conservation,
suggesting that nucleic acids can fit around their targets in numerous wayshatitonly certain parts of
0KS aSljdzsSyO0S ¢2dd R 0S Ay@2ft SR Ay OAffoRiig3Id Ly FI O
observation as it comes from the Latiptus whichmeanst 0 2 FAG®dé 9t f Ay3Ad2y FyR {

that novel ribozymes ight be obtained by applying this technique to transition state affinity columns.
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selection.
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selection step was done using a column based methodology rather than a nitrocellulose membrane.
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perform SELEX to get aptametditimately, Craig Tuerk and Larry Gold were awarded the patent for the
invention of their SELEX technoldg9]. Larry Golénd Gilead Sciences Iadso held many other broad
patents on aptamer selection methodology such as solution SELEX and countej38EBI1EAs a result
of these patents and several othethe commercial interest of these moleculegas largely subdued

until their expiry in the late 2000s and early 2810hroughout theseyears,countlessadvances in



selection were madgncluding the improvement of librées, selection of sequences with complex and
dual functions and various strategies for improving the selectivity and nuclease resistance of aptamers
Next we will take a closer look sbme of these advances and outlithee generalmethodologies and

consterations that go into a contemporagptamer selection

1.3 SELEX

Two different schemes for RNA aptamer selection wareadyshown in Figures 1 and 2, but a
generalized scheme applicable to more types of nucleic acid selections is shown in Fitagle 8ep
shown in this scheme will be discussed bridfllowed by a few other important factors that are not

explicitly shown here.

1.3.1 Creating a Library

The first step of any aptamer selection is to obtain a library of sequences from which to elect.
typical selection consists of a sequence-86-80 nucleotides partly or entirely randomized, flanked by
two fixed sequencesf approximately 20 nucleotiddas lengththat are designed toantain appropriate
PCR primerf32]. When selecting RNA aptamers] @ promoter is also required for transcriptipnior to
each roundRandom regions are synthesized by using an equimolar mixture of dbtides, resulting
in a poolof ~13“unique sequencesThe probability of finding a particular sequence isM.i4. the
longer the random region, the less likely it is to find a specific sequame¢odsampling biasTherefore,
multiple selections may be required in some cd&3. The oligonucleotide pal isalsousually
amplified to ensure multiple copies of each sequence are present tothmjiotential loss of binding
sequencesSometimes a genomic library can be used instead of a synthetic one, but this of course limits

possible aptamer sequences haturally occurring oneg84].



Another consideration heréor selection of DNA aptameisthat the DNA must be single
stranded for selectiomand forfuture PCR amplifications. One of the meffectiveand commonly used
methods for separating the strands is by biotinylation of the reverse primdrich allows for the
removal of the template strandfter PCRamplificationby binding to streptavidinOther more cost
efficient methods include assymetric BGRe separation by PAGE or enzymatic digestion of the

undesired strand35].

Selection library = —_—

Ligand introduced

V. 9
Sequencing R
9:N 8 o

Binding
Regeneration ‘,@
~4-20
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Amplification

@ L

& Elution ‘/@
——

Figurel.3: Schematic outlining the steps in a single round of a general aptamer selection.

General selection steps are still the same as those used by Szostak and Gold when they independently
discovered this process for obtaining RNA aptamers, however, this is a more modern, general schematic

that applies to both RNA and DNA selections.



1.3.2 Binding and Partitioning

As shown inigure 1.3, there are threamain steps in a single selectioycte: binding,
partitioning andamplification.In practice, ~BL5 rounds of selection are perimed. The number of
rounds generally depends on the typetafget, level of stringency used in the selectiand complexity
of the initial pool There are no outright restrictions on the target that is used; in literattamets
include ions, small molecules, biomolecules, and even entire[8é§89]. The ntrinsic properties of
nucleic acid do make for some inherent limitationsowever Nucleic acids are small, negatively
charged and hydrophilic molecules, which mstergeting a small, positively charged molecut®re
straightforward while it may be more difficult to targetlarge, hydrophobic or negatively charged
ligand[40]. The type of matrix usefbr bindingwill also depend on the targe€Commorstrategies,
particularly for small molecule targetsprmally involve immaobilization of the target on an affinity
column[28] or paramagnetic bead#1]. Nitrocellulose filters are often the matrix of choice when using
protein targets[27], and agar plates are used for cBEELEM?2]. How the target is anchorei the
matrixis also a worthwhile consideration #e binding sequences obtained will tend to bind the most
accessible parts of the target and may not be able to bind regions close to the linker.

There are severaleaction canditions that must be considereas well including concentrations
of the targd and library. Bffer conditions mushlsobe optimized to promote binding;dr a small
moleculeselection, this generally consistsrafutral pH, high salt and presemof divalent cations which
often act as cofactors in target bindifd3]. The incubation time and temperature are also crucial
parameters as they must be permissive to specific bindingrbaoimize nonspecific binding. Several of
these conditions, particularly target concentration and incutmatiime, are also ajlisted throughout
the cycles to increase theringency othe selection. This is done to ensure #eguisition of only high
affinity sequences. Stringency is usually not increased until after the first few rounds to prevéosshe

of rare sequences and is then increasedgvessivelyhroughout the rest of the selectiof40]
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Partitioning refers to the separation of binding and Aginding sequencesThs is normally
accomplished by first washing the nbinding and weakly binding sequences awaty binding buffer
followed by the elution and isolation dfigh-affinity sequences using denaturing conditions such as
urea, EDTA and hedh selections usingolumn affinity, stringency can be controlled by increasing the
volume of wash buffer used4]. Once the binding sequences have been isolated, they move BER

amplification and sequence analysis.

1.3.3 Amplification and Analysis

The iterative nature ofhe selection process is whaas made SELEX such a powerful tiool.
results in high affinity binding sequences dominating the pool, simplifying isolation and sequencing of
relevant oligonucleotideslhis of course, would not be possibte sud a largescalewithouta dzf £ A & Q
discoveryof PCR amplificatiof25]. PCR is not a perfect system however and aarehnherent biases.

For example, the negative strand of DNA can compete with primers for hybridizaggarting in the
suppression of raresequence$45]. It is therefore wise to optimize the PCR protocol before selection to
minimize the number of PCR cycles required to obtain a sufficient quantity of products for the next
round of selection. This also holds true for transcription and reverse transcription when selecting RNA
aptamersasformation of certain RNA secondary sttures can be inhibitori46].

Anotheruseful facet ofamplification ighe opportunty it presentsto introduce a mutation
mechanism if one wishes to do $dutant libraries are advantageous becaukey allow sampling of a
larger total population, and in a focused mannegleStions with mutation mechanisms are more likely
to produce gquences with higher affinitiesr enhanced catalytic propertiezs a resulf47,48]
ThermostabledDNA polymerasgare generallyfairly procesive; they haveanintrinsicerror rate ranging
from about 10° ¢ 107 which is notsufficient to maintain a mutat population[49]. Common approaches

include errorprone PCR and hypermutagenic PCR, which involve decreasing th fitltie
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polymerase by using biased dNTP pools and addirfgtMpromote polymerization after mismatches
[50,51] Recombinatiomethods can also be used if a very large degree of mutation is dg4ifgd

Progess of a selection is tracked by measuring the proportion of total nucleic acid that is
retained by UV absorbance at 260nm. Only a small fraction abtaénucleic acid contenwill be
recovered in the elution of initial rounds and those where stringeisancreased. The selection is
complete when essentially all nucleic acid is retained in the elution. The pool is amplified one last time
and sequenced using next generation sequencing techniques. The sequences are then analyzed using
computational techiquesto determine one or a few consensus sequendéisimizationand
optimizationof the sequence is often desirable to highlight the active motif of the aptaift@s. is
generally done using kinetltased methodologiedn addition, sequences may be-selected witha
LI NIHAFff& NFYR2Y 2N WR2LISRQ L}22f dzaSR aLISOATFAOI  f

aptamer with improved propertiefs2].

1.3.4 Counter -selection

Many of the factors of aptamer selection discussed thus far impact primarily the biaffiniy
of the sequence obtainedut another advantageous property of aptamers is their high selectivity. In
fact, aptamers withenantioselectivity for (Ripuprofen and (Siuprofenhave been isolate§b3].
Selectivity can be tailored in the selection procdsausingcounterselection. Thislescribes a cycle in
which an alternate, undesired target is usadd sequences that bind said target are discarded. For
examplewhen using amall nolecule target such as sulforhodamine B is used, an analogue such as
fluorescein may be used as the counter selection §8&. A nontarget peptide may be used when
targeting a specific protein or an unwanted cell type in the case oS¢dlEM2,54] Negative selection

is also used to ensure that the sequences present are hjrttie target as intended and eliminafalse
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positivesthat survive the selection bipteracting with the matrix or binding by lo¢r undesirable

mechanismg55].

1.3.5 Modified Nucleic Acids
Nucleic acid aptamers hold maagvantages over their protein antibody counterpagsch as
ease of storage and modification, low immunogenicity, Higihperature stability andwider range of
potential targetg56,57] One problem with a@tmers, particularly those destined fir vivo
applications, is that their #host stability igelativelylow due to nuclease susceptibility. RNA apeas
are degraded almost immediatelgnd DNA aptamers are degraded witkhifiewhours of incubabn in
human seruni58]. Fortunately, one of the advantages of aptamerth& they are relatively easy to
modify, and nuclease resistance can $teaightforwardly conferred using various modification strategies
before and/or after selection.
¢CKS Y2ald 02YY2y Y2RATAO!I uga gositiol(Aydse 1dadiol@itialA ( dzi A 2 v
Y2RAFAOI GA2Yy ST 7T aNbopyriN#ingLbutehsyrproveddffcayt B use Quring solid
phase chemical synthesisdiire 14c¢)[59]d -fluofb pyrimidines are often used iibtaries due to their
increased coupling efficiencyigire 14d). The famed Macugen, the only FDA approved aptamer, has
H €oro pyrimidine modification$60]. H -fhethylhydroxy groups are favoured as p&ELEX
modifications due to their cost efficiency anddall role as a ubiquitous pestanslational modification
(FHgure 14e). Locked nucleic acidse anotherhighly nucleaseesistant modification that consisbf a
second ring structureeing created @ O2yy SOGAyYy 3 (G(KS HQ OF NIFguse ' YR (K¢
1.4f).
Also popular ar@ €hiol sugars (flgure 14g) and variousnodifications of theénter-nucleotide

linkage. Examples include phosphorothioatethylphosphanatep --P-boranoand thiazoldinkages

13



(Hgure 14h-k) [59,61] Another advantage of modified nucleic acids is that they may diversify aptamer

libraries; they may be able to adopt previously unseen conformations or bind novel targets.

Figurel.4: Types of nudic acid modifications used to confer nuclease resistance in aptamers.
I 0-HODQAY .-GH(RNAEX /-NHZH GO wia S B Qo G)dotked nucleic acid (LNA), H)

LIK2ALK2NRGKAZ2F ST LO-Phoduibk@hiazdé2 3 LK y I 68X Wo pQ

1.4 Fluorophore -Binding Aptamers

1.4.1 Applications of Fluorophore -Binding Aptamers
As discussed in section 1spme of the first proof of concefRNAaptamersselected by
Andrew Ellington and Jack Szosizlked organic dyes as targetue to their similarity to biological

cofactors[28]. They used the same group of dyes to select some of the first proof of concept DNA
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aptamers[62]. The RNA world concept was prominent at the tjimued sdentists were interestedn
gauging the catalytic complexity of nucleic acldsaddition, the inherent advantages of having a
detectable signal built into the systemagnot lost on researchers.

Several years latedackSzostaland Charles Wilson seled in parallel a DNA aptamer and an
RNA aptamer for sulforhodamine ®R)Figure 1.5a)37,63] With the DNA aptamerhey were
interested in finding an aptamer that could catalyze the redox reaction of the colorless compound
dihydrotetramethylrosamine to the fluorescent produtetramethylrosamine (Figuré.6). These
compounds oxidize spontaneoussp they instead used the related dy&Ras the target for their
selection. The clones they ahihed, however, had only weakdox activity and this work was

abandoned.

Figurel.5: Relevantigandsof fluorophore-binding aptamers.
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A) sulforhodamine B, B) Hoechst 33258, C) Hoechst 33242, D) malachite green, E)

tetramethylrhodamineF) fluorescein, atent blue V, H) tetramethylrosamine

Dihydrotetramethylrosamine

Tetramethylrosamine

Figurel.6: Desired redox reaction of the SRBDNA aptamer.

Gold and Wilson attempted tfind an aptamer that could catalyze the redeaction of the colorless

compound dihydrotetramethylrosamine to the fluorescent product tetramethylrosamirigs figure

shows the general scheme for said reaction.

1.4.1.1 Controlling Gene Expression

Thus far aptamers have only been discussed in a synthetic capacity. Of caarisdurnsout,

biological systems haudeng been usingheir own version ohptamerswhichare generally found in

riboswitches. Riboswitches are nucleic acid sequences most comiidhlgzy R A Y

GKS pQ

MRNAs which control gene expression tisdashion through small molecule bindifé¢]. Ritoswitches

consist of two main domains, a gene expression platform and a metalbatiteng (aptamer) domain.

Riboswitchegunction by forming secondary structure elemetit@t impede protein functionThe most

common mechanisms include riiodependent trarscription terminationandtranslation inhibition by

sequestering of the ribosome binding site.
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Thesuspicion of thexistenceof such elementfias been around for some timas proposed by
Larry Golcet al.in 1984[65], but substantial proof was lacking urgll02when riboswitches were finally
characterized by several research groumsking on several different riboswitch§86¢70]. Interest in
potential gene regulation by aptamers was heightened in the B after the establishment of SELEX
[27,28]and further studies showing modulation of gene expression by small mold@ales3]. Initial
studies using synthetic riboswitches (aptamers) to control gene expression were actually done in 1998, a
few years earliethan theW R A & Co? riB@&Wih@sn 2002.

In these studies, two aptamers that could specifically bind both the dye Ho88R58(Figure
1.5b)and the related drug Hoechst 3334Rigure 1.5c)vere selected They were inserted in tandem
into a mammalian -galactosidase expression plasmid which was then transfected into Chinese hamster
ovary cells. These studies showed thimecst 33342 was able to doskependently inhibii -
galactosidase activity by over 9Q74].

The malachite greeraptamer (MGA)s among the most extensively studied aptamers and has
proven to be gnamic in its applicationg5¢79]. This aptamer was originglselected to improve upon
the chromophoreassisted laser inactivatiqi€ALInethod developed by Jay and KeshisHB0i,
wherein antibodies are covalently modified with the fluorescent dye malaché@erg(MG)Figure 1.5d)
Malachite green forms destructive hydroxyl radicals upon irradiation by laser at 630nm, resulting in the
inactivation of the antibody and its target. Therefpgene products can be targeted and inactivated by
controlling the lasefFigurel.7). The malachite green aptamer has a single nucleotide bulge that is
cleaved upon exposure to the hydroxyl radical generated by MG. As a result, when MGA is included in
thepQ !¢w 2F | 3SyS 2F AyiGaSNBaits GKS t1asSNI Oy 65 c
product by reducing transcript stability and translatabi[it$]. Furthermore, this system was used to

demonstrate that celtycle controkould be renderedlependent on MG if5.cerevisiag81].
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630nm laser
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Malachite Green

|

Radical damage results in cap removal, inhibition oftranslation
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|

Degradation

Figurel.7: Sitespecific inactivation of mMRNA transcripts by chromophore assisted laser inactivation.
Malachite green forms hydroxyl radicals when exposed to a lagee@ppropriatewavelength. Due to
close proximity and susceptibility, these radicals attack and cleave a single nucleotide bulge in MGA

resulting in cap removal and translation inhibition.

In 2010, aptamers were selected for the dye tetramethylrhodanfiigure 1.5eyvith high-
affinity and low magnesium dependence for optinmalivofunction, but no further works involving
gene expression were conducteslynthetic iboswitcheshaveremained an area of interest for
researchersfter the CALI studies of MBut studieshavemostlyturned to aptamers with non
fluorogenic ligandshat do not require laser mediation such as theophyllifdviNand neomycij82¢

84].
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1.4.1.2mRNA Imaging

In 1998, in parallel with their work involving the sulforhodamine B DNA aptamer, Wilson and
Szostak also selected an RNA aptamer for sulforhodamj@]Brhe orginal goal of selecting thRNA
aptamer, SRE, wasto develop a tool for fluorescent RNA labelling analogougréen fluorescent
protein (GFPand its derivativedn proteins.The methodology here involved inserting the DNA template
sequence for SRBon the end of a gene of interest, resulting in the fluorescent tagging of that
transcript in the presence of the ligariBigurel.8). Wilson and Szostak recognized that thiislity to
fluorescently label nucleic acidts vivoor in vitro could open up manyossible applicationsTheyalso
used the clones obtained from the SRBelection as a badis select an aptamerdf the similar ge
fluorescein(Figure 15f), which has a similar structure badifferent color than SRThey performed a
proof of concept experimenrin vitrothat showed the two aptamers were able to discriminate between
the two dyes which allowed localization of thetamers to be observed when the dyes were anchored
to separate beadf37]. This highlighted the potenti&br future multiple labellig s wellasForster
resonance energy transfer (FRET) type experiméntsigh contemporary FRET sensors generally utilize
aptamers that are labelled with fluorophores and/or quenchers rather than aptamers that bind them
directly. Despite sulforhnodamine Bnd fluoresceirhaving a significantly greater fluorescence
enhancement than biological cofactors such as tryptophan and flavin mononucleaticleground

fluorescencawvas still fattoo greatfor biological applicationg37,8587].
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Non-fluorescent fluorogen

Light-up aptamer

Figurel.8: Structural basis of lightip aptamers for intracellular imaging.
In solution, fluorogens areon-fluorescent, but when stabilized by stacking interactions with the bases

of an aptamer adpt a fluorescent conformation.

More recent studies involving the SRBaptamer have utilized ligargliencher constructs to
increase the fluorescence enhancement of sulforhodamine B upon binding by quenching its intrinsic
fluorescence with dinitroaniling88,89] This approach yielded success as its brightness surpassed even
enhanced GFP (é®)and105-fold enhancement was observedhis is impressive, but other systems
with different fluorophores have been characterizeidce therthat have generated even greater
fluorescence enhancements.

Studies by Babenduret al. with the SRE2 and MGAaptamersshowed that significantly larger
fluorescence enhancements are observed withiienylmethanedyes as opposed to planganthene
type dyeq76]. They observed that the triphenylmethane dyes such as patent blue V (FBjJje 1.59)
and MG had a lower intrinsic quantum yield and higher quantum ywbleh bound tathe aptamer
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which they surmised was a result of the locking of the rotationally mobile dyes into planar
conformations more similar to the xanthene dyes tetramethylrosamine (T{HiBlre 1.5hand
sulforhodamine B (SR). Malachite grdexrda 23606fold fluorescence enhancement upon bindjng
significantly surpassing SRBind GFP. Thesuld be further increased by using tandem repeats of MGA
[76]. Efforts to optimize the enhancement of aptardesised RNA imaging has more recently turned to
the chromophore of GEB-Hydroxybenzlidene (HBFigurel.9a) and its structural analogues.

The frst works with HB#lerivativesinvolved the selection of an aptamer for DMHBilgure
1.9). It was then detemined that thederivative3,5-difluoro-4-hydroxybenzylidene imidazolinone
(DFHBI(Figurel.9c)was significantly brighter upomptamerbinding (80% as bright as GFP, DMHBI was
only 12% as brightand this system was termed spind@]. Spinacthassincespawned several
additional lightup aptamer systemsith high fluorescence enhancement and of varying color. These
include aptamers that bind other GRHEmics such as brocco]P1] which binds DFHBLT (Figurel.9d),
and corn[92] whichbinds3,5-difluoro-4-hydroxybenzylidene imidazolinorzoxime (DFHQ (Figure
1.9) and aptamers that bind other fluorogenic dyes suchhgesmangoaptamer[93], which binds
thiazole orangeand its derivativesThese aptamers have all besequenceoptimized andused in
various livecell imaging experiments of different types of R[94¢102]. In addition, the corn aptamer
has been used for quantification of transcriptif@2] and the mango aptamer has been used to
simultaneously fluorescently label and purify biologically relevant R8s

Although these GFPased selection targets were able to increase fluorescence enhancement of
these systems drastically, there is always room for improvenmémse RNA aptamehsve been
successful in imaging highly abundant, sicanslated sequences such as tRNA and rfpN&1,103]
However, fluorescence enhancement of these aptamers is insufficient for mRNA imaging owing to its
low cellular abundancfl04]. One methodmplemented to improve fluorescence enhancement is the

use of fluorescent protein multimef405,106] Thisstrategyhas also been adapted for the spinach
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aptamer, where tandem repeats showed up to a fdld increase in fluorescence enhamsent[107].
Tandem repeats of fluorescent proteins can cause some issues, espghitlyusedn organisms with
proficient homologous recombination mechanisf@f8]. Fortunately, transcription seems to be
relativelyunaffected by the presence of spinach aptamer rep¢a®y]. However, the Guadruplex
nature of the spinach aptamer may cause another unforeggeblemwith this type of system.
Although the ability of the Gguadruplex to stabilize fluorogsis likely responsible for thiarge
fluorescence enhancemenf HBI derivativesit has been suggested that RNAj@druplex domains
may be kept globally unfolded in eukaryotic cellsis wouldof course limit the use of such aptamers
for in vivoimaging applications.

This potentidhurdle highlights the importance of studying ways to improve the fluorescence
enhancement of nhonG-quadruplex containing aptamers such as malachite green ane2SIRBact, a
variation of the tandem strategy was recently theorized using-SRB9]. In these studieghe authors
designed a sulforhodamine B dimer called Gesh6il and selected a linker for an SRBimer they
termed o-Coral.This fluorogenic aptameshowed remarkable flu@scence enhancement, surpassing
even the aforementioned HBI derivatives. It also had noticeably higher photostability than the mango,
corn and broccoli aptamers which could extend the useful timeframe of MRNA imaging experiments

[109].
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Figurel.9: Chemical structure of the GFP fluorophore and its RNA aptamer mimics.

A)4-Hydroxybenzlidene (HE) DCt Q& 7T f3dedimhadidzh)xybenzylidene imidazolinone

(DMHBI), selection target of the spinach aptamer3,6difluoro-4-hydroxybenzylidene imidazolinone

(DFHBI)a brighter analogue of DMHBI and ligand for the spinach aptamé&5d)fluoro-4-

hydroxybenzytiene imidazolinond-trifluoroethyl (DFHBILT), an even brighter modification of DFHBI.

E)3,5-difluoro-4-hydroxybenzylidene imidazolinos2oxime (DFHQ)election target of the corn

aptamer.
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1.4.1.3 Metabolite sensing

Another application that fluorolpore binding aptamerare well suited fois biosensing
Aptamerbased fluorescent biosensors are most often FB&SEd sensors that feature either a signal
GhOd2NGE 2RIFTFEdzNIZ RS Ay @2t GAy3 || O2yF2NNIGAZ2YLEFE OKI y:
fluorophore and a quenchdfi10¢112]. That being said, there are several examples of innovative
constructs that directly use fluorophottginding aptamers.

The first attempt at creating such a construct was work done bjasavic and Kolpashchikov
with the malachite green aptamer in 20047]. They created modular aptameric sensors using
recognitiondomains consisting of a binding sfta ATP, FMNr theophyllineanda signalling domain
that had a binding site for malachite gre@figurel.10a). All binding sites were based on existing
aptamer sequences. The motivatioor this work was to create a sensor for these biological cofactors
that could beused for intracellular imagindn contemporary research, the sensing and imaging of
metabolite trafficking has become more popular than imaging RNA traffickimtyo[113].

Shortly after the development of these sensors, Kolpashchikov created a binary malachite green
aptamer to be used as a probe for fluorescently reporting the presence of a specific nucleic acid
sequencd78]. This sensor consisted of two REi#ands,each consishg ofa fragment of the malachite
green aptamer and a fragment of the complement RNA sequence to the DNA target se(figuce
1.1M). In the presencef the target sequence and MG, the two strands would bind with their respective
RNA complement forming the complete malachite green aptamvaich would then bind the dye
resulting in a fluorescence enhancement.

In 2010, Lu and Xu combined aspects of ¢hwg approaches to make a sensor for adenosine
[79]. Their sensor consisted of a construct with aptamers for MG and adenaosiee fogether, and a

bridging strand thatvas constructed such that it could only be released upon binding of adenosine to

24



the adenosine aptamer. Once the bridging strand was released, MGA would be free to bind MG,
resulting in a fluorescent sign@igurel.10c).
One of the problems with using M@r intracellular imagings thatits propensity for forming
radicalsresults in it beingelatively cytotoxic. Therefore, more recent studies in this field use aptamers
that bind to HBI derivatives such as tginach aptamer. Interest in this field has mostly pivoted
towards the development of sensors for use in intracellular metabolite imagingany of the
O2yaiNHzO0Ga ONBIFGSR Ay NBOSyd &SEFENE O0SFNIF AadGdNR{AY
work with the malachite green aptamefhe spinach aptamer alone hsincebeen used to image a
variety of metabolites in cellincludingadenosine, ADRyuanine, SAM, guanine, GTP, cydliGMPand

c-AMPGMP[114¢116].

25



Binary MGA

DNA Target MG ©
s 90 g =

DNA bindingarms

Adenosine AdenOSIne

MGz-uJatha mer _ﬂ)m —> ..9.....0--

C o © O ~

MG

Figurel.10: Metabolite sensors based on the malachite green aptamer.

A) A modular aptamer construct for metabolite detection was devised by fusing binding motifs from the
malachite green aptamer (MGA) and several metabolite binding aptamers such as the flavin
mononucleotide aptamer. A tangible increase in fluorescence wasebdénthe presence of FMN

[76]. B) Another sensing approach involved a binary aptapased on the sequence of MGA. Each

strand also had an arm whose sequence was the complement of a target DNA sequence. In the presence
of the target sequence, both arntisnd to a target sequence and the complete MGA forms, resulting in

MG binding and fluorescence enhancemégfit]. C) An improvement of the methodology of a modular

aptameric sensothat utilizes a bridging strand to increase fluorescence enhancement. ffdusl s
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prevents binding of MGA until adenosine has already bound to the adenosine aptamer, which releases

the bridging strand and allows MGA to bind MG.

1.4.2 Structural Studies of Fluorophore Binding Aptamers

One characteristic thadll of the aforementioned applications have in common is that their
NI GA2Yy Il f RS@OSt2LIYSyid NBtASa KSIFI@Ate 2y FdzyREYSyidl
complex. For example, if a researcher wishes to design a riboswitaintrol transcription of ayene
with a fluorophore bindingptamer,they must ensure that thboundapo-form folds sufficiently to
block transcription and the holform does not Fortunately, a distinguishing featiof aptamers is their
adaptive bindind117¢122]. That is, an aptanmrdén the abseace of its ligand (holéorm) tends to be
relatively unstructured butvhen bound to its ligand (apfmrm) formsstructuredbinding motifs.
Therefore, aide from characterizing the fundamental binding properties of nucleic acids, obtaining
crydal or solution structures for these systems is important becaisgctural knowledge o& systemis
useful for implementationn various applicationst is no coincidence then that tHeandful of
fluorophore-binding aptamer structures that have been danined mostly coincide with the previously
discussed aptamers that have been usede@mworld applications.

There are six fluorophorbinding aptamers thahaveat least onestructure availableand each
has contributed to the understanding of ligaimtluced folding in aptamesmall molecule systems. The
first system successfully characterized was the malachite green aptamer, for which a crystal structure
was determined when bound to the higtffinity ligand analogue tetramethylrosamine (TMRigure
1.11a)[123]. Shortly thereafter, a solution structure was determinir MGA bound to its original
selection target MGFigure 1.11b)124]. Comparison of these structures led to insights regarding the

ability of the binding pocket to adapt to both planardanon-planar ligands.
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The spinach aptamer was successfully crystallized years later in 2014 and revealed for the first
time a Gquadruplex motif involved in the binding of a fluorophgrégure 1.11d)125]. They observed
that this G-quadruplex motif was well suited to bind and induce fluorescence in an organic dye as it was
forced into a locked planar conformation upon binding. A crystal structure was also obtained for
iSpinach, the result of further selection to optimize the fluswence and folding properties of the
original sequenc§l26]. This structure showed that mutations in iSpinach resulted in a more stable and
compact binding motif thathe original sequence and conferred advantage properties such as
thermal stability and reduced salt dependence.

Around the same time as iSpinach, several similarly fluorogenic systems of varying color were
also characterized byray crystallography. The mango and corn aptamers were revealedlite g
guadruplex motifs as well, cementing the importance of these structures indiglaptamer systems
[96,127] The fluorescence properties of the mango aptamer were also optimized in a similar fashion to
iSpinach and the structure of this mutant was recently obtaifi&8]. Interestingly, thedimethylindole
red OIR23) aptamer, which binds the cyanin dyes dimethylindole red and oxazole thiazole blue, was
determined to be the first fluorophore binding aptamer that did motlude a Guadruplex motif or a
base quadruple such as that observed in MGA. Instéagljés on a base triple as a stacking platform
which diversifies the known range of fluorophore activation by RNA.

Most recently, a structure for a tetramethylrhodamine aptanfEMR3)was determined by
NMR spectroscopjl29]. TMR3 was found to share some structural similarities Withmalachite green
aptamer, but as shown in Figure 1.11d hias abase triplesimilar toDIR2sInterestingly, the
fluorescence of the ligand is quenched upon binding in contrast to all the other systems that have been
characterized. The ligand bindstlvsimilar base stacking and hydrogen bonding patterns to other
fluorogenic RNAptamers,so it is likely that this low fluorescence conformation is a result of a pKa shift,

possibly of one of the carboxyl groups.
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Figurel.11: Structures of selected fluorophore binding aptamers.

A) Crystal structure of MGA bound to TMIR1T)123]. B)Solution structure of MGA bound to MG
(1Q8N)[124]. C)Crystal structure of the iSpinach aptamer bound to DEEBB3)126]. D) Solution
structure of TMR3 bound to tetramethylrhodamif(@GZK)129]. Images were created with the
modelling softwardJCSF Chimera, developed by the Resource for Biocomputing, Visualization, and

Informatics at the University of California, San Frandis80].
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1.5 Catalytic Nucleic Acids
1.5.1 Ribozyme Discovery

In 1982, Thomas Cech was the fistliscover RNA with catalytic properties thanks to his work
on theTetrahymenantervening sequence RNA (IVS RMA)ch is capable of sediplicing[16]. Cech
shared theNobel Prize for Chemistry in 1989 with Sydney Altman, who characterized the catalytic
properties of the RNAse P ribozynvehich also cleaves RNA,1983[15]. Several biologically relevant
ribozymes have since been discovernedluding the Varkud satellite (VS) ribomy[131], the
hammerhead ribozym§l32,133] the hairpin ribozymg134], the ribosome[135]and the spliceosome
[136], all of which catalyze ehvageand/or ligation of the nucleic acid backbam&nother interesting
ribozyme discovery was GImS, a-®#dfaving ribozyme that acts as a riboswiftB7]. More recently,
synthetic ribozymethat can perform a variety of @mical reactionshave been developed 38¢141]as

catalytic nucleic acids can be obtained through SELEX, just like aptamers.

1.5.2 Selection of Catalytic Nucleic Acids

Gold and Szostak are usually creditedwiite invention of SELEX, but tlegher, often
underappreciated, pioneer in this field is Gerald Joyce. Jaydérobertsoralso independently came up
with anin vitroselection method in 199{142]. The main difference in thigork was that rather than
selecting aptamers that bind small molecules or proteins, Joyce was interested in selecting catalytic
RNAsEllingtonand Zostak did ponder the possibility of selecting catalytic RNAs in their work earlier in
the year[28], but Joyce was the first to actually do it. Usimgitro selection, Joyce and Robertson were
able to isolate a mutant of the sedblicingTetrahymenaibozyme which more efficiatly cleaved its
substratethan the wildtypesequence Their iteration ofn vitro selection was again striking similar to
D2f RQ&a | s/pRocefilres, an koht@nporary selectsof catalytic nucleic acidypically usehe

samegeneralSELEKrocedure as aptamerfue to the nature of these moleculdbere are some
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differences such asimobilization not being implementedn addition, cleaved nucleotides must be
separated from intact sequenceshichis usuallyachieved throughhe use of eibher polyacrylamide gel

electrophoresis (PAGEY biological tags such as biofit43].

1.5.3 DNAzymes

Although not found in nature, DNAzymes can also be selected through SBEHXst
DNAzyme, which could catalyze the cleavage of RNA, was isolated by Ronadd &rda&erald Joyce in
1994[144]. DNAzymes have since been created with the capacity to perform many types of catalysis
including nucleic acid cleavage and ligafib#dc147], DNA modifications such as phosphorylation
[148], adenylatiof149] and deglycosylatiofiL50] and even dielsAlder reaction151].

DNAzymes have been used in several applicationkiding DNAzyme therapeutics, of which a
few have participated in clinical trials. These are generally treatments involving the inactivation of mMRNA
sequences, downregulating the expression of diseatsted proteing152]. The most common class of
DNAzymes are ribonucleases, which catalyze the cleavage of an RNA phosphodiester bond via a
transesterifaction raction. These selfleaving DNAs generally require specific metal cofactors which
has resulted in metal sensing being one of the most studied applications of DNABgnase irsuch
commercial applications, DNAzymes provide a couple of key advantageshmaymesincluding

stability, cost efficiency and ease of chemical modificafidi3].

1.5.3 Structural and Functional Importance of Metal lons

Due to the polyanionic nature of nucleic acids, it is impossible to discuss their structure and
function without also considering metal ioriEhe negative charges need to be shieltbgdcations, i.e.
metals,to allow the formation of stable secondary structutgue to their stabilizing effect on nucleic

acid structures, metal ions are imperative for the biological functions of DNA and RNA: storage, reading
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and homologous recombination of genetic informatid®4]. Metal-bindingalso ha a significant impact
on thestability andreactivity of various functional groups in nucleic acetpeciallyparticular
heteroatoms in the basgd55]. They also mediate the ability of nucleic adidlsnteract with proteins
and other ligand$156].

In specific sequences, the presence of metals can lead to several distinct structural motifs
including triplexegFigure 1.2a), helical junctiongFigure 1.2b), quadruplexegFigure 1.2c)and the
loop E motif(Figure 1.2d) [157¢161]. These types of motifs are all dependent on the presence and
concentration of common intracellular metalacluding N& K and Mg*. Some metals can also bind
specifically to certain base paisich as in thymin¢ig?*-thymine[162] and cytosineAd-cytosine[163].

As the diverse roles of metal ions listed may suggest, under correct condibdsbind to
certain metals in a highly selective mamn€his useful trait is often exploited lnotechnological

applications such as DNAzy+#hased biosensing.
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Figurel.12: Metal coordination to several nucleic acid structures.

A) Pentahydrated magnesium abilizes triplex formation by binding to the N7 of guanine in the tertiary

strand. B) Nickel (ll) stabilizes a thweay junction by complexing with three bipyrimidines. C)

Potassium promotes the formation of@uiadruplex in guaningich sequences. D) Aigue binuclear

magnesium cluster observedthe Loop E motif.

1.5.4 Metal Biosensors

The ability to specifically detect metal ions is important for numerous reasons. Metals have

great physiological importan¢such as their aforementioned roles with respect to nucleic acids. They

are crucial for celignalling andransport[164,165] and metalloproteins aréhought to make up about

half of all known protein§l66]. Maintaining proper cellular levels of metals is therefore important for
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human healthand the ability toreliablytest these levels is required for diagnosiswdtal deficiencies
and otherrelated ailmentsMetals are also important in sodieasanthropological activitiesuch as
mining, smelting, kectronic waste disposal and domestic and agricultural use of metal containing
compoundscontinuously resulin significanollution of heavy metal$167¢170]. Heavymetalsare a
known hazard to human health and the environmghereforethe ability to test drinking water and
other potential sourcedgor contaminationis imperative DNAbased methodologies have been used to
detect a large percentage of metals from the periodic tgtl&l]. Different strategies are implemented
depending on the metal of interéand the ways it is known to interact with DNA. For examplé hda
been detected using an aptamer sequenceisienerally detected using@uadruplex based
sequences and metals such ag'Rise metaldependent sekcleaving DNAzymes.
Biosensorgenerallyconsist ofa biomolecular element, which in this caseDNAand a signal
transduction element. Most signal transduction elements in DNAzyme sensors are either fluorescence,
colorimetric or electrochemical baseHluorescent detectiois often achieved using
fluorophore/quencher pairl72]. Nanomaterials such as quantum dots (Q@9)d nanoparticles
(GNP% graphene oxide and carbon nanotubes have prouseful as vectors for these labelling pairs
[173¢175]. Additionally, the change in color between dispersed and aggregated GNPs is the basis of
several colorimetribiosensorg176¢178]. Several unique strategigsmve been used to develop

electrochemical sensors with impressive detection limits for metals subtrafl 79¢181].

1.6 Contents of the Thesis

In orderto develop potential applicationsuch as biosensors and cell imagiwg must have a
thorough understanding of how aptamers bind to their targets. This altdwesnicalmodification and
sequenceoptimization of aptamer systems for their usegreviously discussecbmmercial

applications. This iwherework on characterizingptamer structure and binding kinetics comes into
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play. Chapters 2,3 and 4 feature work on the aptamer-2RBhich is an interesting one due to its ligand
promiscuity and overall negative charge of the ligabdapter 2 will present work wherein a varietly
biophysical techniques were used to characterize the binding kinetics and affinity of several known and
screened SRB ligands. These techniques are also used to categorize the ligands by mechanism of
binding. Chapter 8iscusseshe attempted determimtion of a solution structure for SRBbound to SR

by NMR spectroscopy. This involved the preparation of several unlabelled and selectivity isotopically
labelled SRR samples. Chapter 4 outlines further characterization of the Zgdnplex using a

segmatal analysis approach. Several truncated versions of the2SipBamer were designed and
characterized by fluorescence and NMR spectroscopy. Chapter 5 presents work involving a DNAzyme
that strongly discriminates between Nand K. This work uses specsoopy techniques including ThT,
NMR and CD to show thadespite high G contenthis selective binding ability is not conferred bya G
guadruplex Chapter 6 presents a summary and review of future work that can be done where

applicable.
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Chapter 2: Ligand Specificity and Affinity in the Sulforhodamine B

Binding RNAAptamer

2.1: Foreword

The esults in this chapter have been publishadhe journal Biochemical and Biophysical
Research Communicatiorsyle A. PiccoloBrooke McNeil, Je€rouse, Su Ji Lim, Sarah C. Bickers, W.
Scott Hopkin& Thorsten Dieckmaniiigand Specificity and Affinity in the Sulforhodamine B Binding
RNA AptamemBiochem. Biophys. Res. Comnt020,529(3), pp 666-671.Any permission for further
re-use of this matrial should be requested directly from BBRC with the DOI:
https://doi.org/10.1016/j.bbrc.2020.06.056

LSPR experiments in this chapter (Figures 2.5 and 2.6, Table 2.5) were performed by Brooke
McNeil and the electrostatic potential surfaces (Figures ariP2.23) were calculated by Jeff Crouse
and Su Ji Lim. All other experimental work was performed and analyzed by the candidate.

All data and figures in this chapter were publistedhe above articlavith the following
exceptions: DSC experiments showifFigure2.20), CD experiments shown in (Figt1), ITC salt
studiesshown in Table 2.8nd the following NMR figure§&igures2.8-12, 1719). Data and figures listed
are unchanged from the original publication, though some of the text was modifidddiusion in this

thesis.

2.2 Chapter Abstract

Binding affinity and selectivity are critical properties of aptamers that must be optimized for any
application. The sulforhodamine B binding RNA aptamer-g3iBa somewhat promiscuous aptamer

that canbind ligands that vary markedly in shape, size and charge. Here we categorize potential ligands
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based on their binding mode and structural characteristics required for high affinity and selectivity.
Several known and potential ligands of SRBere screené for binding affinity usinfluorescence
Promising candidatesere subsequently characterized b$PR, IT@uorescence anisotrop\pSC, CD
and NMR spectroscopy. @sestudiesshow that rhodamine B has the ideal structural and electrostatic

properties for selective and higdifinity binding of the SRB aptamer.

2.3 Introduction

The sulforhodamine B binding aptamer (SB B an RNA aptaménat wasselectedby the
Wilson grougo bind the fluorescent dye sulforhodamine B (§X). The secondary structure 8RB
and the structures of siaf the studiedigands are shown in Figugel. The structures of several other
known and potential ligands studied are shown in FidlileSome of the very first targets ed in the
development of SELEX were small, organic, planar fluorophores due to their similarity to biological
cofactors and comparatively high quantum yig@]. Such aptamers, including SRRontinue to be
widely studied due to their potentiapplications in biemaging and lu-sensingd79,88,89,182]

The SRR aptamer was selectefr use inseOl f f SHzLIE  WBK (G I LIGBA. $hwisa e 4GSy
a promising method wherein the complement of a fluorophore binding aptamer sequence is added to a
gene of interest. The target fluorophoréave low intrinsic fluorescence but become highly fluorescent
upon binding the aptame113,182] Several other fluorophore binding aptamers, particularly the class
based on derivatives dluorescent proteirfluorophores such as spinacl®0], broccoli[91], corn[92]
and mangd93] have been selected and studied to create a rainbow of RNA reporter molecules for
nucleic acid researchers analogous to the arsenal of fluorescent proteins used by pestarchers
[113,183] SRR has been used successfully in mRNA imaging experiments with SR and-with SR

guencher costructs designed to reduce background noise in fluorescence measure{8&r&S]
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Aptamers have several characteristics that make them attractive receptors to use in biosensors
compared to antibodies.fiese include similar high affinity, but with higher stabiléijlity to be
produced synthetically, eggnodificationand wider range opotentialtargets.There are a few
literature examples of fluorophore binding aptamers like SR®ing used in this/pe of application.

One prime example is thabekHree sensodiscussed in Chapter 1 thmicorporatedthe RNA aptamer
MGA (malachite green aptamdi)9]. This sensor consisted of a fusion of MGA and the ATP aptamer,
and a bridging strand connecting the two. The bridging strand is released upon ATP binding, allowing
MGA to bind MG andignificantly increase the fluorescenda oder to develop such systems, the
binding mode of the aptamer needs to be wdtlaracterizedwhich we intend to do with the SEB
aptamer.

One of the defining characteristics of SRB its ligand promiscuitfgRE2 can bind a variety of
planar dyes which containsgmilarxanthene ring structurewhich is characteristic of rhodamine
derivatives These dyes are diverse in color, size, chargkeselectivityMuch of the motivation of this
work is to determine what structural characteristics of the dyes make for the bese §g&hd.The dyes
used in this work were selected on a number of factors which include structural similarity to SR,
commercial availability and presence in prior SR8udieqg37,89] The authors who originally selected
SRR used etramethylrosamineandxylene cyanchmong othersn a competiive elution experiment
with SRagarosdq37]. There was also work done by Sunbul and Jaschke, wherq Haduks of various
SRR ligands were determined and we took a representative sample of those including pyronin Y (PY),
acridine orange (AO);&minoacridine (9AA) and Atto 4989]. The problem with some of these ligands
is that despitehigher fluorescence enhancemetiiey are known nucleiecidstains. This mearthey
bind sequence independently in the RNA/DNA backhovigch couldimit their practical us [184¢186].

All other dyes studiedncluding rhodamind (RB), sulforhodamine 101 (SR101), rhodamine 6G (R6G),

rhodamine 110 (R110), Atto rhodamine 101 biotin (ARBY&Nnd5/6-biocytin tetramethylrhodamine (B
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TMR) were chosen solely for their structural similarity to SR and commevaildtilityand to our
knowledge have not been studied as SRIRjands in any prior literature.

It is worth noting thatSRE? is also capable of binding the dyRatent Blue (PBV)and Patent
Blue VF (PBVH)6]. PBV is very similar to SR but lacks the bridging oxygen in the central ring, resulting in
a propellerlike shape. PBVF differs from PBV by only the additiorhgéieoxyl group in the meta
position opposite the ortho sulfonate. However, these dyes bind Withalues of just 28iM for PBV
and 86 M for PBVF. These binding constants are significantly higher than the literature value of 310 nM
for SR. This may limit the practicality of the aptamer in imaging and sensing applicitieresore we
opted not tostudytheseligands anyfurther.

Another part of what makeSRE2 an intriguing systerto studyisthe overallnegativecharge of
its ligand, SRFigure2.1). Negatively charged aptamer ligands gemerallyless common than neutral
andpositively charged ones due to potentially repulsive backbone interactidrese are few structures
available of aptamers bound to negatively charged ligands available. One prominent example is the ATP
aptamer. However, negative charges are not explicgtyuired for binding and based on the structure
when bound the AMP, the negative charges of the phosphate do not interact directly with the RNA.
Given the consistent presence of the xanthdgpe group in ligands studied, this may well be the case
for SRE? as well.

In these studieswe use a variety of biophysical techniques to characterize and contipare
kinetics and binding mode for several aptantigand complexes of SRBFluorescencecans are used
initially to screen ligands for binding activiffuorescence anisotropysothermal titration calorimetry
(ITC)andlight surface plasmon resonance (LS&®)used to probe binding affinity and selectivity of
known and potential ligands. Thermodynamic parameters of selective binders are also assa$$€d

and differential scanning calorimetry (DS&)tamerligand interactions are examinaging
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homonucleamuclear magnetic resonance (NMR) spectros¢apsiuding 1BH NMR titrations and 2D
NOESY experiments.

Characterizing aptamer systems sucts&E is essential to rationalize the motifs and
intermolecular contacts that are critical for binding affindtiyd specificity. This information can then be
used to implement aptamers in several types of applications including cell imaging and bioskensing.
these studiesye screen several known potential SRBgandsand use thento probe the structure of
SRB2. We determined the binding affinity, selectivity and mode of each of these ligands with the goal of
determining what an ideal SRBligand wouldook like. Of the ligands studies, rhodamine B possesses
the ideal characteristics for use in applications including selective binding, high binding affinity and

reasonable fluorescence compared to other selective binders.
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Figure2.1: Secondary structure of SRBand chemical structures of several studied dyes
These include sulforhodamine B (SR), rhodamine B (RB), sulforhodamine 101 (SR101),
tetramethylrosamine (TMR), Patent blue V (PBV)fauatescein (FLChemical structures of all other

dyes discussed can be found in Figau2
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Figure2.2: Chemical structures of ligands screened for SRiEinding activity.

Theseinclude 5/6-biocytin tetranethylrhodamine (BITMR), Atto rhodamine 101 biotin (ARL-B), 9
aminoacridine (9AA), Acridine orange (AO), Pyronin Y (PY), Atto 495, Rhodamine 6G (R6G), Rhodamine

110 (R110) and Xylene cyanol FF (XC).

2.4 Materials and Methods

2.4.1 Preparation of RNA Samples and Dyes
The SRR RNA was synthesized enzymatically using a T7 RNA polymerasdaaue
stranded synthetic DNA templatintegrated DNA Technologies, Inc., Coralville, JoWae sequences

used were as follows:
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SRR template DNA
p -GGGACCTGAGGCGGTTAACCTTGCGCCTCTCCATCATCGCCGAAGCGAGGTCCCTATAGIGAGTCGTA"
SRR coding DNA

p DAATACGACTCACTATAGGGACCTCGCTTCGGCGATGGAGAGGCGCAAGGTTAAGEE®CCTCAGGTCCC

A single bas@air substitution in the original sequencé SRE (A3¢> G3 and U52>C52) was
introduced to increase transcriptional yields the presence of three consecutive G residues at the
beginning othe sequence is thought to increase initiation of transcriptjh87,188] RNA was
transcribed using the recipe listed in TaBl&. The transcription buffer was trsuffered saline (TBS),

which containgtOuM Tris and 100uM NaCl.

Table2.1: Sample recipdor a 10mL transcription

Reagent Volume Stock concentration Final Concentration
DMSO 2 mL 100 % 20 %
MQ 400>L N/A N/A
TBS (pH 8.3) 1mL 10X 1X
MgCb 450>L 1M 40 mM
DTT 500>L 100mM 5mM
NTPs (A,C,G,U) 750>L 100mM 7.5mM
PEG 8000 400>L 40% wiv 1.6% wiv
DNA Template 800>L 20> a 16> a
T7 RNARin 50% 1mL ~3mg/mL ~0.3mg/mL
glycerol)
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The RNA was purified on a 10% Urea PAGREmgkthe band containing the aptamer was cut
out. The RNA was eluted from the @lcrush& soak in 300mM NacCl or by electroelution. This was
followed by clearup on aHiPrep 16/10 DEAE FF anxthange column (GE Healthcare, Uppsala,
Swedenganddesaltng on a HiRep 26/10 Desalting columiSE Healthcare, Uppsala, Sweddije RNA
was also precipitated with 70% ethanol priorrt;aningeach column. Pureasnplesobtained from the
desalting colummnvere then lyophilized and dissolved in the appropriate euffFor the fluorescence
assay, MGA and Mango RNA aptamers were also used. In this case,-atsingled template annealed
to the T7 promoter was used in place of a daastranded template sequencdheseaptamerswere
otherwise transcribed and purifteusing methodologies analogous to SRBNA sequencessedare as
follows:
abD! 5 bGGATGLCATTCGTTACCTGGCTCTCGCCAGTCGGGATCCTATAGTGABTCGTATTA
al yaz BAGOTCTCQTCTCCGCACCGTCCCTTCGCTCCCTATAGT@AGTCGTATTA
¢ T LINE YRAATRAGGACTCACTADADG

Sulforhodamine B (Life Technologies, Eugene, OR), sulforhodamine 101, acridine erange, 9
aminoacridine, Atto 495, rhodamine 110 chloride, fluorescein (Sigma, St. Louis, MO), rhodamine B,
rhodamine 6G (Alfa Aesar, Ward Hill, MA), tetramethylrosamimgt(ogen Corporation, Carlsbad, CA)
pyronin Y (Acros Organics, Geel, Belgium) and xylene cyanol FF (EMD, Burlington, MA) were used
without further purification. Dyes werprepared in assay buffer (10mM HEPES, 10mM KCI and 5mM
MgCht at pH 7.4) or NMR buffed@ mM potassium phosphate buffeand 10 mM KCland

concentrations were verified by UV/vis spectrophotometry.

2.4.2 Emission Scans
Spectra were obtained using a Spectramax M3 Mutide Microplate Reader using a 100 nm

wide scan with InmintervalSR,RBY R ¢aw ¢ SNB Y¥%38F apdzNB Ry dranggd® ky <
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540cnn YY® {wMaMm & &2¥S lpd dzNF K radgd/ dRE7D nfih tg€67& nm. PY was

YSI 3 dz2NBR «@&FA Yl yeo¥rangg dR530 nfn to630 nm. AO and Atto 495 were

mead dZNB R  dz@2AFY Thclny YNI YRS ¥ F <nyn YY G2 pyn Yoo ¢! !
2F odn Yerargsg drR410 nfn to510 nnReadings were taken in Greiner-@@ll black

microplates (Kremsmiinster, Austri®amples were prepared with® ta R&S | YR pn>a whb! A

buffer (10mM HEPES, 10mM KCl and 5mM Mef@IH 7.4).

2.4.3 Fluorescence Anisotropy

Fluorescence anisotropy measurementsre acquired on a Photon Technology International
(Edison, NJ) EB0 spectrofluorimeter equipped with a continuous Ushio (Cypress, CAJ3X&d xenon
arc lamp and a PTI 814 photomultiplier detection system (Photon Technology International)
Measurementsweré  { Sy dZ&ARY@c 6 ¥.\0f 585, which were determined
experimentally using excitation and emission scans. Samples were prepared with varying concentrations
of RNA (0.560 uM) and 1 uM SR in assay buffer (10mM HEPES, 10mM KCI and 5mlstt idgGl.4).
Samples were incubated at 25°C for at least 10 minutes before measuramémiben read in a Hellma
high-performance quartz glass cuvette wigh3.00 mnoptical path length and5uLvolume Mullheim,
Germany) The resulting binding curves welieusing a nodinear, least squares method to the simple
hyperbolic function: % FA«= FAnax* [SB-2] / (Ky + [SB-2]) where FAuaxis the maximum fluorescence
anisotropy and s the dissociation constanAnisotropy measurementsere normalized t@a

percentage ofAnaxfor eachrespectiveligand.

2.4 4 ITC Studies
Experiments were performed on a MicroCal ITC 200 microcalorimdierdCalinc.,

Northampton, MA)The samples of 385 uM RNA and dye solutions of 4 mM were each prepared
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by dissolving in assay buffer. All experiments were carried out at 25°C and performed in triplicate.
each dye or experimental conditionptank run withassaybuffer in the cell and fluorophorelissolved

in assay buffein the syringe waperformed This run wasubtracted from the experimental ruto
account forthe heat of dilution ofthe fluorophoresolutions. All data sets were analyzed and fitted using
the Origin7 software package provided by MicroCAll data was fit to a singlsite binding model using

a nontlinear leastsquares approach.

2.4.5 LSPR Assay

Localized surface plasmon resonance (LSPR) binding assays were carried out on an"®penSPR
(Nicoya, WaterlooCanada) at room temperatureofthe analysis of SRB 10uMbiocytin TMR
(Invitrogen Corporation, Carlsbad, JG¥biotinylated Atto Rho101Sigma, St. Louis, N@ere
immobilized omo the streptavidin sensor chigREB2 wastheninjected at a flow rate 620 pL/min at
concentrations of 0.¢ 7.57 uM in HEPES (10 mM HEPES, 200 mM KCI, 10 mmig@hg buffer.
The binding time was 240 secondsad the disassociation time was 150 secaridsesensor was
regenerated with 10 mM glycirEICI (pH 2.5). The data was retrieved and analyzed with TraceDrawer
software (Ridgeview Instruments ABweden). A 1:1 Langmuir interaction was fit to the data for each

compound and the fit delivered then rate (ky), off rate (ks), and the equilibrium constant (K

2.4.6 NMR Experiments

NMR samples were prepared by dissolving an appropriate weight of lyoptRNéth5n n > 2 F
10mM potassium phosphate buffeand 10mM KC(90% HO0/10% DO). Lyophilized aliquat of dye
were added to titrate the RNA to a ~1:1 ratio unless otherwise specifteelsamples were dried by
lyophilizationandreRA 4 a2 f SR A 96% PO(@ambridge Bdtopeap)dodpdrform experiments

on nonexchangeable resonancesll spectra wee collected on a Bruker DRSRO0 spectrometer
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equipped with @ HCN tripleresonance, tripleaxis PFG prob&uadrature detection for the indirect
dimensions in multidimensional experiments was achievadgithe Stated PPl method189]. Samples
in 90% HO/10% DOthat were used to obsersrexchangeable protons were run usitygspin echo
solvent suppressiofi90]. Two-dimensional NOESY spedit@1]in 90%H,0/10% DO were acquired at
277 K with a mixing time of 158s. Samples i,Othat were used to observe neexchangeable
protons were run with presaturation solvent suppress[@82]. 2D CITYOCS¥L93]with a mixingtime
of 50 ms, ad NOESWith a mixing time of 15@ns in 100% D wereacquired at 298 KAll NMR
sampleshad a volume 0500> [and were read irstandard 5 mm NMR tubeRelevant pulse programs

can be found in Append&

2.4.7 Electrostatic Potential Surfaces

All electrostatic potential surface (EPS) calculations were performed th&iigaussian 16
program package for computational chemistifne molecules were optimized at B3LYP/dEZ2/PP
level of theory, besides Atto Rhodamine 10Bi6cytin TMR, and Patent Bluewhich were optimized
at B3LYP/detSVP leveErequency calculations were performed to ensure that structemsespond

to minima and not transition state

2.4 8 Differential Scanning Calorimetry
DSC experiments were performed using an LLP cap DSC (MicroCal Inc., Malvern Instruments
Ltd.).p n > a2 if assay buffer (10mM HEPES, 10mM KCI and 5mM Mgl 7.4wasscanned at a
rate of 1 °Qver minuteover a range of 2T to 100C. Where applicable, 108 a 2 F SAGKSNI {w 2N
were also present (2x the SRRoncentration)When plotted,eachRNAscan has reference scarf

buffer (or dye + buffer where applicablgybtracted from it
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2.4.9 Circular Dichroism Spectroscopy

CD experirants were performed on a Jasc@1b spectropolarimeter (Jasco Inc., Easton, MD).
CD scanning experiments were run fro203im to 20 nm with a path length of 0.1 cm, data interval of
0.5 nm, band width of 0.5 nm, response of 1 second, scanning spee@ oh2@inuté! and a total of
four accumulated scans. Samples contaid@¢ aRNAiIn 10mM HEPES, 10mM KCI and 5mM MaCl
pH 7.4 Where applicable, samples also contained>580f either SR or TMRhe samples were heated
to 85 °C for 5min, cooled to 4 &@d incubated for at least 24hrs before acquisition at 258°Bank
containing buffer or buffer + ligandagsubtracted fromeachsample and tk resultingdata was

smoothed using a Sawgiy-Golay smoothing functiofi194].

2.5 Results
2.5.1 Emission Scans

Fluorescence emission spectra were obtained for each dye both on their own and bound to SRB
2 in ab:1ligand:RNAatio (Figure 2.3)Fluoresence results are collected in TaldR. The specificity of
these dyes was tested using additioRMA and dsDNA sequences. Dyes that could bin2 SRB
included sulforhodamine B (SR)pdamine B (RB) and sulforhodamine 101 (SR101), as well-as 5/6
biocytin tetramethylrhodamine (BMR) and Atto rhodamine 101 biotin (ARIB} which are
functionalizel analogues of RB and SR101, respectively. All other dyes listed were capable of binding all
sequences tested. Most dyes experienced a red shift in thakimum emission wavelengdnd an
increase in fluorescence upon bindig shown in Tabl2.2, 9-aminoacridine 9AA and acridine
orange (AQO) arexceptiors, likely a result of a pKa change in the amimdsch alters their protonation
stateand results in a nofluorescent conformation in the case of 9AA and a higher energy complex in

AO.
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Figure2.3: Emission scans comparing free dye (blue) and dye bound toSRe&d).

The are examples of some of the emission scans performed, comparing the fluorescence of free ligands
to fluorescence when bound to SRBAs seen in most of these graplasfluorescence increase and a

red shift aregenerallyobserved upon aptamer binding a fluorogenic ligandAA is an exception due

to the presence of an amine group. Upon binding, the protonation state of this amine is changed,
resulting in a noffluorescent conformationThis plots are normalized tbe fluorescence of the more

fluorese@nt state (this would be the bound state in all cases except 9AA, as previously mentioned).



Table2.2: Wavelength shifts and fluorescence changes determined by emission scans.

Oligonucleotide SR | RB | SR101 TMR| PyrY| AO | Atto | 9AA| B- | ARLOI-
495 TMR| B

Assay buffer RF 1.00( 1.00| 1.00 | 1.00| 1.00| 1.00| 1.00 | 1.00| 1.00 | 1.00
| maxnm) | 580 | 576 | 604 | 573 | 563 | 526 | 516 | 435 | 578 | 605

RB2 RF 152 (2.05| 148 | 1.38|1.15|3.08|10.82|0.06| 1.11| 1.11
n<Y(nm)| 8 6 4 10| 9 | 2| 11 | 0 8 1

dsDNA RF 0.91(0.80| 0.74 | 0.35|0.28|2.39| 2.53 [ 0.19| 092 | 0.84

template

n<Y(m)| -2 | 0 0 9 9 | 1 7 0 1 2

MG aptamer RF 0.87|0.78| 1.04 | 0.37|0.28|2.90| 2.50 | 0.26| 092 | 0.92
n<Y(m)| -1 | O 0 6 9 | 3] 10 | 0 2 1
Mangoaptamer RF 0.9210.79| 086 | 0.30|094|1.94| 3.29 037,081 | 0.78
n<Ymm)| 2 | 0 1 9 9 1 12 0 1 3

Thel maxfor each ligand is determined by inspection of the raw emission data of ligand in assay
buffer. Then < Y forkeach liganehucleic mixture is determined by taking the difference between the
| maxof the ligand in assay buffer and the respectivarlidinuclac acid mixtureFor purposes of
identifying binding, the liganducleic acid mixture must have a fluorescence increase of at least 10%

and/or al maxthat increases by at least 5 nm.

2.5.2 Fluorescence Anisotropy

Fluorescence anisotropy was usedigtermine the binding affinity of the ligands testad this
was the method used by the authors of the original 2Rglection37]. 9AA was not tested due to the
unusual behaviour observed in the fluorescence emission stansugh thedissociatiorconstant, K,
we find the order of binding affinities to SRBs RB > SR >18R as shown in Table 2.Zhistrend
matches up with theTC data listed in Table 2.4, howe\afinities are reported as being lower in

general. This may be due tioe concentration of ligands not being limiting enough in these asJayR,
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PY, AO and Atto 495 were also tested, but they are suspected to hbimdltiple sites at SRB. The

simple hyperbolic function used to fit these data is meant to represent sBitgebinding Therefore,

this methodology may be inappropriate feuch ligandsThe K for TMR is slightly higher than SR. Like
RB and SR101, thialue was also previously unreportdalit due to its presumed intercalation, we were
unable to substantiate this result with ITC. Ther#lues determined for PY and AO are both lower than
SR, which agrees with previous stud@&g]. Atto 495 was determined to have the lowest binding

affinity, though it was expected to be similar to SR based on previous s{88ies
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Figure2.4: Fluorescence anisotropy titration curves for SREnd ts various ligands.
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Experimental data is shown as blue points and fit data is showmexslae. Error bars are one standard

deviation from the mean of the replicates acquired.

Table2.3: Dissociation constants of SRBligands determined by fluorescence anisotropy.

Ligand Ka (UM)
SR 3.94 10.34
RB 1.67+£0.18
SR 101 10.3+0.5
TMR 4.24 +0.17
PY 1.89+0.14
AO 1.16 £ 0.08
Atto 495 0.989 £0.12

2.5.2 Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) watsoused to determine the binding affiniyf the
ligandsdue to the extra thermodynamic information it can providiehas the inherent advantage over
fluorescence anisotropy of being ablediectlymeasure the molar ratim Y R G KS Sy i KI f LI =
SYGNRLRE:E p{Z FYyR DAO0OA& FTNBS Sy aNEPETCpoamaddits | f a2
integrated pbt are given inFigure2.5. Through thalissociatiorconstant, I, we find the order of
binding affinities to SRBis RB > SR >18R as shown in Table £.This agrees withd€¢alues obtained
from the fluorescence anisotropy experiments.

Several other ges, including tetramethyl rosamine (TMR), pyronin Y (PY), Attcad€iine
orange AO) and9-aminoacridine 9AA were tested by ITC. However, these small, planar and electron
poor dyes intercalate between base pairs in doustinded nucleic acid seqonees. The resulting
isotherms adhered poorly to a singtite binding model. Thereforeeasonable binding affinities and
thermodynamic parameters were not determined by this methBd, AO, 9AA and Atto 495 also mirror

the trend observed in previous st using fluorescence titratiorfi89].
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The binding of ligands to aptamers is commonly dependent on divalent coiameto stabiliz
the negatively charged backbone. To probe this relationship, the ITC experiments were repeated in the
absence of M#. No binding was observed under thesenditions for SR, SR101 or RB. Weak binding
was observed for TMR, which carries an overall positive chEi@eever, due to its nospecific binding
nature, an appropriate fit could not be determindd@C experiments at 500mM KCI in the absence of
Mg?* showed weak binding of the dye ligands to SRBs shown in Table 2. SR101 is not shown as

binding was too weak to determine a reliable fit.
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Figure2.5: Representative ITC data for the binding 8RB2 to SR.
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A titration curve of SR injected into SRB shown in black in the top panel. SR into buffer control is

shown in green. The binding isotherm is shown in black in the bottom frame, with the SR into buffer

control again being shown in green.

Table2.4: Thermodynamic parameters of SRBdetermined by IT@ 5 mM MgGland 10 mM KCl

Ligand | n Kio>av [pl 610Ftp{ oO0IKH Y
SR 0.885+0.012| 1.45+0.09 | -13.1+0.3 -17.2+04
SR101 | 0.882+£0.031{4.7£0.D -10.1x05 -9.27+£0.8
RB 0.922+0.00 | 0.447 +£0.08| -14.2+0.2 -185+1.2

Table2.5: Thermodynamic parameters of SRBdetermined by ITC in 0.8 KCl and no Mggl

Ligand | n Kio>av [pl 610Ftp{ oO0IKH Y
SR 1.09+£0.008 |11.9+£0.2 -36.6 0.4 -99.6 6.0
RB 1.08+£0.013 | 6.02+0.3 -44.1+0.8 -124 +£ 2.6

2.5.3 Surface Plasmon Resonance Studies

LSPR anisotropy experiments were performed in order to obtain kinetic data for the structurally

relevant rhodaminalerivativesbiocytintetramethyl rhodamine (BFMR) and Atto rhodamine 101 biotin

(AR101B). These dyes were selected based on commercial availability and ability to bind the surface of

SPR chip®issociation curves are shown in Figurésahd 27, and binding data obtained for these

dyes is listed in Tab26.
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Figure2.6: LSPR response curve for BiocyliMR.

LSPR response curve and 1:1 stoichiometry kinetic fit méaleBTMR. BTMR wasmmobilized omo
the streptavidin sensor chip arf8RB2 wasinjected at a flow rate of 20 pL/min at cogtrations of 0.9

C 3.76uM.
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Figure2.7: LSPR response curve for Atto Rho 101.
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LSPR response curve and 1:1 stoichiometry kinetic fit méolefsR101B. AR10B wasmmobilized
onto the streptavidin sensor chip arf8RB2 wasinjected at a flow rate of 20 pL/min at concentrations

of 3.79¢ 7.57uM.

Table2.6: Kinetic parameters of SRBbinding determined by LSPR.

Ligand Kon (UM™S1) | Kott (SY) Ka (UM)
B-TMR 207+78.0 0.0292+0.0156 | 1.37+0.23
AR101B | 735+559 | 0.0246+0.0346 | 4.66+0.47

2.5.4 NMR Spectroscopy

The bindingoehavior of SRB with each ligandvas studied by NMR spectroscopy. SRias
titrated with each ligand in-3 steps. 1BH-NMR spectra in 90%,8/10% RO were used to follow the
changes during the titrations. The spectrum of SRBthe absence of dye shows relatively few and
generally boad peaks (FigureA). This is typical for the adaptive binding mode found in many
aptamers[119,122] where the binding pocket in the absence of ligand is mostly unstructured. When
the aptamer has been titrated to approximately 1:1 wBR, B and SR10Figure 28 B-D), an NMR
spectrum consistent with a single conformation is observed. This is indicated by the presence of
additional peaks compared to the spectrum of the free QRIBdlinewidths that are noticeably
narrower. Several of the mepeaks are in th8-11 ppmregion, which is typical for imino protons in
non-canonical base pairs. Narrower line shapes in the NMR spectrum and additional peaks-irithe 9
ppm regionare consistent with a more highly structured bound conformation withrenoontacts
forming between the imino protons of guanine or uridine residues and other atoms in the aptamer or

ligand.
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Figure2.8: 1D*H NMR spectra of free SRBand SRR bound in a 1:1 ratio tseveral different ligands.

A) 0.9 mM SRB only B 1.8 mM SR) 1.3 mM RBD) 1.1 mM SR10E) 0.4mM TMR.
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Figure2.9: 1DH NMR spectra of free SRBand SRR bound in a 1:1 ratio to several diffent ligands.

A) 0.9 MM SRB only B 1.8 mM SR() 0.4mM PY D) 0.2mM AO, E) 0.4mM 9AA, F) 0.4mM Attd95.

TOCSY experiments were run on 2RBmplexed with SR, RB and SRI®k aromatic protons

of the ligands, particularly those on the singiegs, are shifted downfield when bound to SRBs a

NB&dA G 2F RAFYFIYSGAO FyAa20NRLRE SELISNASYOSR

stacking interactions with bases of the aptamer. It was qualitatively observed in these sphettRB

protonsK I @S + fF NBESNJ OKIy3aS Ay

l:IKS OKéYr.eAthMJﬂree'éKAT(]

4 hound) @S compared with SR, which shows larger shifts as compared with SR&&hectrum for SR on

its own is shown in Figure 3.11 and tipestra br SR and RBound to SRR are listed in Appendix A.
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Figure2.10: TOCSY spectra of 1ImM SR101 (red) and 1.1mMZRBy bound to SR101 (black).

TOCSY was acquired with a mixing timbBGos. Aromatic protons of SR101 are labelled in red. Clear

changes in the chemical shifts of these protons can be observed in free(red) vs. bound (black) spectra.

NOESY experiments in 90%0H 0% DO are used tanap interactions between iminprotons.
The NOEs between exchangeable imino protons in adjacentgaiseallow a comparison of the
patterns formed in the unfolded and folded states of the aptamer. SR has the greatest number of NOEs
between exchangeablerptons (Figure 2.14)This is expected as SR was the ligand2SRd&s initially
selected to bind, so the binding site is optimized for this molecule. The NOESY &peRB(Figure
2.15)and SR101 ar@imost identical to SR, except for some minor cheivsbét changesThis indicates
that they likely bind in the same locatiolm the NOESY spectrum of Ti#Rgure 2.17)fewer stacking

NOEs are present when compared to SR. In addithattjple conformatiors were clearlyobserved
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basedon theexcess numheof peaks compared to SR, RB and SRi0fe 1D'H-NMR spectum (Figure
2.8E)PY, 9AA and Atto 495 all have similar NOESY and 1D spectra to TMR (Fig&rartiFgjures
2.182.20) indicating that they arealsobinding in multiple different locationdn addition, lack of NOEs
present in these spectra suggest that each of these dyes intercalate in theohmed stems, rather
than participating in adaptive aptamer bindilfy NOESY spectrum was not acquired for AO due to

limited solubility of the lowpurity dye.NOESY spectra for all dyes except SR (Figure 2.11) are listed in

Appendix A.
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Figure2.11: NOESY spectrum of 1.8 mM SRB1:1 with sulforhodamine B 90% HO/10% DO.

Manyimino-imino stacking NOEs are observed betweefld5 ppm, indicating the presence of several
base paired regions, consistent with the predicted secondary structure 62SR#s NOESY spectrum
was acquired with a mixing time of 150ms.
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2.5.5 Differential Scanning Calorimetry

Several differential scanning calorimetry (DSC) isotherms were obtained f&& iBRBler to
compare its melting behaviour when bound to a ligand known to bind specifiitiiya ligand that is
known tobind sequencendependently.Based on observations from the emission sc&i®and TMR

were chosen to represent each of those categories, respectively. A comparison of the melting curves of

SRR and SRR + SR is shown in Figur@@A and a comparison of SRB- SR andRB2 + TMR is

shown in Figure 20 B.There is melting observed around°@in both bound forms that is not observed

in SRE? alone. This suggests that there are tertiary structures that only form when the aptamer is

bound. The secondary structure melts®rC in all samples.
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Figure2.12: Differential scanning calorimetry isotherms

A) Comparson ofunbound SRR to SRE2 bound to SRnd B) compason of SRB2 when bound to SR

versuswhen bound toTMR.

2.5.6 Circular Dichroism Spectroscopy

Circular dichroism (CD) spectra were acquired to assess the possibility of any distinct tertiary
structures being present in SRBSimilar to DSCD and UV absorbea spectravere acquired for SRB

2 on its own, SRB + SR and-83RBIMRFigure 21). These dyes were again chosen as a general
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representative of their respective binding behaviors. No distierdtary structurefeatures such as-G

guadruplex or triplex RA are observed in any of the spectra.

35

A 3} SRB-2

25 ,., i = = SRB-2+45R

S5RB-2+TMR

de(M*cm)

220 240 260 280 300 320
Wavelength (nm)

rd A
B 0.9 - \ — GRE-2

0.8
o == == 5RB-2+5R
5§07
= N O P PP SRB-2+ TMR
2 0.6
E
- 0.5
=
= 04
£
5 03
=

0.2

0.1

o
220 240 260 280 300 320

Wavelength (nm)

Figure2.13: CD and UV absorbance spectra of SRB

A) CD spectra comparing unbound SRBRE bound to SR and SRBound to TMR.

B) Corresponding UV absorbance spectra forSFRE bound to SR and SRBound to TMR.

2.6 Discussion

2.6.1 Smaller Sze and Reduced Negative Charge of Ligands Result in Higher Binding Affinity
From thefluorescenceemission scans, we show that RB has a similar red shié dgnaeater

fluorescence intensity increasban SR (Tabl2.2) when binding to SRB A comparable red shift is
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expected due to their conjugation stegms beilg very similarThe fluorescence intensity increase for RB
binding is likely higher as compared with SR due to differences in the polarity of the bound dyes. RB is
missing a negatively charged group in the ppaaition of the single ring, whidkS & dzf 6 & Ay G KS f 2
conformation being locked more tightly in the binding site. Figu&2shows thathe negatively

charged sulfonates in SR draw electron density from the thirege system, creating a significant
concentration of negative partial eilnge on the bottom rindelectrostatic potential surfaces of all dyes
referenced are shown in Figures 2.22 and 2.RB has a single carboxyl group rather than two sulfonate
groups. The carboxyl group of RB is smaller and less eled#ise than thesulfonates on SR, resulting

in a dye with less overall electron density. The reduction in repulsive interactions with the RNA
backbone and the size of groups on the extended ring would account for the small relative increase in
enthalpy and entropy, respéeely. It also makes sense that RB would have a lowésSRB because

the original selection target had a P&@chor at the para position rather than a negative charge and
therefore possessed an overall neutral charge like RBNMiI® spectra suppothis as only minor

chemical shift changes are observed between the two complexes.
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More positive (6+)

0.040

-0.176

More negative (5-)

Figure2.14: Electrostatic potential surfaces for sulforhodamine B (SR), rhodamine B (RB),
sulforhodamine 101 (SR101), r@imethylrosamine (TMR), patent blue V (PBV) and fluorescein (FL).

The upper charge limit was set by averaging the maximum positive charges in all ligands calculated. The
lower charge limit was set by averaging the minimum negative charges in all ligédcwatea and

subtracting one standard deviation.
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Figure2.15: Electrostatic potential surfaces of-biocytin tetramethylrhodamine, 6biocytin

tetramethylrhodamine (BTMR), Atto rhodamine 101 biotifAR), Saminoacridine (9AA), Acridine

orange (AO), Pyronin Y (PY), Atto 495, Rhodamine 6G (R6G), Rhodamine 110 (R110) and Xylene cyanol

FF (XC).

The upper charge limit was set by averaging the maximum positive charges in all ligands calculated. The

lower charge limit was set by averaging the minimum negative charges in all ligands calculated and

subtracting one standard deviation.

It can also be observed from the fluorescence data in T2althat SR101 has a similar

fluorescence increase but a sheg red shift compared to SR. The smaller red shift results from SR101
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being more rigid in its free conformation. This would fit with the ITC results in Zahlwhich indicate

that the entropy loss upon binding is relatively small for SR TRik.isn agreement with the observed
Kigl £ dzSa Fa {wmanm Aad SELISOGSRfe@ KAIKSNI Ky {w | &
stacking interactions will be, resulting in a larger fluorescence redshift. There is also a significant

decrease in the emopy loss of SR101 compared to SR. This decrease in entropy loss can be attributed to
SR101 having a more rigid ring structure in place of the freely rotating ethyl groups in SR, the more

ordered structure results in a smaller entropy loss upon bindityation entropies may also differ

between these two ligandg.he enthalpy change for SR101 binding is also smaller compared to SR,

GKAOK OFy |t&a2 0SS SELXIAYSR o0& GKS aGSNAO AyidiSNI O
- & i O fthe yaBthepekidgkstructure of the dye. NOESY experiments indicate that the aptamer is

unable to form some contacts with SR101 that are observed with SR and RB, indicating that SR101

R2SayQid FAG Fa ¢Sttt Ay (GKS FLIFYSNIOoAYRAYy3 LIRO1SH

2.6.3 Negatively Charged Group is Required for Selectivity but is Likely Not Directly Involved
in Binding

TMR binding to SRBresulted in the most significant chemical shift changes irNOES
spectrum as compared to SR binding. However, evensigthificant ovedtitration, multiple
conformations appear to be presebaised on the number of HE6 crosspeaks observet@ihere are also
fewer NOEs observed ihe SRB2/TMR NOESapectrumthan in the SRB2/SRspectrum indicating that
TMR is not inducing the formation ofsgecific binding pocket at all. TMR is known, from studies with
MGA, to intercalate between base pairs of doubteanded RNAL24]. Similar observations were made
for the NOESY spectra®¥, 9AA and Atto 495iguresA.7, A.8 A.9. Overdl, this suggests that all of

these small, positively charged dyes intercalate rather than participate in specific\aelaptamer
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binding. These observations also indicate that selective binding 62 $R&ly possible in the presence
of a negatively charged ring well.

SR101 and AR1@ differ slightly in that the para sulfonate is replaced by biotin, and the other
is mssing entirely. Little difference is observed in thddf complexation with SRB between these two
dyes, despite a marked change in the electrostatic potential map. This suggests that the negative charge
often found in the ortho position of these dye$ays no significant role in binding and likely interacts
mostly with solvent, similar to the phosphate groups of ATP when bound to the ATP ajptdmer
Aside from the biocytin@up, BTMR and SR differ in thatBMR has a carboxyl group instead of a
sulfonate on the single ring and diaminomethy! groups in place of diaminoethyl groups. Based on the
SRR binding observations with AR1®lLand SR101, the difference in charged geoigpexpected to
have little impact. However, despite BIR being more structurally similar to RB, thdd{
complexation with SRB is more similar to that found for $Ring ITCThiscould bedue to the
presence of the smaller methyl groups iIRTBAR vesus ethyl groups in SRowever this cannot be

concluded for certain as these ¥alues were determined using different methodologies (SPR vs. ITC).

2.6.4 Size and Shape of the Alkyl Groups are Crucial for Binding
Concerning the nature of thesdkyl groups, the SRBaptamer has specific requirements.
Fluorescein was used in a counter selection step during SELJEPesultng in the removal of
sequences capable of binding to a dye with electwitihdrawing oxygens rather than the tertiary
amines found in SR. The resulting consensus sequence would be expected to have electrostatic
interactions with the RNA backbone preventihg correct folding of the aptamer in this case. Dyes
such as Xylene cyanol FF (XC) and Patent Blue V (PBV) are missing the bridging oxygen in the middle ring,
resulting in a propellelike structure rather than a planar structure. It is probable thent tacking

interactions are much less ideal in this case due to its freedom of mobility and steric hindrance by the
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additional methyl groups adjacent to the aminoethyl groups. Interestingly, PBV has been shown to bind
SRR weakly[76], indicating a molecule of this shape can fit in the - 8RBding site. However, XC

cannot bind, and the only difference is that PBV has the traditional diaminoethyl groups while XC has
aminoethyl groups, which arsecondary amines. Rhodamine 6G has the same aminoethyl groups as XC
and also cannot bind, despite being planar like SR. Rhodamine 110 has primary amines and likewise is
unable to bind. This suggests that, despite the similarities in electron density2 SRBlective for

tertiary amine groups. This fact indicates that with respect to SR101, the steric hindrance of the bulky
ring groups is the limiting factor in binding, likely preventing the aptamer from coming in close enough
contact to the negative drges for them to have an effect on binding affinity. Supporting this idea are
the association and dissociation rates also obtained in LSPR experiments. As seendrb,Tthble

difference in binding constant between TMERand AR10B clearly comes fromhe association rate.

¢ KS | LI Y S mayhavedo@hdabzénd dubiffurther to allow AR1@Lto bind compared to

TMRB, resulting in a slower rate of binding. The ligands are released by the aptamer at a comparable

rate due to their relative similasi in charge distribution.

2.6.5 SRB2 Binding is Salt and Concentration Dependent

Adaptive binding of aptamers is commonly dependent on couittes for stabilization of the
negatively charged backborm# RNA In order to investigate this further, ITCpeximents were
conducted in the absence of divalent cation. Binding was not observed under these conditions for SR,
SR101 or RB. Some weak binding was observed for TMR, wikelydue to its positive charge
interacting considerably more favourably ithe RNA backbone than the other dyes, all of which
contain negative charges. However, NMR titrations show ~1:1 binding in the absence of magnesium,

indicating thata~10to 50 foldhigher concentration of aptamer is enough to push the system to bind.
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ITC experiments weralsorun at 500mM KQ[Table 24) to observe the ability of excess
monovalent cations to assume the role of divalent cations. Binding was observed in the presence of high
KCI for all ligands but with lower affinity than withagnesium present. This indicates that a high enough
concentration of monovalent cations can result in enough positive charges being present in appropriate

positions to assume the role of divalent cations in ligand binding, albeit less effectively.

2.6.6 SRB2 Lacks any Easily Discernable Tertiary Sructure Elements

In attempts to furthercharacterize the structure of SRBandsolidify the categorization dfs
ligands into two distinct groups, DSC and CD experiments were performed.

The rationale behinthe DSC experiments was to see if the tertiary structure formed upon
ligand binding was able to increase the melting temperaturg 6f SRE when bound to ligands
involved in adaptive binding versus intercalati®esults from isotherms of bound and unind SR
(Figure 20A) clearly show that the secondary structure of the aptamer melts &C90 his is relatively
high for nucleic acids and can certainly be attributed to the presence of the highly stable UUCG
tetraloop. In comparing the isotherms 8RE2 bound the SR and TMR (Figur2d®B), their tertiary
structures unfold at approximately 6 and 69 °C, respectively. They also have similar heat capacities,
GAUK ¢tawQa o0 S AB¢sadoa knawteHgeé frotn otkek rAekhSdhliiRlies, we conaluithat the
slightlyhigher T, and heat capacity of TMR is very likely due to electrostatics rather than formation of
stable tertiary structuresand therefore this line of investigation was abandoned duehe lack of
obvious structural difference

CDwassimilarly used to assess tertiary structure formation upon-8RBiding of the ligands SR
and TMR. An ellipticity change is observed in Figi2 R that expectedly indicates stabilization of the
aptamer structurevhen bound toeither SRor TMR[195]. However, the general topology of unbound

SREB? and the two bound conformations are quite similareach otherand are analogous to literature
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CD spectra for doubistranded nucleic acid496,197] This indicates that no significant tertiary
structure elements such as adBadruplex exist in this sequenbefore or after ligand binding. UV
absorbance spectra are also nearly identical for the three samples téSigare 2.2 B) Small
differences in SR compared to TMR and unbound can likely be attributed to minute differences in the
aptamer structure or to the ligand itself.

It can be concluded from these methodologies thatabletertiary structure elements such as

G-quadruplex are not responsible for ligand binding of SRB

2.7 Conclusion

In summary, we have shown that an ideal ligand for-8RBs several requirements. For optimal
binding affinity, the amine groups must have small alkyl constituents that are apkticipate in
KERNRLK20AO AYGSNIOlAz2ya odzi FNB y20 a2 fI NBS
The absence of a negative charge in the para position on the single ring also contributes positively to
binding affinity. A negatively chged group on the ortho position has little impact on binding affinity but
is required for selective binding of SRBs repulsive interactions with the RNA backbone prevent these
ligands from intercalating in base paired regions of the aptamer. As oliberitie AR101B, bulky amine
constituents can also confer selective binding of - 8RBthe absence of this negative charge but at a
considerable loss of binding affiniffaking these observations into account, rhodamine Bshawn to
bethe SRE2 ligandwith the best properties among those testédle also show that SRBbinding is
strongly dependent on divalent cations at low concentration and that its binding mechanism does not

involve a Gyuadruplex or formation of helical regions.
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Chapter 3: Characterizing the Solution Structure of the Sulfornodamine

B Binding RNA Aptamer by NMR Spectroscopy

All experiments outlined in this chapter were performed and analyzed by the candidate.

3.1 Chapter Abstract

Aptamers are valuable tools in a variety of biotechnological applications, ranging from
biosensing tan vivocell imagingStudying the structure of these molecules can further our
understandingf the structure and kinetics of nucleic adigand bindingThe SRR aptamer is a
polyanionic moleculéhat binds a ligand with an overall negative charge, maltiigan interesting
binding mechanism to characterize. Here, we show NMR experiments performed on t2:apRitner
with the goal ofworking towardsa solution structure. An unlabelled sample, as well as three samples
selectively labelled on a single type of nucleotjde C and U)ere synthesized and analyzednga
variety of pulse programd.hese included multiple variations of HSQC, NOESY, TQOSY %Y
experiments.Some partial assignments were made, but ultimatblydata obtainedwere not sufficient
for unambiguous assignment. This structure remains an interesting one to study, and initial NMR studies

showsome promise, especially if more optiexperimentalconditions are found.

3.2 Introduction

Structue determination of biomolecules is invaluable to researchers as it can reveal the

intricacies of how these molecules move, fold, function and interact with other molecules. With respect
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to aptamers for example, this information can then be used to elucidate unknown binding mechanisms
and to rationally design mutations and/or ligands. Thiyresult in optimization of the binding

properties discussed in Chapter 2 for use in desirable agtjglits such as biosensing or cell imaging. As
discussed in Chapter 2, the SRBptamer is of particular interest due to both its ligand promiscuity and
ability to bind ligands witlan overall negative charge. For these reasonsseteoutto investigate he
structure of this aptamer using NMR spectroscopy.

NMR spectroscopy is a powerful tool to study biomolecules in solution. As shown in Chapter 2, it
is quite useful for mapping structural changes in varying solution conditions. It will also be shown in
Chapter 5 that it is a helpful technique to use, particularly in combinations with others like CD, to assess
the presence of specific sequence motifs such-asi&@iruplex or triplex DNJ198,199] But perhag
most valuable is its ability to determine higlsolution 3D structures, offering an alternative, and often
complementary, method to-xay crystallography200,201] NMR is particularly useful for studying
moleaules that are poor candidates for crystallization, such as those that are flexible or have
unorganized intermolecular interactions. Proteins have a diverse set of functional groups that can result
in charge complementarity between molecules, while nuceids are primarily covered in negative
charges which results in intermolecular repulsion. This makes it difficult to pack them into an
appropriate crystal lattice structure forray analysi$202]. For this reason, a much higher percentage of
nucleic acid structures (37.8%) are determined by NMR compared to proteins (7.5%) and-punieio
acid complexes (18.0%3% shown in Table 3[203]. CryeEM is another methodology for structure
determination that is currently on the rig204]. It has proven quite powerful, particularly in studying
membranebound proteinswhich previously lacked a reliable methodology for structure determination.

It is a promising technique for studying nucleic acids as well, though only a handfuiobfists are

available thus faj203]. NMR islte technique of interest in this case, so some assignment strategies will
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be reviewed below. The general scheme for thisrview is loosely based on volume 338 of the

Methods in Enzymology book seri@5].

Table3.1: PDB Statistics by Molecular Tyjpes of September 21, 2021[200].

Molecular Type X-ray | NMR | EM | Multiple | Neutron | Other | Total
Protein (only) 141397| 11638| 5718| 176 70 32 | 159165
Protein/Oligosaccharid¢ 8370 31 913 5 0 0 9319
Protein/NA 7468 | 271 | 1943 3 0 0 9685
Nucleic acid (only) 2362 | 1369 | 53 8 2 1 3802
Other 149 31 3 0 0 0 183
Oligosaccharide (only) 11 6 0 1 0 4 22

A critical type of experiment in the characterization of 3D molecule structures is nuclear
Overhauser effect spectroscopy (NOESY). Thrboghl couplings (doupling) are studied in most NMR
experiments, but NOESY takes advantagitdf dipolar couplings. This type of coupling provides a
means for crosselaxation to occur, resulting in the detection of resonances that are close in space,
regardless of connectivif206,207] Peak intensityl, canthen be correlated to intesproton distancer,
by the sixth inverse power(l M 1/r®), which in turn can be used to set distance restraints for structure
calculationg208]. NOES¥xperimens areextremely useful for studying tertiary structures of
biomolecules or recepteligand interactions because it allows resonances that are verypft i the
molecule or in different molecules entirely to be correlated.

With respect to structure determination of nucleic adigand complexes, the first step is to
prepare a sample of the sequence fully bound to ligand. To determine adsglutionstructure, there
must be only a single conformation present to prevent spectral overlap and ambigthig resonance
assignment. This is done tifrating of the sequence of interest with aliquots of lyophilized ligaiti

NMRspectra are acquired foragh aliquot and the titration continuamtil changes in the imino region
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of the spectrum are no longer observed upon addition. A chart illustrating the chemical shift ranges of

nucleic acids is shown in Figuré.3.
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Figure3.1: Proton chemical shift ranges of nucleic acids.

Blue aml red boxes show the approximate literature chemical shift ranges for each type of proton in

RNA and DNA- Adenine, Gguanine, €cytosine, Tthymine, Uuracil.

Resonancassignment irunlabdled nucleicacids is possible but generally limited to smaller
molecules. This type of assignment involvesdbatemporary through bond experimenBQFCOSY
[209]and TOCS[193], as well ashrough-spaceNOESY191] experiments. One generally begins by
acquiringa NOESY 90% HO/10% DO [210], since the sample is titrated these conditiongo observe

changes of the exchangeable protons. This NGR&Mrumis used to establish bagmiring by
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assigning iminémino and amineaminoNOESsIt is also used to assign iminolkdase and imino to sugar
correlations. The sample is then lyophilized, resuspended in 10%mi NOESY, TOCSY and DQF

COSY experiments are acquired. Th® Bxperiment is the primary source of sequential assignments.
CKAA A& R2yS 0&H&HS DRA NB A & i, NRAgERHbéd GrEiguneB Phe

H6/H8l HQ NBIA2Y Aa +Ffaz dzasS¥dd F2N) 0KA& LldzN1LI2asSs LI
from the other sugar protons. Methyl groups from thymine residues may also #ié sequential

assignment of DNA. TOCS8¥/or COSY experimerafiow the identification of C/U base spin systems
(H5/H6)that also appear in this regiomOCSY and COSY are also used to identify sugar spin systems and
provide information about sugar puckegnLastly3'P experiments may be performed on unldeel
samplessincethisisotope which haghe highest natural abundan¢és an NMRactive nucleus. These
experiments, usually heteronuclear correlation sequences (HETEOR)are used to confirm or

extend sugar spin systems and assign phosphorus resonances. In short sequences, the experiments
listed may be sufficient for structural determination. However, in longer sequettoespectral overlap

becomes too great ahadditional data is required.
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Figure3.2: Important interactionsin RNA backbone assignment.

¢KS bh9a dzaSR (2 Wgl t 1 QHEHS)ae Shewh withded arfddis. The/HB o | 4 S &
TOCSY crogeaks are shown with green arrows. These signals are used to differentiate pyrimidines

from purines in the NOESY wellasedpaired regions of RNéan be sequentially assigned using imino

imino interactions between stacked bases. An example of this type of interaction is shown with a blue

arrow.

Isotopic labelling with*Cand**N is an extremely powerful method for deconvolutiomadre
complex pectra, particularly for RNA. The enzymatic synthesis of RNA by T7 RNA polymerase allows for

simple incorporation of isotopically labelled nucleotide triphosphates which can be isolatedEfomin
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cells grown or®N ammonium chloride antfC glucose, foexample. This allows for simple, uniform
labelling of single or multiple nucleotidgpes Labelling of DNA is not so straightforward due to the lack
of viable precursors readily available for sgditase phosphoamidite chemistry, though it does have the
advantage of labelling by position rather than being limited to the type of ntitleoSRE is an RNA
aptamer, so we will focus on RNA methodologies here.

As indicated above, isotopically labelled nuslde triphosphates are incorporated into RNA
sequertes vidn vitrotranscription. As a result, argpmbinationof the four bases may be labelled in a
given synthesis. Because the ligand titration is performed in water, it is generallyeffiogntto run all
experiments that are required to be ind@ first, then lyophilize and switch over te@ For this reasgn
exchangeable proton/nitrogen correlations agenerallyacquiredfirst.

2D*HN-HSQC experimenfg12,213]are used to correlate imino (G N1H, U N3H) and amino
(A N6H, C N4k G N2HK) protons to their respective nitrogen atom&2D HNN COg214]or variation
thereof may be used to directly identify any hydrogen bonds involving two nitrogen atoms. Sequential
assigment of exchangeable proton/nitrogen resonances in based paired regions of RNA may be
accomplished using 3B+°N -NOESYSQQ213] type experiments. Edited versions of 3HN-
NOESHSQC may be used to correlate imino and amino resonances texutiangeable protonghis
can also be done using a through bond experiment su¢hGENH drHCCN-TOCS215].

Onceinformation about exchangeable resonances is acquired, the next step $&quential
assignment of sugarase correlations. There are two main strategies for doing this -bi8e&d
assignment and throughond coherence transfer assignment. NBdsed asginment involves filtered
and edited type NOESY experiments, where protons attaché&iCtare either filtered out or selected
for, respectively. Filters can be applied in both F1 and F2, negiritexperiments selecting for protons
that originate on a sgcified nucleus, end up on a specified nucleus or both. These filters are most often

applied to 2D NOE$¥91] or 3DH-GHSQENOESY pulse sequenceéth a fully labelled sample, a 3D
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IH13GHSQENOESY can also be used to distinguish NOEs originating from the (edjplgdrml. The
throughtbond approach involves triple resonance experiments #ilaw correlationbetween the base
and sugar of each nucleotidimcluding HCNR16], HCNH217], HCNCHR18] experiments. HMB({219]
may also be used to correlaté2/H8 protons in purines. Sequential sugdaosphate assignments may
be completed usindH, °C,*'P experiments such as HCP, PCOBSY and HPH[2B0¢224].

After sequential assignment, the next step is to assign carbon resonances and the remaining
sugar protons. 2BH-*GHSQQ212,213]experiments are used to identify carbgmoton spin systems
and remaining carbon and proton resonances, particularly those in the sugars, are assigned using either
HCEH+TOCS225] or HCCHCOSY226] experiments. Finally!P resonanes are assigned via HETCOR if

1H,13C,%P experiments were not already acquired.
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HCNCH, HCNH HCP

Figure3.3: Heteronuclear throughbond NMR experiments used for resonance assignment of nucleic
acids.

The transfers of magnetization in each type of experimentstu@vn by arrows. Relevant nuclei are

colored to match the name of their pulse sequendg HNNCOSY214], which correlateghe hydrogen

bond donor imino group in either G or U to the hydrogen bond acceptor nitrogen in C or A (shown in red
for GC bas pair). Exchangeable protons can also be correlated teexahangeable protons in HCCNH

or HCCNH OCSY215] experiments. An example of an HE correlation in cytidine is shown in blue. B)
HCCHIOCS225] (shown in red) and COEX26] experiments are used to assign sugar spin systems.
Pulse programgor detection of *Care also available. C) Correlation of sugar to base resonances may be

achieved using triple resonance experiments such as HENGHshown in red) and HCNB17]
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(shown in blue, overlap witlCNCH is shown in purppl# is also possible to obtain the same
information from two separate HCJR16] experiments, one optimized for the ribose and the other
optimized for the base. D) H{Z21¢223] experiments correlatéd3'/C3', H4'/C4' on the 5' side and
H4'/C4' and H5',H5"/C5' resonances on the 3' sifla given phosphorus atom. An HCOBCSY

[220,221,224kxperiment may be used to extend assignments to the rest of the ribose.

This is by no means a stbp-stepguide, as the experiments required to assign RNA will vary
significantly with sequence complexity. There are also many othisemequences available that may
be useful depending on gaps of information that need to be filled for a particular project. Also, it is
important to note that the types of labelled sequences synthesized will affect the relevant pulse
programs that one mayse. A common strategy is to acquire spectra with fully labéfed®N and/or
15N samples and either single or dual nucleofi®,'*N labelled samples to allow unambiguous
assignment of resonances belonging to each type of base. That being said, isotopic labaiey is
expensive so it is generally the goal of a researcher to assign the sequence with as few labelled samples
as posile.
Another valuable labelling technique not covered above is deuterftihlébelling. For nucleic
acids, this generally refers to either sieLJISOA FAO NA02aS 050QX 5nQX 5pQ |y
deuteration/enrichment of perdeuterated bases. Partial deuteration of the ribose simplifies a NOESY
spectrum significantly, as removing spins unimportant for sequential assignment drastically reduces the
amouwnt of dipolar relaxation experienced by the other protodscreasing signal linewid{227]. Due
to the established lability of H8 protons, particularly under alkaline conditibisspossible to either
selectively deuterate fully protonated purine bases or selectivity pregorich perdeuterated bases
2281t NE OSRdzNBa KIF @GS | faz2 085Sy NBLRNISR F2NJ I p 2N I c

monophosphate$229,230] This type of labelling results in relevant NOESY regdiarisding only
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signals from partiglar bases, thereby simplifying assignment. Deuterating the H5 or H6 position has an
added linewidth reduction benefit, similar to sigecific ribose labelling. This is due to a combination of
large dipolar and scalar couplings between these positi2@].

In our work with the SRB aptamer, we acquired the standard homonuclear spectra listed
above, as well as some of the heteronuclear spectra discussed with three differentrsitgetide™*C,
15N samples (A, C, L§ome regions of these spectra hamusally broad peaks, which is generally the
result of chemical exchange. In fast chemical exchange, onlyigmalthat represents the average of
the contributions from each environment is observed. In slow chemical exchange, multiple sharp signals
for eachenvironment are observedn intermediate exchange, one oruttiple broad peaks may be
observed Because this israaptamerligand complexthe chemicalexchangeand hence broad lines
being observeds likely due to the presence af leastone additionalaptamer conformationThs,
among other reasons, resulted in the spectra listed above being of insufficient quality to assign

unambiguously.

3.3 Materials and Methods

3.3.1 Preparation of RNA Samples and Dyes

The SRR RNA was synthesized enzymaticalipgis T7 RNA polymerase and a double
stranded synthetic DNA templafintegrated DNA Technologies, Inc., Coralville, JoWae sequences
used were as follows:
SRR template DNA:
p -GGGACCTGAGGCGGTTAACCTTGCGCCTCTCCATCATCGCCGAAGCGAGGTCCCTATA@TGAGTCGTA
SRE? coding DNA:

p DAATACGACTCACTATAGGGACCTCGCTTCGGCGATGGAGAGGCGCAAGGTTAAGEEG®CCTCAGGTCCC
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A single basair substitution in the original sequence of SRB3¢> G3 and U52> C52) was
introduced to increase transcriptional yield, as the preseuicthree consecutive G residues at the
beginning of sequence iBoughtto increase initiation of transcriptiofl87,188] RNA was transcribed
using the recipe listed in Table 2ahd labelled samples were synthesized by incorporating the
respectivelabelled nucleotide triphosphatdan place of their unlabelled versioBingle nucleotide
labelled samples were synthesized with A, C antind.RNA was purified on a 10% Urea PAGE gel and
the band containing the aptamer was cut out. The RNA was eluted from the gel by crush & soak in
300mM NacCl or by electroelution. This wakdwed by clearup on aHiPrep 16/10 DEAE FF anion
exchange column (GE Healthcare, Uppsala, Sweatetgesalting on a Hilep 26/10 Desalting column
(GE Healthcare, Uppsala, Sweden). The RNA was precipitated with 70% ethanol prior to running each
column.Pure samples obtained from the desalting column were then lyophilized and dissosedir» [

of 10mM potassium phosphatand 10 mM KC[(90% HO0/10% DRO).

3.3.2 NMR Experiments

Lyophilized aliquots dsulforhodamine B (Life Technologies, Eugenew@R)added tothe
90% HO0/10% DO samples tditrate the RNA taslightly above 4.:1 ratio.Once experiments examining
exchangeable resonances were performduk samples were dried by lyophilization anediesolved in
pnn >[96% BO (Ganbridige Isotopes) to perform experiments on yxchangeable resonances
All spectra were collected on a Bruker D&R spectrometer equipped withneHCN tripleresonance,
triple-axis PFG prob&uadrature detection for the indirect dimensions in muiltignsional
experiments was achieveding the Stated PPl method189]. Samples i®0% HO/10% RO that were
used to observe exchangeable protons waoguired at 277 Kand water sppression was achieved

usinga 1p-spinecho[190]. As for the experiments DO that were used to observe neexchangeable
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protons, 2D NOESY91], 2D CITYYOCSM93]and DQF CO$x09]were run with presaturation solvent
suppression192]. Doublehalf x-filtered andF2 half Xfiltered NOESY experimerj32,233]Jused the
WATERGATE suppression sequé¢g4é]. All other heteronuclear experimenksad echoantiecho
coherenceselectionwhere solventsignat are suppressedsing the inherent dphasing effects gbulsed
field gradientd235]. All2DNOESY spectfa91]were acquired with a mixing time of 150s, and TOCSY
experiments were acquicewith a mixingtime of 50 msAll NMR samples had a volume of 50(and
were read in standard 5 mm NMR tubd@ke labelled C sampl&as an exceptiowith a volume of 200

> [and was read in a 5mm Shigemi tube with 8mm bottom matched:@. Relevant pulse programs

can be found in AppendB&

3.4 Results
3.4.1 Homonuclear NMR Experiments

As discussed in Chapter 1, aptamers are kntmwse anadaptive binding mechanisfd17¢
122]. This means that they undergo a significant conformational ceampn binding their ligandzor
this reasonthe first step of the NMR studies was to titrate an SREample with SR. This was done by
preparing three lyophilized aliquots of ligand that each contained endigghdto bind onethird of the
RNA sampléH NMR spectra were acquired for the RNA sample on its own (Figub9 8nd after each
aliquot of SR was added (Figurd B:C).The imino rang®f these spectras shown in Figure 3.
because these protons have the highest degree of variation in NMR when tertiary structure is formed or
altered. These resonancean exchange with the solvent and have inherently broadskisea result
They are alsmostlyunobservable in NMR in the adrsce of hydrogen bondindn adaptive binding, the
aptamer folds tightly around the ligand. This results in more opportunities for imino protons in-single
stranded regions to hydrogen bond with other parts of the molecule and protects imino protons in

gengal from being exposed to solvertherefore, observingnew peaks formingndor existing peaks
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sharpeningn this region is a good way to observe changasiitlieic acidstructures upon binding
ligands For SRR, it was observed that thénewidths of tre peaks decreasdtiroughout the titration
and clear changes in chemical shift and intensity of peaks could be idenfifisdsuggests a change in

conformation is occurring upon ligand binding.

A

14 13 12 11 10 9 [ppm]

Figure3.4: 1D titration of 1 mM SRR with SR.

Imino proton range showinthhe change in structure upon binding of the ligand in three aliquots. A) SRB

2 fully bound, B) SRBtwo-thirds bound, C) SRBonethird bound, and D) SRBcompletely unbound.

While the sample was still in 90%®110% DO, a 2D NOESY was acquiffeidure3.5). Initially,
NOESY experiments miag useful in assessittige likelihood of assignment based on the number of

NOEs that are preseand their resolutio. Additionally, 6lding simulators such agNAold [236] are
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often used to predict secondary structure formation in nucleic acids and looking at the numBeanadf

Uimino resonances present may give an indmatof whether or not predicted stems are forming.

Ultimately, the NOESK 90% HO/10% ROis used to assign NOEs involving imino and amino protons.

With respect to SRB, a significant number of NOEs from each imino proton were observed,

even at lower RA concentrationsPartial assignments of the stem regions were made from these NOEs

including unambiguous assignment of the UUCG tetraloop as shown in FigureéABes Bhe acquisition

of this experimentthe sample was lyophilized atrdnsferred into RO.
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Figure3.5: NOESY df.8 mMSRB2 bourd to SRin 90% HO/10% DO.

A) Full spectrum. Binino-to-imino region Assignments for the UUCG tetralodetermined in Chapter

4 areshown in redandU H3 protonsare labelled blue based on chemical shifts observetartH-°N

HSQGpectrum

85



Recalling the initial titration, a clear change in conformation was observed. However, we must
be sure that this is a single conformation ahatan equilibrium of multiple conformations is ne@hat
was observedWhen multiple conformers are presenhe resulting overlap rendemultidimensional
spectra unassignable. In order to determine whether or not-3RERs in a single bound conformatia,
TOCSY in 100%Mwas acquiredFigure 3.6)Cytosine and uridine bases have H5 and H6 protons,
giving rise to a strong crogeak in TOCSY experimedtse to the 3bond jcoupling Therefore, the
number of H5H6 crosgpeaks observed in a TOASaorrelated to the number of U and C residues in
the sequence. If significantly more peak® observedthen there a likely multiple conformations
present.For example, in the SRBspectrum approximately32 peaks were counted in this region. There
are 16 cytasine and 9 uridine residues. ditefore, the number of peaks observed exceeds the expected
number,whichindicates that multiple conformations are likely present. Having a single conformation
present is generally gequired condition for assignmenRue to several of these peaks being
substantially weaker than most, we carried on with NMR experiments and classified these peaks as

being from alternative conformatiorssdemonstratedin Figure 3.6.
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Figure3.6: TOCSY @.6 MM SRE2 bound to SR.
A) Full spectrum. BEloseup of theH5-H6 region Strong peaks that are likely from the dominant

conformation are marked as red, and weaker ones from other conformations amneechas blue.

A DQF COSY was acquired as(®wagure 3.7)which provides similar information to the TOCSY
with respect to HEH6 crosgpeaks.The TOCSY, however, tends be easier to resolve in this respect due to
the peaks beingn-phase Because of the antiphase multiplet structure observed in GZEFY,
destruction of overlapped, opposite phase signals is posgiedeilting in more difficult assignment
However, COSY experimigare extremely valuablehen doingstructure calculationbecause of the
information they provide regardingcbupling constantd-or examplethe presence and magnitude of
3J1 2 and3dis cva couplings indicates the type of sugar pucker that a particular residue has adopted
(/ eendqg/ nendoor an intermediate]238]. In this spectrum, 22 HBE6 crosgeaks were counted.
This is less than the expected 25, but due to the antiphase multiplet structure, it is possible that some of

the signals in close proximity wecancelling each other
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Figure3.7: DQF COSY of 0.6 mM SRBound to SR.

Positivepeaks are shown in black and negative peaks are shown in red.

Nowthat the samplavasin D;O, a second NOESMs acquired, this time optimized for the
chemical shift range of neexchangeable protons in the RNA and ligéfidure 3.8)Non-exchangeable
protons are plentiful in nucleic acids, resulting in M®ESY D,O containinga vast amount of
information. In short sequences, residues are sequentially assigned using a sequential walk in the
H6/H8l mQ NBIA 2y ZThe lodakidh ardl bisrdatioN b he@sequence in this assignment
process is determined with the help of the TOCSY as it highlights (€ rasitiues. Once the backbone
sequence has been determined, assignments are extended throughout the ribose, resulting in a large
number of NOEs to be used in structure calculatidierefore with regards to short oligonucleotide
sequences, th&lOES¥anbe responsible for the overwhelming bulk of assignmeiitsis highlights the
significance of acquiring a highsolution NOESY spectrumD:O. In larger sequences such as SRB

the overlap is significanand unambiguous sequential assignment using thggsugar walk is not
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possible. However, thHOESY is still critical ather experiments such as filtered/edited NOESYs are
often overlayed orit for assignmentThe spectrum acquired for SR of decent qualitand many
strongNOEsre present indicaing that the SFERE2 complex is highly structuretiowever, there are
regions in this spectrum with broad peaks. Some of these may be a result of overlap, but this also

suggests, like the TOCSY, that there is some chemical exchange happening here
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Figure3.8: NOESY of 1.8 mM SRBound to SRn D,O.
A) Full spectrum. BJlosedzLd 2 F G KS | m Mixingtime:d50msy NBIA 2y @

SRR was originally selected using a buffer that contained Mg0lin an attempt to reduce the
chemical exchange observed iiglre 3.8, we acquired a NOESY 40 hat contained 2 mM Mggl
(Figure 3.9). Some minor changes in the spectrum were observed when compénedspctrum
acquired in theabserce of MgC#, but this did nothelp significantly wittihe problem ofspectral overlap
MgC} was not used in future experiments because despite its role as an important cofactdrisMigo

known to catalyze RNA degradatif239].
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Figure3.9: Effect of Mg" on NOESY of 0.8 mM SRB
I 0 -H6KHBregion of NOESY in the absence of*Mg@) -H6AHB region of NOESY with 2 mM MgCI.

Mixing times: 150 ms.

In anotherattempt to reduce the amount of chemical exchange observed, we took a cue from
Chapter 2 and acquired a NOESY-{D B&f SRR bound to thebestligand, RB (Figure 3.10). This
spectrum looked near identical to the one with SRBound to SR in Figure 3.8eit with a slightly

lower concentration. Little to no difference was observed in the amount of structural heterogeneity.
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Figure3.10Y {H&/HB region of NOESY in®@ of 1.3 mM SRR bound to RB.

A significant degree of spectral overlap is observed even when a ligand with higher affinity, RB, is used in

place of SR. Spectrum was acquired with 150 ms mixing time.

In addition to NOEs from the RNA, the intaad inter molecular NOES from the lighare also
clearly observed ifrigure 3.8In orderto determine which signals in the NOESY are coming from the
ligandand which crospeaks involve interaction with the RNA, a TOCSY was acquired for
sulforhodamine EFigure 3L0). There appear to be a nurer of NOEs between the ligand and the RNA
and this is especially obvious with the ethyl groups from the ligand, as there are no resonances in RNA

that show up at the same chemical shift¢0 LILIJY V0 & GKS fA3IlFyRQa SikKeaft
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Figure3.11: TOCSY spectrum of 1 mM sulforhodamine B.

This spectrum was acquired with a mixing time of 50 ms. Aromatic protons of SR are labelled in red and

their locations on the ligand are indicated on the structtoéhe right.

3.4.2 Homonuclear NMR Experiments Without Ligand

In an effort to probe the native secondary structure of SRB NOESW D,O (Figure 3.1 A) and
a TOCSY (Figure BRB)of SRR in the absence of ligand were acquir€iie to the adaptivérinding
nature of aptamers, they tend to lack a significant amount of tertiary structure in the absence of ligand.
It is therefore likely that only protons in structured (dowsiganded) regions of the aptamer are
observable under these conditions. Thiail potentially be useful in assignments by helping to
distinguish residues that are in the stem regaf the RNAThese experiments are also very convenient

to run as they are simply acquired using a santipde will later be titratedwith ligand forfurther study.
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Unfortunately, the number of TOCSY-H6 peak®bserved in the SRBspectrumdid not match the
number of C and U residues in base paired regions and the variatizeiimensity of signalsvas quite
large which significant limits the practicality of this experimentn the NOES3pectrum acquired in
DO, similarly underwhelming results were obtained. An obvious reductidindrjuantity of peaks was
observed as expectedtowever, the signals remained somewhat overlapped enany are clearly
TOCSY peaks. For a few pedksay be inferred that the residue they belong to is in a bpared

region, but ultimately there isot a lot of information provided here.
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Figure3.12: NMR spectra acquired 08.5 mMunbound SRE2.

A)ClosedzL) 2 F -HBKISregiomd® theNOES¥pectrumin D,O. B) Closaip of the H5H6 region of

the 2D CITY TOCSY.

3.4.3 Heteronuclear NMR Experiments with Single -nucleotide Labelling
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Asdiscussed above, spectral overlap is great in sequences as large-2a&RBomonuclear
experiments are not sufficient for structural determinatiofterefore, weprepared isotopically labelled
samples tayainadditional information. Three samples wegpeepared,and each had a single type of
nucleotide fully**C and™N labelled(i.e. all nitrogen and carbons atoms in the base and in the-ntra
residue sugar)These are henceforth denoted d$G*°NJ-Ade, [**C**N]-Cytand [*C**N]-Urato

represent the samples where adenine, cytidine and uridine are labelled, respectively.

3.4.3.1HSQC Experiments

The first experiments acquired with each sample were H@HSQC experiments, one
2LIGAYAT SR F2NJ | mQ IprbtBns.Tihés® spRdrdafeNded ta iNdntifySEyAF kaiibanO
spin systems and proton/carbon aromatic spin systeraspectively. These spin systems are assigned
using 3D HCGHOCSY/COSY experiments. Proton chemical shift information, particularly with tespect
the aromatic protons, can also be used to aid in NOESY assigrspentra for thg'*C'°N]J-Adesample
are shown in Figure 31 The experiment optimized for the sugar is shown in panel A. H2 and H8
aromatic proton regions from the aromatic optimizedperiment are shown in panels B and C,
respectivelyThere are 10 adenine residues in this sequence, but despite ~H2 @2aks being
20a3SNISR:I GKSNBE | NB w [|2y8RIHsNicies ahighNiegie of K/ ™M Q

heterogeneity in these resids.
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Figure3.13: 'H-1*CHSQC spectra of 0.7 mM [13C 15Aje SRE bound to SR.

Optimized forA)/ Ml Qu QC2HZand C)C8HS.

Spectra for thg**C**N]-Cytsample are shown in Figure 3.ITheexperiment optimized for the
sugar is shown in panel A. H5 and H6 aromatic proton regions from the aromatic optimized experiment
are shown in panels B and C, respectivEhere are 16 cytidine residues in SRBnd similar to
adenine, exchange isobseR&d ¢ KA & A a V244 vmQORRBgois, bhithiNdasi ¥ Peaks m Q

are observed in the GA6 region.
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Figure3.14: *H-13C HSQC spectra ofsdnM [BC*N]-CytSRE2 bound to SR.

Optimized forA)/ Ml Qu QC5H3and C)C6HG6.
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Spectra for thg*C*°N]-Urasample are shown in Figure 3.IThe experiment optimized for the
sugar and in this case, the H5, are shown in panels A and B, respectively. The experiment optimized for
H6 is shown in panel Eor the[**C1*N]-Urasample, a®N HSQC in 90%®{10% DO (Figure 3.13 D)
was acquired inddition to the*C HSQC experiments. This HSQC not only provided the exchangeable
nitrogen-proton correlations but the proton chemical shifts also allowed faartial assignment of
imino-imino NOE# the NOESM 90% HO/10% RO, asshown in Figure3.5. A sgnificant contribution
from structural heterogeneitys again observed in these spectra. There are 9 uridine residues-? SRB
but at least 12 peaks were counted in all regions of ##é&*C HSQCs. Six were observed inNBéH3

range of thetH-*>N HSQ@whichsuggestshat three U H3 protons are not involved in hydrogen bonding.
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Figure3.15: HSQC spectra of @mM [**C**N]-Ura SRB2 boundto SR.
A)H-1C HSQGptimized for/ Ml QvaRd B) C5H5. C)*C HSQGptimized forC6H6. D) H-N HSQC

optimized forN3-H3,

3.4.3.2 2D HCCHCOSY
Also acquired for th¢'*C**N]-Urasample was a 2D HCQHDSYFigure 3.5). This experiment

was acquired primarily to distinguish between uridine and cytidine residues in the 2006QOYY
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experiment.lt also contains pertinent chemical shift information about sugars in U residues, however

3D TOCSY/COSY experimeilisbe required forafull assignment.
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Figure3.16. 2D HCCHCOSY spectrum of 0.9 mNMFC*N]-Ura SRE bound to SR.

3.4.3.3 Filtered and Edited NOESYExperiments

One of the primary goals with these labelled samples was to help reduce overlap in the NOESY
in DO so that sequential assignments could be ma@er. this reason, several filtered and edited NOESY
experiments were performed with each sampldese types gbulse programs allow for the selection
or elimination of protons bound to isotopically labelled heteroatoms. The resulting spectra can be
overlayed on the unlabelleNOESY spectrum O, which allows fothe classification of residue type.

Two filteredNOESY spectra were acquired with f€°N]-Adesample.The first spectrum, shown in
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Figure 3.8, is a 20doublehalf xfiltered NOESY, which has two separate filters, one in each acquisition
dimension. This effectively filters oatagnetizatiorthat originates and/or ends u@n aproton bound

to 1°C.

-
¢ -ppm vy
. A U ppm
IIQ
o 1 I 5.0
] 1Y
o L
. 2 i 5.2
L]
-3 ¢ @ 5.4
- |
§E ) §
4 Y J lss
8 U
F v
. 5 5.8
‘-"G 0 @
\ i) 6.0
. S
-7
f 6.2
‘-8 i
T T T T T T T T |ﬁ = 6.4
. 86 84 82 80 7.8 76 74 72 70 68  ppm
0 ppm

Figure3.17: Doublehalf-x-filtered NOESY of 0.7 mM [13C 15Adle SRE bound to SR.

A) Full spectrum. B) Cloag of thel mHB/H8region Spectrum acquired with mixing time of 150 ms.

The second filtered NOE&dquired forthe [**C*N]-Adesampleis a 2D halF2x-filtered NOESY
(Figure 3.7). This experiment only has a filter in FZ&ulting in signals that originate on an adenine
being filtered out of the spectrumn combination withthe double halfx-filtered NOESY, this may
distinguish signals originating on an A from those ending up on &heAspectra suffer from the same

heterogeneity issues as described for the unlézesample.
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Figure3.18: F2 halfx-filtered NOESY of 0.7 mM [13C 15Adle SRE bound to SR.

A) Full spectrum. B) Clos of thel mHB/H8region Spectrum acquired with mixing time of 150 ms.

A2D half xiltered NOESY was also obtained for fF€°N]-Cytsample (Figure 38).

Unfortunately, the concentration was loweand therefore the signatto-noiseratio wassomewhat

lower than in the spectra acquired ¢FC*N]J-Ade.
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Figure3.19: Half xfiltered NOESY of 0.5 mM [13C 158yt SRE bound to SR.

A) Full spectrum. B) Clos of thel mHB/H8region Spectrum acquired with mixing time of 150 ms.

In addition to the 2D NOESYs, 3iited PCHSQENOESY experiments were acquired for [f(HE
5NJ-Adeand [*C**N]-Urasamples (Figure 38). They were both optimized for the sugar in the carbon
dimension.These spectra can be used to identify which peaks ilNBES¥ DO are from protons in
adenine or uridineesidueswhich is critical in the sequential assignment of a rather large RNA molecule
like SRE2. The FF3 projections fof*3C*°N]J-Adeand [*C*°N]J-Uraare shown in Figure 381A and B,
respectively. Theignatto-noiseratio of the [**C*°N]-Uraspectrum is significantly higher despite only
having a slightly highé®NA concentrtzon and identical processing parameters to {R#°N]-Ade

spedrum.
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Figure3.20: F1-F3 projections of 3D 13C HSQOESY experiments.
A)0.7 mM[C*®N]-Ade SRE2 bound to SR. B) 0.9mMC*°N]-UraSRE2 bound to SRSpectra were

acquired with 150 ms mixing times.

3.4.3.4 HCN Experiments

In order to correlate imino and amino resonances to #xechangeable base protons, we also
attempted to acquire 3D HCCNH and 3D HCTAHESY experiments with the labellédample Despite
meticulous optimization, no accumulation of signal was observeldr-tD of these experiments, so we
were unable to acquire a spectrum with either pulse progrévie. also ran 8DHCN experiment to see
fAG ¢2dzZ R 0SS Ll2aaArof S ( R6boabMiNg the shrBensuécasfulbesulsi 2

asthe HCCNH expienents.
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3.5 Discussion

As evidenced in section 3.4, a large quantity of NMR data was obtained €2 S&Benice
quality spectra were acquired, such as the HSQC experiments, filB&DESYs with*C°N]-Ade and
the 2DHCCHCOSY an8DHSQC NOESith [**C1°N]-Ura.From these spectiaome assignments could
be made, however his wasfar from sufficientto fully assign and calculate a structure for SRBhere
were a number of obstacles encountered that prevented tbmpletion of this projectincludingbroad
lines,low-resolution spectrastructural heterogeneitylow sensitivity of pulse programdegradtion of
samples, and lack of required samples. These bamigdgpossible resolutionsill be discussed in detail

below.

3.5.1 Linewidth and Spectral Resolution

As discusseth 3.2 many of the spectra acquired weredécentquality. Howeverthey were
plagued with broad lines caused by conformationeterogeneity. It is likely thateterogenous
sequencesvere being observed in these spectidis is evidenced by the presence of two distinct types
of peaks in many of the spectrum acquired. Some peaks appeared to be strong and sharp, likely from
the dominant binding conformation, whikome regions contained weak, broad peakkich appear to
be the result oktructural heterogeneityWe tried to separate these peaks when attempting to assign
the various spectra, but the amount béterogeneitycoupled with significant overlap from tHarge
number of signals in a 54nt sequence made assignmiéfitult. It is possible thatonditionsmay exist
that shift the equilibrium of conformations. For example, we tried adding Mdpt this did not solve
the problem as discussed in 3.4.1.

Therewere alsoseveralspectra,includingthe 3D HSQC NOESY wite°NJ-Ade and the
filtered 2D NOESY witH'C*°N]-Ura, which wereof overall poor qualityOnly one attempt at the 3D

HSQC NOESY was made before the sample degraded, so we were unfortustadéle to further
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optimize the experiment at that time. The same pulse program was run WEA°N]-Ura and the

spectral resolution was much higher, so | believe that this was at least partially a result of parameter
adjustment. It should also be notddat the concentratioms of the three labelled samples were all
different. [°C*°N]-Ade was 0.7 mMHC*N]-Cyt was 0.5 mM and¥C**N]-Ura was 0.9 mM. The fact

that the concentration of fC**NJ}-Ura was higher may have also contributed to the differein

spectral resolution. This was also likely a factor with the filtered 2D NOESYA@HIN[-Cyt This

sample was the lowest concentration and was also acquired in a Shigemi tube with a sample volume of
only 200uL.The concentrations of all these samples are significantly lower than the 1.8 mM unlabelled
sample. This is an inherent disadvantage of a filtered NOESY compared to an edited one, as peaks
disappearing may be a result of lower sensitivity due to conceotmatther than being filtered out due

to the NMRactive®C. For this reason, it is difficult to confidently extract information from the filtered
2D NOESY with*C*N]-Cyt.To resolve this problem, more RMauld likely need tdoe producel. This

is quie costprohibitive, especially when labelling is involved. Another possibility, which will be
discussed more in Chapter 4, is the optimization of transcription initiation by changing the8irst 5
nucleotides of the sequence. #te very leastacquisition of edited NOESY's should be prioritized over

filtered NOESYs.

3.5.2 Structural Heterogeneity

There arequite a fewpossibilities for the origin of the structural heterogeneigveralhaving
to do within vitrotranscription by T7 RNA polymera&espie its usefulness in molecular biology, T7
RNA polymerase is known to prazka number of undesirable side products that result in careful
analysis and purification being required. Side reactions can result in aborted pr¢24@i241] use of
alternativetemplate initiation site§242,243] polymerase slippagR44], nontemplated nucleotide

FRRAGAZ2Y A F 0 aiddgé7.2450 yRy B 02 B Sl 28 y[48,24 $46]S NR ISy S A (i &
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Aborted sequences and sequences varying significantly in length resulting from alternative
initiation sites are easily removed from a sample by gel purificaliowever, produdd A 0K 0Q I YR
heterogeneity are the same length or within a couple of nucleotides. Even with high resolution gels, it is
not always possible to separate these kinds of produlttere are several possible methods that could
be used to reduce or eliminatthese side products. For example, it has been shown that using a DNA
GSYLX | G S SAKIZKE &/ tH r2 RAFAOFGA2ya i GKS pQ SyR Oly ¢
nucleotideg247]® C2NJ 020K 0Q YR pQ KSUOSNRIkRsBdoi ez Al KI &
cleavable tags can be highly effective in reducing side prod246. It may also be prudent to reduce

0Q LIK2ALIKIGS O0eldtAl A2y | YR TopplyndedBidekigaxe2 ISy SA G @

(@]

phosphatasd248]. Of particular concern to ug, has been shown that sequences beginning with GGG

' NB LI NI A Odzt | NI @ & dzi2do4a(pA6pHbvBver] @e hpdissuéSwitSldowe 3 Sy SA G @
GNF YAONRLIGAZ2Y @ASftRA oAGK 20KSNI pQ aSljdzSyO0Saod ¢KS
GAYS 2LIAYAT A Y Jacanibifation Ofediicedj hdtbrghénsity ang difficient product

yield.

Another source of heterogeneity sometimes encountered in nucleic acid samples, especially at
concentrationgequired for NMR spectroscopis dimerization. Dimerization often results whesif
complementary regions exist in a nucleic acid sequence. Based on tH2s&gBence, it is possible that
one of the regions in what we will later refer to as loop 3 could do this. However, we did not observe
any conclusive NMR evidence, such as @it NOESs consistent withis type ofbase pairing, that
would support this notion. In addition, a native gel run by a former studentarious SRB-ligand
complexesalso showed no indication of dimerization or oligomerization.

Finally, one source dfeterogeneity possible with any receptbgand complex is if saturation
has not been reached. We did not include Mg&the NMR despite ITC studieslicating that it may be

required. This is due to initial NMR titrations we did in the absence &f,Mberein changes in the
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spectrum were not observed after approximately a 1:1 titration with ligand. We titrated multiple

equivalents of the ligand initially, but this was not enough to induce any observable differences in the
spectrum. As a result, we geradly aimed for ~1.2:1 ligand:RNA in our NMR samples. It is possible that

the absence of peak observed in ITC has to do with thermodynamics of binding in the presence of MgCl
rather than an actual absence of binding. A control SPR experiment withoutagyesium may be

useful to confirm this theoryAnother possibility here is that other residual metal ions present may have

taken on the role of M§. However, despite not dmetalating our solutions, there was a significant

amount of EDTA present both ihg gel and anion exchange buffers, giving little reason to believe that
thiswasthecaseC2 NJ 1 KSaS NBlFIazyaz 6S o0StASOS wekidre 6 KS pQ

likely to be the source of heterogeneity.

3.5.3 HCN Experiments

One of the biggest disappointments of this project was our inability to acquire any triple
resonance experiments with our labelled samples. These experiments are desirable as they can reduce
ambiguity in NOESY experiments, but they are not without theilehgesSpectral resolution and
sensitivity of RNAreknown to decrease significantly with increasing molecular wq@@it,249] and
these types of plse programs involve several transfers of magnetization, resulting in significant signal
lossesBecauseSRRR is relatively larg€54 nt) and these pulse programs usseveralresonance
transfers, we postulate that theensitivity of these programsastoo lowto detectsignal in these
multiple-transfer experimentslf this project were to continue, | would suggest synthesizingrashort
[**C*N] oligonucleotidg which could be used as positive controldonfirm this hypothesiand rule out
anyissueswith the pulse programghemselvesor relevantparameter settingslt is also worth noting
that the console of th&ruker DRX00 spectrometeused was replaced and the software used to run it

was updated during the period in which these experiments ware This may have resulted in spectra
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of varying quality before and after the change. It may have also resulted in compatibility issues with

some pulse programs.

3.5.4 Sample Stability

In addition to the low resolution of some spectra, there were additional spectra that we
intended toacquirebut were unable talue todegradation of sample$ience the missing NOESY
experiments for some samples in section RMA is particularly suscelptiéd to degradation due to the
ubiquitouspresenceof RNases on surfacaad in reagents that are not certified RN&see. RNase
activity hasevenbeen observed in RNA samples frozer2&t°C[250]. Evenfimuch care is taken to
avoid RNase contamination, Ri¢often only stable for up to year when frozen at20 °C or-80°C and
mere daysat room temperature[251¢254]. Despite-80 °Cstorage, certified nucleaskee labware and
reagents, ande-suspension withultra-pure MillkQ water, all three of the labelled samples degraded
within weeks or months of synthesis. Unfortunately, two of these sam(pf&&**N]-Cyt and FFC*N]-
Ura)degraded during the months of staga resulting from therovinciallockdownin the spring of
2020

't K2dAK wb! RSANIRFGAZ2Y A& az2yYSidAayvySa 2dzi
would do differently in the future. It has been suggestethaliterature, that although freeing RNA in
anaqueous solution a80 °C is commonplace, storage as either a lyophilized powder or ethanol
precipitate may be more effective lortgrm storage techniquef251,254] Storage in an aitight
container shoulde ensured as atnmgpheric humidity is known to play a role in RNA degraddféa]. |
also took time to analyze each spectrum before running more, and | believe thatmeticulous
planning ancefficient schedulingpf experiments could help guarantee the acquisition of all desired

spectra by decreasing the amount of time that samples need to stay viable.
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3.5.5 Additional Resources for Assignment

The reality is that even if a full complement of higisolution spectra were acquired for the
three samples studied here, it is nearly certain that more data would still be reqdiresiwould likely
involve the unifomly labelled samples fJ°N] and [U 3C*N]. It may be useful to haw@nothersingle
(or dual)nucleotide labelled sample that has guanine, since it is has not been labelled in any of our
previous samples. It also possible that selectively deuteradatbtes would be required to assign the
AaSPOSNBf & 2-AadGH8IehiadlaiSHe NOBSYD,O. Unfortunately, he isotopically labelled
nucleotide triphosphates that are required to synthedizese samples arextremely cost prohibitive
There are altamative paths that may somewhat decrease the price tag of these samples, such as
preparing the nucleotides ourselves. However, this requires significant time and expaniisthe
starting materials and enzyme cocktail required are still very expensiaedition to the quality of
spectra obtained, cost wasfactor in thestalling of this project after the three existing samples had

degraded.

3.6 Conclusions and Future Work

In summarythe solution structure of SRBwas probed usingomonuclear NMR techniques as
well as with the three singtaucleotide labelled sample$C°N]-Ade, [FCN]-Cyt and F*C*°N]-Ura.
The major obstacle encountered was tthetrimental effectsof multiple conformationsn the spectra.
This resulted imninsufficientamount of quality datdor the unambiguous assignment of SRB here
are a few things one could do to potentially improve quality of these spectra. There were some minor
changes observed with low Mgconcentrationsso investigations with wre salt concentrations may be
useful.Spectra obtained using other ligands were not promising, howeveigauld also consider
looking at SRR mutants that may have a stronger equilibrium of preferred to alternative

conformations This includes sequencesth optimizedp Q | Y R o (andipérljagstfiad S &
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modificationssuchas/ Hnéethoxylation of the DNA template, ateavableRNA tagsliscussed in 3.5.2.
In terms of NMR spectroscopy, there are also methodologies available that look at moleculara/nami
which may provide some insight into what is happening in this syg2esi.

If we found a solutiorfor thesestructural heterogeneityssues, wavould likely start by
synthesizing [U*N], [U- 1*C**N] and either a single or dual nucleotide labelled sample involving G. With
these samples, rwould consider replicatingome of the strategies usdxy Duchardt~erneret al. who
recently characterized the solution structure of the TMR3 aptamer bourtettamethylrhodamine
[129]. THs aptamer is a similar size (48 nt) as-8R®4 nt) and binds tetramethylrhodamirf@MR), an
analogue of SR he binding affinity and kinetics of TMR with respect to-83RBre discussedackin
Chapter 2With the [U- 1N] sample, we would acquire staadl and longrange 2D HNNCOSY
experiments and &N HSQ@MIOESWVith respect to NOESYs, Duchafétneret al.similarly acquired
3D*C HSQC NOESYs with their selectively labelled sajiipEdl]-Ade, [*C*°N]J-Ade, Cyt andfC
5NJ- Gua, UraThese largely provide the same informatiasour singlenucleotide labelled samples
The major difference is we never synthesized a sample with labelled G residues, which woultibe use
to have Another sample that would be quite usefultave is [U*C*N]. With this sample, a double x
half filtered 2D NOESY could be acquired to isdtdta-ligand NOEs. An Filtered 3D**C HSQC could
also be acquired to specifically identify Ri\g&nd NOEsSimilarly, asample bound td*Glabelledligand
could also prove valuable.

As discussed in 3%.HCN experiments did not work qund there is little motivation to ptsue
them further. If we needed to further reduce ambiguity in the NOE$¥®uld suggestising at least
one partially deuteratd sample, likely with one or more nucleotides deuterated inloe®IZ R Q | Yy R
Hp ¢ LJ2 Rénlowir®) goin@of these spins would drastically reduce the amount of dipolar relaxation
experienced by the other protons, narrowing the linewidths of their sqmsaks and therefore reducing

overlap in the spectrun227].
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As willbe @scribedA y / KF LJGSNI nX ¢S 2LJISR (2 LkkM#E dzS | WRA
alternative to isotopic labelling. This involves designing and synthesizing viainoations of the SRB

aptamerwhich aremore financiallysustainablgo synthesize than labellesamples.
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Chapter 4: Probing the Structure of the SRB -2 Binding Aptamer

All experiments in tis chapter were performed and analyzed by the candidate.

4.1 Chapter Abstract

The SRR aptamer is a polyanionRNAthat binds a ligand with an overall negative charge,
makingthis an interestingsystemto characterizeThere are various NMR strategies that can be used to
acquire structural informationmany of whichinvolve isotopic labelling, as described in Chaptédige
to the lack of success for this sequence, we opted to puadteenative approaches which do nait
least initially require isotopic labelling. SeY Sy G+ f FylFf @aAraz 2 NroadkhS GRADBARS
involves resolving the structure of smaller pieces of a sequence then combining the information to
produce a single, overall structure. This is a particularly useful methioere are multiple steroop
segments in a sequence thadayform stablestructures independent of the other stetnops. In this
chapter,strategies for designing representative truncations are outlined. For a 16mer containing a
UUCG tetraloop, assignments ax@mpleted,and a structurés calculated.This allowed for several
resonances in the spectra of fldingth SRE to be identified. A similar study was attempted with
another stemloop structure (loop 3) from SRB However, results obtained suggested that the
structure of loop 3 alone is heterogenous, and in QRIBe stucture of loop 3 is likelgo-dependent
with loop 2.These results indicate that segmental analysis beyond the UUCG tetraloop is not possible

for this system.

4.2 Introduction

As established in previous chapters, SRBa desirable system to study dueits intrinsic

properties including ligand promiscuity and overall negative charge.kinetics and binding affinity of
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SRR ligands are outlined in Chapter 2. Structural NMR studies 623RBnd to SR are presented in
Chapter 3. Thee NMR studies imolved unlabded samples as well as the single nucleotide labelled
samples PC**NJ-Ade, [FC**N]-Cyt and FC**N]-Ura. The spectra acquired with these samplesra
insufficient for unambiguous assignmeshie to structural heterogeneityandfurther labelling was cost
prohibitive,so we sought otheavenues to pursue the goal of elucidating a solution structure of2SRB

Onesuchstrategy that has been used to characterize numerous large RNAs by NMR is the so
called divide and conquer apprdaf256¢259]. This approach involves characterizing smaller pieces of
the sequenceopften individual stemloop structures from a multi steffoop complex. Thesghorter
sequencesre more amenable to assignment and are relatively inexpensive to synth@séze smaller
sequencepotentially provide partial assignmentsr the overallsequenceand when all tke data is
piecedtogether,the result issignificah deconvoluton in the NMR spectra for the fulength sequence
This also provided an opportunity to become familiar with how structure calculations are done, as it
became clear in Chapter 3 that a fulusture determination was unlikely.

Of course, there arseveralassumptions that must hold in order for this approach to work.
First, the individual segments must be fold@therwise unambiguous assignment will not be possible.
Secondly, because we are talking about an aptamer, the segments must also retain the same structure
in the presence and absence of ligand. It is highly unlikely that such severe truncations would retain any
binding activity, so these experiments would be performed in the absence of ligand and if their structure
is significantly different than when bound, assignments of the segment will not translate to the full
length sequence. Finally, the structure of eachsieop segment must not be dependent on the
presence of other such segments from the full sequence. For example, if there ipdiarg between
two distinct loop regions, then segmental analysis ofitidependentstem-loops will not be an

effective metlod of assignment.
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With regards to segmental analysistbé SRE aptamer, the most logical place to start is the
UUCG tetraloopTetraloops are highly stable secondary structure elements that often cap stems in RNA.
They were first discovered by Woestal. in 1983 when they noted a disproportionate number of
hairpin loops consisting of four nucleotides in 16S ri@®A]. The vast majority of these sequences fell
into two main families, GNRA and UNCG. Further studies indicated that the UUCG tetraloop is the most
stable tetraloop as a mult of its high thermodynamic and structural favorabi[R$1]. It was later noted
by Tuerket al.that a probable function of these biologically abundant hairpins is to organize the correct
folding of large, complex RNA sequenf282]. Some tetraloopsincluding GAAf263] and AUUA264]
are known to interact with receptors or proteindowever, the UUCG tetraloopacks any known
propensity for proteiRRNA or RNARNA interactionf265]. For these reason$)UCQGetraloops are
often incorporated in aptamer sequences where possible to promote proper fpldiie avoiding
unwantedinteraction with the ligand or other parts of the RN&gsence High stability and low
interactivity are also properties that make the UUCG tetraloop of ERBideal candidate for segmental
NMR analysis.

Due to its unusually high stability and experimental practicality, the structure of the UUCG
tetraloop s well characterizedseveral structures have been determined for UUCG tetraloops with
varying short stemf266¢268]andin larger RNA molecules such as a-splicing intron269], an
influenza virus promotej270], and the ATHBinding aptamef77]. A schematic offte UUCG tetraloop is
shown in Figure 4.The firstsolution structure was 12mer elucidatedn 1991by Varankt al.and this
structure revealed many of the unusual contacts that result in the high stability of the UUCG tetraloop
[266]. These include a UG4 reverse wobble base pair where G4 is $yreconformation a C3 base
stack on U1 and a hydrogen bond between the N4 of C3 ambgppate oxygen of U266]. A few

years later, the first crystal structure of the UUCG tetraloop was determined as part of a 57nt segment

4
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YR 0SG6SSy hHuQ which wéreonotlohfdrvedimthezdutioh strlictuta the years
since several NMR structures of higher quality have been repdoteal UUCG 14mexs a result of
improvements in both NMR and computational methodolod288,27%273]. In recent studies on the
same 14merthe existence of a loypopulated, nonnative conformation where U1 and G4 do not pair
was shown usigexact NOE (eNOEK)easurementsand molecular dynamics simulatiof&/3].

Because of the high stability and wd#fined structure of the UUCG tetraloop, this segment
should be an ideal candidate for our segmental analitgsovided a suitable model for learning how to
do structure calculations and proving the efficacy of assignment and calculation processé#e also
designed several versions of what we termed loop 3, the other dtep structure in SRB. The goal
for designing these segments was to optimize transcriptional yield while maintaining the structural
integrity of the aptamer. For this reason, the binding of affinity of some modified versions «f GRi®
tested to ensure that the sequence changes implemented would be representative of the origiral SRB
sequence. In these studies, a complete NMR structuge dC&ontaining 16mer was elucidated.

Initial studies with loop 3 truncations indicate that elucidation of a structure is unlikely.
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Figure4.1: Schematic of theUUCG@ tetraloop.

Solid back lines indiate bonds horizontalblack lines indicate stacking interactions and purple dashed
lines indicate hydrogen bondshis tetraloop was inserted into the SRBequencdFigure 2.1py the

original authorsto promote proper foldind37].

4.3 Materials and Methods
4.3.1 Preparation of RNA Samples and Dyes

RNA was synthesized enzymatically using a T7 RNA polymerasithend doublestranded
synthetic DNA templater a singlestranded DNA template with T7 promotddNA was purchased from
Integrated DNA Technologies, I§Coralville,dwa)and Eurofins (Hatsville, Aabama. The sequences

usedare summarized in Table 4.1.
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Table4.1: List of relevant DNA template sequences

Aptamer | Aptamer Template Sequence

SRE? p -GGCGACCITGAGGGGGTTAACCTTGAGCCTCTCCATCATCACCRAAGCGAGGTCCC

TATAGTGAGICGIATTAO0 Q

SRE2 p -DAATACGACTCACTATAGGGACCTCGA TAEGEGATGGAGAGGCACAAGGTTAA

reverse CCQCTCAGGTACCGo Q

SRE2 min | p-GGCGACTGAGGCGETTAACCTIGCACCTCTACATCATCGAACCCTATAGTGAGTC

GTATTAo Q

L3 p-OGCECGETTAACCTTGCACCETATAGTGAGTASTATTAO Q

L3 reverse | p DAATACGACTCACTATAGGGCCGAAAGGTTAACCGCCC® Q

L3A p-OGGGACGGTTAACCTIGCGICACTATAGTGAGTASTATTAO Q
L3B p-OGGCCCGETTAACCTTGCGECATATAGTGAGTASTATTAO Q
L3C p -GGGAAAGGTTAACCTTGCTTTCCO ATAGTGAGICGTATTAO0 Q

SRE2C p-GGCGACCTGGGAAAGGT TAACCITCCTTTCCCTCCATCATCGCCGAAGCGAGGTC

CCTATAGTGAGTCGTATTA-0 Q

SRE2D p-GGGACCITGGGAAGGTTAACCTTGCITACCTCCAICATCACCRAAGCGAGGTCCC

TATAGTGAGICGIATTAO Q

UUCG 5-GGACGELGAAGCECATATAGTGAGTASTATTAS!

T7 p DAATACGACTCACTATAO Q

promoter

RNA was transcribed using the recipe listed in TableThd RNA was purified on a 10% Urea
PAGE gel and the band containing the aptamer was cut out. The RNA was eluted from the gel by crush &

soak in 300mM NaCl or by electroelution. This was followed by -tipam aHiPrep 16/10 DEAE FF
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anionexchange column@E Healthcare, Uppsala, Swedendl desalting on a Hilep 26/10 Desalting
column GE Healthcare, Uppsala, Sweden). The RNA was also precipitated with 70% ethanol prior to
running each column. Pure samples obtained from the desalting column were thenlizegplsnd

dissolved irbn n > [10 "Mpotassium phosphate buffeand 10 mM KC(90% HO0/10% DO).

4.3.2 Fluorescence Emission Scans

Spectra were obtained using a Spectramax M5 Mutide Microplate Reader using a 100 nm
wide scan with inmh y G SNIBF f a ® { | YLI S&2 ¥ SNSp Y\S¥ rangsNEbReieeD (i< |y <
nm. Readings were taken in GreinerWéll black microplates (Kremsmunster, Austria). Samples were
LINS LI NBR gA0K mnkxa R@S FYyR nn>a wb!dshMMJGatHpH& o6 dzF T
7.4).Samples were incubated at 25°C for at least 10 minutes before measurement. All data was

V2NXFEAT SR Fa | LISNDSY G 3,.5.(583Fm)bilSBB beund@ SRS 4 OSy 0SS NB

4.3.3 Fluorescence Titrations
Titrations were performed on a Spectramax M5 Miibde Microplate Reader with a Greiner
384-well black microplatéKremsmunster, Austriad S 4 dZNBY Sy (i a ¢ SNB563inmlardly dza A y
I emof 58 nm, which were determined experimentally using extita and emission scans. Samples
were prepared with varying concentrations of RNA{0 uM)and 1 uM SR in assay buffer (10mM
HEPES, 10mM KCI and 5mM MgCpH 7.4). Samples were incubated at 25°C for at least 10 minutes
before measurement. The resudtj binding curves were fitsing a nodinear, least squares methad
the simple hyperbolic functiar®oof Fnax= FnaxX [SR] / (IK+ [SR]Where Faxis the maximum
fluorescence andHs the dissociation constariRaw fluorescence values were normatize a

LISNOSyYy Gl 3S 2F GKSAMN aSdzSyo0SQa NBaLISOuAGS C
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4.3.4 NMR Experiments

Once experiments 90% HO0/10% DO were acquired, he samples were dried by lyophilization
andreRAaaz2f SR A96% PO(@ambridge Bdopap)doipdrforaxperiments on non
exchangeable resonancdsxperimentsn 90% HO/10% DOthat were used to observe exchangeable
protons were run usin@p-spin echo solvent suppressigtR0]. Two-dimensional NOESY spedit@1]
in 90%H,0/10% RO were @quired at 277 K with a mixing time of 18&for both the UUCG and L3C
samplesExperimentsn DO that were used to observe neexchangeable protons were run with
presaturation solvent suppressigh92]. For the UUCG samplBQ~COSY209], a2D CITMTOCSY193]
with a mixingtime of 50 ms, ad NOES&with mixing times of 80, 150and 200ms in 100% D were
acquired at 298 Kror the L3C sample, a 2D CTDXXCSY and a NOESY withGars mixing time were
acquired.All NMR samples had a volume of 50(and were read in standard 5 mm NMR tubA#
spectra were collected on a Bruker D00 spectrometer equipped withneHCN tripleresonance,
triple-axis PFG prob&uadrature detection for the indirect dimensions in multidimensional
experiments was achied wsing the Stated PPI method189]. Relevant pulse programs can be found in

AppendixB.

4.3.5 Input Restraints and Structure Calculations

Interproton distance restraintéor hydrogenswere obtained from NOESY spectra of the sample
in DO acquired at 28K with 80, 150 and4D ms mixing times Exchangeable NOE distances were
obtained from a 2D NOESY in 90% H20/1896aD27 K with a 150 ms mixing timBased on
resonanceassignmentgrom these spectraNOE peak intensities wergaminedandinitially grouped
into three distinct categoriesstrong ¢2.5A), medium 3.5A) andweak(~5 A) These were based cam
internal standard of 2.5 A for H36 NOES¥rosspeaks.Upperboundswere set ata very conservative

2.0 Aabove theproposed distancend lowerboundswere set at the Van der Waals distand@e
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structure of the UUCG tetraloop is known from previous stuf#é8,267] and the remainder of the

16mer UUCG sequence is a stem similar to that of the 12mer used in those studies. After a few rounds
of calculation, it was apparent that the 16mer consisted dfamdard UUCG tetraloop and a stem of

RNA in Aorm as expectedOnce this was established, further refinement of the distance restraints was
performed based on the literature interproton distanoelsthe UUCG tetraloop and offarm RNA
particularly for ntra-residuedistancesUpper and lower estraints were set a.5 A for strong NOES, 1.0

A for medium intensity NOEs and 1.5 A for weaker NOEs. Planarity restraints were included for each of
the six WatsorCrick base pairs in the sequence to preventigtf the basesStandard hydrogen bond
restraints were also included for these base pairs. A fgdrdgen bond restraints were also included for
well-established contacts in thdUCQetraloop, includingU7 O2 toG10 N2 and H22,101P to ® H41

YR !y hHn Theld®edialangleshotatbresidues in Wat€nick base pairs as well as U7 were
restrained toa standard Aorm helixand anN-type sugar pucket KS N 6 2.4 & RinYdHahdS &4 A
C9 were restrained to antgpe sugar puckebased on coupling constants observed in the DQF COSY,
while all other sugar and backbongnglesin these residuesvere left unconstrainedG10 isknownto

adopt asynconformation[266,267]and is evidenced by the very strong-HM Q O2 NNBf | G A2 Y
the NOESI D,O. For simplicity all dihedral anglefor this residuewere left unconstrainedLists of all
chemical shifts, distance reeaints and dihedral angles used in structure calculations can be found in
Appendix C.

All structure calculations were done with CNSsolve versiofRT8275] A total of 20 structures
were calculated with 8200 simulated annealing steps per conformer. This consisted of 4000 high
temperature steps of torsion angle molecular dynamics followed by two-stwat annealingtages with
1000 and 3000 steps, respectively. Finally, a minimization siaggsting of 200 stepsas performed.
Structures were visualized and analyzed using the software packages Ras6jahd UCSF Chimera

[130].
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4.4 Results and Discussion
4.4.1 Sequence Design andFluorescence Screening

The two mairdomainsof SR we investigated for segmental analysis were the UUCG
tetraloop (loop 1)and loop 30ne of the first considerations that must beade in the design of these
sequencessthe effect of the sequence on T7 RNA polymerase activity. Optimizing activity is particularly
important for NMR studies because relatively latgey) quantities of RNare requiredfor an NMR
sample of adequate conno&ration. It has been established in previous literature that having G residues
in the +1 to +3 positions of the sequenc®ften optimal forin vitrotranscription[277]. The +1 G base
has been shown to have several specific interactions with residues in the active site of T7 RNA
polymerasewhich explain its strong preference for this type of nucleof{@és,279] During
transcriptioninitiat2 y > G KS ¢1 LI2fe@8YSNI&aS o0AyRa (GKS 5b! LINRY?2
¢KS 5b! dSYLXFdS Aa GKSYy YSEtGSR FTNRY LRaAdAzy bn
of thisinitiation bubble to at least the +7 positioit.has been suggestl that the triplet of G residues
may help prevent slippage between the RENA complex and the active site during translocation,
which in turn reduces the frequency of aborted sequen@89]. Expansion of the bubble becomes
much less favourable after the +8 positjdrighighting the possible significance of the +4 to +8 regiibn.
has also been demonstrated in more recent studies that altering the nucleotides in positions +4 to +8
can affect transcription activity by up toféld [280]. A major observation from these studies was
sequenceshat areAU-rich in the +4 to +8 regiomenerally had the highest activity. This is likely due to
the facilitation of strand melting upotmanscription initiation[280]. These observations were taken into
account when designing truncations of the SR&ptamer.

As seen in Fige 42 A the original sequence of the UUCG stimop in SRR isa 12merwith

the sequencg ACGOUCGCGA Qd Ly 2 NRSNJ (i toresuithbfe fofitfarisériptianS |j dzSy O S
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while maintaining maximum sequence analogy, thg Rase pair was removed, antt¢ée consecutive
G-C base pairs were add€Bigure 4.2 B)The middle ten bases are identical to SRBue to theA-U
base paitbeing situated at theend of thestem in SRR, the chemical environment of these two bases
would likely be significantly differentvith the addition of a G tripletand therefore they do not warrant
inclusion here.

In our initial attempt to design a truncation for loop 3, théJAase pair in the stem was simply
changed to a & base pair, resulting arun of four GC base pairs to begin the sequer{Egure 4.2 C)
The transcriptional yield of this sequendiled L3 was quite poor, even when a doukdtranded DNA
template was usedror this reason, several modified versions of this sequence were eesig
screened in order to optimize transcriptigRigure 4.2 BF) In the sequence L3A, the fourthGbase
pairwas substituted wittan AU base pair to increase the-l8 content as described above. The presence
of an AU base pair in the stem may alselto simply resonance assignment. In L3B, the fourth G
base pair was again replaced but this time by@ Base pair. This was done to replicate the start of the
full SRE2 aptamer sequence, where transcription activity was already sufficient. Irhtrebdnd final
version, L3C, the fourth-G base pair and the following&base pair were removed and replaced with
three AU base pairs. This was done to substantially incrédas@U contentand attempt to replicate
the results of the literature referezed above. These sequences were transcribed, run on a urea PAGE
gel and qualitatively assessed by UV shadowingtrahnscription yield observedias L3 << L3A <L3B <

L3CIt was therefore decided that L3C would be the sequence used for NMR studies.
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Figure 4.2: Segments of the SRBaptamer designed for NMR studies.

A) SR, B) UUCG, C) L3, D) L3A, E) L3B and Ah&30JCG tetraloop (loop 1) is shown in red and

loop 3 is shown in blu&he remainder ofhe sequence is shown in black.

Before an NMR sample was synthesized, we wanted to ensure that the structure of L3C was
representative of the original sequence. To do this, we designed two versions of the fiailseB&ence
with alterations to the stem of loop 3. SRB has a stem ideigal to L3C, an8RE2D has a stem similar
to L3B.SRE2C was designed as a direct comparison for L3C, but this sequence involves an additional
base pair in the stem. That means that differences in binding affinity observed may be a result of either
a chame in sequence achange in stem length. In order to distinguish these effects, the2ZERB

sequence was created, as it carries some of the same alterations d8CSR®& its stem is the same
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length as the original SRBsequenceThese sequences wereanrined using fluorescence techniques.

They are shown in Figure 4.3.

UG UG
A G A G
A A A A
G C G G A C G
U GAGGCG G U GGGAAAG G
A A
G~ CucCccCcaGgcC U G\ cccuuuc U
U U A C U
GC\\C C-G A CA AU GC\ \C C—G A A
G~ G C-G G ~ G C-G
c C A—U c C A—U
u U G-C uu G-C
G- C G-C
G-C G—C
A B
UG AUG
AYGg G G
A A A A
G A 's G U A C G
U GGGAAG G A GAGGCG G
G&U Jcccuve v ¢ Lcuccec v
GC\C C-G A A UCG A A
G . G C-G A—U
C C A—U G- C
TR G C G- C
G—C G-—C
C G-c D

Figure4.3: SRB2 variants studied using fluorescence titrations.

A) SRR, B) SRBC, C) SRED and D) SRBmin. For B and C, regiorettvaries is shown in green.

Some of the sequences discussed above were screened for SR binding using fluorescence
emissions scan$igure 4.4)UUCG and L3y themselveshowed no discernable binding activity,
which is unsurprising due to the large acmbwf sequence that was removed. It was also observed that
the binding activity of both SRBC and SRBD werecomparableto SRB2. The final sequence included
in the emission scans was SRBiin. This was a truncation created by the authors who originally

selected SRB, and we tested it to see if it was worth studying further. However, this sequence showed
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only a slight shift in maximum emission wavelengtld no change in fluorescence intensity. This

indicates that at best, this sequence binds extrenvedakly, which is unsuitable for NMR studies.
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Figure4.4: Fluorescence emission scans of SRButants and truncations.

Emission spectra of ligand on its own are shown in red and emission spectra oftigaagresence of
excess SRBare shown in blue. SEB SREC and SRBD all clearly bind SR, while L3A, UUCG and SRB

2 Min do not.
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In order to compare the binding affinities of SRESREC and SRBD, fluorescence titrations
were performed(Figure 46). As shown in Table2}.it was determined from these experiments that
SRE2C and SRBD had only slightly weaker binding affinity than SRBhis observation shows that the
same general structure is likely being formed in the presence afdigad that the sequence alterations

have minimakffect on this structure. L3C should therefore be a reasonable representation of loop 3 in

NMR studies.
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Figure4.5: Fluorescence titrations of SRBmutarts with SR

Experimental data is shown as blue points and fit data is shown as a re@dimeentration of SR was 5
MM and SRR ranged in concentration from 026 uM. Error bars are one standard deviation from the

mean of the replicates acquired.
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Table4.2: Dissociation constants of SRBmutants determined by fluorescence titratian

Sequence Ky (UM)

SRR 2.09+£0.12
SREB2C | 2.69+0.30
SRE2D 2.23+£0.27

4.4.2 NMR Structure of the UUCG 16mer

Due to its small size and stable structure, resonance assignment of the UUCG 16mer was
completed using only homonuclear experimenigludinga NOESY i80% H0/10% DOandNOESY
TOCSY armdOSYh D:O. Inter-residue connedvity wasfirst established byssigning the crogseaks in
GKS Tckly G2 |1 mQnDNBHINDFSY2sEBhownknSFiglréi9ahd, a close up of the
lckly G2 | mQ NB 3 AByAftdr the chdma shiftshofthe E16/HBdaBomreakzh
base were determined, assignments were extended from each bagetfoH Q2 | 0 QZ |1 n QX

protons.
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Figure4.6: NOESY of 2.0 mM UUCG 16rireb,0.
A) Full spectrum. BYloseup ofthel MmQ G2 1 ckly NBIA2yd | &SljdsSydAalrt

where crosspeaks connected by horizontalirplelines are two different bases that see the same sugar,

and crosspeaks connected by vertical red lines are two different sugar protoatdee the same base.

Blue dots indicate intraucleotide crosd JS | {1 a® Dmm KIF & Fy I MQ gAGK |y dzy(
AKATG FYR FLIWSEFNER 2dziaARS 2F (GKAA TFpupbeaBdBRa OKSYAO

Spectrum was acquireditls mixing time of 150 ms.

Upon completing resonance assignments for the-4sanhangeable protons, tHeOESY i80%
H.0/10% DOwas used tassign the exchangeable imino and amino protons on the bases where
possible. The full spectrum is shown in Figui®Adand a close up of the iminionino region of the
spectrum is shown in Figure7B. Assignment was relatively straightforward for imino protons
belonging to nucleotides in the tetraloop, but unambiguously assignments were not determined for the

aminoand imino protons in the stem due to significant overlap. The absence of-Bhgohtent in the
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stem contributed to this problenresulting inalack of chemical shift variationtegking NOEs between
adjacentguaninedn the stem were not clearly observéathis spectrum Thislimited the usefulness of
the iminaimino region shown in Figure?B. Assignment of the UUCG tetraloop resonances in the full

length SRE sequence was made possible by this work as shown in Figure 3.5.
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Figure4.7: NOESY of 2.0 mM UUCG 16nme90% HO/10% DO.

A) Full spectrum. B) Imirio-imino region. Relevant assignments from the tetraloop are shown in red.

Spectrum was acquired with mixing time of 150 ms.

A TGCSY experiment was also used to help identify thélBgrosgpeaks from C and U in the
NOESY DO andto distinguish baseugar crosgpeaks involving the pyrimidine residues from those
involving purine residues (Figure84\). There are nine C and Uideges in the UUCG 16mer and ten
peaks observed in the TOCS&Nwever, it appears likely théte two weakest peaks belong to the same

resonance, allowing unambiguous assignment of the spectrudQRCOSY was alsbtained and was
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usedto confirm theknown Stype sugar puckers in the tetralogfy8 and C9This spectrum is shown in

Figure 48 B.
ppm
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Figure4.8: TOCSY and COSY spectra of 2.0 mM UUCG 16mer.

A)H5-HB6 region of the TOCSY spectri@trong signal from the dominant conformation anmarkedin
red, and weaker signals experiencing chemical exchangaareedin blue.B)DQF COSY where
positive contours are shown in black and negative contours are shown i§pedtrum was acquired

with mixing timeof 50 ms.

Distance constraints and dihedral angles were obtained as outlined in A 8%l 0of540NOE
distance constraints anti35dihedral angles werased whichcorrespondto an average 083.8
distanceand8.4dihedral angle restraints per nucleoti@es listed in Table 3. Thedistance constraints
includea total of40 hydrogen bondshat were added for thesixbasepairs in the stem of the molecule
as well as four in the tetralooginceprevious studies indate thatthese exist and are observed in
experimental dataWithin the tetraloop portion of the moleculd45NOEs were obtained,7 of which
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were interresidue NOEs. Therefore, the tetraloop structure was defined by an aver@§3MNOE

constraints penucleotide

Table4.3: Structure determination statistics for UUCG 16mer

Distance Restraints
Tetraloop (#10) intra-nucleotide 98
Tetraloop (710) inter-nucleotide 47
Total intranucleotide 363
Totalinter-nucleotide 137
Hydrogen Bonds 40
Total distance restraints 540

Dihedral Restraints
Ribose pucker 67
Backbone 68
Total dihedral restraints 135

Structural Statistics
NOE violations None>05 A
Angle violations None>5°
Loop (611) RMSD 0.629A
Stem (15, 12-16) RMSD 1.808A

For visualization and RMSD calculation, the structure was separated into two segments. Due to
the lack of longrange restraints included in the calculation, large variations in the bending of the stem
were observd and aligning the two halves separately resulted in the structure being displayed more
clearly. The first segment, shown in Figur@ A, includes the tetraloop and the first base pair of the
stem (residues-.1). The second segment, shown in FiguBBjis the rest of the stem (residuesb]

12-16).
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Figure4.9: Stereo view of the superposition of the 20 lowest energy structughe UUCG 16mer

Separated into A) UUCG tetraloop and first base of the stem (nucleotititsdhd B) The stem

(hucleotides 35and12vc 0 ® D NBX aARdzSa I NB akKz2gy Ay o0fdsSzI / Q&

Figure 410 shows a comparison between one of the 20 structures olet@iim previoustudies
[268]and one of the 20 obtained in ivwork As expected, tére is little discernable difference between
the two sets of structuresThis is partly due tthe inclusion of hydrogen bond restrairliased on these
previousstructures These include several of the defining interactions in the tetralooptridwes-wobble
U7-GlObasepaifl KS / ¢ FYAYS (2 GKS !y LK2aLK?66%H8FyR (KS
These were all confirmed experimentalys shown in Table 3and Figure 4.9, a reasongi@mall
deviation between structures was obtained. Additionatllys structure was already well defined and
our calculation comparetb literature versions relativelyvell. As suchwe were not justified in spending

any additional time refining the structure.
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Figure4.10: Literature mmparison of the UUCG tetraloop.

Lowest energy structure &)the UUCGQGetraloop as determined by Allain and Varani (1H[2€p] and

B)the UUCQetraloop asdetermined in these studies.

4.4 .3 NMR Studies of the SRB2 Truncation L3C

Following the successful resonance assignment and structure calculation of the UUCG 16mer,
the next step was to design and study another segment of theZSi&gBamer. Several variations of the
Wi 2 2 L) -laomwete @leSiyned, and we proceeded with NMRigta of L3C, for reasons discussed
above.As with the UUCG 16mer, NOESYs in bgEhand 90% #D/10% RO were collected for this
sample, as well as a TOCSY. From the NOESY spectra, it is evident that some of the heterogeneity issues
seen with the full SRB sequence were significantly worse with this sequence. The peaks inGhe D
spectrum are very broad, resulting in poor resolution. In the NOESY% HO/10% RO (Figure 4.11)
only two imino resonances are observed, likely from the middle of the stgiomeThere are no peaks
in the region where notWatsonCrick type pairing is typically seen. This suggests that L3C is highly

dynamic in solution, forming little tangible structure outside of the stem.
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Figure4.11: 2D NOESY spectra of L3C.

1.5 mM RNAn A) RO and B) 90%2:8/10% DO. Very little structure is observed in these spectra.

Specta were bothacquired witha mixing time of 150 ms.

This is supported by the TOQEure 4.12)where it is clear that multiple conformations exist.
There are eleven pealexpected in the HE6 region of the TOCSY (six C and five U in L3C),lbastt
17 peaks can be counted in this spectruft.this point, we concluded that resonance assignmeas
not possible for this segment of SRBBased on the results obtained, it is highly likely that nucleotides
in the loop 3 region of the sequence interact with some of those in the center loop to form the binding

site. Thisunfortunately, results in sgmental analysis being impractical for SRB
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Figure4.12: H5-H6 region in the 2D TOCSY of 1.5 mM L3C.

Peaks are labelled to show how they were counted. Peaks labelled in red are strong, and those labelled

in blue are weak. Blue peaks are likely a resudttafctural homogeneity.

4.5 Conclusions

Overall, the segmental analysis of SR@elded mixed results. The UUCG 16mer was
successfully assigned, and 20 structures of satisfaetoeygy and residual violationgere acquiredAs
shown in Figure 4.10, no discernible differences were observeddegtithe experimental and literature
structures.When compared to SRBspectra, crospeaks in the tetraloop can be easily identified,
particularlythose belonging t@xchangeable resonances in tNOESY spectrum @9% HO/10% DO
(Figure 3.5)Unfortunately, studies with the L3C sequence were unsuccessful due tatkef tertiary
structure present. This was not an unexpected result considering that the ligand is unable to bind this
sequence. There is also a palindromic sequence in the loop that mag dauerization and therefore
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structural heterogeneity in the NMR spectiased on tlis significantly lower degree of structure
observed in theNMR spectra fo3C compared to SFEBIt is highly likelyhat there is significant
interaction between loop &nd loop 2 in the folded structure SRBTherefore, segmental analysis will
not be useful beyond the UUCG tetraloop. A minimal versid@RE2 aptamer, SRB Min, was
proposed by the authors who originally selected SRB/]. The UUCG tetraloop is absent in this
structure, while loop 2 and loop 3 are intact. However, fluorescence ststi@sn in Figure 4.ihdicate
that the binding affinity of this sequence is quite laivbest which does not make NMR studies a
realistic option. If futureNMRstudies are done on this systefinding conditions to limit exchange and
hence peak broadening, would be the primary goal. Themjsotope labelling strategies discussed in

Chapter 3 may be more effective.
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Chapter 5: Thioflavin T Fluorescence and NMR Spectroscopy Suggesting

a Non-G-quadruplex Structure fora Sodium Binding Aptamer

5.1 Foreward

The results in this chapter haweenacceptal for publicationin the Canadian Journal of
Chemistry Runjhun SararKyle A. PiccolpYanping He, Yonggiang KangJBong Jimmy Huang,
Chunying Wei, Da Chen, Thorsten Dieckmand Juewen LiThioflavin T fluorescence and NMR
spectroscopy suggesting a n@quadruplex structure for a sodium binding aptamer embedded in
DNAzyme® Any permission for further reise of this material should be requested directly from the

Canadian Journal of Chemistry.

*RS, K.A.PandY.H.contributed equally to this work.

ThT fluorescence spectroscopy experiments were performed and analyzed by Runjhun Saran,
Yanping He, Yonggiang Kang:JBog Jimmy Huang, Chunying Wei and Da Chen. NMR and CD
experiments were performed and analyzed by ttandidate. All authors contributed to the text in the
abstract,introduction, and conclusion sections, while the methods and results and discussion sections
were written primarily by the author(s) who used those respective methodologies.

All data and fjures in this chapter were published in the above article with the following

exceptionsFigures 5.143 and analysis in section 5.5.8.
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5.2 Chapter Abstract

Recently, a Nabinding aptamer was reported to be embedded in a few RMAving
DNAzymesincluding NaA43, Cel3d and NaH1. These DNAzymes requifer ldativity but show no
activity in the presence of'lor other metal ions. Given that DNA can selectively binoyKorming a G
quadruplex structure, this work aims to answer whether this &ztamer also uses a-Guadruplex to
bind N&. The Naaptamer embedded in Cel3d consists of multiple GG sequences, which is also a pre
requisite for the formation of G4 structures. To delineate the structural differences and similarities
between Cel3d and-Guadruplex in terms of metal binding, thioflavin T (ThT) fluorescence
spectroscopy, NMR spectroscopy and CD spectroscopy were used. Through comparative ThT
fluorescence spectrometry studies, we deciphered that while a contgpidiruplex DNA exhibited
notable fluorescence enhancement up to 5 mMvth a Ky of 0.52 mM, the Cel13d DNAzyme
fluorescence was negligibly perturbed with similar concentrations”.o®iposed to this, Cel3d
displayed specific remarkable fluorescence decrease wittmdlimolar concentrations of NaNMR
experiments at two different pH values suggest that Ce13d adopts a significantly different conformation
or equilibrium of conformations in the presence of'Narsus Kand has a more stable structure in the
presence 6Na'. Additionally, absence of characteristicqGadruplex peaks in 111 NMR suggest that
G4 is not responsible for the Nainding.This theory is confirmed by absence of characteristic peaks in
the CD spectra of this sequendéerefore we concludedhat the aptamer must be selective for Na

and binds using a structural element that does not contain G4.

5.3 Introduction

Understanding metabinding to DNA is important not only for studying the biological functions
of DNA, but also for biosensor devetopnt[171,281] drug developmenf282], and nanotechnology

[283]. In biological studies, Nand K are among the most abundaphysiological metal ions. They can
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control the ionic strength of buffers and solutions and screen the negative charges on DNA, resulting in
more stable DNA duplex¢284]. In addition, they can also have specific binding interactions with

certain singlestranded DNA sequencgk71]. The most famous example is of the stabilization of G
guadruplex (G4) DNR@85]. Normally Kis much more effective than N stabilizing G4 structures
[286,287] Nd is less effectiveoften attributed to its smaller size and also because thermodynaryitall

has a higher energy of dehydratif@B87].

Recently a Na-binding DNA aptamer has been report¢288,289]which was derivedrom the
conserved sequences of the DNAzymes NaA43, NaH1, and Cel3d all originally discoveredhthrough
vitro selectiond290¢293]. The NaA43 DNAzyme was reported by Lu andariers[290], and it
specifically requires Ndor cleaving an RNA containing substrate. NaA43 shares its conserved sequence
with the Cel13d DN&yme, which was selected by our group in a lanthawidpendent selectiofi291].

The conserved sequence is the main part of athiading aptamef294¢297]. The identification of this
Na'-aptamer proved instrumental in understanding the reason for the specificity of NaA43 and Cel3d
DNAzymes for Naalthough the mechanism underlying specific Niading bythe DNA still remains
intriguing[289,296,298,299]0ur knowledge on specific Nainding by DI is limited and from the
literature known, and a possible mechanism may rely on G4 structures. In such a case, the G4 structure
would require a superior Ndanduced stabilization than*Kas the aptamer is known to show a higher
affinity to Na in comparson to K, especially at room temperaturi288,295,298,300]0utside the G4
context, Na binds more strongly to DNA than #ince it can better increase the melting temperature
(Tm) of DNA301]. With respect to G4 structures, so far only a few specialized examples are known
where N4d can stabilize G4 more thar #oes. Alberti and coworkers reported a structure containing
two contiguous G4 units with a greater stabilization by [862]. Other examples of N&eing a better
stabilizer were all from mutated human telomeric sequences, but the advantage' ofddaextremey

small. For example, by replacing a certain guanine withrm&hylguanines, thd, was enhanced by
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just 1" C with N&, while theTn of the original DNA was & higher with K[303]. Moderate advantages
were also observed by replacing certain guanines by abasi24é} or adenine$305]. Overall, such
mutations significantly decreased the overall stability of the G4 struct@eset al. reported an
unmodified G4 sequence that showed different folding in the presence of Na+ and K+, and Na+
appeared to have an even tighter bindif8p6]. For unmodified simple G4 sequences, no examples are
known for Nabeing a better stabilizer. Therefore, it would be extremely intriguing to probe whether
the mechanism underlying Ninding to the aptamer derived from NaA43 and Cel3d DNAzymes
involves N&G4 interactions.

Another interesting facet regarding Celi@dts ability to act as a detection beacon for trivalent
lanthanideqg291]. Lanthanides are used @ommercial applications such as magnets, &adts, lasers
and contrasting agents, so the ability to detect these metal ions is important to identify and prevent
pollution [307¢310]. Their similarity in physical properties kes them difficult to separate without the
use of complex instrumentation metho@311]. Previous studies with Ce13d indicate that several
trivalent lanthanides can be detected in the low nanomolar concentration r§2@E. This DNAzyme
was the product of the first selection to contain lanthanides as the sole metal cofactor, though
lanthanides have been noted to ¥ activating or inhibitory effects on nucleic acid catalysis in the past
[312¢316]. From a practical perspectivarthanidesare a promisinghoice of cofactofor nucleic acid
cleavage since theability to act as strong Lewis acids make thahept at performing nosspecific
nucleic acid hydrolysj809,317,318]Here we examine by NMR the structural effects that lanthanide
presence ha on Cel3d.

Thioflavin T is a popular dye that becomes fluorescent upon binding to G4 DNA, and it has been
extensively used to probe G319]. In addition, NMR is a powerful method for studying G4 structures
[199,320]and for studying biomleculeligand interactions in generdh this work, we used ThT to study

Na’ binding by the Ce13d DNAzyme and a comparison was made with a G4 structure. In addition, NMR
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spectroscopy was performed to further analyze the Ce13d DNAzyme structure. The agguéd
against the presence of a G4 structure to be responsible for the specifliindiing by the aptamer
NMR results also show that sodium and a lanthanide together are not sufficient to observe Cis13d in a

single rigid conformation.

5.4 Materials and Methods
5.4.1 Chemicals

TheDNA sequences were obtained from Integrated DNA Technologies (Coralville, 1A) and
Eurofins (Huntsville, AL). Metal salts including lithium chloride (LiCl), sodium chloride Ig@i@)jum
(1N nitrate (La(N€)), KHPQ, KHPQ, NaHPQ, and NakPQ were obtained from SigmaAldrich, VWR,
and Fischer Scientific Canada at the highest purity available. ThT was fromAgigicta 99.96% DO

was from Cambridge Isotope Laboratories.

5.4.2 ThT Fluorescence Spectroscopy

For ThT fluorescence spectroscopy, the Cel3d DNAzyme or G4 complexes were annealed at a
final concentration of 20 uM in buffer A (25 mM LiCIl, 50 mM HEPES, pH 7.5) by heating the samples to
85 C for 5 min and then gradually cooling to@ over 30 min. Fdhe experiments, final concentration
of 0.6 uM DNA complexes were added to a final concentration of 3 uM ThT solution in buffer B at room
temperature (500 mMris-acetatg pH 8). After 15 min reaction at@, the sample was recovered to
room temperature.Then fluorescence readings were collected dbaay Eclipse fluorometém a 1. cm

quartz fluorescence cuvetté A (i K { K S E OA (k) GsM@2yAim dnbl BeSstafining énfissiah <

61 @St SaohArénge frorg 455 to 650 nm at room temperature.
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5.4.3 Nuclear Magnetic Resonance

DNA for NMR experiments was purified by 10% denaturing polyacrylamide gel electrophoresis
(dPAGE). The DNA was eluted from the dPAGE using 300 mM LiCl. This was followed by purification on a
HiPrep 16/10 DEAE FF anmxchangecolumn (GE Healthcare, Uppsala, Sweden), and desalting on a
HiPrep 26/10 Desalting column (GE Healthcare, Uppsala, Sweden). Buffers containirfgcatibnki(no
Na or K) were used throughout purification. NMR samples were prepared by dissolving an appropriate
gSAAKG 2F fe@2LKAfAT SR LI2SRSNI AY sodiumphosphafe b&feri K SNJ &
and 5 mM NacCl, 5 mMotassium phosphate buffand 5 mM KCI,B8mM NaCl or 80 mM KCI. The pH
was adjusted to 5.8 or 6.8 with ammonia, NaOH or KOH depending on the cation already present. The
samples were dried by lyophilization andReA & & 2 t S R A y>0/10% BO of §9.9FDOD /¥ |
Samples were heated to 85f@& 5min and cooled to 4°C before spectra were acquired. All spectra were
collected on a Bruker DRSO spectrometer equipped with a HCN tripsonance, tripleaxis PFG
probe (Bruker, Billerica, MA). NMR experiments were carried out at 277 K in %% DO or 298 K
in D:O. Solvent suppression was achieved ugmgpin echo pulse sequencf90]for 90% HO/10%
D.O or presaturatiorfl192]for DO samples. All 1D spectra were processed udiggtical parameters
and window function. The 2D CITY TOCSY expesfi®3] were run with a mixing time of 50 mand
NOESY experimenis91]were run with a mixing time of 150 msu@drature detection for the indirect
dimension was achieved using the Statd¢aP| methodll89]. All NMR samples had a volume of 500

and were read in standard 5 mm NMR tubBglevant pulse programs can be found in Appendix B.

5.4.4 Circular Dichroism
CD experiments were performed on a Jas8d3spectropolarimeter (Jasco Inc., Easton, MD).
CD scanning experiments were run from 330 nm to 200 nm with a path length of 0.1 cm, data interval of

0.5 nm, bandwidth of 0.5 nm, response of 1 second, scanning speed of 200 nm*“ramate total of
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fouraccy dzf G SR &a0Fyaad {IYLX Sa O2yil.@86EmV KT or88 md b !
NaCl. The samples were also heated to 85 °C for 5min, cooled to 4 °C and incubated for at least 24hrs

before acquisition at 25 °C.

5.5 Results and Discussion
5.5.1 The Cel3d DNAzyme

The secondary structure of the Ce13d DNAzyme is shown in BEigukg¢291]. Its substrate
strand(shown in greengontains a single RNA linkage (rA in red for-ellenine) that serves as the
cleavage site. For most of the studies in this work, this RNA linkage plasaé by its DNA analog to
avoid cleavagédA in red for deoxyrib@denine) Previous assays have shown that such a change does
not perturb N& binding[288,300] Thetwo ends of theenzyme strandshown in bluepindthe
substrate via two stems (shown as blue/green duplexes in Figar) respectively, and between these
two stems the enzyme contains a hairpin (shown as blue) followed by a large loop (shown as red and
purple), which is the main part of the Na+ aptam@tretches of G bases present in the catalytic loop of
Cel3d DNAzyme as well as the substrate strand are highlighted in purple (Figusd S&lctures are
composed of stacked-Guartet, where each quartet consists of 4 guanines Hoogsteen-paised n a
square planar array (FiguBel D). G4s may form by one to four nucleic acid strands that bear

continuous runs of guanines ort@cts in presence of metal ions such a§381,322]
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Figure5.1: Secondary structure ofnolecules used in ThT fluorescence expeents.

(A) the Cel13d DNAzyme and (B) G4 construct, designed by replacing the Cel3d catalytic loop by a G4
DNA. The guanine stretches are marked in purple. (C) The structure of ThT. (D) Structural representation
of a Gquartet, where the hydrogen bondse shown in pink color, G stands for guanine, and R depicts

the rest of the nucleic acid chain attached to G

From the secondary structure of Cel3d, we can find four GG or GGG strgtahs, (Figure
5.1 A) in its catalytic loop, and thus it has thesafical components to form a G4. From the previously
published DMS foeprinting experiment, most of these guanines in the enzyme strand were protected
in presence of Naindicating that these guanines are involved in thé-biading pocke{288].
However, this DNAzyme is known to be inactive witf288]. In addition, upon replacing one of the
critical guanines in the enzyme catalytic loop with base hypoxanthine, the modified ©&A8zyme still
retained the same Nanduced activity{323]. This modification must disrupt G4 structures, however it

did not hamper the Cel13d activity. Therefore, whether Ce13d uses G4 to bimdmins elusive. To
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address this problem through comparative studies, we designed a G4 construct as\aepmsitrol, in

which we replaced the Cel3d catalytic loop with a G4 sequence (EduBg.

5.5.2 ThT fluorescence spectroscopy
We started by using ThT to probe for the presence of G4 structures in the Ce13d DNAzyme and

the G4 control sequence. The structure of ThT is shown in Figli& and it is commonly used for
staining G4 DN819,324;326] although ThT also has its limitat®such as it prefers to bind parallel G
guadruplex over antparallel oneg327,328] Before studying our Ce13d DNAzyme, we first did a control
experiment using the G4 construct in Figbré B. We mixed ThT with this G4 structuaad an emission
peak at 488 nm was observed with 442 nm excitatieigre5.2 A, black spectrum). Upon adding 10

mM K, an increase in the fluorescence was observed, suggesting formation of a G4 structure5Rigure
A, red spectrum). For quantitative understanding, we gradually titratgéFigure5.2 B, green trace) to

see a concentratiolependent effect. A sharp increase in fluorescence occurred between 0 and 5 mM
K"and then the fluorescence saturated Khof 0.52 mM Kwas obtained by fitting the curve. With more
than 10 mM K the fluorescence started to drop, whienight be attributed to the general effect of salt

in screening the interaction between ThT and the DNA. While the increase in fluorescence i Rigure
B was sharp, it was relatively small in terms of fatdhancement i.e. ~-fold. This could be attriltted to

the long DNA structure in which only a small fraction of the nucleotides makes the G4 structure. The
non-guanine nucleotides may nespecifically bind ThT and thus may have contributed to a high
background fluorescend826]. In addition, this G4 DNA might fold into an grdrallel structure, which
would also limit the amount of fluorescence increase (see discussion on its CD spectra later)."When Li
was titrated, no fluorescence increase was obseraed it even dropped slightly (Figuse& B, black

trace). When Nawas titrated, the drop in fluorescence was even more (Fi§2d, red trace). Overall,
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the control G4 experiment indicated that ThT can stain the G4 structure in ousttand system
(Hgure5.1 B), and only Kpromoted formation of the G4 structure.

We then titrated the metal ions to the Ce13d DNAzyme containing thecheavable substrate
(Figure5.2 C). Interestingly, we observed decreased fluorescence intensity upon additiori, af/iNiz
K"almost had no influence on the signal, similar to the response"td\e reason that Na+ can fold the
DNAzyme into a tight binding structure, releasing previously associated ThT to decrease its fluorescence.
Such a binding structure was unlikéd be a G4 sequence due to the drastic fluorescence quenching by
Na+ and the lack of response to K#®.ensure that the data is representative, we also performed the
metal titration in the presence of a lower buffer concentration (Fighu®. Still, Nashowed the largest

ThT fluorescence decrease, confirming specifichitaling but likely to a noi&4 structure.
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Figure5.2: ThT fluorescence spectra of Cel3d and G4 control.
(A) Fluorescence spectra ¢iet G4/ThT mixture without and with 10 mM. icluorescence titration of
the (B) G4/ThT, and (C) Cel3d/ThT mixture with various monovalent metal ions in 500 rakbi&is

buffer, pH 8.0.
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Figure5.3: ThT fuorescencdntensitiesin lower buffer concentration.
(A) G4/ThT, and (B) Cel3dA/ThT mixture with various monovalent metal ions in 50 raldeTais

buffer, pH 8.0The ratio of the G4/Cel3dA to ThT was 0.6 uM : 3 uM.

Another possibility is the formation of intenolecular G4 complexes by multiple DNAzymes
specifically interacting with each other. To test this, we varied the concentration of the Ce13d DNAzyme
(keeping the ThT concentration the same). As we increaseddancentration of DNAzyme, the initial
fluorescence increased, which is consistent with formation of increasing DNA/ThT complexes. However,
this response to Navas observed to be independent of DNAzyme concentration, upon plotting the
relative fluorescace change (Figu4). This data advocate that the effect of the*Ménding is
conferred upon individual DNAzyme molecules rather than the formation of-mtdecular complexes.

An important aspect of ThT staining to be considered is the possibild¢ofduced
fluorescence reduction. It has been previously reported that using ThT to stain G4 DNA followed by
addition of metal ions may not always accompany fluorescence increase, and sometimes fluorescence
decrease may also be obsenf@d9]. Based on the available literature, in most common cases with
unmodified DNA we expect ko be better than Nato stabilize G4 structures, although exceptions were

also reported306,329] The fact that only Nahad a strong response of decreasing fluorescence with
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negligible flusescence perturbation in presence of(Rigure5.2C) did not provide a strong support for

a G4 structure in Cel3d with N&'he insights from previousaminopurine spectroscopy studi§98],

in addition to the data fished out in our study herein, strengthen the notion of Ce13d DNAzyme to fold
differently than G4 structuresipresence of NaDue to the limitations of ThT as a G4 probe, the ThT

data alone cannot conclude the structure of the Ce13d DNAzyme in the presence of Na+. Therefore, we

then used spectroscopic methods that do not require labglor staining of the DNA
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Figure5.4: Fluorescence intensity at different DNA concentrations.

(A) G4ThTand B) Cel3&/ThT mixturan the G4/Cel3dA : ThT ratio of 1.2 pM : 3 pith various
monovalent metal iong-luorescence spectra of th€)(G4 ThTand O) Cel3&/ ThT mixturdn the
G4/Cel3dA : ThT ratio of 0.6 uM : 3 pMth various monovalent metal ionJ his data is collected in

500 mM TrisAcetate buffer pH 8.0.
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5.5.3 Design of a cissDNAzyme for NMR Spectroscopy

To furthertest the structure of the DNAzymgwethen performed NMR spectroscopy. One of
the main bottlenecks in obtaining information from nucleic acid NMR is the length of the sequence
under study. Thehemical diversity of the nucleotide monomers (i.e. adenine, thymine/uracil, cytosine,
and guanine) present in naturally occurring nucleic acids is very low. Due to this there is high spectral
overlap in their NMR pea827]. This problem becomes more and more significant as the number of
nucleic acid polymers or the number of nucleotides incrd888]. The DNAzyme version used for ThT
experiments (Figur6.1 A) contains two separate strands, and the full Ce13d DNAzyme used for
previous studies had nearly 90 nucleotides. It is difficult to prepare a homogenous NMR sample with the
two-strand system sinci¢ is hard to control the presence of any unhybridized strand by having exactly
the same ratio of the two strands. Such heterogeneity adds spectral overlap of NMR peaks as well,
making NMR analysis even more difficult. Therefore, to lessen the probalbifipectral overlap, short

cis versions of Cel13d were designed for NMR studies.

S5 TCACGAGTCACTA: +GGAAGTGGCGAAA BS

CAGTGCTCAGTGATA TACCGCTTT

O.C.G. /IAGGAA@TACGTC CGCGA (GGAABTAC
G

11
CGCTA TATGCr GCGCTA TATGO’

ey
£

Cel3dA Y Cel3dB

Figure5.5: Cel3d sequence variations used foMR spectroscopy.
(A) transcleaving DNAzyme Ce13d with the conserved nuidest(red) numbered from-38, and its

non-cleavable analogues (B) Cel3dA, and (C) Cel3dB
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The secondary structure of the tranateaving Cel13d previously used for biochemical
characterization$323], and the two short cis versions: Cel3dA @&l 3dB used for NMR studies are
shown in Figure 3. The two substraianding arms of these two cis DNAzymes are 6 base pair (shown in
green color) and 5 base pa{ishown in blue color) long, much shorter than those in Cel3d. Previous
studies showed thatite hairpin size and composition can be changed as long as a hairpin structure is
retained[291,295,298] In the catalytic loop, the lengthf the hairpin was also shortened. The only
difference between Cel3dA and Cel3dB is that the adenine in the tip of the hairpin loop was changed to
a cytosine. Shortened eBNAzymes were used to solve the DNA length and substrate/enzyme ratio
problems. Theegion shown in dark red is the same for all three versions shown. These conserved
nucleotides present in the enzyme loop of Cel3d are most important fébMding as well as catalytic
activity (nucleotides numbered-B8 in Figurés.5A). A systematic mation study of the conserved
enzyme loop, in which each nucleotide was mutated to the other three has revealed interesting insights
[295]. It was found that most of the mutants except for A3G, A8G, G14A, and G14T, were incapable of
specific N&binding. In terms of catalytic &eity, the nucleotides A3, G14 and T17 exhibited tolerance
to mutations, and mutants C7A, A8G, and T13C were found active. Exctse, all the other
mutants remarkably hampered the Cel3d catalysis. These data present a good correlation betiveen Na
binding and catalytic activity, showing that Na@inding is a key factor for catalysis to take place. These
data also validate the usage of Cel3dA and Cel3dB for NMR, as these have the conserved set of
nucleotides preserved. In the trastdeaving Cel3d DNyine (Figurés.5A), the cleavage site is denoted
GAGK | o0flF Ol FINNRgzZ YR GKS Of SI g 3 SersiohsiofS NRA o6 2 y dzO
Cel3d are designedtobenahf S| @ 6t S 06& NBLIX | OAy INNKSyY d2@ {SF 200 FRES &

(colored in cyan in Figue5B and5.5C).
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5.5.4. Folding of Cel3d in Li*, Na and K+.

To see if we could gain a deeper understanding of the folding of Ce13d in the presence of
various monovalent ions we probed the #® spectrum of Ce13dA in the presence of various
monovalent ions at two different pH values (FiguseSand 57). The imingoroton regions of 90%
H,0/10%D,0 1D'H NMR spectra of Ce13dA were collected with no salt added (only trace amounts of
Lifpresent) at pH 6.8 (Figute6A), 10 mM Kat pH 6.8 (Figur.6B), and 10 mM Naat pH 6.8 (Figure
5.6 C) respectively. The imimegion of the 13H spectrum contains peaks for the exchangeable imino
protons of guanine (H1) and thymine (H331]. More specifically, the region of 421 ppm represerd
signals from imino (NH) protons which are strongly hydrogen bonded in Waigok base pairs, while
the signals in the region around12 ppm belong to imino protons that are typically involved in-on
canonical base pairs which are useful for charaziegi the secondary structures formed by complexed
DNA[332,333] A comparison of the three spectra in the region ofi®2ppm in Figure 4 ggests that
there are similar number of peaks and several shared chemical shifts between each of the three spectra,
suggesting that the structure of the base paired regions shown in Figure 3B was relatively rigid and
stable in the presence of traces of,ldr 10 mM Ng and Kat pH 6.8. However, the region ofl2 ppm
is quite different with respect to the number of peaks and chemical shifts of the peaks for each of the
three spectra, indicating that Ce13dA adopted a different conformation and/or equitibof
conformations in the presence of no salt"ttaces), Naand K.

In Figure 57, similar spectra were acquired but at a lower pH of 5.8 and with higher salt
concentrations of 80 mM*{Figure 5B) and 80 mM Ngrigure 57 C) to drive the bindingf the cations.
Under these conditions, the spectra fot, nd to a lesser extent,”Lhad much broader linewidths and
more spectral overlap, resulting in poorly defined peaks. This is indicative of the presence of multiple
conformations, which is unsurnging at a lower pH where exchange occurs more readily due to higher

H" concentration. On the other hand, it can be observed in Figuf€3hat there are shifts in the Na
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spectrum from higher salt concentration and lower pH, but in general it rete&rsdructured
conformation. From Figurg.6, it is evident that many of the peaks affected in presence ofaxa
different from those affected with Kand at the lower pH of 5.8 where the exchange rate is higher,
Cel3dA visibly retains much more stru@um the presence of Ndhan the free DNA or in the presence
of K. This emphasizes that Cel3dA adopts a different conformation and/or equilibrium of
conformations in the presence of Nersus K It is also worth noting that in Figue6, there are fever
peaks with a narrower distribution present in the absence of salt than there are in the presenceé of Na
or K which implies that some features of the folded structures are unable to form without cation
stabilization. Most of these differences are obshin the lower ppm range of the imino regiamhich

is characteristic of noftVatson Crick base pairing. These interpretations support the conclusions of
previous results, where using intrinsic fluorescence changesaaiiBopurine labéled at the cleavage
site, it was shown that the folding pattern with Nainding was completely different frominding,

where Kis considered to induce misfolding of Ce12€8,300]
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Figure5.6: Imino proton region of 90 % ¥ / 10 % BO 1D*H NMR spectra of Cel13dA at 277K.
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Figure5.7: Imino proton region of 90 % ¥D / 10 % BO 1D*H NMR spectra of Cel3dA at 277K.
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5.5.5 NMR Spectra Suggest the Nat-binding Structure is not a G -quadruplex
Many Grich DNA aptamers contain@uadruplex structures for molecular recognition, and
these structures have fairly well defined guanine imiHONMR shifts between 1068.5 ppm[198,334;

336]. Gquadruplex DNA is a highly stable structure and therefore these peaks are typically defined by
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high intensty and narrow linewidth. Due to the Ndependence of the Ce13d DNAzyme and its
sequence containing sufficienti@&h regions, NMR was also used to qualitatively assess the presence of
G-quadruplex DNA. This needed the investigation of Cel3d in preseizg dfie to its functional role,
and also in presence of Kecause of the welkstablished preference of-@trads for K[337,338] The
spectra in Figures 4 and 5 were analyzed for this purposeetr, no compelling evidence supported
the presence of a @uadruplex in Ce13dA in the presence of blakK'. There are some peaks between
10.5 ppm and 12.5 ppm at both pH ranglest this is not atypical of DNA, and based on the linewidths,
G-quadruplex is not conclusively present in any of the spectra. At pH 5.8, it is highly likely that a G
guadruplex would be stable and retain its characteristic, narrow imino peaks betweel2G.ppm

and it is clear that this is not the case for free DNA or in the presenceloftke presence of Nathe
peaks in this regiohave narrower linewidths but this simply indicates that conformational stability is
conferred but not necessarily duo a Gquadruplex Analysis of Figurg.6 shows that there are not
significantly more peaks in the presence of tiian K. Based on these observations and the fadsK
known to have a higher propensity fordeadruplex formation than Nait is unlikdy that Ce13dA forms
a Gquadruplex. However, despite the lack of evidence, it is possible that differgoa@ruplexes are
formed in presence of different cations and it cannot be explicitly ruled out by these spectra alone that
G-quadruplex is formed.Rerefore, we sought additional evidence to support this claim. In order to
collect this evidence, we lyophilized the three samples from Figifrafter the previous spectra were
obtained and resuspended them in 100¥0or acquisition of further 1EH NMR spectra. Under these
conditions, signals from exchangeable imino and amino resonances fquadsuplex G residues may
survive for up to two or more weeks in@[339]. There were no residual imino or amino peaks
observed in any of these spectra, despite being observed within 30 minutes of resuspension. These
findings, in combination with those from spectra in Figsesand 57, support the conclusion that

there is no @uadruplex formation in the presence of N& K. To summarize, thesél NMR spectra
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show that Cel13d is unique in its ability to discriminate between monovalent cations and supports the
idea that there is amptamer specific for Nawithin the catalyticdop of Cel3d. This NMR data also

indicates that this aptamer is not based on @@ druplex structure.

5.5.6 CDSpectra Confirm the Absence of Gquadruplex Sructure.

CD spectra were then obtained for Ce13dA under the same three salt conditionfoud&dR
experiments (no salt added, 80 mM Nand 80 mM K). We chose the cisleaving Cel13dA to better
match the results of the NMR experiments. All three spectra had maxima at approximately 280 nm,
minima at 250 nm and a croeswer point from positive taegative intensity around 260 nm which is
typical of duplex DNA (Figuge8) [196,340] Gquadruplex DNA can have different forms, all with
characteristic CD signaturesjch aparallel (~264/ Y Y| B/ZY HYmApy 0 = | y (nfet, 6011 f f S¢
min) or hybrid (~ 29Bax, 260max, 245min) [341,342] These peaks are clearly not present in any of
the CD spectra obtained. In addition to this, all three salt conditions give nearly identical CD spectra,
which is not consistent with the presence of aj@Gadruplex. Since-Guadruplex fomation is
dependent on salt, a sequence containingj@druplex would experience significant shifts in
wavelengths and increases in peak magnitudes in the presencecofripared to the absence of K
[343]. We previously measured the CD spectra of the tieaaving Ce13d DNAzyme and also the G
guadruplex control shown in FiguBel A and5.1 B, respectively299]. The tanscleaving Cel3d spectra
were very similar to that of the cideaving Cel3dA presented in Figbr8, suggesting that they had a
similar overall folding. The G4 control, on the other hand, had the peaks shifted to 290 nm and 250 nm
in the presence of Ksuggesting its folding into an asgarallel Gquadruplex. The peaks did not
perfectly match with the ideal values since a portion of the DNA was in duplex. This evidence indicates

that Cel13dA does not form adaiadruplex, in agreement with 1D NMR data.

155

0



2.0

1.5 ~

1.0

0.5 4

0.0 -

Ae (M em™)

-0.5 —

-1.0 A

—— No Salt (Traces of Li*)
—— 80MM K"
-1.5 1 80 mM Na*

-2.0 T T T T T T I
180 200 220 240 260 280 300 320 340

Wavelength (nm)

Figure5.8: CD spectra of Cel13dA in the presence of no added salnK Nd.

No significant changes are observed in CD spectra when different ions are present and characteristic G

guadruplex peaks arabsent, indicating a lack of@uadruplex structure in this sequence.

5.5.7 Potential Structural Information from 2D NMR

In addition to the 13H NMR, we probed the structure of Ce13d with 2D NMR. Famteisised
the Cel13dB construct. The Cel13dB difieom Cel3dA by a cytosine residnés hairpinrloop (shown
in pink in Figur®.5B and5.5C). This change could be afforded as this position is known to be
insignificant in Nabinding and catalysis of Ce1&91,323] This was done to increase the number of
cytosine residues as it proves beneficial for spectral assignmemadspand therefore in determining
the homogeneity of the sample. Typically for cytosines, the H5 and H6 protons show up peaks between

5-6 ppm and 6.97.9 ppm, respectively. The throughond interaction between H5 and H6 protons is
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unigque to cytosines, anthe number of peaks coming from this interaction directly correlates to the
number of cytosines in the structure. To determine if Ce13dB is present in a single homogeneous
conformation, we probed the structure of Cel13dB with a 2D TOCSY experiment E8)amedlooked

at the peaks generated by the throudpond interactions of H5/H6 protons in the cytosine nucleotides
(Figure5.10). The number of cytosines in Cel3dB is 12 (Fig&%€), while the number of peaks

showing up in the 100 %,0H5/*H6 2D TOEY is 18 (Figute9). This clearly indicated that Ce13dB is
present in multiple threedimensional conformations. Since conformational homogeneity is a
prerequisite for structure determination through NMR, any further spectra for structure determination
were not acquiredin this study.
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Figure5.9: 2D-TOCSY spectrum of 450aCel13dBn 5 mM LiPQpH 6.8,200 mM N&.
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This is the full TOCSY spectrum of Cel3dB in the presence of hig@pslstrum waacquired with a

mixing time of 50 ms.

Figure5.10: H5/H6 proton region of th&D-TOCSY spectrum of Cel13dB.

The spectrum shows crogeaks generated by througond interactions of H5/H6 hydrogens of the
cytosine residues of Cel3dBhese peaks are conservatively counted in blue fExé& chemical shift
range of H5 protons is-6.2 ppm (yaxis)and the chemical shift rangef H6 protons is 6-8.0 ppm (x

axis).This spectrum was acquired with a 46& & le i .dnM LiPQpH 6.0,200 mM N&
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