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Failure should be outeacher, not our undertaker.
Failure is delay, not defeat. It is a temporary detour, not a dead end.

Failure is something we can avoid only by saying nothing, doing nothing, and being nothing.

Denis Waitley
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Abstract

This doctorakhesisfocuses on the enzymatic synthesis of baseified RNA probes with
diverse functional groups, including reactive ctlisking, hydrophobic and fluorescent moieties, or
affinity tags. The construction of nucleobasedified oligonucleotides is accomplesth either
throughconventionain vitro transcription with T7 RNA polymerase or by an innovative approach
leveraging engineered mutant DNA polymerases and primer extension reaction (PEX).

In the first sectionof the thesis, a novel ribonucleoside triphosphate building block with
reactive chloroacetamide functionality was synthesised using an agueoatalded Sonogashira
crosscoupling reactiondirectly applied on iodinated nucleotide. The chloroacetamide modified
triphosphate was then tested as a putative substrate for T7 RNA polyméragirontranscription
reaction, aiming to construct RNA probes with one or multiple reactive groups. The selectivity of
chloroacetamidenodified RNAfor thiol-, or cysteing and histidinecontaining (bio)molecules was
demonstrated by model bioconjugation reactions and -tirdésg experiments with three RNA
binding proteins of diverse structures and functions. The efficient formation offRbdtdincovalent
adducts was confirmed by western blot or gel, and mass spectrometry analyses conducted under
denaturing conditions. Identification of the RMdnding sites and targeted amino acids residues
within the model proteins was performed through protecanialysis of cleavage products. The
effectiveness and potential applicability of the novel modified RNA probe was faehsnstrated
by crosslinking with extracted cellular proteinsyhere sequence specific protein recognised and
crosslinked only to its cognate modified RNA probe.

In the second part of the thesis, a novel methodology was developed for constructing base
modified RNA oligonucleotides with varying lengths and number of unnatural nucleotides utilising
engineered thermostablBNA polymerases and PEX. Modified nucleotides, featuring diverse
functional groups attached to position & pyrimidines or position -7of 7-deazapurines, were
investigated as suitable substrates for two engineered polyméré&&sand SFM43. Both mutant
polymerases demonstrated efficiency in mpawating either one or four modified nucleotides into a
single RNA strand. The increased activity of TGK polymerase was showcased by synthesising fully
modified RNA probes, wherein all four canonical nucleotides were replaced with modified
counterparts lming distinct functional groups. This surpassed the performance of the conventional
T7 RNA polymerasén vitro transcription. Conversely, SFMBlpolymerase failed in achieving this
level of activity. Efficient elongation was also demonstrated with a DNi#ner, facilitating the
construction of intriguing DNARNA hybrids. Moreover, a straightforward methodology utilising
selective2'-deoxyuridinecleavage was developed to enable the removal of DNA primer from the

synthesised part of RNA, facilitating the generation of hypermodified RNA probes where each



nucleobase is modified. Additionally, a method for more challenging the selective labelling of RNA
at specific positions, utilising combination of single nucleotide incorporation (SNI) and PEX, was
successfully developed. RNA probes decorated with twindisiuorophores at internal positions

were employed for fluorescence structural studies. Importantly, this approach was also applied to the
synthesis of regiomodified or poirtmodified messengeRNAs, revealing for the first time, that a
single 5-methycytidine modificationwithin proteincoding regionsignificantly enhanced protein
production in bothn vivoandin cellulo experiments when compared to its natordiully modified

MRNA counterpag



Abstrakt

Tato disertaln2 pr&8ce | enazam@ubiefniak cmvaa nelnczhy mR
rTznl mi funkl| n2 mi skupi namBov 8wml2et phiyodtres fankTh m & o A
fluorescenln2ch skugKobnshebkcaf oroidg of i okkol veaondl |cehif .n-
je zarz pel ena b u bk vikootnrveemd knr2i p c 2 s T7 RNA pol ymer §
pS2stupem vyug2vaj2c2m upraven® mutantn2 DNA po

V prvn?2 | §sti pr8ce byl nasyntetizov8§n nov
reaktivn2 chloracetamidovou funk|ln2z skupinou p
f8zi katalyzovan® Pd, pS2 moChaplriaketam® dean mod &
trifosf 8t byl pot ® t e sntvibovt8rna njsakkrad pwh o dsn 1T 7s uFbNsA 1|
c2lem zkonstruovat RNA sondy S j e Beatektivita ne b o
chl oracetamidem modifi kovanHicsht iRINAn porbos athhuij®lc,2 i
bylau k § zr@mcae | ov T mi  biirenkcennaj expgranemhp rmo s %0 vt 8Sre2mi RNA
vazebnl mi p r o dtrekiunani a fsnkemT&IniTmn § t vor ba -praeinal ent n*:
aduktT byl a pot v gdownel enketsrta@efrdnrmeozl ood etz &n &lr ® b
provya&aRn denat ur al n tdentifikacep dRiiAvzanzeeko.nT ¢ h m2 st a
aminokyselinovich zbytkT v modelovich proteinect
produkt IOl g tnhpeare2n.ai §lon 2 pougitelnost nov® modi f
pSedvedenash8osp$d ktlraalhuovanT mi bdeDvynbmanipresekv
specificklT protein rozpoznal a kovalentnhD zacl
sekvenci.

Ve druh® | 8§sti pr8&8ce byla viyaim@idiaf inkoga mled
RNA oligonukleotidT s rTznou d®l kou a poltem
upraveertmbstabiln2ch DNA Mot ek &va ra®bREXNkUijedoatRic:
rT@&funk| nypSk®aj @ zi ci 5 u pyri midde anzTa pruebon Tk bp
zkoum8ny jako vhodn® subst i 3GKyaSpM48. Od R N mupaavehn
pol ymer §zy prok&§zal yakjgdhohgtakbsy SpRodizhi keRanBEaoh n
jednoho SeZRigen&RKRNAktivita TGK peodynae®szly by
modi fi kovanTch RNA sond, kde byl y vgechny I
modi fi kovanT mi pvrzostj I mighkDyg nn® sfowrElélmmi 20 K spiedye.k p
konvemitot2r anskripci s TNad®RNaAk ppd lyynde es&asus ISIFM4t ®1
“urovnDhD.Blkitdnw® t yr o dptovedegoe a k ®S2y Dadd fimeru, pro konstrukci
neobvyDNA-RNA hybNavdd@.byla vyvinuta pS2molhar § met
Vy gt Dfdeexydridnuy, kter § umogRuje oedyntanDzdDVERNA pBismd



usnadwRibyjhegyper modi fi kovanlich RNA sond, kDdSel ej e kagd:
byl a %spRgnhD vyomMDmunRsemee widim®p¥ oznal en2 RNA na spe
vyug2vaj?2c?2 kombi naci i nkor poPrraoc es tjreudkntouhron 2n ufkl | ueoort
studie bylyzpalURNARyYs oinndtyersned dvilDmalJedt 8EgbhamizdTt abni
gendpS2stup byl tak® aplikov8n pro sywomr®zo®messel
oblastinebovbdd p Si | e mg dbhyall oe npoo, p rgve® jwe ¢ io BH@ebAcytidind i k a c e

v oblasti k-duj2c2 pro proteinnwbi@kvbmmD| nvdil a

experimentech ve srovngn2 s jeho pSirozenT mi nebo
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1 Introduction

1.1 History of ribonucleic acid (RNA)

The discovery of nucleic acids is datbdckto 1869, whenSwiss biochemisFriedrich
Miescher isolated a novel substance from nuclei of white bloodar@isiamedt "nuclein'™. This
initial finding set the stage for further exploratidine firstevidenceof RNA, playinga pivotal role
in flow of genetic informationis in Crick'sdescription of his "Central Dogma of Molecular Biology"
during year 1953, which outlines thagenetic information irDNA is transcribed into RNA, and
subsequently, RNA is translated into prot&lr{§igurel). This was later confirmed kije discovery
of mRNA by S. Brennerand F. Gro$“. In 1956, Rich and Davies made another significant
contribution by publishing pioneering work on nucleic acid hybridisation reactions. Their
groundbreaking findings revealed tiab RNA strands much like DNA, could adopt a comparable
configuration through complementarity in basarind®. This discovery highlighted the structural
similarities between RNA and DNA&xploring new possibilitie®r understanding theomplexityof
nucleic acids and paving the way for subsequent investigations into their structure and function.

DD OPT (ow )

transcription
(DNA-dependent RNA
polymerase)

SN [Creva ]

translation J

(ribosome)

-©0—0—0—0 "

Figure 1. Predicted flow of genetic information in a biological systenby Francis Crick.

1.2 Structure and functions of RNA

From the chemical point of viewRNA closely resembles its DNA counterpalfthis

polynucleotide biomacromoleculess composed of four canonical building blocks known as
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ribonucleoside triphosphates (ribonucleotid&seheterocyclimucleobasesan be divided into two
groups, purines and pyrimidinesdénine(A), uracil(U), cytosingC), and guanin€éG) nucleobases

are attached td'-position of dive-carbon ring (ribose sugar) through aN@lycosidic bondThe 5-
carbon bears a triphosphate functional grothpe presence of-Aydroxyl group in RNA imparts
nucleophilic character to the molecule, contributing to its reactivity and introducing level of
instability to RNA.In eukaryotic cellsRNA is synthesised inucleusby a DNA-dependent RNA
polymerase in a process called transcriptiduaring this process, the DNA template is transcribed
into a newly generated RNA strarithe U-position ofphosphate group of thiecoming nucleotide
reacts with the 'shydroxyl group of thattahednucleotidethrough arSy2 mechanismresulting in

the formation oftable bond angdyrophosphate as a leaving grugrigure2). In addition, single
stranded RNA has the capability to fold into hairpin structlirmsd when two complementary RNA
strands interact, they can form @& Z-RNA helix®°. Furthermoreinteraction withadditional RNA
strandsunder certain conditionsan lead to the formation of triplé% or even GquadrupleX!
structures. These threiémensional structures serve not only as binding sites for préteibst also

play functional roles, such as exhibiting catalytic activity. RNA enzymes, termed as ribozymes, are a

class of highly structured RNAs, exemplifyolecules with nucleic acideavage activity®l.
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Figure 2. Synthesis of RNA strand and canonical WatsoiCrick base pairing in RNA molecules

Thereareseveral classes of RNA molecules, each playing distinct roles within the cellular
machinery. The major representatives include messenger RNA (mRNA), which carries genetic

information for protein synthe$id; transfer RNA (tRNA), essential for transferring amino acids to
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the growing protein chain during translafiéh ribosomal RNA (rRNA), a crucial component of
ribosome involved in protein synthe&is long norcoding RNA (IncRNA), participating in various
cellular processes without encoding for protélhsmicroRNA (miRNA), involved in post
transcriptional gene regulatiéf; small nuclear RNA (snRNA), essential for splicing procé¥es
small nucleolar RNA (snoRNA), guiding modifications of other RRBgibozymes, catalytic RNA
molecule&; and the recently identified circular RNAif@RNA), which althoughless abundant
exhibit stablity due to their covalent looptructur&? (Figure 3). The exploration of thiield is
ongoing, with continuous discoveries of new RNA classes gnovengunderstanding of their roles.

mRNA tRNA rRNA snRNA
snoRNA miRNA circRNA IncRNA

Figure 3. Overview of selected RNA molecules and thestructures.

In addition to itscanonicalA, U, C, G nucleotide components, RNA undergoes chemical
modifications that significantly contribute to its structural diversity and functional verd&tility
Various modifications have been identified on all four nucleobases, incltingethyladenosine
(mfA) ,  p s e ud o umethyicytasiee (XCY] andN’-riethylguanosine (). Furthermore,
there are reports of sugar modifications such'-&-m@ethylfunctional groupg(2'-O-Me) (Figure4).
These modifications do not influence only proper folding and stability of RiNAalso play crucial
roles in diverse molecular processes such as transcription, splicing, and translation?f RdIA
date, over 170 chemical modifications have been identified in both coding armbdiog RNAs,
and this number continues to grow as more advanced detection methods are déVeldpesk
modifications are introduced into RNA Bwriters', removed byerases’, and further modified by
enzymes referred to dmodifiers'®®. The presence of modifications is pervadiveughoumnearly
all cellular RNAs, with a notable abundance in functional RN&w&h as tRNA, rRNA, and
mRNAP7, Pseudouridine, recoggeid as the'fifth nucleobas® was the first identified nucleoside

modification,isolatedfrom bulk yeasRNA in 19578, A significant advana@ent ofunderstanding
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these modificationeemerged fromrecent pioneering investigations b¥ a r iakd- colleagues,
demonstrating that numerous naturally occurring modifications in human RNA] g¢thiouridine
(s2V), andm°C, reducemmunogenicity?®.

The multifaceted nature of RNA extends its significance beyotrdnsmitterof genetic
information contributing to various cellulgprocesses and expanding the scope of its biological

impact.Therefore, RNAhasattractedconsiderable attention aminowextensively studied.
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Figure 4. Selected examples ofaturally occurring modifications on nucleobase and ribosevithin RNA.

1.3 Chemical (solidsupport-based synthesis of RNA

Besides isolation from biological samplgeneratiorof RNA canbe accomplished through
two primary methodssolid supportbased chemical synthesis &renzymatic polymesation using
rNTPs building block§%. The predominant approach for incorporating various chemical
functionalities into RNA oligonucleotides is solidhase synthesis, recogail as the gold standard
procedur€&. Since its development in the 1980s by Caruthers and Beaurigigally for short DNA
oligonucleotide synthedid 3, it has found application even in generation of modified RNA probes,
including those used as small interfering RNAs (siRfA)short RNA hairpin€® or asantisense
oligonucleotides (AS@Y!. In contrast to DNA, presence of theh®droxyl sugar group renders RNA
not only more labile than DNA, but also introduces complications in the steps of chemical synthesis
makingit approximatelytwice more expensivehanDNA synthesis Existence of the 'Z0H group
necessitates additional protection and deprotection steps dhengeaction cascadend forms
stericalhindrance during condensation react{bigure5)©83°. Employing a foustep reaction cycle
for stepby-step integration of phosphoramiditeiilding blocksenables selective introduction of
modifications and labels at the sugar, base, or phosphate backbone of nucleic acid. Oligonucleotide
synthesis occurs in thé 35' direction and upon cleavage from the sslighport, the generated RNA

moleculesare usuallypurifiedthrough highperformance liquid chromatography (HPIE8)
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Figure 5. Selected nucleobase and sugar protecting groups used in chemical synthesis of RNA oligonucleotides.

The initiation stepof RNA chemical synthesigmvolves removing the dimethoxytrityl (DMTr)
protecting group from the'fBydroxyl functiondity of the first ribonucleoside attached to solid
support(controlledpore glass or polystyren&rough the 3hydroxyl. Following the detritylation

step, typically performed by trichloroacetic or dichloroacetic acid and removal of protecting group in
washing step, the couplimgactiontakes plac€’. The incoming nucleoside, activated by addition of

an azole catalyst (e.g.,Hitetrazole, Sethylthio-1H-tetrazole, Sbenzythio-1H-tetrazolelf%4!]
undergoes nucleophilic substitution with frééndroxyl group,along withelimination of tetrazole
complex as a leaving grogmdforming a new phosphite triester lhiil. As the coupling step never
achieves full conversi@na capping step must be implemented to protect the unreadtedrbxyl
moiety, that could form unwantedeletion by-products in nexteaction steps.This is usually
performed by a mixture @MAP with acetic anhydride and lutidii8. The newly formed phosphite
triester bond [P(Ill)] of the coupling product is oxdelil to a more stable phosphotriester bond [P(V)]
upon treatment, usually with iodine tert-butyl hydroperoxid€®. After complete synthesis of
desired oligonucleotide sequence, the RNA probe is released fromsspimbrt, followed by
deprotection steps to remove phosphate and nucleobase protecting groups, typically performed in
concentratecaqueousammonia.Final steps involve deprotection of sugar moiety to generate the
desiredRNA oligonucleotide produdiSchemel). Chemical solidohase method offers potential for

complete automatioand scaleupin production of substantial quantities of modified RNA préfes
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Schemel. Process for solid supporbased chemical synthesis of RNA oligonucleotides.

Despitedemonstrated success even in synthesising atldfg RNA probd?? it is essential
to acknowledge certain limitations associated with this method. \Wiislepproacimainly excels in
generating shortenodified RNA probes, typically below 6at, attempting the synthesis of longer
oligonucleotides in reasonable yieldsmainsa challenge Although a single elongation cycle
efficiency can reacB9%,overall yielddropsexponentiallywith each additional cycle. For instance,
the50nt long RNA probejield may decrease to 37%making this method impractical for generation
of long RNA oligonucleotidé¥!. Moreover,application ofharsh reaction conditions in the process
may not always align with requirements of sensitive or reactive functional $ffutherefore

alternative more environmentallfriendly, and milder options are required.
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1.4 Enzymatic synthesis oRNA

Enzymatic synthesis emerges as an environmentally sustainable and gentle alternative for
RNA production, particularly valuable when dealing with very reactive modifications incompatible
with traditional chemicasynthesis oaimingat generation ofong RNA strands. The key player in
enzymatic RNA synthesis is the RNA polymerase, an enzyme that catalyses the formation of RNA
strand from a DNA template. This process involves incorporation of either natural or modified
ribonucleoside triphosphate buildindobks in a templatelependent fashionMild reaction
conditions provideompatibility with a diverse range of modificatiamskingit suitable for tailoring
RNA molecules to specific needsd offering advantages in situations where classical chemical

synthesis falls shdftl.

1.4.1 Synthesis of ribonucleoside triphosphatéuilding blocks
While a universally applicable and higielding method forsynthesis of modified

nucleotidess still a big challengerecent advancements have contributed to overall ease of obtaining
these buildingplocks There are twestablisheghathwaydeading to basenodified nucleotidesOne
method involves the phosphorylation ofodified nucleosides, whereas the otherbased on
functionalsaion of the triphosphatkuilding blockitself, under mild conditiong§Scheme?).
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Scheme2. Synthetic pathways leading to modified ribonucleoside triphosphates.

Until now, various procedures have been developed for phosphorylation of modified nucleosides.
One of the pioneering and most common approaches for preparation of nucleoside triphosphates was
reported by Yoshikawa in 19%6%l. This onepot reaction starts with regioselective &'

monophosphorylation of an unprotected nucleoside using electrophilic phosphorous oxychloride

25



(POCE) in trimethylphosphat§PO(OMes)]. The generatethighly reactive phosphorodichidate
intermediate subsequently undergoes aim situ reaction with bi&ri-n-butylammoniun
pyrophosphatéeading tocyclic triphosphate. Finally, hydrolysis a triethylammonium bicarbonate
buffer yields the desiredriphosphate(Scheme3). However, it is important to note that th
triphosphorylation reactiois extremely sensitive to watarsageof highly electrophilicphosphoric
reagent is not universally compatible with all functionalised nucleqgsadabsince selectity to
primary 3-hydroxyl groupis not complete HPLC separation of regioisomeric -pyoducts isa
necessary stepOver time, the procedure has undergone minor improvements to enhance its
effectivenessReplacement of DMF bgcetonitrile as a solvent for pyrophosphat¢ablyredued
presence of monophosphatefrpduct&®. Additionally, temperature screening experiments have
revealedthat lowering the temperature enhanesctionregioselectivity?”.
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O O o
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Scheme3. Yoshikawa triphosphorylation protocol.

An alternative methqdknown as théonepot, threesteps synthesiswas developed by Ludwig and
Eckstein in the late 1986%. This approach is based on usagie[P(Ill)] reagentse.g., salicyl
chlorophosphiteg-chloro-4H-1,3,2benzodioxaphosphorid-oné, in the first phosphorylation step.
Because of the highly reactieadnon-regioselectiveharacteof [P(l1)] reagentthe appropriat@’,
3-O-protecton of nucleosideis needed prior to phosphorylatiorstep A commonly employed
protectioncascadénvolvestritylation of 5-paositionhydroxyl group followed by acetylation at'2
and 3-O-positions. Subsequent deprotection of DMTr group results in appropridt@yO-proteced
precursomwith free primary5-hydroxyl group Afterwards, reaction with salicyl phosphorochlorite
leads toformation of the activated ‘phosphite intermediateDisplacement of salicylic acid
facilitated by tris(tetran-butylammonium) hydrogen pyrophosphdi@ms cyclic phosphorous
intermediate.Finally, iodinemediated oxidation and deprotection of acetyl grobpsammonia
generates the desir&iphosphatdSchemet). Although tedioustrategy the protection of hydroxyl
groupsdiminishesgeneration okideproductse.g., regioisomers, monadi-, or oligophosphates

facilitating the subsequent HPLC purificatitth
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Schemed4. Common protecting method of nucleosideised for theLudwig -Eckstein triphosphorylation strategy.

Afterwards, an improved Ludwigckstein strategy employingritro-cycloSatphosphochloridite
was published by Warnecke and ME&RrThe strategical introduction of electrarithdrawingnitro
group increased the electrophilic charaetedreactivity of phosphorus atorfSchemes).
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Scheméb. Triphosphorylation reaction via cycloSal activated nucleosides.

Few years lateni2011, an alternativéhybrid' methodcombining the advantages of both Yoshikawa
and Ludwig-Eckstein strategs was published byatonWilliamsPY. The in situ generated bulky
phosphitylating reagentpreparedby reaction ofsalicyl chlorophoshitewith pyrophosphate,

selectively reactwith primary 5-OH group ofunprotecteducleosidegSchemeb).
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An completelyinnovative method utéing reactive zwitterionic intermediates was developed by
Borch®?, The process begins wittatalytic hydrogenation af norprotected nucleosidsith anO-
benzylphosphoramidate estefhe activatedintermediate undergoespontaneous rearrangement
resulting in formation of pyrrolidinium phosphoraraté zwitterion whichundergoe#n situreaction
with pyrophosphate, yielding the corresponding triphosptatheme?). Later on Peterson and
colleagues proposed an alternative approachsiagli more readily availableH-phosphonate
nucleoside as starting compourief. The process involves silylation and oxidatiéorming a

pyridinium phosphoramidate, which reacts with pyrophosphate in followind Stéy@mes).
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Scheme7. Synthesis of ribonucleoside triphosphates bgriginal Borch method.
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SchemeB. Improved Borch methodology with H-phosphonate nucleosides.

To addresslisadvantageassociated withriphosphorylation reactions, alternative pathways have
been developetbr construction of modified nucleotideletal catalysed crossoupling reactions
emerge as suitable pegshosphorylation derivatation approach for formation of stable carbon
carbon (€ C) bond84. Aqueousphase crossoupling reactions, facilitated by watsoluble ligands
of ten empl oyi ng -phospHaneatriplttisibénzenesulf®nic3 &id)3 tNgddium  salt
(TPPTSF®, offer a direct means of functionsdition ofunprotected nucleinled®®>". Among them,
the most common iSonogashira crosoupling of iodinated nucleotide building blocks with
terminal alkynes. The first evidence of Sonogashira reawtamreported in 1990 for synthesisaof
fluorophorelabelled nucleotide®!. Rapid development of this synthetitethodhas been supported
by straightforwardalkyne accessibilityand broad tolerancdo functional groupsReactions are
usually carriedutin a mixture of water and acetonitrile, in presence of TPPTS ligand, triethylamine
or DIPEA as a base and Cul as@persource Commonchallenges include sideactions of 5
alkynyl-modified uridine triphosphat® leading to furanopyrimidin@-ones, upon long reaction
times or high temperaturés presence of copper(l) amtalysf®. This can be bypassed by copper
free versions of theonventionalapproach®. Suzuki coupling involvesisageof boronic acids,
esters, or trifluoroboronates and a vinyl or arylhalogenide nucleotide, as a second partner.
Milisavljevil et al. recently published an exte
diverse sterically demanding modifications through the application-chRdysedsonogashira and
Suzuki coupling reactioffgl. Unlike other conventionaPd-catalysed C-C bondforming reactions,
the Heck coupling has limited examples availéblgSchemeD).

Forintroducingreactive groups that may not withstand higher temperateesdedor cross
coupling reactiongnd require neutral pH or other milder conditions, click chemistry and related

reactions provide a viable approafdr implementation ofa moiety of interest taa nucleotide.
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Copper(l}catalysed azidalkyne cycloaddition (CuAAC)r metalfree strainpromoted azide
alkyne cycloaddition (SPAAC) play pivotal rali@ derivatsation of nucleotides bearing azide groups
with either terminal (in the case of CUAAC) or cyclic (in SPAAC) alkynes. This process leads to
formation of a stable 1,2iazole linkage, as extensivedgscribedn literaturd®? ¢l Alternatively,
azidomodified nucleotides can undergo further modification through Staudinger reaction. Another
convenienbption involves employing click chemistry on nucleotides bearing terminal alkynes with
molecules bearing azice modification£”). Ribonucleoside triphosphates with terminal alkyne
modifications were fluorescently labelled with four distinct dyes (fluorescein, BODIPY, rhodamine,
coumarin)with azido modification§® (Scheme9). Functionalitiesare commonly tethered to-&
position of pyrimidines and/or-Z position of 7deazapurineghat directs theniowards the major
grooveupon incorporationThis orientation helps minimise structural perturbations and ensures good

acceptance bgolymerase® 73,
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Scheme9. Reactions for derivatisation ofnucleoside triphosphates

1.4.2 Enzymes for RNA synthesis
Key strategyfor enzymatic synthesisf RNA currentlyrelies on usage df7 bacteriophage
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RNA polymerase. This is due its high efficiency)ow error rate, independenoea cofactors, simple

promoter,and single subunit structur&he discoveryof bacteriophage TRNA polymerase (T7
RNAP) is dated to 1970 when it was first isolated from T7 bacteriopindgrtedEscherichia coli

(E. coli) cells This DNA-dependent polymeragea simple singlksubunit 98 kDa enzyma&7 RNAP

comprise®f N-terminal and polgnerase domaijrthe latter onean be further divided into three sub

domaing thumb,palm,and finge¥’4. Although its structure is relatively similar to Klenow fragment
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of E. coliDNA polymerase, nlike DNA polymerases, it does not requingyashort oligonucleotide
fragment (primer) to start RNA synthesiBhe enzyme displays exceptional specificity for T7
promoter, demonstrating a complete lack of affinity for any other closely related promoter sequences.
This includes also T3 promoter, which is the most similar, and differs onbnéntriplet’®. It
effectively transcribes dsDNA templates to RNA without the need for additional transcription factor.
Although it does not exhibit proofreading activity, esroccur atrelatively lowaverage frequency ~
(10%1"8, Conversely, the enzyme exhibits limited tolerance to bulky edeazaguanine
modifications, necessitates an optimal GGG trinucleotide initiation sedl€ficéacks thermal
stability and terminates when transcribed structured DNA tem[3fetés

Naturally occurring rNTPs are in cglh concentrations significantly higher (between 10 to
100fold) than deoxyribonucleotide ANTP9 congeners. To prevent undesired incorporation of
rNTPs into the genome during DNA synthesi wild-type DNA polymerases feature a distinctive
"steric gatéresidue. This residue actsssricbarrierfor triphosphatesarrying any functional group
at 2 -Bljgar positionthereby excluding them from the polymerase activéQitdistorical efforts in
DNA and RNA polymerase engineeritig? aimedto unravelhis natural protection mechanisias
well as facilitating primerdependent RNA synthesidnitial attempts in evolution of DNA
polymerases for RNA synthesis encountered challeagebe elongation proceadored shortly
after incorporation diirst fewribonucleotide®$* &, Nevertheless, significant progress has been made
over the last few decades, leading to identification of new mutant variants of DNA polymerases that
show promise in addressing these challenfipethe Marx group, a strategic starting point was the
modified Thermococcus speci@sA-RDNA polymerase, known as Therminator polymer¢sk N :
A485L), which has aesidualRNA polymerase activif§?l. Through generation of random mutants
of the parental polymerases using epoone PCR®, and subsequestreeningf their activities,
they identified one candidate capalbdeperformprimerdependenRNA synthesis. Té selected
mutantpolymeras¢Therminator: L408Qgfficiently incorporated up to 58 ribonucleotide$ hours
starting from an RNA primeand additionallydemonstrated an enhanced abilityatzeptC5-base
modified dNXTPs, compared to the parental polymerf&eln 2012, Holliger and his colleagues
made a significant breakthrougimvolving engineering replicative DNA polymerase of
Thermococcus gorgonariydgo) (Figure 6). Their investigation underscored the critical role of a
specific mutation within the polymerase thumb subdomain (E664K) when combined with a
conventional steric gateelieving mutation (Y409G). This dual engineering approach markedly
boosted polymerase's RNA synthesis capabilities, showcasing its proficiency in-gejpesdent
synthesis of RNA strands, reaching lengths ot®Z’kb. Additionally, it was found that TGK mutant

polymerase is capable iwitiate primer dependent RNA synthesis from a wide range of chemistries,
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including DNA, RNA, locked nucleic acids (LNAY 2'-O-Me, modified primers anihcorporate not

only 2-OH, butalso 2-F and 2'-azido modification&®l. Shortly after, Chaput et al. conducted a
comprehensive investigation into the effects of mutations (Y409G, A485L, and E664K) previously
recognsed for enhancingNTPs incorporation efficiency byfgo DNA polymerasé®!. They

transferred these mutations to homologBdfamilyDNA pol ymer ases, specifica
and Deep Vent, aiming to study and elucidate their infifa&urprisingly, only Tgo and DeepVent
polymerases were proficient in synthesisngdifficult random templates, while KODd® AN we r e
remarkably less active.
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(Y409G) o\ Vier e gy a4
. \ .
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o exonuclease
N mutations
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Second gate
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Figure 6. RNA synthesisenabling mutations in TGK polymerase are mapped onhe structure of a closely related Pfu polymerad®!,

In parallel the Romesberg group undertook a groundbreaking study that involved introducing
strategic mutations into tt&toffel fragment (SF) ofhermococcus aquatic$aq) DNA polymerase

l, specifically targeting SFR1, SFR2, and SFR3, by phage di¥iffdayAmong thepool of generated
polymerasespnly TagSFM43 mutant retainedthermostability characterisgoof parenal DNA
enzymeand proved to baseful in a RNA analogue of the polymerase chain reaction (FR@GBRyVN

as polymerase chain transcription (PGHFigure 7). SFM43 represents the first mutant derivative
from a heatstable (Afamily) DNA polymerase, with ability to synthesise RN®pplication of PCT
proved to be aisefultechnique, facilitating amplification of RNA fragments from a single DNA
template, primed with two distinct DNA oligonucleotides. Impressively, when PCT was employed,
the amplification levels relative to DNA template achieved substantial ranges, rea@htogl @-

fold higher compared to conventional T7 RNAP transcription methods. This pivotal development

significantly expands the accessibiliof RNA oligonucleotides from limited amounts of DNA
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templates, pushing the scale to lsvpteviously attainable only through solfghase chemical
synthesi82% Notably, PCT was efficient in incorporation of purine ribonucleotides containifg 2'
moadification, howeversynthesis with 2F modified pyrimidines was inefficient. The PCT found
application even in podtanscriptional labelling performed by click chemistry, after incorporation of

2'-azido modified nucleotides as reported by Shad®t
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Figure 7. Mechanism of polymerase chain transcription (PCT) reaction.

1.4.3 Diverse enzymatic approaches foconstruction of RNA oligonucleotides
Up to date, TRNAP IVT reaction is one of thmost usednethods for generation of RNA

probes T7 RNAPuses rNTPs as building blagfor synthesis of new RNA strand complementary to
dsDNA template of choigecomposed of two together annealed complementary sstrgleded
oligonucleotides (sense and antisense stf&fitl) The IVT reactions are typically conductedTiris-
HCI buffer with neutral ptat 37 AC. T h & cationg i$ essential as they seakky
critical cofactor role in facilitating the proper functioning of the enzyifie Additionally,
dithiothreitol (DTT) is incorporated into reaction as a reducing ageaintainingthe activity of
enzyme Other optional additives that improve IVT process include TritetO8, DMSO, PEGS8000,
BSA, etc., although concentratioaf these agents needs to be opgedion a casby-case basi¥l.
The initiation of transcription by T7 RNAP starts witbcognition and bindingo a specificT7
promoter sequencien dDNA. The consensus promoter registrictly needs to have double
strandedstructurewhile the template itself can be either single doublestranded, with napparent
difference observed in transcription pro¢®ssThe initiation step of T7 RNAP transcriptida

relatively unstable anishvolves an abortive cycling phase. This phase is charsaxddnly generation
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of short transcripts consisting of 8 to 10 bH88sAfter overcomingthis stage andsuccessful
incorporation of the first~10 nucleotides, the enzyrtemplatetranscript forms highly stable
complex("transcription bubb!®, that moves along thentisenseemplatein the 3- 5' directiorf'®!
(Figure 8). The effectivenessf IVT is dependenupon various factors, with one of the pivotal
determinants being the naturetbg initial nucleotide integrated into nascent RNA. Initiating the
process with a minimum of one guanosine nucleotide is essential, but substantial augmentation of
IVT processefficiency occurs when up to three consecutive guanosine nucleotides are l{tilfsed
Upon completingthe polymersation process, the enzyme disengages from DNA tem{lateoff
transcription), releasingynthesisedRNA transcriptwith 5-end triphosphate residue originating from
first incorporatedNTP. This cycle is then repeated multiple tinkesdingup tomilligram quantities

of RNAPS,

T7 RNA
polymerase

Transcription
bubble

dsDNA
template

pen. ...“
o -9 ..."‘

DNA -,: ...: ribonucleoside

triphosphates

T7 promoter

hetero

Figure 8. T7 RNA polymerase transcription process.

On the other hand,ué to T7 RNAP's strong specificity for the promoter sequéncerporation of
any useidefined 5 sequence is constraindelurthermore, IVT results in netemplated addition of
one orseveral nucleotidesnost commonlyATP, at the 3endbecause oinconsistent polymerase
run-off. These specieare challenging to separate from the desirediénifjth productA feasible
solution to address-8nd inhomogeneity involves introducing@-methyl modified nucleotides in
the last two positions ofisDNA template(at 5-end of antisense strand§?. In addition, recent
findings indicate that addition of DMSO can further contribute to reducing the generation of
unwanted byproducts during IVT process and enhancing production of RNA with uniférm 3
end$§'%1%4 An alternative approach to achieving RNA with homogenesesds involves utiting
ribozymes, which are setieaving RNA moleculé¥>1%! These ribozymes, characsed by their
relatively compact sizgre directlyinsertedn the dsDNA templateandserve as valuable tools for

precisely cleaving RNA strand¥-1%¢] The cleavage mechanism is casatyin presence of divalent
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metal ions, such as Mgor Mn?*, resulting information of two RNA strandghe catalytic domain
(ribozyme) andtargeted RNAsequendé’l. Monitoring of IVT process and detection d& novo
synthesised RNA transcrijfg depenénton utilising radioactive nucleotidesor example[ £#P}-

rGT P &*®]-rATR. While this approach is highly sensitive and capable of detecting even small
quantities of RNA, it comes with drawbacks of being lakiatensive, requiring specialised
equipment, environmentally unfriendly, and having a limited duration due to shoiféadif
radioisotops.

Despite some notetimitations T7 RNAP IVT method remains the gold standard for
enzymatic synthesis of modified RNA. It Hasmendemonstrated that the witgtpe T7 RNAP exhibits
remarkable versatility by accepting a broad range of modified ribonucleotide buildingSlotke
use of a biotin affinity tagnodified rUTP was the first successful report foodified IVT, dating
back to 198%%. Since then, thdélexibility of T7 RNAP was showcased synthesis ofmodified
RNA with diverse functionalities, including incorporation of reactive groups suitable for post
transcriptional labelling®'Y(such asodind!'?, ethynyl*313lor alkyné**4, azidd'*®, vinyl®t and
trans-cycloocten&?®! modifications), crostinking moieties like diazirinés” for capturing RNA
protein interactions, amino aelitke side chainé®*, azobenzert€®, amino orthiol modificationg'*®!
for aptamer selections, as well as introduction of fluoreseeadleotide82% 122, Remarkably, this
method eveenablesncorporation ofiucleotidesvith unnatural basés®. T7 RNAP IVTis therefore
powerful and adaptable tool fodecoratingRNA with a variety of structural and functional

modifications(Figure9).
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Base-modified ribonucleotide building blocks

! NH 7 \N NH
L \ﬁ ¢

Figure 9. Structures of selected basenodified ribonucleoside triphosphates accepted by T7 RNARA i nucleotides with reactive
groups for posttranscriptional labelling, B i diazirine modified nucleotide for crosslinking with proteins, C i modified nucleotides
for SELEX, D i fluorescent and Ei unnatural nucleotides R ribose.

A novel approach involvingombination of T7 RNARVT and solidphase synthesis for
positionselective RNA labelling (PLORWwith modifiedrN*TPs, was recently developed by Wang
and colleagué$*. This method takes advantage of the highly stable enzgmplatetranscript
elongation complex, which can withstand manipulation procedures and purification steps, allowing
for pausing and restarting the I\f@actio*?>126] |n this method, a'Siotinylated dsDNA template
with a T7 promoter iattachedo streptavidin agarose beatist serves a solid suppo(Figurel10).
In contrast to conventional transcription, PLOR begins with incorporation of a maximum of three
different types of NTPs, causing a paus positionwhere the absent rNTR to be incorporated.
Subsequently, unincorporated rNTPs are removed from erm@atetranscript complex through
solid phase extraction. A new mixture of rNTPs, including the modified one, allows elongation until

the complex reachemext pause point. After thorough washing, next cycle of elongation is initiated.
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These cycles are repeated until rabbdified nucleotides of interest are incorporated into growing
RNA chain.Transcriptionis completedupon addition of all foucanonicalrNTPs The fulklength
transcript falls off from the complexnd can be collected frorntiquid phase. ThdDNA template
attached to agarose support can be recycled and used for generation of new RNA tiarthedpy.,
PLOR can be employed to introduce a variety of modifietiTPs, if they aresuitablesubstrates for

T7 RNAP. By applyirg this procedureRNA probes underwent successful labelling at precise
positions using isotopically or fluorescently modified nucleotides for structural stiithesever,
specific labelling requires@mplex experimental desigimdconsideringhattotal yield oftranscript
rapidly drops with each additional pausstart cycle and washing step

streptavidin T7 RNA polymerase

agarose dsDNA template
._Q_m LIQOQOR
biotin tag . . __..00
* 9
-

Figure 10. Synthesis of RNA from dsDNA template attached to solid support by PLOR.

The primer extension reaction (PEX) serass commonly employed biochemical technique
for nucleic acid synthesiglthough, this method wasitially used for constructing natural or highly
functionalsed DNA oligonucleotidé®” 1?9 it is also finding its place iRNA synthesismainly in
construction of xenonucleic acids (XNA) with a plethorasafjar analoges®°2. PEX reaction
involves extending a short oligonucleotide sequence, referred to as a primer, which is complementary
to a longer sequence known as a template. This extension occurs through the incorporation of
nucleotide building blocksDuring PEX reaction, the incoming nucleotidéh its 5-triphosphate
residue, reacts with free'-QH group of the RNA primer, releasing diphosphate. The process
continues until the startingimeris fully prolongedalong DNA templatePrimer can originate from
either DNA @ RNA (Figure 11) and can bdabelled at 5-terminus with fluorophores such as
fluorescein amidite (FAM) or cyanine dyes (Cy5, Cy3) for visadilbn through fluorescent scanning
of the synthesed product using denaturing polyacrylamide gel electrophoresis (dRA8&i)nd
fluorophores warious options exist for'endlabelling such asaffinity tags (biotin, digoxigenir,
lipophilic modifications (cholesterol, palmitateglectrochemically active groupgferrocene,

viologen), or click chemistrijandleqalkynes, azides)
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[ Primer extension reaction (PEX) ]

Extension of RNA primer
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polymerase ribonucleotides
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Figure 11 Incorporation of natural INTPs by PEXand with usage of engineered DNA polymerasgstarting from either RNA or
DNA primer.

Both, primer and template can be tagged, with bitabelling of template being particularkyseful

A biotin-labelledtemplate can be removed after PEX reactioth streptavidin magnetic beads.
Denaturation through basic pH or elevated temperatasels in recovery of the sRNA
product®%13 Stability of streptavidistemplatenteraction can beurtherenhanced by usageddiat

biotin labelled templat&?. This method is commonly referred to"asagnetoseparatitror "strand
separatioh An alternative method for DNA template removal involves digestion by DNase, which
nonspecifically cleaves DNA template into small fragments, leaving the RNA simtat In this
case, it is not necessary to use a costly labelled DNA template. The ssRNA product is usually isolated
by simplesilica spin columrpurification(Figure12). However, this approach is not suitable for PEX
from a DNA primer, as the nuclease woudstroyboth templateand primer.Another template
removal technique includes digestion by lambda exonucleaseefooving 5phosphorylated
templateB33134 or purification and separation by preparatil®AGE followed by isolation through

gel extractiof®!,

39



PEX and generation of natural single-stranded RNA

DNA template removal by magnetoseparation

Engineered DNA

lvmer Natural
polymerase ribonuclectides
RNA primer .__’( A RNA-DNA hybrid
5 T — . @

PEX

Streptavidin

DNA template
beads
NaOH
Strand separation | denaturation
and template or "
removal Heat
denaturation
DNA template digestion with DNase Natural single-stranded RNA
Engineered DNA Natural
polymerase ribonucleotides
RNA primer ,..'( \ RNA-DNA hybrid
S S RRRERRRRRARRARS - s (F
PEX
LU UL DNase

DNA template

Template digestion
with DNase

CCMTTTTTTTTT
Natural single-stranded RNA

Figure 12. PEX reaction followed by generation of singlestranded RNA either by template removal with magnetoseparation b
digestion with DNase.

Similarlyto T7 RNAP, polymerasem PEX, particularly those lacking-8'exonuclease proofreading
activity, may add extra nucleotides ateBd of the synthesised strand (riemplated addition).
Complete cessation or at least reduction ofteonplated nucleotide addition can be achieved when

employing S'ortho-twisted intercalating nucleic acid templéEégure 13)13],
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Figure 13. Primer extension reaction with normodified and/or 5-end o-TINA labelled DNA template. Modified figure from
literature (36,

Although PEX is a robustmethod for enzymatic synthesis of nucleic acidegults in a
uni formly modi fied oligonucl eotide at each po:
establisheaingle nucleotide incorporation method (SNI), enablingsiecific internalabelling of
DNA oligonucleotide®®”. In this methodDNA primer is initially extended by a single modified
deoxynucleotide (AN*TP), followed by addition of an abundant amount of all four canonical
nucleotide(dNTPSs) resulting in full extension along the template. This leads to insertion of the
modified nucleotidemmediatelyafterprimer, followed by natural orsgFigure14).

Single nucleotide incorporation (SNI) followed by PEX l

Modified
deoxyribonucleotide
(dN*TP)
DNA primer ; x
F ; k
AEEERRRRRNRRRRRaRRARnunnn| SNI
LLLLLIILL]
DNA template
P DNA polymerase Natural

deoxyribonucleotides
(ANTPS) & T » PEX

T ¥
" [T

Figure 14. Strategy for internal DNA labelling employing SNI and PEX reaction.

For shorter RNA oligonucleotides (< 100 nt), the analysis of extension products typically
involves dPAGE and mass spectrometry techniques such as -asdisted laser

desorption/ionization timef-flight (MS-MALDI-TOF) or electrospray iosation liquid
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chromatographynass spectrometry (E&C-MS). In case of longdRNA sequenceée.g.,mRNA),
charactesation is achievetly low-densitydPAGE, native agaroser Sanger sequencing.
Applications of PEX are constrained by length of ssDNA template, typicsslyictedto
around 20€B00 nt withpooryields in solidphase synthesi¥o overcome this limitation and produce
longersDNA templates exceeding 300 nt, an alternative approach involves combining PCR with
strand separation techniqu®CR is a robust method that can generate dsBagients spanning
several kb in length, starting froemall quantities of templateThe PCR process is facilitated by
thermostable polymerases capabfewithstanding harsh conditions, including high temperatures
exceeding 90AC dstep®l nng thisd process, two gttimiers, ndesigned to be
complementary to dsDNA template, are aéitl in excess. PCR procedure invoh®gles of
denaturation (strand separation), anneaing partial extensioof primersalongtemplate, andinal
full extensionThis leads toexponential amplification, producing millions to billions of copies of a
specific DNA sequencg-igurel5). To generatessDNA, one of the two primers is typicallgbelled
at 5-end eithewith biotin or phosphatdJpon PCR,template removal is ensured digestion with
lambda exonuclea8&! (applied for phosphatbelled primer) or strand separation using

streptavidin magnetic particléd-132(in case of biotidabelled primey.
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Figure 15. Principle of polymerase chain reaction (PCR).

1.4.4 Postsynthetic derivatisation pathwaysleading to modified RNA probes
Although the enzymatic synthesaffers the capability to introduce various chemical

functionalitiesinto RNA, there is a noticeable decrease in polymerase efficiency when incorporating
bulky functional groug®®. Consequently, incorporating a less perturbieactivefunctionality into

RNA openspossibility for postsynthetic methods to functionalise RNA. Reactive labels such as

42



alkynes, azides, iodine, etarge small and amommonly used in postynthetic or postranscriptional
reactionsThey induce minor structural changes and aretoigtated by RNAolymerasgit?139.140]
ChemoselectiveSuzukiMiyaura crosscoupling reaction of iodo-modified RNA with various
florescent of affinitytagged boronic acids wassuredy water soluble catalytic systéit.. Besides
Suzuki coupling, another Adediated crossouplingreaction was well studiefdr derivatisation of

RNA. Stille coupling wasperformed with vinyland heterocyclke tributylstannane®f increasing
bulkines§4. Recently the Srivatsan group reported vidgbelled RNAwith a dual purposeThey
reported for the first time oxidative Heck reaction with boronic acids or esters and inverse €lectron
demand DielsAlder (IEDDA) with tetrazines bearing fluorescent or affinity &gs The first
successfuRNA labelling usingEDDAr eact i on was presentedby the
Norbornenemodified RNAs werelabelledwith electrondeficient dienesdansy} or biotin-modified
tetrazinecounterpartsBiorthogonalEDDA was applied also for fluorescent RNA labellinghe
significantly more reactiverans-cyclooctenemodified RNA was postranscriptionally labelled with
fluoresceinebearingtetraziné!®l. Alkyne-decoratedRNA transcripts were efficientlglerivatisedvia
coppercatalysed CuAACreaction withazidebearingfluorescent tags, affinity labels, sugars or
groups resemblingmino acidside-chaing*4. On the other hand, azigrodified RNA can be used

for copper free SPAAC with activated cyclooctyndgyondthe CuAAC, or additionally employed
asasubstrate for Staudinger reactfél. Efficient insertion of azidenodified nucleotides, for post
transcriptional click labellingias been demonstrated not only by T7 RNAP IVT, but also by poly(A)
polymerasg*.

In addition,an effective method fointernal RNA labelling using methyltransferases and
syntheticanalogue®f S-adenosyl -methionine as substratesvas demonstrated by Rentmeister et
all**sl. A small vinyl groupwas successfully used in phettick reactionwith diphenyltetrazdt*¢!
along with transfer ofalkyne or azidomodification for SPAAGY#":148] what was additionally
validated also by other research&f. Another weltestablished technique for incorporating
functional groups into RNA is splinted ligation. This process involves joining two short RNA
oligonucleotide fragments typically, one normodified prepared by IVT, and the other modified,
usually obtained through solghase synthesis. In this method, a sSDNA temtatavn as a splint
acts as a bridgeThese two short RNA fragmentsybridise to complementary DNA template,
bringing them into proximity for ligation of'&ydroxyl group (acceptor) of one RNwith 5-end
monophosphate (donor) of second RNA strand. This results in production of a long RNA
oligonucleotide with internal modificatioqdaced at specific positiof¥" 154,

Finally, native structure of RNA, featurin@-terminal 2',3-cis-diol (vicinal) moiety, was

utilised for direct chemicalabelling Usageof sodium periodate (Nalp facilitated ring opening
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(oxidation), resulting in a 1;8ialdehyde functionality. This reactive intermediate was subsequently
labelledwith primary amines carrying fluorophores (such as FAM, Cy5, Cy3) or biotin, in presence

of a reducing agent (NaBBN), forming a stable morpholine derivative.

1.5 Revealing the mportance of modified RNA
1.5.1 Application of crosslinking for studying RNA -protein interactions

RNA-protein interactions are fundamental processes in molecular biology, playing a crucial
role in various cellular functions. RNBinding proteins (RBPs) are key players in thateractions,
recognising specific RNA sequences or structures and forming dynamic coritffiéXeg herefore,

a comprehensive understanding of Ri#tein interactions is essential for deciphering cellular
pathways, understanding disease mechanisms, and advancing the development of innovative
therapeutic approaches and biotechnological applicatiomsseguently, numerous methdasve

been developedor uncovering RNA-protein interactions or sequencirif RNA molecules
interacting with a protein of interestategorising them into two grou}5& 167,

Proteincentric methods aim to discover unknown RNA molecules that interact with known
RBPs. Among them, crodimking immunoprecipitation (CLIP) has found widespread applications
for identification of novel RNA targets of specific proteififey rely on UV-triggered crosdinking
between uracil nucleobases and neighbouring amino acid residue of proteins, that stabilise the whole
complex. Affinity purification with antibodies againi$te proteinis employed taenrichcovalently
attached RNA molecul&&-162] Great leap forward has been made by integration of high throughput
sequencing in the workfloWHITS-CLIP). Reverse transcriptionf the RNAprotein complex
produces mutatiorgeletion,or truncation at the crodmked nucleotide, which enables to footprint
exact binding sequence. After PCR amplification of cDNA and preparation of library, deep
sequencingevealsexactsequences of interacting RNA moleclifés Severalimprovedprotocols
for sequencing library preparation, such as enhanced CLIP (€€tIBj) individuatnucleotide
resolution CLIP (iCLIP¥%%, have been established. Notably, inclusion of photoactivatable
ribonucleotides in the protocol (PABLIP), enhances crodimking yield, contributing to improved
coverageand sensitivity in detecting RNArotein interactior!,

While proteincentric methods provide insights into the sequences of bound RNA molecules,
the discovery of unknown RBPs poses a significantly greater challenge. Unlike sequencing, current
mass spectrometry methods lack the capacity for amplification, lenddquence diversity of
proteome exceeds that of four nucleotides present in nucleic acids. Nevertheless, advancements in the
field of liquid chromatography and mass spectrometry, characterised by enhanced separation power

and increased detection sensiivhave paved the way for the development of several R&l#ric
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approaches aimed at identifying novel Rid#sociated proteiR€’l. The most straightforward
methodharnessethe polyadenylation adhRNA transcripts. UVcrosslinked mRNA issubsequently
isolated using poly(T) magnetic beads with successive washes to eliminafRBRgH?®16%
However this method is limited to polyadenylated molecules, which are not universally present in all
classes of RNABroader range of RBRNA crosslinks can be enriched based on the physico
chemical properties of these complex@dethods such aguanidinium thiocyanatphenot
chloroforn*” or acidic phenctoluol*™ extraction result in accumulation oRNA-protein
complexes at interphasethereby enablingeffective separation fronmon-crosslinked RNA or
proteins Moreover,RNA strongly adsorbs to silica gel beads in presence of chaotropic reagents.
Following the tryptic digestion of RNArotein complexes, the resulting peptidBA conjugates are
capturedy silica bead$?. Hence combination of organic solvent extraction and silemd capture
effectivelyremoves noitrosslinked peptidég?..

1.5.2 Methods for capturing RNA interacting partners by crosslinking
Numerous methods exist for identification and charasetoin of RNARNA and RNA

protein interactions, offering valuable insights into functional roles of RNA and its involvement in
diverse cellular processeRNA pull-down assay is a valuable technique designed to investigate
specific RNAprotein interactions by capturing RN#otein complexes through affinityased
methodswithout formation of a stable covalent bopetween interacting partnels this assaythe

RNA sequencef interestis immobilised onto a solid support, such as magnetic beads or a chip,
followed by incubation with a cellular lysate containing a diverse mixture of proteins. One of the
simplest methods for RNA immolshtion involves endabelling with biotin for subsequent fishing
out with streptavidin magnetic bedd8. Additionally, specific RNA aptamer sequences can be
employed as an alternative approach for implementindg‘tatf§. The underlying principle of this
method is that only proteins with specific affinities for immaeiti RNA sequence will interact,
forming relatively stable complexes that can withstand-goNin isolation. After the incubation
period, norspecifically bound proteins are typically washed awetginingonly those proteins that
have specific interactions with the RNA probe. These RiN#tein complexes are then eluted from
solid support for further analy§i®! (Figure 16). While the RNA pulldown assay providesome
insights into RNAprotein interactions, it is crucial tionsider certain setback& critical weakness

is inefficiency in capturing weak or transient RNvotein interactionswhich can besolved by

employing covalent bonds (crebsking) between the interacting partners
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Figure 16. Non-covalent pulkdown methodology for identification of RBPs.

Externalcrosslinking agents play a crucial role in study of RNA structusenteracting
partnersoffering a notable advantage by eliminating the need for chemical or enzymatic synthesis of
modified RNA probes. These agents are readily accessible and are employed to generate-both intra
and intermolecular crodmks!*’”! (Figure 17). Photoreactive compounds, such as psorafehits
derivatives represent a widely used class of external RNA elinkig reagentsthat have been
leveragedin investigating RNARNA interactions. Psoralen's mechanism involves a [2+2]
photocycloaddition, where covalent bond formation occurs between two opposing pyrimidine
nucleobasé¥®17 Another noteworthy option is utilisation alithiothreitol (DTT) as an RNA
protein crosdinking agent.In this approach, upon exposure to UV light, DTT selectively forms
covalent bonds betweengsteine (Cysjesidues within RBPs and the uracil nucleobase of RNA probe
in proximity™?8%, Another class of crodinking agents includes formaldehyde orethyl3-(3-
dimethylaminopropyl)carbodiimide (EDC). In contrast to methods relying on UV light activation,
these agents facilitat®rmation of covalent bonds between RNA molecules and their interacting
partners without theeed of external activatoFormaldehyde crodmking involves the reversible
formation of methylene bridges between amino groups of proteiaterentially with lysine (Lys)
residue8®, and nucleophilic sites on RNA, or between two RNA strands, providaugss to
fixation of RNA-protein or RNARNA interactions under mildondition&®2, On the other hand,

EDC activates the carboxyl groups of proteins, facilitating amide bond formatiom&ighboring
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amino groups of nucleic acimhseB%3184 Despite the potential advantages offered by external-cross
linking agentsfor studying RNAprotein interactions, their uti#ation is relatively limited. This
restraint is attributed to several factors, including inefficient elioksg reactions, the cytotoxic
nature of these agents for living cells, and the propensity fespecific proteirprotein conjugations
and excessive crodimking of indirect interaction partner§hese challenges pose significant hurdles

in achieving reliable and interpréia results
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Figure 17. Overview ofselectedexternal crosslinking agents and their mechanism of action.
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RNA photocrosdinking has become a valuable tool for studying the dynamics of -RNA
protein interactions, providing insights into structural details and functional roles of these complexes.
UV light-induced photocroskinking presents a distinct advantage in maintaining the integrity of
natural RNAprotein interactions, that might be compromised when externatiim&ssy agents are
employed. Tharreversiblecovalent bond formation induced IBhortwavelengthUVC (254 nm)
primarily involves the uracil nuebbase (Figure18) of nonmodified RNA probes, with other bases
like adenine, guanine, and cytosine exhibiting rare instances oflgrkisg. The nommodified

uridines are crostnked at position €5, leaving the Watse@rick pairing intact®. It is noteworthy,
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however, thatisageof UVC for RNA-protein crosdinking has limitations due to its potential damage
to nucleic acidsausing phosphodiester bond cleavageirovanted interand intrastrand cross

linking. This methods also oflow efficiency and is consequently restricted inritgivoapplications
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Figure 18. UVC induced RNA crosslinking with aromatic amino acid residuesthrough uracil nucleobase.
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An alternative strategy to improve RN#otein crosslinking efficiency and overcomingupper
mentioned drawbacks of conventional photociodsng involves utilsing modified nucleotide
building blocks withphotoactivatable functional groups. Notablyh&ogenated pyrimidin&&¥ 189
(such as 5Hodouriding 5-iodocytidine or 5-bromouriding and thiol-modified ribonuclesides
(including 4thiouridine and @hioguanosinéy®® wereextensively studied and widely employed for
this purposdFigure 19). The thiol-modified building blocksare preferred due to high stabiléyd
simple structure tolerated by RNA polymerasédl. These photsensitive moieties become
selectivelyactivatedupon exposure to loagavelength UV light (>310 nm), a range where natural
nucleotides do not undergo crdasking. Consequently, this activation leads to the formation of
photoadducts with diversgroups influenced by the reaction mechanism involving either dhatl
radical intermediates or direct photoadditid®ontrary to its natural counterpart;tiiouridine
nucleobase undergoes a reaction at C4 position with the amino acid residing, ieeshangesn its
basepairing properties®), Reactivity towards these nucleoside analkegvaries among amino acid
side chainsAromatic amino acids such as phenylalanine (Phe), tyrosine (Tyr), and tryptophan (Trp)
exhibit predominant reactivityollowed byLys and Cys, contributing to overall diversi#y188]
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Figure 19. The dructures of modified ribonucleotide analogueswith photoactivatable functionalities and their UV induced
photocrosslinking with aromatic amino acids.

Other, more UVsensitivefunctional groups, such as aromatic azides, benzophenones, or diazirines,
have been utilised for RNfarotein crosdinking. These groups, upon irradiation, generate highly
reactive intermediates, including nitrenes, diradicalscambene&®? %4 (Figure 20). Arylazide
modifications are simple to prepare and were used for interstrandiokisg of RNA dupleX®® or
RNA-protein crosdinking!*®®. Upon exposure to UV light with a wavelength of 250 nm, the
functional groups initiate generation of nitrene intermediates, facilitating-linégsg reactions.
Despite the efficacy of thiapproachthere are limitations associated withusage. The damaging
effects of shorvavelength UV light may limit the scope of experiments or applicat@nshe other

hand, benzophenone and diazirine functionalities are activated with biologically more relevant long
wavelength UV light at 365 nnDiazirine funcitonal groups stand out as particularly efficient for
RNA-protein crosdinking due to their capability to reanbdt onlywith typically unreactive €H but
additionally with NH, O-H and SH bond$®7, showcasing superior cro$isking efficiency,
especially when compared to sulphwr halogeamodified nucleasides'®®. Incorporation of
diazirines into RNA is predominantly achieved through chensigiathesis8'"'%lor by postsynthetic

methods, such as cressupling reactiors!®. There areonly sporadicexamplesof T7 RNAPR
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mediated incorporation into nascent Ri$&kand”. Diazirine-decorated RNA probes have been
leveraged in photocrosmking reactions for identification oRBP$!%820%, Notable advantage of
diazirine modification lies in its relatively small size, stability, and légctivity. Upon exposure to

UV light irradiation, diazirine is activated, leadingftomation of a highly reactive carbene species
by eliminating nitrogenDiazirine functional groups, despite their utility in crdsking reactions

with proteins, are associated with relatively low yields, often falling below 15%. One of the primary
drawbacks contributing to this limitation is quenching of the reactive ep@enerated during the
diazirine activation process. Small molecules, such as waterreeaily quench these reactive
intermedatesand decreasihe efficiency of crostinking reactiong7),

aryl azide H .
N3 N—protein
/©/ /©/ |nsert|on /©/
R 250 nm R
benzophenone \é.\(\
O 1)
|nsert|on
365 nm O
R
diazirine )
N=N insertion protein
365 nm N - , , -
R1)<R2 R1/\RZCH,NH,OH,SH R; R,

Figure 20. Reactivity of aryl azide, benzophenone and diazirine modified species in cressking with RBPs.

Addressing theupper mentionedchallenges associated with tiduced nucleic acid
damage, nospecific amino acid targeting, inadequate efficiency, and low yieldernentional
crosslinking methodologies necessitates a strategic shift towards the integration of reactive
functional groups designed for amino asjgecific targeting This innovative approach holds
significant promise in overcoming the limitations inherent in traditionatda¥ed crosfinking
methods, providing a more precise and contrategthanism for investigating nucleic agitbtein
interactions without theneed of external crosdinking reagents or the activation of reactive
functionalities. The complexity of achieving reactions with specific amino acid residues within a
myriad of reactive functional groupmcluding carboxylic acids, amides, amines, hydroxyls, and
thiols, poses a considerable challenge in terms of chend regioselectivity. Moreover, these
reactions must adhere to biologically ambient conditions charsexieby temperatureat3 7 A C,

neutralpH levels ranging from 6 to 8, and the use of aquanlgents to ensure preservation of
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proteinstructureand functiof®. Given that manyanonicalamino acids function as nucleophiles,
introducing selective electrophiles into nucleic acids becomes a viable strategy for their targeted
capturing The installation of these reactive functionalities on the phosphate or sugar backbone is an
option, but nucleobase emerges as the optimal posigtiminating structural changes to
oligonucleotide preventing disruption of natural RNproteininteractionsand enabling enzymatic
incorporation In case of DNA, pioneering wosthave beenpredominantly published by Hocek and
colleagues. They utded noveldN*TPs bearing reactive functionalities for preparation of modified
DNA probes enabling identification of DNAinding proteingDBPs) fluorescenDNA labelling,

and bioconjugation with peptides in both major and minor grooves of detraleded helix®? 210,
Vinylsulfonamideand acrylamide reactive groups have been employed to selectively target Cys
residues through Michael additiéfi2°¢l Later on a highly reactive chloroacetamide functionality

has been designed to target both Cys and histidine (His) aminoiragidptides and proteii¥).

Despite the broad spectrum of potahtargets, Lys are particularly attractive due to their abundant
occurrenceAldehyde functional groups have been strategically placed in thel4tagord/or minor
groove&® of dsDNA to form reversible Schifbase or stableovalent bonds with Lysesiduesipon
reductive aminatiorwith sodium cyanoborohydridéNaBH;CN). In pursuitfor even morerobust
methods, a squaramate modification has been introduced to react specificallysiithpeptides

and proteins. Notably, this approach eliminates the need for harmful external reagents such as
NaBHsCN to stabilse DNA-protein interaction, as is the case with aldehyde mof&tleRecently
developed 1.3liketoné&® and glyoxaf®? functional groups provide additional options for
selectively targeting arginiRgArg-) containing peptides and proteins, showcasing the continual
improvementand expansion of crodimking methodologies for precise and diverse amino acid

interactiongFigure21).
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Figure 21. Overview of modified nucleotides with reactive functionalities incorporated into DNA for selective crodmking with
specific amino acid residuesf DBPs

On the other hand, in case of RNA there are only a handful of reports about reactive functional groups
for selective targeting of specific amino acid residues. A notable advancement in this area involves
attachmenof the squaramate functional group ap@sition of the RNA sugar backbone, as reported

in recent stug. The 2'-azidofunctional grouf chemically synthesised RNA probesin thefirst
stepreduced to amino groupllowed bypostsynthetic functionaligtionwith diethyl squarateThe
preparesgsquaramatenodified RNA oligonucleotide readily reacted with Lys residues of peptide and
aminoacyitransferase Femx??*?(Figure22). In addition to this method, alternative strategies for
selective amino acid crogisking involve the utilisation of $halo and Sazapyrimidines, such as 5
fluorocytidind?*® and 5azacytidin&', in metabolidabelling These compounds are incorporated

into nascent RNA byellular RNAP. Due to poor stability of-&zacytidine and its conjugates, 5
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fluorocytidine is often preferredinterestingly the deamination of -Buorocytidine results in
formation of 5fluorouridine, which can capture uridimeethyltransferases, thereby broadening the
scope ofinvestigatedcenzymesThese modified nucleotides selectively target catalytic Cys residues
of RNA methyltransferases, forming irreversible covalent bddgure 22). This interaction is
identified through an aniRBP antibody pulldown strategy, facilitating selective capture and study of
RNA-protein interactiori§*24l Both methods exhibit limitations in their applicability for
identification ofa broad range oRBPs. These limitations stefrom either intricate mulstep
synthesis required for generating) the reactiveRNA probelimited only to targeting Lys amino
acid€*?, or restriction to metaboli@bellingfollowed bytargeting only specific groups of enzymes
acting on RNA13.214]

Cross-linking of squaramate-modified RNA
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Figure 22. Reported examples of selective RNA crodmking with specific amino acid residues.
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1.5.3 RNA-based therapeuticagents
Modified RNA has found applications in development of next generation therapeutics for

conditions difficultto-target by conventional small molecule drugs. Oligonucleotides, unlike
antibodies, can be prepared both enzymatically and chemically, which enables manufacturing scale
up, flexible derivagation and modification to enhance stability. However, thanks to their highly
charged backbone, intracellular delivery needs to be mediated by complexation with cationic lipids
or hydrophobic group attachm&Ht. Additionally, unmodified RNA is highly prone to nuclease
degradation and as such needs to be stathilby shielding from outer environment (e.g., within
liposomes). Another option is introducing unnatural backbone or phosphate modifications. Most
widely used in FDAapprovedligonucleotidedrugs are ribose modifications@-methoxyethyl (2

MOE), 2-O-methyl and 2fluoro groups together with phosphate modificatioris
phosphorothioat&4®. RNA therapeuticscan be divided into oligonucleotidegantisense
oligonucleotidessiRNA, aptamers) and long mMRNA. RNAlidednucleases haveotreach clinical
applications yet, however many studies are currently ondéiggre23).

ASO are usually short 125 nt long ssRNA-derived syntheticoligonucleotides Upon
delivery tocells,they can affect RNA fatdependingon basepairing complementarity. They can act
through several distinct mechanisms of action. RNAsievdlving routes lead to degradation of
target RNA, which decreases pathological protein expression. Binding to mRNA prevents ribosome
from protein translation. First approved driudomivirsen mediated degradation of UL123 protein
from cytomegalovird$!’l. ASO can be also used to eliminate proteins truncated due to premature
aberrant stop codon. Contrary, protein levels can be increased by reshafparglated regien
(UTRs), which enhances translation initiatiadbhemically, most ASO contain a mix of differently
modified nucleotidd&'®. Nucleobase modifications are recently emerging stsategy to modulate
sideeffects and toxicity and warrant further explorafitth

Unlike ASO, siRNA areformed from two annealed complementary28Lnt long RNA
oligonucleotides. They act through RNA interference (RNAI) pathway. Target mRNA is cleaved and
degraded with Argonaut2 (Ago-2) upon loading into RNAnduced silencing complex (RISEY.
siRNA approved drugs are currently used in therapy of diseases affecting liver, wherecsifR b
readilyaccumulatd due toN-acetylgalactosaminé&s@INAC) derivatisationChemical modifications
aregenerallyanalogougo the ASO. SeveraiRNA containingmodifications to nucleobases are in
the stage of research and developf@htNotably, triazolebase nucleobase enhances binding to
Ago-2 pockets and leads to lower -tdfrget cleavad&?l.

Aptamers are oligonucleotide entities that can act as specific affinity probes mimicking

antibodyantigen interactior’®®! by adopting diverse secondary structiifésThey offer numerous
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advantages over antibodies, such as enhanced pH and thermal stability, reduced toxicity and
immunogenicity??®, and crucially, more straightforward and ceffiective synthesi&5 228,
Aptamers are selected from a large pool of random sequences by a process known as SELEX
(Systematic Evolution of Ligands by Exponential enrichimérite term was initially introduced in

1990 byTuerk and Gold who documented the selection of an RNA oligonucleotide binding to
bacteriophage T4 DNA polymerd@8. Simultaneously, Ellington and Szostak independently
reported an RNA aptamer binding to a small organi¢®#eSince then, a considerable number of
aptamers have been acquired by SELEX. Despite their ready accessibility, RNA aptamers in their
unmodified form are highly susceptible to nuclease degradation, rendering them generally unsuitable
for therapeutic applations. Efforts to address these issues typically involve incorporation of specific
modifications at 3ends of nucleic acid chains with inverted thymidine or biotin, replacement of sugar
2'-OH with F-, NH2-, or MeO-groups and concerning the phosphodiester linkage, common approach
involves substitution with phosphorothioate or methylphosphonate analogs to enhance nuclease
stability?3¥ 234, Despite these efforts, success rate in obtaining aptamers with both high affinity and
specificity remaingdisappointinglylow. To date, only one modified RNA aptamer has received
approval for clinical use. In December 2004, the US FDA granted approyadaptanib sodium
(Macugen), an RNA aptameagainstvascular endothelial growth factor (aMiEGF), for the
treatment of all forms of neovascular agéated macular degeneration (AMi¥. Beside this,
several modified RNA aptamers treatment of coronary artery di€€aseyeloma and nekliodgkin
lymphomd®”,, chronic inflammatory disead&$l, agerelated macular degeneratfSPl, anemi&*°),
hemophili&*! are currently undergoing clinical trials or are in the developmental pig&lf{é?,

MRNA therapy currently attracted attention during SARS-2 pandemic outbreak, where
development of efficient vaccines demonstrated highly modular and flexible nature of mRNA
moleculesand thereby rapid accessfunctional and safe disease prevenifSh However, history
of mMRNA medicines started long time ago, when mRNA importance for therapy has beersegcogni
Key mi |l estones i n devel opment were discovery
Weissman, that led to enhanced translatoilmore importantly, to shielding from innate immunity
receptorg®246l Anotherimportant step was design and implementation of novel lipidic nanoparticles
for efficient intracellular delivef#”. Development of mRNA constructs comprises thorough
optimization of 5 and 3UTRs, coding sequence, poly(A) taiap,and carrier. Crucial point is
inclusion of nucleobase modifications. Apart from cap structures, best explored and widely used for
coding regionare N*-methylpseudouridindm1d), m°C, s2U and mfA248, mRNA is commonly
manufacturd by T7 RNAP IVT from linearsed plasmidé*l. Here an important factor is efficient

purification asdsRNA contaminants from IVT can impair translation and elicit immune response.
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Although costly and tediou$]PLC purification has been found to be most effective in removal of
these byproduct&®,

The discovery otlustered regularly interspaced short palindromic rep&RsSPRbased
immune defence system in bact&pg along with elucidation of its mode of actif, has rekindled
interest in gene engineering and therapy. The most widely used CRI&ERsystem comprises the
Cas9 nuclease protein, which binds to traotivating RNA (tracrRNA) and CRISPR RNA (crRNA),
guiding the nuclease to complementary sequencen bmding, the nuclease generates a bimted
dsDNA break. This break is thereconnectedby nonhomologous end joining, leading to indels, and
ultimately resulting in gene knockout. Alternatively, it can be repaired by homologous recombination
with a sister chromosome or a provided template. This versatility allowsngartion of desired
sequences ahanges tehromosomal loci of interé$t. It has been discovered that tracrRNA and
crRNA can be fused to single guide RNA (sgRNA) which is about 100 nt long. This simihigies
whole system and enhances efficiency and specifiéityThe sgRNA tightly associates with Cas9
protein in multiple regionsand introduction of modifications has been proposed to enhance its
stability and specificity towards DNA recognitiétt. Chemical synthesisf sgRNAis preferregas
mostbackbonemadifications are incompatible with T7 RNPAThe introduction of 20-methyt3'-
thiophosphonoacetate has been particularly effective in significantly enhancing genomé&2diting
Another study demonstrated the advantages of incorporatig@up&el. Although nucleobase

modifications have not been explored to date, they certainly merit further investigation and interest.
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2 Aims of the thesis

1. Design and synthesise thehloroacetamidéearing rAATP building block and optimise
conditiors for IVT of modified RNAprobeswith varying numbebf reactivefunctional groups

2. Investigatebioconjugatios of CA-modified RNA with thiol or Cys and Hisresiduesof
(bio)moleculesand peptides Study crosslinking reactions withvariousRNA-binding proteins
and perform identification of targeted amino acid residues

3. Develop and gtablishan alternativamethod forenzymatic synthesis dfasemodified RNAby
PEX reactiorleveragingengineered DNA polymerasdsxplorea library of variously modified
rN*TPsto delineatehe scope of accepted modifications by mutant polymerases.

4. Developa novel approach for sigpecific RNA labelling andonstructionof hypermodified
RNA polymersthroughDNA primer removal

5. Design a strategy fosynthesis ofnucleobasenodified mMRNAs at specific positionsand
investigate thémpactof the modified position in translation studies

2.1 Rationale of the thesis aims

Recent advancements in crdsking techniques have significantly improved our
understanding of RNArotein interactions, contributing to the broadeight into RNA biology.
However, certain limitations hinder further advancements in this area. Notably, the Hocek group has
pioneered methods for spontaneous proxittriggered crosdinking, by selective targeting amino
acid residues of DNAnteracting proteins. #ong thesejncorporation of the chloroacetamide
moiety into DNA major groove has demonsth&xceptional efficacy in capturin@ys and His
within DBPs In this context, our goal was to apply this methodology to the field of RNA and expand
the portfolio of crosdinking methods. To achieve this, | was tasked to design and develop a simple
pathway that would lead to creation of the chloroacetammiddified ribonucleotide building block
(rACATP). My objective was to directly tether the reactive moiety to the iodinated nucletide
straightforward Sonogashira cressupling reaction, as has beenceessfully demonstrated
previously. The construction of modified RNA typically employs the established T7 RINARO
transcription! planned to identifgonditions under which T7 RNAP would accepfATP and leave
it intact upon insertion into RNA strand@his was expected not to be entirayraightforward
considering the strongly electrophilic nature of chloroacetamide, presefigs within T7 RNAP,
and theneedto maintain a reducing environment during transcription reaction. Following the
establishment of &asibleprocedure for constructing modified RNA, the subsequentstapd

involve exploring potential applications for bioconjugation and ctivdgng. Attaching thiolbearing
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small molecules, orthogonal to known click reactions, would enable thetrgostriptional
derivateation of modified RNA. The ultimate goal was to determine whether RBPs could be
selectively captured over ndRBPs containin@ysand/orHis. To achieve this, | planned to evaluate

a number of known RBPs, either commercially available or recombinantly expressed in our
laboratory. Assuming the reaction proceeded selectively, the next step would be identification of
RNA binding sites within the proteins by nsaspectrometry. Successful completion of this part would
pave the way for next generation of RNA crie&ing probes, significantly expanding the coverage

of identified RNARBP interactions and offerindeepinsights into the structures of RNgyotein
complexes.

In the second sectioof my thesis,| was expected to be focusea the utilisation of
alternative enzymatic methods for constructing modified RNA. Recent advancements in directed
protein evolution have facilitated the creation of thermostable fOB#endent DNA polymerases
exhibiting significantly enhanced RNpolymerisingactivity. Application of these enzymes for
incorporation of basenodified nucleotides has not been investigated, yet it promises achieving so far
elusive tasks, where T7 RNAWRT fails togive any reasonable output due to kndinmitations. To
tackle this objective, my plan involved utilising a library of chemically diverse -treshfied
rN*TPsto functionalise RNA probes with hydrophobic, reactive ctivdsng, fluorescent functional
groups, or affinity tags. The aim was to compare two engineered thermostable polymerases with this
collection of NXTPs in PEX reactions, characterise the synthesised RNA probes by gel
electrophoresis and mass spectrometry analysis and examine enzyme kinetics and performance under
challenging conditionasingdifficult templates or mixtures of up to four modified nucleotides. After
delineating the scope of acceptatbdifications, my strategy included developing a method to
eliminate undesirable primer regions, resulting in a synthesised RNA segment composed entirely of
modified nucleotides. This would involve usage of a DNA oligonucleotide to prime the PEX reaction
and enzymatic digestion of both template and primer regions. Such heavily modifieddR#ers
could hold the potentidbr diverse applications in biotechnology and medicine. Crucially, currently
available methods for introducing labels into RNA at dipegiositions lack robustness and often
require expensive instrumentation or invailveonvenienprotocols. By adapting methods developed
for SNIin DNA, my goal was to achieve selective RNA labelling at multiple sites or in challenging
homopolymeric sequences. This approach would provide access to valuable probes bearing
fluorescent, spin, or isotopic labels, facilitating the biophysical invegiigaf RNA molecules.
Ultimately, extending this methodology to long mMRNA molecules was part of the plangaimn

obtain region or singlesitemodified mMRNAs with epitranscriptomic groups. Subsequenitro
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and in cellulo translation assays of these modified mMRNA molecules would @ffgght into

dependence of translation efficiency as a function of site of modification
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3 Results and discussion

3.1 Chloroacetamidemodified nucleotide and RNAfor bioconjugations
and crosslinking with cysteine- or histidine-containing peptides and

RNA-binding proteins

This study was perfor med,M.n Vdakddl\vgbgptr cavt§2 oSd kafi 1 h
All experiment#n this chaptemere performed by manlessot her wi se stated. M. Ki
LC-MS separationand analysisof 20RNA_1/AAPPHC and 20RNA_1AAHVRT conjugate. M.

VI kov § p e MBS analysis oRORRS [1A*MR conjugateand nanoLC-MS/MS analysis of

RNAprotein digestsL . Pogt ov§8 S| aNMRtspeotra &c§uisifoa antl interpnetation

of rASATP.

3.1.1 Introduction
Proteins that recogse andinteract with RNA in various ways are collectively referred to as

RBPs. RBPs play a pivotal role ifferent biological processes, underscoring the importance of
understanding RNArotein interactior®’:158.160.167.258Consequently, several methods have been
employed to unravel thesmmplexrelationships. Early pioneering studies relying on-nowalent
pulldown techniques faced challenges due to weak and ineffective-gRMAIn interactions,
resulting in the elusiveness of many RBPs. In response, alternative methods were implemented to
address these limitations.

Crosslinking, i.e., the formation of a stable covalent bond between RNA and the protein of
interest, remains the most effective tool for capturing and identifying RBPs, particularly those with
low binding affinities to RNA. Most of these methods rely on@ight-induced photocrostnking
of natural RM\ occurring mainlythroughuracil nucleobad¥®2% Alternatively, more sophisticated
approaches involvéne use of basmodified nuclesideswith halogef®® 88 or sulphul-66.190.191]
atomsfor metabolicRNA labelling or diazirinemodified RNA probes prepared by chemicaf®
or enzymatié!” synthesisUpon UV light irradiation, these modifications generate highly reactive
species (radicals, carbenes) that -spacifically react withneighbouringamino acidsvia C-H
activations.Another option involvesdditionof external chemical crodimking reagents©.182.184]

While these methods are widely adopted today, they are not withoutatgted limitations across a
broad spectrum of applications. Common drawbacks include low efficacy, poctickiusg yields,
need for zeralistance contact, nespecific targeting oamino acids, and the use of potentially

damaging UV light or toxic chemical ageniBhese challenges have spurred the emergence of
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alternative methodd#n the case of DNA, some of these drawbacks have been mitigated through even
more challenging amino acipecific crosdinking with DBPs This field has recently undergone
rapid development, introducing a variety of modifications for selective targeting &°%€%/$
His%61 Argf?922031 and predominantly Ly&*205:211]

Conversely only a handful of examples is reported for selective RNA dinkimg, with
most of them limited to RNA methyltransferases omiptably, the identified examples largely
revolve around utifiation of 5fluoro- or 5azapyrimidinemodified nucleside&®214
demonstrating a specific targeting mechanism primarily directed at Cys residues. To extent of my
current knowledgebesidethese documented cases, therensabsence of reports detailing the
application of other reactiveucleobasenodifications designed for the selective targeting of specific
amino acidsvithin RBPs This insuffucuencyunderscores the need fdevelopment of RNA cross
linking strategies, especially those designed to elucidate interactions invepédodicamino acids

3.1.2 Syntheic pathway to chloroacetamidemodified ribonucleoside triphosphate
To expand the toblox of available modifications | synthessed anovel ribonucleoside

triphosphag bearingthe reactive chloroacetamide (CA) functangroupin analogy to previously
published workAs documented in previous studies, this gentle electrophile demonstrates selectivity
in bioconjugations with Cys and His amino acids within prot€fisin this study, he CA
functionality wastetheredto positionC-7 of 7-deazaadeninbasethrougha rigid aminopropargyl
linker. Based on earlier experiments involving basedified DNA, it is known that functional groups
positioned at this specific site ondéazaadenine nucleobase are effectively accommodated within
the major grooveminimise structural perturbations arade well-tolerated by polymerasés’™. "l
Therefore] assumed that a similapproachmight be applicable also for RNAumerous researchers
have showcased the elegance and simplicity of sistgie Sonogashira cressupling reactions
involving iodinated ribonucleoside triphosphates'TPs) and functionalised terminal acetylelfigs
Thus the known iodinated 7-deazaadenosirs-O-triphosphate rA'TP) prepared according to
standard proceduf®! was reacted withN-(propargyl}chloroacetamide(1)?¢Y in analogy to
previouslypublished work®l. The crosscoupling reaction was performed iméxture of waterand
acetonitrile (2:1)n presence oPd(OAc), Cul, TPPTS and DIPEAt 6 0 A CThddesired74 h .
{3-[N-(2-chloroacetamido)prop-2-yn-1-yl} -7-deazaadenosing-O-triphosphate rA“ATP) was
after reversegbhaseand ionexchangedPLC purificationfollowed by ionexchange chromatography
with Dowex 50WX8 in Nacycleisolated in satisfactor®4% yield(Schemel0). Identity and purity

of the prepared compound was proved by Na#fd HRESI-MS analysis.
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3.1.3 Enzymatic synthesis of chloroacetamidemodified RNA with T7 RNA
polymerase

20RNA_1ACA
pPpP

in vitro 35RNA_1ACA
transcription

ppp:
T7 RNA
polymerase
35RNA_3ACA
ppPp

35RNA_7ACA

Figure 24. T7 RNAP IVT of dsDNA templates. Synthesis of short RNA with one CAnodification or longer ones with up to 7
modifications.
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Thekey nucleotide building blockA “ATP wassubsequentlyestedas aputative substrate
in IVT reactiors with variousdsDNA templates For enzymatic synthesis of RNA, | selected the
widely usedl'7 RNAPsinceit was previously shown to smoothly incorporate a pallet of diviease
modified nucleotide$’l. First, | testedVT reactions with37 bp long dsDNAtemplate(20DNA_1A-
ds, Table1) encodingfor ashort20 nt RNA probewith one CAmodification(20RNA_1A®A, Table
2, Figure24).

Table 1. List of DNA oligonucleotidesfore generation of dsDNA templateused in this study

DNA oligonucleotide name  Sequence (¥ 'B 5-end Length
modification [nt]
TAATACGACTCACTAGGGCCCCTATTGTCTCTC ]
20DNA_1A-s c i 37
[MGIMA]JGAGAGACAATAGGGGCTATAGTGAGT  2.0.Me-G. 2-
20DNA_1A-as CGTATTA O—Me—A’ 37
TAATACGACTCACTAGGGTGATTTTATTTTATTC
21DNA_3Abind-s TC i 38
[MG]IMAJGAATAAAATAAAATCACCTATAGTGAG  2.0.Me-G. 2-
21DNA_3A-bind-as TCGTATTA O—Me—A’ 38
TAATACGACTCACTAGGGTCACGTGACGCCAG
21DNA_3A-non-bind-s cc i 38
[MG]IMG]GACTGGCGTCACGTGACRIAGTGAG  2.0.Me-G. 2-
21DNA_3A-non-bind-as TCGTATTA O—Me-G: 38
TAATACGACTCACTATAGGGCCCCTATTGTCTC
35DNA_1A-s CTTCTCTGCTGTTTCC i 92
[MG][MG JAAACAGCAGAGAAGAGAGAGACAAT o Mo .
2-0-Me-G, 2
35DNA_1A-as GGCCTATAGTGAGTCGTATTA O-Me-G 52
35DNA 3A TAATACGACTCACTABGIGGCCCGTATGTTACTTC ) 5
oS TCTTATCGTCTCTCGC !
[MG][MC]GAGAGACGATAAGAGCAAGTAACATA 2 o MeG 7.
2-0-Me-G, 2
35DNA_3Aas GGCCTATAGTGAGTCGTATTA O-Me-C 52
35DNA TA TAATACGACTCACTABGGCTTGCACGTGAATC! . 5
(S TCTTAATGGATCGCGA !
[MU][MCIGCGATCCATTAAGAGCGATTCACGTG o Metl] 2.
2-0-Me-U, 2
35DNA_7A-as AGCCTATAGTGAGTCGTATTA O-Me-C 52

s =Sensestrandused for generation afouble stranded DN£emplate as =Anti-sensestrand used for generatiofidouble stranded DNA
template T7 RNAP promoter region is highlighted in italics.

The transcription reactions were performed withigture of either all four natural rNTPs
(rATP, rUTP, rCTP, rGTPfor synthesiof natural RNA(20RNA_1A), amixture ofrA “ATP, rUTP,
rCTP, rGTP for generation of GmodifiedRNA (20RNA_1A®*) or with omitting rATP for negative

control action. In each case sanall amount ofadioactively labellefU-3?P]-GTP wasspiked infor

visualisation of the newlgynthested RNA probeand monitoring ofthe wholelVT processThe
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transcriptions were conducted atap t i ma | reaction temperature of
reaction buffer supplemented with additiy@iston X-100, MgCh) and RNase inhibitorReaction
productswere analysean dPAGE followed by visualisationthrough phosphor imagingdPAGE

analysis provedormation of full-length modified 20RNA_1A“* productrepresented by slower
movingbandataboutthe same level where its natural conge28RNA _1A) migrated(Figure25).
Additionally, by scaling up the reactioand by leaving outthe radioactive labell prepared
20RNA_1A°A probe thatwas after purification @nfirmed by MS-MALDI analysis (Figure 26).
Calculated mass was in goagreementvith the measured or(@able3).

20RNA_1A
i ACA

full-length -
products — 8

L]

Ll »e v
v LR
L

A

Figure 25. 20% dPAGE analysis of T7 RNAP IVT with 20DNA_1A -ds template. Gel legend: (+) positive contrqRORNA_1A), all
natural INTPs (rATP, rCTP, UTP, rG T P /*PEEGTP); (i) negative control, mixture of rCTP,rUTP, rG T P /*{PI+GTP and
H,0; (A®*) modification (20RNA_1ACA), mixture of rAATP, rUTP, rCTP, rG T P /-*{PJtGTP. Visualisation by phosphor imager.
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Figure 26. MS-MALDI -TOF spectrum of 20RNA_1A°A. A'i full spectrum; B i magnified area of interest calculated mass 6601.2
Da;foundmass 6602.8 Da; @ = 1.6 Da. The peak at20RNAzIA2+KT6Thdpesdk Da can be a
at m/z =6624.4 Da can be assigned to the addu@ORNA_ 1A + Na'l.

Table 2. List of RNA oligonucleotides prepared in this study

RNA oligonucleotide name  Sequence (% 'B 3-End Length
modification [nt]
20RNA_1ACA pppGGGCCCYUUGUCUCUCUC i 20
21RNA_1ACA-Cy5 pppGGGCCCRYAUUGUCUCUCUOTY5 Cy5 21
21RNA_1A®A-Bio pppGGGCCCYAUUGUCUCUCUCRIo Bio 32
21RNA_3ACA-bind pppGGGUECAUUUKCAUUUKCAUUCUC i 21
21RNA_3AA-non-bind ppPGGGUBCACGUBCACGCBCAGUCCC i 21
GGGCCCAYUUGUCUCUCUCUUCUCUGCL
35RNA_1ACA II?JTJpCC ) 35
35RNA 3ACA pppGGGCCCRIUGUBCACUUGCUCKWIUCGUC . 35
— UCUCGC !
e pPPGGGCUUGCACGUBCAACAICGCUCIAIAACAY . -
- GGACAUCGCEA !
GGGCCCAWY*UUGUCUCUCUCUUCUCUGCL
36RNA_1ACA-Cy5 BTJpCCQCyS Cy5 36
pppGGGCCCRIUGUBCACUUGCUCUHIUCGUC
CA_
36RNA_3ACA-Cy5 UCUCGCTy5 Cy5 36
36RNA 7ACA-CV5 ppPpGGGCUUGCACGUBCAACAUCGCUCIAIAACAU CvS 36
ALY GG\CAUCGCESAC- Cy5 y
20RNA 1A pppGGGCCCGWUGUCUCUCUC i 20
21RNA_1A-Cy5 pppGGGCCCAWUGUCUCUCUOTYS Cy5 21
21RNA_1A-Bio pppGGGCCCWUGUCUCUCURIo Bio 21
21RNA_3A-bind pppGGGUAUUUKLUUUKLUUCUC i 21
21RNA_3A-non-bind pPppGGGUBCGUBCGCBGUCC i 21
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PPPGGGCCCOWUGUCUCUCUCUUCUCUGCUC

35RNA_1A oo i 35
PPPGGGCCCRWGUBCUUGCUCMICGUCUCU 5

35RNA_3A Go i 35
PPPGGGCUUGRTGUBAUCGCUCAAUGRUCGC i

35RNA_7A A i 35
PPPGGGCCCAWUGUCUCUCUCUUCUCUGCUC

36RNA_1A-Cy5 Cy5 36

CCG Cy5

Modified nucleobasewiith CA modificationare marked in boldopp = Triphosphate residue #ie 5-terminus ofthe synthesed RNA
transcriptsCy5 =cyanine5 modification, Bio = biotin modification

Even after providing evidence by dPAGEhd MS, that T7 RNAP is proficient in
incorporation at least on@A-modified ribonucleotide triphosphateACATP) into RNA, a crucial
step remained. It wamportantto thoroughly investigate and exclude the formation of any potential
side products stemming from transcription reactirst, | investigatedvhether he CAfunctionality
of RNA probedoes notcrosslink to T7 RNAP, since it containswelve reducedCys residuet?,
that ould serve as possiblerosslinking targets.For thispurpose VT reactionsperformedeither
with natural rNTPs or with enixture ofrA“ATP, rUTP, rCTP, rGTP werdirectlyanalysedn SDS
PAGE This experimentshowcased the absence of anypbgduct formation in case of modified
RNA, sinceno band with lower mobility corresponding to crdis&king product wasbservedFigure
27). Additionally, | explored the possibility of T7 RNAP inhibition by creasking to freerA “ATP
during IVT. To unravel this, | performed IVT with either a mixtureabffour natural rNTPs or with
four natural INTPs containing extra additionréfATP. To my satisfactionboth IVT experiments
yielded about the same amount of desired RNA prod2@RIKA_1A), ruling out any significant
inhibitions of T7 RNAP by the modified nucleotideigure28).

20RNA_ 1A + + — =—
20RNA_1AA  —  — + +
purification — + -+

Figure 27. 10% SDS-PAGE analysisof either crude or purified T7 RNAP IVT with 20DNA_1A -ds template. Comparison of VT
with a mixture of all 4 natural rNTPs (rATP, rUTP, rCTP, rGT P [-*{PFGTP), natural 20RNA_1A or a mixture of rACATP,
rUTP, rCTP, rG T P /Pt GTP, modified 20RNA_1A%. Visualisation by phosphor imager.
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Figure 28. 20% dPAGE analysisof T7 RNAP IVT with 20DNA_1A-ds template Comparison of IVT reaction with: A i all four
natural INTPs (rATP, rUTP, rCTP, rG T P /*fPJ&tGTP) and IVT with : B i all four natural rNTPs containing extra addition of
modified rACATP in same concentration as natural rATP(rACATP, rATP, rUTP, rCTP, rG T P /-*{PJtGTP). Visualisation by
phosphor imager.

Next, | testedthe modified rAATP in IVT with more challenging52 bp long dsDNA
template35DNA_1A-ds, 35DNA_3A-ds, 35DNA_7A-ds, Tablel) encodingfor 35nt long RNA
with one (35RNA 1A°"), three (35RNA_3A°*) or even severn(35RNA_7A°A) CA-modified
nucleotidegFigure24, Table2). Also, in this casgéhe monitoring ofIVT reactionsvasensurecoy
radioactive labelling and visualisation by phosphor imggReactiongproceeded smoothhyith all
aforanentioned DNA template§ull-lengthRNA productswere formed in good conversigreven
in case of RNA wittrsevenCA modifications 85RNA_7A*) asconfirmed by dPAGEFigure29).
Furthermore, upon preparation in larger quantities and subsequent purification throughasiida
columrs, the desired product§35RNA_1AA, 35RNA_3A“*, 35RNA_7A“*) were validated
throughMS-MALDI (Table3).
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Figure 29. 125% dPAGE analysis of T7 RNAP IVT with: A7 35DNA_1A,Bi 35DNA_3A orCi 35DNA_7A templates. Gel legend:
(+) positive control (35RNA_1A, 35RNA_3A, 35RNA_7A) all natural INTPs (rATP, r UTP, rCTP, rGT P [*PEIGTP); (i)
negative control, mixture ofrUTP, rCTP, rGT P /*PtGTP and H,O; (A®*) modification (35RNA_1AC", 35RNA_3A°A,
35RNA_7AC*), mixture of rACATP, rUTP, rCTP,rG T P [-*JPF GTP. Visualisation by phosphor imager
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Table 3. MS data of prepared RNA oligonucleotides

Analysed RNA Calculated mass Measured mass
20RNA_1A 6472.2 Da 6476.3 Da
21RNA_1A-Cy5 75958 Da 7599.3 Da
21RNA_1A-Bio 71833 Da 7186.8 Da
21RNA_3A-bind. 6830.1 Da 6830.0 Da
21RNA_3A-non-bind. 6941.9 Da 6941.0 Da
35RNA_1A 11138.3 Da 11138.5 Da
20RNA_1ACA 6601.2 Da 6602.8 Da
21RNA_1A°A-Cy5 7724.3 Da 7729.7 Da
21RNA_1ACA-Bio 7312.2Da 7316.2 Da
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21RNA_3A°A-bind. 7216.4 Da 7216.0 Da

21RNA_3AA-non-bind. 7327.6 Da 7328.0 Da

35RNA_1A°A 112669 Da 11267.5 Da
35RNA_3A°A 11650.1 Da 11651.3 Da
35RNA_7AA 123766 Da 12378.0 Da

3.1.4 3'-end RNA labelling via ligation
21RNA_1ACA.Cy5 20RNA_1ACA 21RNA_1ACA.Bio

0] 0]
é H)J\/CI // H)K/Cl

RNA ligase RNA ligase
-~ —_—
pCp-Cy5 pCp-Bio

Schemell. RNA ligation with pCp-Cy5 and pCp-Bio using T4 RNA ligase.For structure of pCp-Cy5 and pCp-Bio seeFigure 103

To avoid the use of potentially hazardous and environmentally unfriendly radioactive
labelling in subsequent experiments, and with the aim of achienorg flexiblevisualisation of
RNA, an alternative approach involving noadioactive stable fluorescent label was employed.
Therefore, | tagged the prepared RNA oligonucleotids (20RNA_1ASA, 35RNA 1ACA,
35RNA_3A°A, 35RNA_7ACA, Table 2) with nucleosidemonophosphateearingCy5 fluorophore
(Schemell). Since,T7 RNAP IVT can yield numerous short or aborted transétftsl opted to
purify the fulFlength RNA products by dPAGEith subsequent isolation from gel by extractidhe
ligation reactionproceeded between théghosphate group of donor bearing the fluorescent tag
cytidine-5'-phosphates'-(Cy5-aminahexyl)phosphatdpCp-Cy5, Figure 103, and free 30OH of
acceptorepresented by RNArobe Reactiorcatalysedy T4 RNA ligasdn presence of DMSQo
unfold RNA secondary structuregeachedfull conversionafter overnight incubation at 46 C
Identity of the desiredluorescentCy5-labelledproducts 21RNA_1AA-Cy5, 36RNA_1AA-Cys5,
36RNA_3ACA-Cy5, 36RNA_7ACA-Cy5, Table2) was confirmed bgdPAGE analysiswhere slower
moving band was visible i@y5 channel when compared to unlabell&INA standard visualised by
nonspecific RNA staining with SybrGol¢Figure 30). In case 0f21RNA_1A°A-Cy5, the identity
wasalsoprovedby MS-MALDI (Table3). Following same reaction conditiorispreparediotin-
labelled RM\ probe (21RNA_1A®A-Bio) for capturing RNA through its strong and specific

interaction with streptaviditi¥, a protein that binds tightly to biotinn this casecytidine-5'-
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phosphates'-(biotin-aminahexyl)phosphatgpCp-Bio, Figure 103 was used Formation of the
biotin-labelled RNA produc{21RNA_1A“A-Bio) was provedby MS analysis(Figure 31), where

only mass of biotinylated oligonucleotide was obseiMedle3), proving full conversion of ligation

reaction.
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Figure 30. 15% dPAGE analysis of ligation reaction with pCpCy5. Gel legend:Ai SybrGold channel scanPoststaining of dPAGE
with SybrGold for visualisation of nonfluorescently labelled RNA prepared by T7 RNAP IVT (20RNA_1A°*, 35RNA_1AA,
35RNA_3A°A, 35RNA_7A°4). B Cy5 channel scan. Visuatiation of fluorescent Cy5Slabelled RNA prepared by ligation with pCp-
Cy5 (21RNA_1A°A-Cy5, 36RNA_1AA-Cy5, 36RNA_3AA-Cy5, 36RNA_7AA-Cy5). Ci SybrGold and Cy5 channel scasmerged.
Visualisation of nonfluorescent and Cy5labelled RNA probes.
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Figure 31. MS-MALDI -TOF spectrum of 21RNA_1AA-Bio. A i full spectrum; B i magnified area of interest; calculatedmass

73122 Da; foundmass 7316. 2 Da; @ = mk=- 2333.8Daxan bddssgned ® ¢thk addutct [21RNA_FA-Bio +
K*]. The peak atm/z= 7392.5Da can be assigned to the adduct [21RNA_fA-Bio + 2K"].

3.1.5 Model bioconjugation reactions
21RNA_1ACA.Cy5 (o

0
o T x
N

// H H N a’{s/\ .
= uorescein
& fl

(bio)conjugation N/

_—
X= 21RNA_1ACAPert()-H cy5 21RNA_1ACAFL.cy5

upod

(z)
a{sv@ H{S\/ ‘\rsvb

21RNA_1ACA-GSH.Cy5  21RNA_1ACAPePH-C.Cy5 21RNA_1ACABio.Cy5

Reactive:
SH
(6] (0] H (0] HS
J N N
HO ; N NH,
N H o Ac-KRPRGRPKGSK*H
pept-(+)-C 0
/=N
HN _
NH,
Ac-KRPRGRPKGSK—-N
HS pept-(+)-H Hoo
Unreactive (only traces of conjugated products): )’\ﬂ"
HS '\\IH2 HN NH,
pept-(-)-C pept-K (CH2)4 pept-R ((:Hz)3
NH - -
Ac-DEPEGEPDGSD-N : Ac-SGYTAfN)ﬁ(AQSG NH2 Ac-SGYTA—N/H(AQSG NH
) Hoo oo

Figure 32 Overview of bioconjugations of modified RNA probe with various (bio)molecules and peptidesFor full chemical
structures seeFigure 104
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Bioconjugation emerges as a versatile teohancinghe functionality and utility of RNA
probes. With successful enzymatic synthesis procedure for modified iRN#& hands| moved
forward to assess the reactivity of these spediks.fluorescently labelleanodified RNA probe
(21RNA_1A“A-Cy5) was tested in bioconjugation reaction with Cged His-containing peptides
andsmall (bio)moleculeswith free thiol functionality(Figure 32, Figure 104). | selecedthis RNA
sequencealue toits shorter length, offering improved resolution on dPAGE and facilitating a more
straightforward analysis of bioconjugation products through K&actiors were performed in
presence ohonrnucleophilictriethylammonium acetate buffefEAA) at pH 8 to enhance thiols
reactivity with greatexcess of peptides or (bmpleculessinceno proximity effectwas expected
Bioconjugations wittbiotin- (Bio) and/or fluorescein(FL) thiol were performedvith 10000equiv.
excessReactions proceeddd moderatesither 21%(Bio-thiol) or 24% yield (FL-thiol) according to
ImageJ quantificationof dPAGE (Figure 33). Identity of desired conjugation products
(20RNA_1A°ABo 20RNA_1A°AFL) was confirmed by MS analysj$able6). Moreover formation
of the FL-labelled conjugation produc{20RNA_1AAFL) was confirmed by fluorescence
measurementd-igure34). After removal of unreacted thiolpnhanced fluorescence was observed in
case of modified RNA20RNA_1A°*) conjugatedwith FL-thiol, after excitation at 490 nnThis
phenomenon was not obsenied negative control reactioof FL-thiol with natural RNA(Figure
34).
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Figure 33. 22.5% dPAGE analysis of bioconjugation reaction omodified 21RNA_1A°A-Cy5 with (bio)molecules and various
peptides. Gel legend: (S) modified RNA (21LRNA_1A®A-Cy5), standard; modified 21RNA_1A°A-Cy5 in reaction with: (1) 20000
equiv. of reduced glutathione (GSH); (2) 1000@quiv. of pept-(+)-H; (3) 100equiv. of pept-(+)-C; (4) 2500equiv. of pept-(+)-C; (#)

significant formation of side-product affects the calculated conversion, sidproduct formation in 18% yield, total conversion of all

products is 55%; (5) 2500equiv. of pept(i )-C; (6) 10000equiv. of Bio-thiol; (7) 10000equiv. of FL-thiol; (8) 10000 equiv. of pept-

K; (9) 10000equiv. of pept-R. () Desired products ofbioconjugation reaction.Cy5 channel scan.
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Figure 34. Normalised emission fluorescence spectra of either modified 20RNA_%Aor natural 20RNA_1A after bioconjugation
with FL-thiol. Enhanced fluorescence observed in case of modified 20RNA _“fAfter reaction with FL -thiol, while no fluorescence
observed in case of naturaPORNA_1A after reaction with FL -thiol.

For bioconjugatioa with peptides | testeda small tripeptide represented yeduced
glutathione (GSH), a set of either positivelypept-(+)-C) or negatively(pept-(i)-C) charged
peptides with one Cys residymgsitively charged peptide containingeHis (pept-(+)-H) and two
peptides lacking any Cys or His, buth in Lys (pept-K) or Arg (pept-R), as negative control
reactions(Figure 32). As it was expected, positively charged @gmtaining peptidepept-(+)-C)
was the most reactive one, forming the desired Riéptideconjugate(20RNA_1ACAPEPHHCY jn
remarkable36% yield with only 100 equiv. of pept-(+)-C, according @ dPAGE quantification
(Figure33) andsubsequertS analysis Table6). Surprisingly, when further increasiagnount of
the peptidgup to 2500equiv), formation of a éssmobile sideproduct was observed aPAGE
(Figure35). This phenomenon was observed only in cageept-(+)-C, but notwith the negatively
chargedpeptide (pept-(i )-C), although it was used in same excess for bioconjugatiaations
(Figure 33). The formed sideproductmost probablycorrespondso a noncovalentaggregateof
peptide with RNAandor ligation by-products This hypothesisvas additionally supported by EC
MS analysis of the RNAveptide productZ0ORNA_1ACAPert()-C) "where only peaks corresponding
either to unreacted RNA2QRNA_1A°*) or to the desire@ORNA_1ACAPeP)IC conjugate were
detectedFigure36, Table4).
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all products: 55% 55% 55%

conversions of —> side-products: 17% 16% 18%
bioconjugation products: 31% 40% 38% 39% 37%

side-products of
bioconjugation

side-products of "
ligation reaction

bioconjugation *‘&‘*‘*.

products

RNA ..---.

S .

v

10 equ
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500 equiv.

1 000 equiv.
2 500 equiv.

Figure 35. 225% dPAGE analysis of bioconjugation reaction of modified 21RNA_1&'-Cy5 with various concentrations of
positively charged pept(+)-C. Gel legend: () desired products ofbioconjugation reaction; significant formation of sideproduct
affects the calculated conversions in reaction with 508quiv., 1000equiv. and 2500equiv. of pept-(+)-C; (S) modified RNA

(21RNA_1AFA-Cy5), standard.
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Figure 36. LC-MS separation chromatogram of20RNA_1ACAPeP-C conjugate.
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Table 4. MS data of LC-MS separation of20RNA_1A* and 20RNA_1ACAPeP--C conjugate.

Analysed component Calculated mass Measured mass
free RNA, ZORNA_].ACA 6601.2 Da 66000 Da

i CA-
conjugate, 20RNALA™ 79746 pa 7974.0Da

On the other hand, significayptlower reactivity of thetargetswas observed either in casgth
slightly negatively charge@SH tripeptideor cationig but lessucleophilicHis-containing peptide
(pept-(+)-H). Although | used10000equiv.excess in both cas#se desired products were formed
in low either 10% (GSH) or 17% vyield (pept-(+)-H) according to dPAGHFigure 33). All
successfully formed RNA-peptide conjugtes (20RNA_1ACACSH  20RNA_1ACAPePH-C
20RNA_1ACAPerttH) were further charactegd by MS(Table6). In case of negatively charged
Cys-containing peptidepept-(1 )-C) or peptidesvithout any Cys or His residupdpt-K or pept-R),
only traces of bioconjugation products weletectecby dPAGE Figure 33). Theseresultsfurther
support selectity of CA-modified RNA (21RNA_1A®A-Cy5) towardsCys and His amino acids
(Tableb5). To solidify thesefindings, | performed negative control reactions under same conditions
with natural RNA (21RNA_1A-Cy5), lacking any CAmoaodification. As it was expected, no

bioconjugation produstwereobserved in this cag€igure37).

Table 5. List of (bio)molecules and peptides used in bioconjugations and reaction conversion analysis

Reagent Equivalents Conversion

FL -thiol 10000 24%
Bio-thiol 10000 21%
reduced GSH 10000 10%
pept-(+)-H 10000 17%
pept-(+)-C 100 36%

pept-(1)-C 2500 traces

pept-K 10000 traces

pept-R 10000 traces

Table 6. MS data of bioconjugations products

Analysed conjugate Calculated mass Measured mass
20RNA_1ACAFL 7002.2 Da 7003.8 Da
20RNA_1ACA-biotin 73528 Da 7355.4 Da
20RNA_1ACA-GSH 68721 Da 6873.5 Da
20RNA_1ACA-pept(+)-C 79746 Da 7977.4 Da
20RNA_1ACA-pept(+)-H 80086 Da 8010.1 Da
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Figure 37.22.5% dPAGE analysis of bioconjugation reaction ohatural 21RNA_1A-Cy5 with (bio)molecules and various peptides.
Gel legend: (S, RNA) natural RNA (21RNA_1ACy5), standard; natural 21RNA_1A-Cy5 in reaction with: (1) 10000equiv. of
reduced glutathione (GSH); (2) 1000@quiv. of pept(+)-H; (3) 2500equiv. of pept(+)-C; (4) 2500equiv. of pept-(i )-C; (5) 10000
equiv. of Bio-thiol; (6) 10000equiv. of FL-thiol; (7) 10000equiv. of peptK; (8) 10000equiv. of peptR. Cy5 channel scan.

3.1.6 Crosslinking reactions with RNA-binding proteins
In order toprove utility of our approach for investigatilRINA-protein interactiond, turned

my focusto the ultimate goabf this study crosslinking with RBPs. | selected thredistinct RBPs
with diverse biological functiongach ofthem containingeverakitherCysandbr Hisamino acids
servingas possible crodiking targetsor our CAmodified RNA probel testedhuman argonaute
2 protein(hAgo2)?%l, human antigen RHUR/ELAVL1)2%4 and HIV reverse transcriptagellV -
RT)26%l, Selection of RBPs with varied functions and distifNA structure and/or sequence
preferenceaimed to representwide spectrum oputativeRNA-protein interactiongrirst, | needed
to examinewhether the CAunctionality does not prevent bindingf proteinsandif the modified
RNA probe(21RNA _1ACA-Cy5) is recognised biRBPs.Hence RNA-proteinbinding studiesvith
each of the studied RBRind CA-modified 21RNA_1ACA-Cy5 or natural21RNA _1A-Cy5 (asa
positivecontrol)were performed at physiologically relevant neutral pH in HEPES biRésactions
wereperformedoy overnight incubation of RNavith either equimolar ratio (HUR) or with sligtwto
equiv. excess IfAgo2, HIV-RT) of RBPs, contrary topeptide or small moleculkioconjugations
since strong proximity effect was expectedhis caseElectrophoretienobility shift assay (EMSHA
was performedor analysis of RNAprotein complexe$% NativePAGE (nPAGE)proved for both
natural and modified RNA with each of the studied proteimsnation of RNA-protein complex
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representetbhy a slower moving band when comparingtoteinfree nucleic acigtandardFigure
39).

A B
RNA-protein
complex < 2
RNA-protein u
complex *" e
RNA u RNA u— “—

21RNA_A-Cy5 + + - 21RNA_1A-Cy5 +

21RNA_A*-Cy5 - - + o+ 21RNA_1AC“C¥5 - e B
HuR protein - + - + HIV-RT protein -+ -
iy
P C
RNA-protein

complex “'. “.
21RNA_1A-Cy5 +

21RNA_1A®A-Cy5 - - + +
hAgo2 protein - + - +

Figure 38. EMSA analysis of natural 21RNA_1ACy5 and modified 21RNA_1AA-Cy5 with HUR protein (A), HIV -RT (B) and
hAgo2 protein (C). Gel legend:(-) RNA-protein complex.Cy5 channel scan.

To exploreformation of a stable covalenond betweemodified RNA(21RNA_1ACA-Cyb5)
andRBPs | performed analysis dhese reactionsn SDSPAGE under denaturing conditioni
order toelucidate the temporal progression of crlisking reaction, |1 conducted kinetic std
involving 21RNA_1A®A-Cy5 and model HIVRT. SDSPAGE analysisrevealedormation of stable
covalently linkedRNA-protein complex(21RNA_1ACAHV-RT.Cy5) alreadyafter 30 minin 3%
conversior(quantified by ImageJBy further increasinghcubation time p to6 h), the crostinked

product was formedh a fairly high amount(24% yield), that isalreadyexceedingconversions
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achieved byclassical photocrodinking methods.Remarkable49% conversion waseachedby
incubationfor 24 h, as revealed by SEFAGE (Figure 39). This extended duration of incubation
resulted in enhanced creligking yield, underscoring the effectiveness of the developed approach in

comparison to traditional photocretasking techniques.

conversions: 3% 6% 24% 31% 49%
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Figure 39. 10% denaturing SDS-PAGE analysis of crosslinking reaction of modified 2LRNA_1A*-Cy5 with HIV -RT in different
time periods (0.5 h, 1 h, 6 h, 10 h, 24 h)Gel legend:(S; RNA) modified RNA (21RNA_1A°A-Cy5), standard; (PL) pre-stained
protein ladder. Cy5 channel scan.

Therefore, allfollowing crosslinking reactiors with model proteins were performely overnight
incubatiors to achievemaximumattainable conversions$n all cases, crosknking adducts were
formed inreasonablegields (22-30% Table 7) with only two equiv. of proteirs. The formation of
covalent conjugates represented by leweabile bands wasackedoy SDSPAGE (Figure40i A).
Additionally, regative control reactions were carrigith natural RNAcongene(21RNA_1A-Cy5)
and each of the studied RBRo formation of RNAprotein crosdinking productwas observed on
SDSPAGE (Figure40i B).
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conversions: 30% 28% 22%
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Figure 40. 7% denaturing SDSPAGE analysisof crosslinking reactions of modified 221RNA_1A°A-Cy5 (Figure i A) or natural
21RNA_1A-Cy5 (Figure i B) with various RBPs.Gel legend(Figure i A): (RNA, 1) modified RNA (21RNA_1ACA-Cy5), standard;
modified 21RNA_1A°A-Cy5 in reaction with (2) HUR; (3) HIV -RT (4) hAgo2; (PL) pre-stained protein ladder.Gel legend Figure
i B): (RNA, 1) natural RNA (21RNA_1A-Cy5), standard; natural 21RNA_1A-Cy5 in reaction with (2) HuR; (3) HIV-RT (4) hAgo2;
(PL) pre-stained protein ladder.Cy5 channel scan.

In order to validate the specificity of the prepared modified RNA prabeNA 1A°A-Cy5),
a series of control reactiomssperformedwith various weaklyor nonRBPs. Each of these proteins
wasdesignedlychosen for its content of Cys and/or His amino acids. Among th&B&s, bovine
serum albumin (BSA), galectin 1 (Gall), lysozyme (lysoz.) were tested, while representative weakly
RBPs included singtstrand binding protein (SSB) and human recombinataresH2A (H2A).The
outcomes of these control reiacts wereevaluated by SD®AGE, revealing either absence (0%) or
minimal amounts (3%) of crosdinking products for weakkyand norRRBPs. Notably, an exception
was observed with the highly positively charged histone, which formed a covalent conjugate with 9%
yield (Figure4l, Table7). Thisobservatiorshowsthat a strong proximity effect and the presence of
targeted amino acids within the protein recognition site are esstmtile formation of a stable

covalent bond with the protein of interest.

81



conversions: 25% 0% 2% 0% 3% 9%
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Figure 41. 15% denaturing SDSPAGE analysis of crosdinking reaction of modified 21RNA_1AA-Cy5 with various proteins.
(RNA, 1) modified RNA (21RNA_1AA-Cy5), standard; modified 21RNA_1AA-Cy5 in reaction with: (2) HUR, control reaction;
(3) BSA,; (4) SSB; (5) Gal1; (6) lysoz.; (7) histone H2A. Cy5 channel scan.

Table 7. Analysis of crosslinking efficacy and selectivitywith various proteins.

Protein Equivalents Conversion

HuR 2 30%

RNA binding HIV-RT 2 28%
proteins

hAgo2 2 22%

BSA 2 0%

Weak- or non- SSB 2 2%

RNA binding Gall 2 0%

proteins lysoz. 2 3%

histone H2A 2 9%

To investigate theomplexrelationship between the quantity of reactive modifications, €ross
linking efficiency, and selectivity for target proteinqreparedhree distinct modified RNA probes
with an increasingrumber of CA functionalities within a single strand. These modified RNAs were
bearingeither one 36RNA_1ACA-Cy5), three B6RNA _3ACA-Cy5), or seven36RNA_7AA-Cyb5)
CA modifications. The aim was to compare their performance in-tirdssg reactions with the RBP
represented by the previously studied HuR. As a controfffaarget interactions, the ndRBP BSA
was included in the investigation. All reactions were conducted under identical conditions, employing
2 equiv of proteins.Upon analysis of SD®AGE results, minterestingpattern emerged. On one

hand, an increase in the number of CA modificatipasitively correlated with enhanced cress
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linking efficiency with the RBP, as depicted kigure 42. However, a simultaneous reduction in
selectivity was observed, particularly evident in the case of the heavily m@&bfdA _7AA-Cy5,
demonstrated by its crofigking with BSA (Figure 43, Table 8). Therefore, an optimal balance

between crosinking specificity and efficiency must be considered case by case.

conversions: 23% 35% 36%
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Figure 42. 7% denaturing SDSPAGE analysis of crosdinking reaction of either natural 36RNA_1A-Cy5 or various modified RNA
probes (36RNA_1A°A-Cy5, 36RNA_3AA-Cy5, 36RNA_7AA-Cy5) with HUR protein. Gel legend: (1) natural 36RNA_1A-Cy5,
standard; (2) natural 36RNA_1A-Cy5 in reaction with HUR; (3) modified 36RNA_1ACA-Cy5, standard; (4) modified 36RNA_1/4A-
Cy5 in reaction with HuR; (5) modified 36RNA_3ACA-Cy5, standard; (6) modified 36RNA_34”-Cy5 in reaction with HUR; (7)
modified 36RNA_7A°A-Cy5, standard; (8) modified 36RNA_7AA-Cy5in reaction with HUR; (PL) pre -stained protein ladder. Cy5
channel scan.

83



S
: @ @
conversions: X% x? 9%

| 250 kDa
180 kDa

130 kDa
95 kDa

RNA-protein
cross-linking products

55 kDa

43 kDa

34 kDa
RNA amsaniiDED -

1 2 3 4 5 6 7 8 PL

Figure 43. 7% denaturing SDS-PAGE analysis of crosdinking reaction of either natural 36RNA_1A-Cy5 or various modified RNA
probes (36RNA_1AA-Cy5, 36RNA_3A°A-Cy5, 36RNA_7AA-Cy5) with BSA protein. Gel legend: (1) natural 36RNA_1ACy5,
standard; (2) natural 36RNA_1A-Cy5 in reaction with BSA; (3) modified 36RNA_1AA-Cy5, standard; (4) modified 36RNA_14A-
Cy5 in reaction with BSA; (5) modified 36RNA_3A°A-Cy5, standard; (6) modified 36RNA_3A4A-Cy5 in reaction with BSA; (7)
modified 36RNA_7A°A-Cy5, standard; (8) modified 36RNA_74*-Cy5 in reaction with BSA; (PL) pre-stained protein ladder. Cy5
channel scan.

Table 8. Analysis of crosslinking efficiency and selectivitydepending on number of CA modifications in RNA.

RNA Protein Equivalents  Conversion
36RNA_1A®A-Cy5 HuUR 2 23%
36RNA_1ACA-Cy5 BSA 2 traces
36RNA_3ACA-Cy5 HuUR 2 35%
36RNA_3ACA-Cy5 BSA 2 traces
36RNA_7ACA-Cy5 HuUR 2 36%
36RNA_7ACA-Cy5 BSA 2 9%

Furthermore, the efficacy of creBaking between the modified RNA and the protein of
interest waprovedby western blot (WB) analysis. In thismse nonfluorescently labééd modified
20RNA_1ACA or the naturaPORNA_1A (serving as a negative control) wémeubatedwvith HUR or
HIV-RT, followed by SDSPAGE and subsequent WiBalysis After proteins were transferred to a
membrane, incubation with the corresponding primary antibodiesHa/ior antiHIV-RT) was
carried out, followed by the application of fluorescent secondary antibodies. This procedure revealed
the formation of stalel RNA-protein conjugates. Notably, the crdsgked RNA-protein complexes,
representethy bands exhibiting lower mdiiy in comparison to unreacted free proteins, wanky
formed in reactions involving the modifi@dRNA_1A“* (Figure44i A, B). Contrary to small HUR
or HIV-RT, for the large hAgo2 protein, rapparenshift between unreacted protein and the RNA
protein complex was observed when using the smaltjaimeled 20RNA_1A°A (Figure44i C). To

84



overcome this challenge and generate a "sspit”’ enabling the differentiation betwefrae protein
and the crostinked complex, biotinylated RNA2ARNA_1A“*-Bio) was employed. Considering
the high affinity of streptavidin to biotin, forming one of the strongesteuvalent interactions in
naturé’®®l, the crosdinked RNA-protein complex was treated with fluorescent APC streptavidin,
followed by SDSPAGE and WB analysis with primary (attAgo2) and secondary fluorescent
antibodies. This strategic use of biotinylated RNA facilitated better resolution betweeanile
conjugatechAgo2protein with modified RNA21RNA_1ACA-Bio), as illustrated ifrigure441 D.

A B

20RNA_1A  + - - 20RNA_TA  + - -
20RNA_1AA - + - 20RNA_1ACA = W =
HuR protein  + - + HIV-RT protein + + +
C D

20RNA 1A + - -  21RNA_1ABio + - -

- 21RNA_1A“*-Bio - + -
+ hAgo2 protein + + +

20RNA_1ACA -

+
hAgo2 protein +  +

Figure 44. Analysis of crosslinking reaction of either modified 20RNA_1A° or natural 20RNA_1Awith: Ai HuR, BT HIV -RT,
C i hAgo2and analysis of crossinking reaction of either modified 20RNA_1A®A-BIO or natural 20RNA_1A-BIO with hAgo2 (D)
by western blot.Gel legend:(*) RNA -protein crosslink s. Alexa Fluor 488 channel scan of the membranter visualisation of protein
and RNA-protein complexes APC channel scan for visualisation oRNA-streptavidin complex (D).

3.1.7 ESI-MS identification of RNA-protein conjugates
The identification process involved subjectingititactRNA-protein conjugates toC-ESk

MS, where they werdesalted, thermallgienaturedandconverted into gaphase ions. The resulting
mass spectrum provided valuable information about the-toaggarge ratios of the ions, allowing

for the determination of the molecular masses of the fphAein complexes. This step was crucial

for confirmingthe successful formation of covalent bonds between the modified RNA and the target
proteins, further validatopthe SDSPAGE outcomes of the cre$iaking reactionsFor analysis of
whole RNAwprotein conjugates by intact EBIS, | performed crosslinking reactions of

20RNA_1A“A with all previously studied RBPs. In case of HUR protein and-RTVwe were able
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to acquiremass of RNAprotein complexe¢Figure 105 for 20RNA_1AAHR "20RNA_1ACAHIV-

RT), however in case of hAgd#cause of detergents present in protein storage bwiavere not

able toobtain anyrelevant resuét Moreover we performed.C-MS analysioof 20RNA_1ACA-HIV-RT

conjugate Although ®paration of these species is extrentigllengingand establishegrocedures

are missing, we succeeded to separateaatiponents present in the reaction mixtufigire 45).

Efficient separatioand iongation of all componentsas ensured by usagelasicTEAB containing

mobile phases with high concentration of TB&e acquirel mass spectraf unreactedree RNA
(20RNA_1A%Y), unreacted free protei(HIV-RT) and desired20RNA_1A°AHVRT conjugate

(Figure46, Table9).
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Figure 45. LC-MS separationchromatogram of crosslinking reaction of 20RNA_1A°* with HIV -RT.

Table 9. MS data of 20RNA_1A°AMR conjugateand from LC-MS separation 0f20RNA_1AA, HIV -RT and 20RNA_1ACAHIV-RT,

Analysed component Calculated mass Measured mass

conjugate,

SO A, 1 ACAHR 449379 D& 449368 D&’
free RNA, 20RNA_1ACA  6601.2 Da 6598.0 Da

free protein, HIV-RT 65529.3 Da 65528.0 Da
conjugate, 72094.0 Da 72092.0 Da

20RNA_1ACAHVRT

* Calculated and measured mass of protein with losstefiNinal methionine.
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Figure 46. Deconvolutedmass spectrum of20RNA_1ACAHV-RT conjugate from LC-MS analysis. Calculated mass:72094.0Da,
measured mass720920 Da.

3.1.8 Identification of cross—linked amino acids by proteomics

RNA-protein Digested peptide fragments
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Figure 47. Strategy for proteomic analysis of crosdinked amino acids in RBPs.

In an effort touncoverthe details of interactions between crisked RNA and proteingp
pinpointtargeted amino acid sig&ain functionalitiesand to analyse locations of the criis&ed
amino acids proteomic analysigollowed by naneLC-MS/MS (Figure 47) was employedFor
accurateassignmentf reacted nucleobasmodified RNA with only one CA modification was used
(20RNA_1A“"). The covalently crosknked RNA-protein complexgsprepared by reaction of
20RNA_1AA with eachof upper mentioned protespwere first digested by proteasésscreening
of proteases, including trypsi n,-lyticproleasetwasy psi n,
conducted to identify the most suitable enzymes for the efficient digestion of each studied protein,

leading to maximunsequence coveragBased on thisprotein digestion of botABORNA_1ACA-hAgo2
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and20RNA_1AAHV-RT complexes was achieved using trypsin, while chymotrypsin was employed
for digestion of thORNA _1AAHR complex.The resulting RNApeptide conjugates were enriched
using silicabased spin columns to eliminate penosslinked peptids. Following thermal
denaturation of the proteases | proceeded with RNA digedtapping of RNA binding sites is
highly challengingsince conventional enzymatic digestioyn nucleases is often incomplete due to
steric hinderangethatleads toformation of complexRNA adductg(e.g., nucleosides, nucleotides,
oligonucleotidel To address these limitationsappliedin this caserecently establishechemical
cleavage method'heefficient cuttingof phosphodiester bonagthin RNA-peptide conjugatesas
mediatedoy concentrated hydrofluoric acid (HB)jigestion into moneiucleosides leaving free GH
group at 5endis crucial forimprovemenbf peptidecoverageidentificationandresolutionatsingle
amino acid levé®. Therefore RNA-peptideconjugates were incubated overnight in concentrated
48%HFto generate peptiddgearingnononucleosideesidueoriginating frommodifiedRNA. Upon
removal of HFunder stream of nitrogen in fume hood overnight séraplesverepurified andagain
enrichedfrom salts, digested nucleosides and traces otisikg C18spincolumns, prior to nanro
LC-MS/MS (Figure47). Crosslinked amino acids, identified by nah@-MS/MS (Table10), were
correlatedvith the available crystal structwef proteingo deduce any relationshijetween covalent
capture and position of the residue within RBIRscase of hAgogzcrosslinking reaction folloved

by completeprotein and RNAdigestionwasreplicated twicaunder identical conditions to enhance
confidence in identifying amino acids. A third replicate with reduced 6 h incubation showcased cross
linking efficiency even in a shorter reaction peridée were able tadentify five conjugatedCysout

of total 22 Cys present in hAgodrotein(Table 10, Figure50, Figure51, Figure 107-Figure 115).
Whencompared tdhe available crystal structure of hAgelRNA complex (PDB:4W5N)\we were

able topinpoint three Cys residués closeproximity to interacting RNA[Cy s 362 (8.6 ), Cy
(7.0 j) and] Tagreniiikg two 6aptidred)Cys were more distant, with Cys206 (18.3
i) located in a disordered region, and Cys480 (15

groove(Figure51). A different case is theluR protein thatis presents adimer. Here wewere not
able to identify which of th€ys residues (Cys368, Cys306B) originating fromtwo homdogous
subunits is crosknked to ourmodified RNA probe Figure48, Figure52). Similar difficulty, asfor
HuR, arose when studyingIV-RT that is composed dvo homologoussubunits as wellbut of
different lengthsWe identifiedtwo Cys (Cys38A, Cys38B, Cys280A, Cys280B) to be cross
linked, althoughhe subunit identity was not possiblelte determine (Figure49, Figure53, Figure
106). The overall acquired dat (Table 10) representhe approximate distander efficient cross
linking. However, since some Cys iproximity to RNA binding sitewere not captu we

hypothesse that suitable orientation as well as accessibility of the targeted aminio dlced RNA
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recognitionsequencere critical factorsfor efficient crosdinking. The application of proteomics
aimed to provide a detailed understanding of RiNétein interactionat amino acid level resolution

This information is crucial for mapping the precRNA binding siteswithin the proteins involved

in the crosdinking reactions
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Figure 48. Nano-ESI*-MS/MS (fragmentation) spectrum of identified peptide from 20RNA_1A°AHR conjugate digest.Modified

nucleoside (originating from RNA) iscrosslinked to C306.m/zacquired: 424.1934 Da, z 3+
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Figure 49. Nano-ESI*-MS/MS (fragmentation) spectrum of identified peptide from 20RNA_1AA"V-RT conjugate digest. Modified

nucleoside (originating from RNA) is crosdinked to C38. m/zacquired: 547.5820Da, z= 3+.
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Figure 50. Nano-ESI*-MS/MS (fragmentation) spectrum of identified peptide from 20RNA_1ACAM92 conjugate digest. Modified

nucleoside (originating from RNA) is crosdinked to C206. m/zacquired: 682.6306Da, z= 3+.

Table 10. Analysis of RNA-protein digests. Identified peptides with crosdinked amino acids.

Identified peptide” Crosslinked Peptide Calculated Measured
amino acid origin mass mass
424.1932 Da 424.1934 Da
NTNKCKGF C306 HuR for [M+H]>  for [M+H]™
547.5819Da  547.5820 Da
8 -
ALVEI CTEMEK C38 HIV-RT for [M+H]* for [M+H]3*
4118900Da 411.8861 Da
QLCKLLR C280 HIV-RT for [M+H]3* for [M+H]3*
623.5579 Da 623.5577 Da
IDIYHYELDIKPEK CPR C84 hAgo2 for [M+H]** for [M+H]**
682.6311 Da 682.6306 Da
SFFTASEGSNPLGGGR C206 hAgo2 for [M+H]* for [M+H]*
500.4933 Da 500.4941 Da
YPHLPCLQVGQEQK# C3450r H342  hAgo2 for MHH]%  for [+H]*
659.3053Da  659.2984 Da
QCTEVHLK C480 hAgo2 for [M+H]2* for [M+H]2*
724.6939 Da 724.6937 Da
HTYLPLEVCNIVAGQR C362 hAgo2 for [M+H]3* for [M+H]3*

* Crosslinked amino acid within identified peptide sequence is highlighted in bold and @ddation of methionine to methionine
sulfoxide.” Not distinguishable which of the two amino acids is clogeed according tdragmentation spectra.
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Figure 51. Identified cysteines mapped on hAgeBiRNA crystal structure (PDB: 4W5N). Residues are numbered according to
amino acid position in our expression constructCys in red were detected in at least one crodmking experiment from three

experiments in total. Cys in red bold and underlined were detected in all three crosinking experiments. Measured distance
bet ween sul phur atom and cl o g yelloavtweremoticrossifkbdA ar e i n -ngstr°ms.

Figure 52. Identified cysteines mapped on HUR (RRM3 domairRNA crystal structure (PDB: 6GD3). Residues are numbered
according to amino acid position in our expression construct. Cys in red were detected in the crdis&ing experiment. Measured
distance formore closelCysi s i n -ngstr°ms. Cydnkédn yell ow were not cross
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