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Abstract

In the first part of this thesis, I developed reactive DNA probe for selective
cross-linking with lysine residues of DNA-binding proteins. I synthesized
2'-deoxycytidine 5'-O-mono- and triphosphate bearing squaramate moiety tethered
to the position 5 via propargylamine linker. The monophosphate was used as a
model compound to test the reactivity of this mixed squaramate in cross-linking
reactions with lysine and short lysine containing peptides. Squaramate modified
2'-deoxycytidine 5'-O-triphosphate was found to be suitable substrate for KOD XL
polymerase in both PEX and PCR synthesis of modified DNA. Squaramate
modified DNA forms stable diamide linkage with primary amines. I tested the
reactivity of this DNA probe in bioconjugation reactions with sulfo-Cy5-amine and
lysine containing peptides. Afterwards, squaramate-linked DNA was successfully
cross-linked with lysine rich histone proteins. This reactive squaramate modified
nucleotide showed potential for following bioconjugation reactions of nucleic acids
with amines or lysine containing peptides and proteins without the need of external

reagent.

Based on positive results of experiments with squaramate modified DNA,
in the second part of the thesis I developed and synthesized squaramate modified
ribonucleotide to study cross-linking with RNA binding proteins. After
optimisation of reaction conditions, squaramate modified cytidine 5'-O-
triphosphate was incorporated into the RNA by T7 RNA polymerase in in vitro
transcription reaction. Next, the modified RNA was used for post-synthetic
labelling with sulfo-Cy-5-amine. Finally, I tested the squaramate modified RNA
probe in reaction with various model proteins (i.e., JEV and YFV NS5, SARS-CoV-
2 RdRp, SARS-CoV-2 nucleoprotein and HIV-rt). The modified ribonucleotide
was also used in RNA extension reactions catalysed by RNA dependent RNA
polymerases (JEV NS5 and SARS-CoV-2 RdRp). Synthesized modified RNA
cross-linked during polymerase reaction with JEV NS5 polymerase, which was
confirmed by PAGE and immunodetection. Proteomic analysis of polymerase
reaction mixtures identified three lysine residues (K269, K462, K463) of the protein
cross-linked with squaramate modified RNA.



Abstrakt

V prvni ¢asti dizertacni prace jsem vyvinula reaktivni DNA sondu pro
selektivni cross-linkovani s lysinovymi zbytky DNA vazebnich proteini. Ptipravila
jsem 2'-deoxycytidin 5'-O-monofosfat a trifosfat nesouci v poloze 5 squramatovou
skupinu navdzanou pies propargylaminovou spojku. Monofosfat byl pouzit jako
modelova slouCenina na testovani reaktivity tohoto smiseného squaramatu v
cross-linkovych reakcich s lysinem a kratkymi peptidy obsahujicimi lysin.
Squaramatem modifikovany 2'-deoxycytidin 5'-O-trifosfat byl dobrym substratem
pro KOD XL polymerazu pro enzymovou syntézu DNA metodou extenze primeru
(PEX) a taky metodou polymerdzové fetézové reakce (PCR). Squaramétem
modifikovand DNA tvoii stabilni diamidové vazby s primarnimi aminy. Reaktivitu
modifikované DNA jsem testovala v biokonjugaénich reakcich se sulfo-Cy5-
aminem a s peptidy obsahujicimi lysin. Poté byla squaramatem modifikovana DNA
uspésné kovalentné ptipojena k histonovym proteinim bohatym na lysin.
Reaktivni, squaramatem modifikovany nukleotid vykazoval potencidl pro dalsi
biokonjugacéni reakce nukleovych kyselin s aminy nebo lysin obsahujicimi peptidy

a proteiny bez potfeby externiho ¢inidla.

Na zékladé¢ pozitivnich vysledkli experimentl se squaramatem
modifikovanou DNA, jsem v druhé ¢asti prace vyvinula a pfipravila squaramatem
modifikovany ribonukleotid pro studium cross-linki s RNA vazebnymi proteiny.
Po optimalizaci reakénich podminek byl squaramatem modifikovany cytidin
5'-O-trifosfat inkorporovan do RNA pomoci T7 RNA polymerdzy v in vitro
transkripéni reakci. Dale byla modifikovand RNA pouzita pro post syntetické
znaceni sulfo-Cy5-aminem. Nakonec jsem testovala squaramatem modifikovanou
RNA sondu v reakci s riznymi modelovymi proteiny (tj. JEV a YFV NS5, SARS-
CoV-2 RdRp, SARS-CoV-2 nukleoprotein a HIV-rt). Modifikovany ribonukleotid
byl také pouzit v RNA extenznich reakcich katalyzovanych RNA dependentnimi
RNA polymerdzami (JEV NS5 a SARS-CoV-2 RdRp). Modifikovand RNA se
kovalentné€ vazala na protein béhem polymerazové reakce s JEV NS5 polymerazou,
coz bylo potvrzeno gelovou separaci (PAGE) a imunodetekci. Proteomicka analyza
polymerazovych reak¢énich smési identifikovala tfi lysinové zbytky proteinu (K269,
K462, K463) kovalentné pfipojenych ke squaramatem modifikované RNA.
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1. Introduction

1.1 Nucleic acids: structure and function

Nucleic acids (NA; deoxyribonucleic acid — DNA and ribonucleic acid —
RNA) are two of the five most important biomolecules, besides proteins, lipids,
and carbohydrates, which are natural building blocks crucial for the existence

of living organisms.

DNA and RNA are polyanionic biomolecules built by a chain of nucleotide
building blocks. The structure of each nucleotide consists of a (deoxy)ribose sugar
moiety, a three phosphate groups attached at the C-5 position (two are lost during
NA synthesis, so there is one phosphate group per nucleotide in the nucleic acid
strand) and one nitrogenous base attached via N-glycosidic bond at the anomeric
C-1 position of the pentose in PB-configuration. There are two modifications
in the chemical structure of nucleic acids in which DNA and RNA vary: the sugar
and the nucleobases of each nucleotide. In DNA 2-deoxyribose saccharide
and adenine (A), guanine (G), thymine (T) and cytosine (C) nucleobases are found
naturally. RNA structure differs by the presence of 2'-OH group on the sugar
and thymine is replaced by uracil (U; Figure 1). Nevertheless, apart from
the similarity in the chemical structure, DNA and RNA holds immense structural

and functional variety.'

NH, o : NH, o

N N . ' . N ~ N
Purine & SN ¢ f”” DNA Nucleotide ! RNA Nucleotide ¢ IJ\N ¢ NH
SRS Py | A g < L
Nucleobases N7 N ; N" "NH, : ; N ; N™ "NH,
M M ' M, N,
Adenine Guanine ] i % Adenine Guanine
g 7 bog ?
=% —p— 5 B ! —p— 5 B
o] NH, g| HO=P=07" o ; 8| "o 04, 0. o NH,
< OH ! 1 o OH !
S e: . o o M N
Pyrimidine OH ' OH OH
Nucleobases N)\O rx‘l)\o — ~— N/&O N/&O
wha N, Deoxyribose Ribose M andy,
Thymine Cytosine : Uridine Cytosine

Figure 1. General structures of DNA and RNA nucleotides.

Nucleic acids carry biological information in their linear sequence

of nucleotides necessary for the protein synthesis, and via their shapes, they direct
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their assembly with other cellular biomolecules. DNA and RNA structure

is organized on different levels.

Primary structure of both NA is composed as a linear chain of nucleotides

connected through 5', 3'-phosphodiester bond (Figure 2-a).

0 )
a) )
NH NH
\f#)\ | u
‘ ‘ N" o "
SR e AR
\ )
SN SN ' >—§/N
Q f\ O OH | c C Nuomnn H-N G N
‘ i o S
: nmnH=N

—p- N )\NH b NH, ! /
o] I'T’rO 0 N 2 0=P-0 o 2 i Y@, O
o} o !
3 3 '

OH OH OH ‘ T
5'-TCAG-3' 5'.UCAG-3' ‘ v,

Figure 2. a) Primary structure of DNA/RNA. b) Watson-Crick base pairing.

Secondary structures are the set of interactions between the nucleobases.
The two antiparallel strands of the DNA double helix are held together
by Watson-Crick hydrogen bonds in the canonical complementarity: pyrimidine
pairs with purine (T/U : A; C : G; Figure 2-b).> There are also additional
n-1 stacking interactions of the nucleobases that contribute to the stabilization of
the molecule structure.’ In the secondary structure of RNA, base pairs form planar

structures of the stem-loop (Figure 3-b).*

The major standard DNA secondary structures are A-DNA and B-DNA
with right-handed helix twist and Watson-Crick base pairing. A left-handed Z-DNA
double helix is stabilized by high salt concentrations. Its phosphate backbone
appears in a zig-zag fashion (Figure 3-a).° Unlike DNA, RNA is usually
right-handed single stranded polynucleotide. Complementary regions within
the strand can base pair together and form diverse three-dimensional structures,
which include helices, bulges, hairpins, kissing complexes, knots, and others,

highly depended on metal ions (Figure 3-b).%’
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When interacting with other NA molecules or proteins, nucleic acids form
higher-order tertiary structures such as nucleosome in the case of the binding
of DNA to histones® or ribosome which consists of one or more rRNAs and several

ribosomal proteins (Figure 3-c).’

internal loop single st_randed
e %‘3 i region
—cc tacluca
| FIn el
u

GG CEUCTGG6U, (AG, !

helix
\

u u
c CGAGAA
A u Syga
bulge

i

=n

acy
|
A

»—c

aQ

Triple helix U
5'GCGGCAG

G i € cu
I N |l
GoOA

3C6CUGUC,yCunbey,ce

nucleasame ribosome

Figure 3. Common structures of nucleic acids: a) DNA secondary structures (picture source:

Wikimedia commons). b) Examples of secondary RNA structures' c) examples of DNA

(PDB 3LZ1) and RNA’ tertiary structures.

DNA stores the genetic information of an organism and RNA was so far
considered only as a mediator in translating these instructions to protein synthesis.

Nowadays it is obvious that nucleic acids, particularly RNA, can play many other

11-13

roles like regulation of gene expression or catalysis'*!'7 based on their

structural abundance. On the contrary, NA have been recognized as a toxic factor

involved in the development of numerous human diseases.!®?! Finally, nucleic

15,22,23

acids became a tool applied in biotechnology and medicine®*2® for example

as a NA-based vaccines.?’?
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1.2 Modified nucleotides: building blocks for the modification of

nucleic acids

Nucleoside triphosphates (NTP) play crucial role in many biological
systems, for example adenosine 5'-triphosphate (ATP) serves as a universal energy
currency in cellular processes,’! UTP and CTP take part in the metabolism

of phospholipids and galactose,***

while GTP is secondary messenger in growth
factors signalling machinery.** Their main role is, above all, the construction
of nucleic acids. (2'-deoxy)ribonucleoside triphosphates [(d)NTP] are elemental
building blocks that serve as a substrate in the synthesis of nucleic acids catalysed

by DNA/RNA polymerases.

(d)NTPs can be easily functionalized at various positions.>>¥

The polymerization of modified (d)NTPs catalysed by DNA or RNA polymerases
represents flexible way to generate functionalized nucleic acids with many various

applications.’’

1.2.1 Synthesis of modified (d)NTPs

Chemical modifications at the C-5 position of pyrimidine and C-7 position
of 7-deazapurine are well tolerated by polymerases.*®* Modified (d)NTPs can be
prepared in two different ways. It is either direct phosphorylation of modified
nucleoside, or the halogenated nucleoside triphosphate is functionalized under mild

conditions (Scheme 1).*

_R!
HO
(0]
(V( OH R W
0

Scheme 1. Two different approaches to prepare modified (d)NTPs (B = nucleobase).
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1.2.1.1 Phosphorylation of base-modified nucleosides

There is still no general high-yielding method for the synthesis
of (deoxy)nucleoside triphosphates. The phosphorylation method must be

optimized for each individual case and the purifications are often laborious.

141

Two-step, one-pot Yoshikawa protocol™ is the oldest and most used method

for the synthesis of nucleoside triphosphates (Scheme 2). This simple

5'-regioselective?*3

phosphorylation starts with the reaction of an unprotected
nucleoside 1 with POCI3 (phosphorus oxychloride) to give highly reactive
phosphorodichlorate 2 which is subsequently reacted in situ with pyrophosphate
to yield a cyclic triphosphate 4. This cyclic triphosphate is hydrolysed to the desired
linear compound 5. To obtain 5'-monophosphorylated nucleoside 3, intermediate 2
is directly hydrolysed. The primary OH group at 5' position is usually more reactive
than secondary hydroxyls (2', 3'-OH), therefore there is no need for the protection
in most cases. The final (d)NTPs are usually isolated by preparative HPLC and/or

ionex exchange chromatography.

0 (Et;NH)HCO, 0
HO o POCl, CI—P-0 0 H20 HO-P-O o)
—_— —_— 3
Cl o
OH R OH R OH R
1 2 3
R =H or OH (n—Bu3NH)H2P207
BuN, DMF, 0°C
ol
O-p-g 0 (EtNHHCO, Q@ @ ©Q
o POo o H,0 ~ HO-P—O0-P~=0-P-0— o
O‘F.J:o E—— O o} O
o}
OH R OH R
4 5

Scheme 2. Yoshikawa phosphorylation (B = modified/natural nucleobase).
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The two alternative triphosphorylation protocols, Ludwig-Eckstein**
and Borch®® (Scheme 3), based on different reagents (e.g., salicyl

phosphorochlorite) are barely used for the synthesis of base-modified nucleic acids.

a) o)
Q o
HO O O /P_O O
+ i - o
P
OAc R o d OAc R
¥ BusNH)H,P,0 !
R =Hor OH (n-BusNH)H,P;07
-9
O~-p_
e 9 9 1. 15, H,0 P-Q
HO=P~0~P~0-P~0 0 pyridine o PO 0
0O o0 o <" 5eP0
(6]
OH R 2. NH3 OH R
9 8
b)
| 9 H,, Pd/C | @
C|/\/\/N_P_O o] _— CI/\/\/N_IID—_O 0
OBn \_/ ¢}
OH OH R
10 1
R =H or OH
B P,0;*
(e} (0] |
0-P-0-P-0-P-0 N-P-0
- = = (0] | (e}
O (6] O - (0]
OH R OH R
13 12

Scheme 3. Alternative triphosphorylation methods: a) Ludwig-Eckstein phosphorylation. b) Borch

phosphorylation. (B = modified/natural nucleobase)
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1.2.1.2 Synthesis of base-modified NTPs by direct aqueous cross-coupling

reactions

The use of Pd-catalysed reactions has achieved wide application
in the synthesis of base modified nucleosides. It is a convenient method
for the formation of C-C bond and can be used in not only functionalization
of pyrimidine and purine nucleosides, but also their mono- and triphosphates once

water-soluble catalytic system is used.*

Aqueous-phase  cross-coupling reactions are ideal for direct
functionalization of nucleotides in the case the modification is unstable under
phosphorylation conditions. This method overcomes the multistep procedures
without the need of protecting groups. A number of methods for direct modification
of 5-iodopyrimidine and 7-iodo-7-deazapurine triphosphates via Pd-catalysed
aqueous cross-coupling reactions have been developed in the Hocek group
and others.*’ All coupling reactions anticipate the synthesis of iodo-modified
(d)NTPs and their reaction with boronic acids or trifluoroborates to introduce aryl
or alkenyl functional groups (FG; Suzuki reaction),* > terminal alkynes to attach
alkynyl-linked moieties (Sonogashira reaction).’! Lately, Heck’'? reaction
was developed to attach alkenyl FG. Until now, there is no direct alkylation via
cross-coupling reaction available, since no relevant organometallic reagents

(alkylmagnesium halides, zinc halides and cuprates) are compatible with water.

Aqueous cross-coupling reactions generally proceed in the presence
of palladium catalyst (Pd(OAc)>), water-soluble ligand (TPPTS) and base
in aqueous acetonitrile at higher temperatures. Shorter reaction times (< 1h)

are required to minimise the hydrolysis of the triphosphate moiety (Scheme 4).
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Scheme 4. General scheme of cross-coupling reactions of iodinated (d)NTP.
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1.3 Enzymatic synthesis of base-modified nucleic acids

Since the first successful enzymatic incorporation of biotin modified
(2'-deoxy)uridine triphosphate by DNA and RNA polymerases, many ways
of enzymatic incorporation to generate functionalized nucleic acids have been
developed, and modified NAs became of interest of chemical biology, material

science and diagnostics.*’
1.3.1 Enzymatic synthesis of base-modified DNA

As was mentioned earlier, polymerization of modified nucleoside
triphosphates catalysed by DNA polymerases is an excellent way to generate
functionalized nucleic acids.*’ It is favoured for synthesis of longer DNA strands
because of 100% efficacy of incorporation of all nucleotides. Primer extension
(PEX) and polymerase chain reaction (PCR) are two main enzymatic methods used

to synthesize DNA.

PEX is mostly used to synthesize shorter DNA (up to 80 base pairs)
with modifications in one strand. The reaction mixture contains of natural
or modified 2'-deoxynucleoside triphosphates, DNA polymerase and a template
annealed to a short primer, which is extended at its 3'-end. PEX products
are analysed by polyacrylamide gel electrophoresis (PAGE). Labelling of primers
at 5'-end by *?P-phosphate or various fluorescent probes enables the visualization

of the reaction on the gel (Scheme 5).

primer template
template 5 3 5

DNA 3, 5
p%ym eeeee annealing ’/\/ primer extension

" [ — —_— orl
dCTP,dATP, 3 .'Of 5 3 .‘ 5 3

dTTP, dGTP DNA polymerase
3

buffer
dCTP, dATP,
.Ior dGTP, dTTP
5

primer

Scheme 5. Example of PEX reaction of modified 2'-deoxycytidine triphosphate and labelled primer.

One modification is incorporated into the DNA.
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DNA longer than 80 bp is mostly prepared by PCR method.>* PCR reaction

(Scheme 6) is a sequence of repeating cycles (usually 30-40), each of three steps:

1. denaturation of long double stranded DNA (dsDNA) template at 95 °C,

2. annealing of, now single stranded, template with excess of two
complementary primers (annealing temperature depends on the melting
temperature of the primers, usually is around 50-55 °C)

3. and finally, primer extension with thermostable DNA polymerase
(usually 72 °C).

The amplification of a DNA is exponential. In the case that modified dNTPs
are used, resulting dsDNA is heavily modified in both strands. This feature makes
PCR more challenging for the DNA polymerase as it must not only incorporate

modified dNTPs, but to read the modified template in the following cycle as well.

dCTP, dGTP
- template dTTP, dATP
= primer -
== product

5 3
3 5
)/1) Denaturation\
5' 5' ———
2) Annealing \
5' ————

L]

j 3) Elongation

|
5l ’ 3‘ 1) Denaturation ’ 1' “ 5‘
/ 2 e VRN
LNV L SR &
3 ik TR
/ \ / \ To another cycle / \ / \

/

Scheme 6. PCR reaction scheme.
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Both methods, PEX and PCR, generate double stranded DNA, however,
there are several ways how to generate or synthesize single stranded DNA (ssDNA).
One of them is to use phosphorylated primers in the reaction followed by
A-exonuclease treatment. Lambda exonuclease is DNA exonuclease which
selectively degrades phosphorylated strain of DNA duplex.” Next method is based
on biotin streptavidin separation. Biotin is attached to a 5'-end of the primer
and after incubation of the newly synthesized dsDNA with streptavidin beads, due
to the affinity to streptavidin on primer, ssDNA is isolated.’® Recently, few other
synthetic methods to generate ssDNA have emerged, such as nicking enzyme

amplification reaction (NEAR)>’ or rolling circle amplification (RCA).>®

It is important to mention here also the limitations of the enzymatic
synthesis. Even though it tolerates large number of modifications, the position
of the attached functional group is ultimate for successful incorporation. As was
already mentioned, DNA polymerases tolerate chemical modifications at the
C-5 position of pyrimidine and C-7 position of 7-deazapurine as they are not vital
for base pairing.*>* Although C-8 position of purines is not essential for base
pairing as well, bulky modifications in this position destabilize secondary structure
of dsDNA.>° Some modifications at the N*-position of cytosine have been reported
as tolerated substrates for phi29 DNA polymerase.®® Position 5 of pyrimidine
and 7 of 7-deazapurines are pointing out to the major groove, where even bulky
modifications, for example fluorescent dyes, are well tolerated if they are attached
to the nucleobase via long linker.®! Enzymatic synthesis of DNA modified in minor

groove has also been reported (Figure 4).5

o)

a o g NH, R NH, o HN*R NH,
7 % 7 Z R R /4 Z
HN { N N N7 N HNT e N N \
| % | | | |
HzN/KN N ‘\N N 02\1\‘1 O)\l\‘l O)\N R/QKN N
s Y Y A N\_L;\f Y
o) NH,
| I} I}
b Z HO-P-0-P-0-P-0 M
b M T e “ﬁ:%R o & ¢ K%
HoN N NT N
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Figure 4. General structures of modified dNTPs a) tolerated and b) not tolerated by DNA

polymerases.
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1.3.2 Enzymatic synthesis of base-modified RNA

RNA, in any of its types, touches almost every process in a cell.
It is essential in broad range of biological roles (coding, decoding, regulation, gene

expression).

The first step of gene expression pathway is the transcription, the copying
of the genetic information stored in DNA into RNA molecules. This process
is controlled by RNA polymerase (RNAp), which assists in both separation
of the two DNA strands and the polymerization of RNA nucleotides. The resulting
RNA strand is complementary to the ssDNA template and identical to the coding
strand (only U is replacing T). Transcription reaction produces precursors

for functional RNA or mRNA which codes the protein synthesis (Figure 5).%°

Bases used to make DNA

LA G C T

5 '-+1|-_"r|._' 3

RNA polymerase
Coding strand ‘

¥ Bases used 1o make RNA
5 . A 6T

5 ﬁ*$‘;p|;‘):r. 3’

Figure 5. Transcription reaction (picture source: Wikimedia commons).

The most used method for the enzymatic synthesis of long modified RNA
is the in vitro transcription (IVT) reaction catalysed by bacteriophage T7 RNA
polymerase. As opposed to DNA synthesis by DNA polymerases, primer is not
essential for the synthesis of RNA by DNA dependent T7 RNAp. For the successful
initiation of the transcription, the presence of guanosines in the position + 1
and/or + 2 and specific promoter sequence recognized by the polymerase

is required (Figure 6).5°% Once polymerase is bound to the promoter, repeated
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cycles of initiation and product release lead to the presence of short abortive
products. Only after new RNA is 8-12 nucleotides long, the T7 RNAp changes its
conformation and starts elongation phase. Termination is caused by reaching
the terminator sequence, however for in vitro transcripts it is by “run off” when

polymerase falls of the 5' end of a linear template.®’

T7 RNA polymerase
initiation region

| T7 promoter ~ +— unfolding

I "+ 3
5'TAATACGACTCACTATAGGG
'ATTATGCTGAGTGATATCCC 5'

5!
DNA duplex
Transcription
5'-GGG/\/\/\/\ 3

ssRNA
Figure 6. In vitro transcription reaction catalysed by T7 RNAp with highlighted promoter sequence.

The T7 RNA polymerase can transcribe diverse DNA templates with
T7 promotor regions in vitro, therefore T7 RNAp catalysed transcription reaction
has become standard procedure used to synthesize RNA for many biochemical

applications (analytical techniques, structural, biochemical, and genetic studies).”

Wild type T7 RNA polymerase accepts many different nucleotide

! ethynyl,”* azido,” vinyl™ and

modifications (Figure 7): amino acid residue,’
diazirine”® groups as well as different, even bulky, fluorophores.’®”’ Recently,
a systematic study of enzymatic synthesis of base modified RNA was reported by

Milisavljevi¢ et al.”
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Figure 7. Examples of structures of modified triphosphates accepted by wild type T7 RNAp.
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1.4 Nucleic acids — protein cross-linking

Cross-linking is the process of generating the covalent bond between two
molecules (peptides, proteins, nucleic acids, drugs, small particles) with affinity
among them (they aggregate or associate under certain conditions). It can be
induced photochemically, or chemical cross-linking reagents are used.” The main
challenge in this approach is to design and develop the functional group (cross-
linking reagent/crosslinker) that is biorthogonal - it will not interfere with cellular
processes, it is site-specific, adequately reactive under physiological conditions and

nontoxic.

The cross-linking methods can be applied in diverse areas, spanned from

classical protein biochemistry® to bioengineering,®! medicine or immunology.3? 34

1.4.1 Site-selective modifications of native proteins

Proteins are polymers consisting of 20 amino acids (AA) playing various
essential roles in biological systems. They possess many nucleophilic side-chain
functionalities that are tempting targets for chemical modification to study, confer,

alter, or improve protein functions for diverse applications in biology or medicine.

Chemical modification of proteins is not an easy task. The reactions must
proceed at mild conditions while maintaining structure and function of the protein.
However, many methods have taken advantage of the reactivity of endogenous
amino acid side chains. Only few of total 20 amino acids involved in protein
structure are suitable targets for bioconjugations. The traditional methods
for chemical modification of natural amino acids use the nucleophilicity, solvent
accessibility and high distribution frequency of lysine or cysteine residues.
N-hydroxysuccinimide esters, maleimides, iodoacetamides are widely used
as electrophiles for chemical modification.®® AA residues of lysine, cysteine,
tryptophan, tyrosine, methionine, and arginine are the most common targets
as well as N and C termini of the proteins are often accessible and have different
chemical environment than rest of the protein what makes them potentially

relevant.3”° Selective targeting of AA residues in a protein chain is important
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for various biological applications, such as inhibition or modulation of enzymatic

activity.’!

The plethora of methods available for selective reactions with primary
amines and its high natural abundance (~ 6%) makes g-amino group of lysine
(Lys, K) a popular target for conjugations.””> Lys can efficiently react with
isocyanates and isothiocyanates, activated esters, sulfonyl halides and sulfonates.
For conjugation of protein with a molecule with an aldehyde group, reductive
amination with NaBH3CN (reference®) or iridium catalyst®® or 6m-aza electron
cyclic reaction” is often used (Figure 8). All these conventional amine reactive
methods are, regardless of their name, not absolutely amine selective. The problem
is caused by hydrolysis of activated reagents or if other stronger nucleophiles are
present on protein surface (namely cysteine, serine, tyrosine, and threonine). These
side reactions relay on the substrate, conjugated molecule, pH, buffer composition

and temperature. Particularly buffers containing free amines must be avoided.

The thiol group of cysteine (Cys, C) is the most suitable target for protein
bioconjugation due to its high nucleophilicity and low occurrence rate in proteins
(1 - 2%).”® The thiolate group can be directly labelled by alkylation with
a-halocarbonyls (iodoacetamide), nucleophilic addition to maleimides or vinyl
sulfones, chemically- or photoinduced thiol-ene/yne coupling or displacement
reactions to form mixed disulphides (Figure 8).3¢ Nucleophilic cysteine can be
reversed via B-elimination reaction of thiolate to electrophilic dehydroalanine

for wide variety of other post-translational modifications.””’

Aromatic amino acids are rare on protein surfaces. Tryptophane (Trp, W)
abundance in proteins is about 1%, but there is usually at least one in 90% of protein
sequences.”® Foettinger et al.*’ described the reaction of Trp containing octapeptide
with malondialdehydes. In their work, they have solved the selectivity issues (side
reactions with arginine); however, the reaction required strongly acidic conditions,
which are not suitable for susceptible protein targets, yet applicable
in proteomics. Another approach is to use metallocarbenoids, in particular

Rhy(OAc)s (Figure 8),' or transition-metal free method using keto-ABNO
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(9-azabicyclo[3.3.1]nonane-3-one-N-oxyl] N-oxylradical'® as an electrophile

precursor, although there is the same high pH (pH 1.5-3.5) disadvantage.

Davis group recently reported radical protein trifluoromethylation approach
to Trp modification using sodium trifluoromethanesulfinate (NaTFMS), tert-butyl
hydroperoxide (TBHP) and a radical initiator. This method has preferred

tryptophane over other canonical AA.!%?

Figure 8. Examples of bioconjugation reactions of native protein AA sidechains. Protein model

2P51 generated from PDB.

The amphiphilic phenyl group of Tyrosine (Tyr, Y) is often hidden
in the protein, but it is still interesting target for bioconjugation due to its electron
rich aromatic ring and easily deprotonable phenolic group. Many methods

for selective tyrosine modification have been developed. Namely, the Mannich

103 104

reaction > of Tyr with aldehyde and aniline, azo coupling with diazonium salts,

allylic alkylation of the phenolic hydroxyl of Tyr with m—allyl palladium
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complexes,'®

(Figure 8).!%

and click-like ene-type reaction with cyclic diazodicarboxamides

Methionine (Met, M) is weakly nucleophilic, redox-sensitive, second
of only two sulphur containing AA with low abundance in proteins (~ 2%).°%!"7
Despite its weak nucleophilicity at neutral pH, methionine is the only AA that can
be alkylated at low pH. However, most proteins aggregate or lose activity in acidic
environment. Epoxides, hypervalent iodine or oxaziridine are among other
methionine modification reagents (Figure 8).'%

The guanidium side chain of arginine (Arg, R) is the cationic group
with lowest acidity among all amino acids. Majority of methodologies to label
arginine use the o-dicarbonyl compounds chemistry'®” and germinal diones
(Figure 8).''%!"! Recently, Gauthier and Klok reported site-selective PEGylation

of proteins at arginine residues via a-oxo-aldehyde moiety.!!?
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1.4.2 Site-selective cross-linking reactions of nucleic acids with proteins and their

applications

Comprehension of the complex interaction motif of nucleic acids

with proteins is essential for understanding of biological processes and disease

13 5

mechanisms. Transcription factors,''® reapair''* and epigenetic modification'!
enzymes are just few of the DNA-binding proteins that are involved in regulation
of gene expression. RNA-binding proteins play crucial role in post-transcriptional
events, such as polyadenylation, splicing, RNA editing, mRNA stabilization,
localization, and translation.!'® These cell processes are often disturbed by naturally
occurring NA-protein cross-linking (NPC) which forms bulky lesions of covalently
trapped biomolecules upon exposure to various endogenous, environmental,
or chemotherapeutic agents.!'” If NPC is not repaired, it interferes with
the replication and transcription processes which can result in cell mutations
or apoptosis.!!®

Although cross-linking may be fatal for the cell, it has found many
applications in research. X-ray crystallography, NMR, mass spectrometry,
gene knockout or small molecular inhibitors are powerful tools to analyse
NA-protein interactions, but chemical cross-linking makes possible to capture

non-covalent interactions in vivo.''®

Protein modifications (described in chapter 1.4.1) inspired many scientists
studying NA-protein interactions to introduce electrophile warheads
in the oligonucleotides. The cross-linker can be introduced at three feasible sites
of the oligonucleotide at the 5'- or 3'-end, phosphodiester linkage, or sugar part of
NA backbone or at the nucleobase (Figure 9). Nucleobase modification offers

better programmability of the position of cross-linker in oligonucleotide sequence.
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Figure 9. Feasible sites of chemical nucleic acids modifications.
1.4.2.1 Covalent complexes of nucleic acids and proteins

Many enzymatic reactions involve protein association with either DNA
or RNA, some of them end up covalently linked to form stable covalent complexes.

NA- protein covalent bonds are quite common in viral pathogens.'?°

Proteins involved in NA-protein complexes formation can be split into two
classes. The first class is bound to the NA via nucleophilic attack of hydroxyl amino
acid residue on a phosphate group of internucleotide. These proteins are
polynucleotide transferases combining cleavage and restoration of internucleotide
bond."?! Type I topoisomerases form either 3' (eukaryotic Topo I) or 5' (bacterial
Topo I) bound relaxed covalent complexes without the need of external energy
source (e.g., ATP hydrolysis).!*? For example, covalent complex of RNA and
poliovirus VPg RNA has cleavage-joining activity. It is attached to the 5' end of
positive strand viral RNA and acts as a primer in RNA synthesis.'?* The second
class of proteins involved in covalent bonding with NA does not catalyse formation
and cleavage of covalent complex. Other enzymes (e.g., polio RNA polymerase
catalyses covalent binding of class II proteins to 5' end of NA; unlinking enzymes
catalyse hydrolysis of phosphodiester bonds between RNA and VPg or DNA and

Topo I) do this. Class II proteins belong to the terminal proteins that initiate
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reactions during replication of nucleic acids and need energy rich suppliers.'?!
Scheme 7 shows structures of some other examples of specific natural covalent

complexes between RNA/DNA and enzymes.
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Scheme 7. Structures of RNA-enzyme covalent complexes (shared bond is highlighted in red).
a) tRNA US54 methyltransferase (RUMT);'>*  Guanylyl transferase (GT);'?’ Tyrosyl-DNA-
phosphodiestherase 1 (TdP1);!2¢ Pseudouridine synthase (‘¥).!?” b) Mechanism of DNA methylation

by (cytosine-5)-methyltransferase.'?

Various external reactive agents such as aldehydes, reactive oxygen species
(ROS), metal ions or radiation can generate nonspecific cross-linking of proteins to

nucleic acids.''®

Aldehydes are generated naturally from histone demetylation
(formaldehyde),'” or as a product of ethanol oxidation (acetaldehyde).'*
Formaldehyde cross-linking method has been employed for many decades to trap

nucleic acids-protein complexes for structure analysis since it is reactive towards
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both macromolecules.!®! The reaction of formaldehyde with NA and proteins
proceeds in a few steps (Scheme 8). It includes formation of covalent methylol
adduct between nucleophilic group of AA (e.g. Lys, Arg) or DNA/RNA base
(e.g. cytosine), which is then converted to a Schiff base. Methylols and Schiff base
can be stabilized by formation of a methylene bridge'*? with another amino group
of second molecule. This reversible cross-linking approach has been widely used
for in vivo studying of DNA-protein interactions by chromatin

immunoprecipitation, 33134

which can be coupled with mass spectrometry (MS)
for better definition of binding sites.!*>!37 Reversible cross-linking affinity
purification (RCAP) was developed as a modification of chromatin

immunoprecipitation to map the RNA-protein binding regions in vitro.!3%!13

formaldehyde methylol Schiff base
o 1 -H,0 ]
protein  |—NH, + )J\ R protein fN\H _ protein fN\
H H H,C—-OH CH,
Schiff base NA or protein crosslinked product

protein *N\ + Nuc— NA/proteiI _ protein  |—NH /‘NA/proteiI
\CHZ A HzC_NUC

Example of protein-NA crosslink
O

N
v

PaREan

Scheme 8. Formaldehyde cross-linking reaction of biomolecules.

UV cross-linking method (Scheme 9) has been widely used by biochemists
and molecular biologists to study structure of NA-protein complexes such as
ribosomes or chromatin since early 1960s.'4° While the natural binding
is maintained, the UV wavelengths that induce NA-protein cross-linking
(~ 250 - 280 nm) provide low yields and can damage the molecules (photocleavage
or oxidation) what makes this approach limited.'*! UV light generates covalent
bond between NA and protein that are in close proximity during light activation.
Many photoreactive groups that absorb at wavelengths > 300 nm was introduced
into DNA or RNA to overcome damage caused by UV light of harmful wavelength

142

during in vivo experiments. Halides,'** sulphur atoms,'® aryl azides'** and
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diazirines'*>'*®  have been wused as photoreactive functional groups
in bioconjugation chemistry of DNA or RNA with proteins. The drawback
of these moieties is the lack of selectivity for the particular amino acid. Very
recently, photocatalytic cross-linking strategy (PhotoCAX) was reported for

studying RNA-protein interactions in living cells by Chen et al.'#’

1. DNA/RNA digestion A
2. protein digestion

/\/ LC-ESI-MS/MS

analysis

N
b) ) s o o )
Br | Ns 7 o
KN HNY HNTY N HNTY CFs
OZ\N O)\N O)\N O)\N o)\N N=N HN
O bt A
o/

BrU 4sU u' uns ubz /—/ RP-linker
H,N

Scheme 9. a) General scheme for photo-induced NA-protein crosslinking for MS analysis
(protein image is generated from PDB 4K6M). b) Examples of photoreactive functional groups
(BrU = 5-bromouridine; 4sU = 4-thiouridine; U' = 5-iodouridine; UN? =  5-azidouridine;

UPZ = Uridine analogue with diazirine moiety; RP-linker for PhotoCAX strategy).

Ribo- or deoxyoligonucleotides modified with reactive groups effectively
cross-link with proteins due to the proximity effect with the binding proteins.
Diol'*® and furan'® reactive groups activated by oxidation react specifically

with Lys or Arg side chains of peptides or proteins.

Hocek lab has developed polymerase synthesis of reactive DNA probes for

specific cross-linking with natural side chains of AA of protein. Functional groups

150 151

targeting cysteine (vinylsulfonamide " and chloroacetamide > moiety), histidine
and arginine (1,3-diketone!>? and glyoxal'> functional group) were developed
(Scheme 11). Matyasovsky et. all reported that oligodeoxynucleotides
with 2-substituted 2'-deoxyinosine 5'-triphosphates react with SH-containing minor
groove binding peptide via proximity effect.'>* Lysine was approached through
reductive amination with aldehyde'*® and diol'*® modified DNA. In 2020, Kromer

et. all'"®’ synthesized 2-formyl-2'-deoxyadenosine modified oligonucleotide used
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for cross-linking with proteins via reductive amination and for fluorescent labelling

with AlexaFluor647 hydroxylamine through oxime formation.

The group of Tretyakova has been intensively studying DNA-protein
cross-links (DPCs) of endogenous 5-formylcytosine base (5fC) lysine of histones
via reductive amination (Scheme 10).'4315815% 5fC plays crucial role in epigenetic
control of gene expression and its formation was reported as well in nucleosome

core particles by Li et al.'®

NH, NH, N NH, NH NH,

T W @ N wee, L
M M M M

DPC via Schiff base

Scheme 10. Formation of Schiff-base between 5fC of DNA and Lys side chain of protein

and its stabilization via reductive amination using NaBH3CN.

So far, all attempts to target natural Lysine residue in peptides and proteins
require further reductive (NaBH3CN, iridium catalysts) or oxidative (NBS) reagents
to stabilize the cross-linked complex. These reagents are usually toxic, therefore
incompatible with cell experiments. It is desired to develop alternative

methodology without the need of external reagents.
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Scheme 11. Major groove DNA-protein crosslinking strategies developed in Hocek group.



1.5 Squaramide: a tool for bioconjugation

Squaramides are exceptional, conformationally rigid four-member ring
derivatives of squaric acid are widely used in many areas of the chemical
and biological sciences.!¢! Special physical and chemical properties (hydrogen
bonding, aromatic switching, stability, structural rigidity)'®> and facile synthesis
make this small molecule useful in various areas such as supramolecular

163-165 catalysis,!%® anion recognition (anion receptors, '’

(self-assembly) chemistry,
sensors, %170 transporters!’"!"?) and medicinal chemistry.!”*"'>  Asymmetric
squaramides can be synthesized under relatively mild or aqueous conditions,
making them ideal for bioconjugation of small molecules, biomolecules, or

polymers.'6?

N-hydroxysuccinimidyl esters, aldehydes, isocyanates, and sulfonyl
chlorides are often used in post-modification reactions of proteins targeting the NH»
group of lysine residues. These strategies often suffer from side reactions,
reversibility, low hydrolytic stability of the protein or need of additional reducing
agents.!’”® An alternative approach is two-step coupling of squaric acid diester
with two amines (Scheme 12). The mono-squaramate after first step has reduced
reactivity for the further nucleophilic attack due to higher electron density
in the cyclobut-3-ene-1,2-dione ring, allowing generation of unsymmetric
squaramides with high yields and selectivity. These reactions are selective towards
amines and tolerate many functional groups (hydroxyl, arginine, histidine).!””:1"8
N-terminal cysteine residues can form reversible thioesters, otherwise are thiol

groups tolerated.!”

0] O (@) O ) O

j ( R?-NH, j ( R3-NH, j (
—_— —_—
2 3
1 RZN N-R

1 2 1
R o-R RN o-R \
H H H

Scheme 12. General scheme of consecutive amidation of squarates leading to asymmetrical

bisamides of squaric acid.
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Squarate moiety was used in nucleic acid conjugation reactions
as a phosphate replacement at the 5-end of oligonucleotide.!®%-18!
Etheve-Quelquejeu and her co-workers introduced squaramide monoester as an
electrophilic site at the 3'-end of RNA. They chemically synthesized 2'-sugar
connected squaramate-RNA that was crosslinked to a UDP-MurNA c-pentapeptide
(peptidoglycan precursor of aminoacyl-transferase FemXyy). The peptidyl-RNA
inhibited FemXyy by cross-linking with catalytic Lys 305 residue. This was so far

the first example of squaramate-nucleic acids conjugation (Figure 10).'%?

Figure 10. Structures of modified oligonucleotides with squaramate/squaramide a) instead

of phosphate group at 5'-end and b) 2'-sugar linked squaramate-RNA.
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2.  Specific aims of the thesis

1. Design and enzymatic synthesis of DNA probes bearing reactive
modifications for amine-selective bioconjugation with DNA binding proteins.

2. Testing of cross-linking reactions of reactive DNA probes with DNA
binding proteins.

3. Design and enzymatic synthesis of RNA probes bearing reactive
modifications for amine-selective bioconjugation with RNA binding proteins.

4. Testing of cross-linking reactions of reactive RNA probes with RNA

binding proteins.
2.1 Rationale of the specific aims

DNA-protein interactions play crucial role in DNA packaging, replication,
transcription, epigenetic modifications, and repair.!®® RNA-binding proteins
are involved in almost all vital processes of cellular biology (modulation of RNA
metabolism, RNA editing, regulation of gene expression).''® Although, there are
many methods how to study nucleic acids-protein interactions and to identify
DNA/RNA-binding proteins, there are still alternative methods required, notably
for weakly binding proteins. Covalent cross-linking is useful tool for identification
of NA-binding proteins as well as for other applications in medicine,

184

immunology,'®* chemical biology'® or biosensing. '8

Many photoreactive functional groups (5-halouracil,'®’” diazirines'*) are
used in bioconjugation chemistry, but they bind non-specifically to neighbouring
AA. To target specifically one or several AA sidechains is useful approach, but only
few DNA-protein cross-linking reactions have been reported (see chapter 1.4.2).
Reductive amination is prevalent method wused for targeting lysine

in proteins. Aldehyde-containing DNA is cross-linked with Lys via reversible

188,189 190,148,156

Schiff base formation, and irreversibly reduced to a secondary amine
using stoichiometric reductant NaBH3CN which is incompatible with in vivo
or in cellulo applications. Until now, there has been no reactive nucleobase
modification in NA reported for irreversible cross-linking with lysine without

the need for external reagent. Therefore, the aim of this thesis was to develop
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reactive DNA and RNA probe, which will react selectively with lysine without use
of any further reagents. For this purpose, we have chosen squaramate moiety as it
is known to be selective towards primary amines, reacts without any external
additives and it tolerates many functional groups.!””"!”® Research in our group is
aimed at base-modified nucleic acids for application in chemical biology.!'!
Within this framework, we designed new squaramate modified (2'-deoxy)cytidine
triphosphate which can be used for enzymatic synthesis of modified nucleic acid

probes for cross-linking with proteins.
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3. Results and discussion

3.1 Enzymatic synthesis of reactive DNA probes for cross-linking

with proteins

3.1.1 Synthesis of squaramate-modified deoxynucleoside (dCF9) and its
mono- (dCE5CMP) and triphosphate (dCESCTP). Model reactions using dCE5¢MP

as a substrate

The squaramate moiety was designed to be tethered to the position 5
of cytosine via propargylamine linker. First, protected propargylamine (14)!?
was prepared by treatment with ethyl trifluoroacetate (95%, Scheme 13-a) and then
used in Sonogashira cross-coupling reaction with 5-iodo-2'-deoxycytidine (15)
in the presence of Pd(PPhs)s and Amberlite Ira-67 resin.!**> Subsequent deprotection

of known trifluoroacetamide'®*

in aqueous ammonium hydroxide gave
5-(3-aminopropynyl)-2'-deoxycytidine (16) in acceptable yield 66%. The reaction
of amine 16 with 2 equiv of commercially available diethyl squarate in ethanol
proceeded smoothly and gave the mixed squaramate nucleoside dC*SQ in 80% yield
(Scheme 13-b). As expected,'® there was no formation of symmetric

bis-squaramide side product.

O i)
a) J\
NH
/\ 2 + /\O)]\CF:; /\H CF3
14 (95%) >
o
o)
b NH, NH, N
) | 1 T N, NH, N
X X Yyt
07N 07 "N O)\N
HO HO
i) if) iv) HO
o 0 . o]
OH OH
15 16 (66%) OH  dCcEsQ (go%)

Scheme 13. Synthesis of a) trifluoroacetamide 14 and b) squaramate modified 2'-deoxycytidine
(dCFSQ). Conditions: i) EtOH, r.t., dark, 1h; ii) amide 14, Pd(PPh3)s (10%), Cul (20%),
Amberlite Ira-67, DMF, r.t., 24h; iii)) HoO/NH4OH, r.t., 24h; iv) diethyl squarate (2equiv), EtOH,
r.t., 1h.
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Monophosphate dCFSCMP was prepared according to standard Yoshikawa

phosphorylation*! with POCls in 37% yield, while the reaction with POCI; followed

195

by pyrophosphate’”” and triethylammonium bicarbonate (TEAB) yielded the

triphosphate dCESQTP (7%, Scheme 14).
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N7 | © NT |
O)\N i) iii) ? O)\N
HO 0-P-0
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oy  dcEse OH dCESQMP(37%)>
0
o)
NH, N
NZ H e}
I} 9 1} O)\N
0-P-0-P-0-P-0
O 0 O o

OH dCESATP (7%)

Scheme 14. Synthesis of squaramate modified 2'-deoxycytidine mono- (dCESCMP)
and triphosphate (dCESQTP). Conditions: i) POCls, PO(OMe)s, 1-2h, 0 °C; ii) (NHBu3),H2P>07,
DMF, BusN, 45 min, 0 °C; iii) 2 M TEAB, HO.

The modified dCFSCMP was used as a surrogate of DNA in model reaction
to evaluate the reactivity of this mixed squaramate towards Lys and Lys-containing
peptide. The reaction of dCESCMP was performed with 2-fold excess of N,-acetyl-
L-lysine and tripeptide (for sequence see Table 3) at room temperature overnight
(Scheme 15). As it is known from the literature, in the second amidation step
the addition of a base or alkaline aqueous conditions are needed,'”® that is why
the reaction was performed in borate buffer at pH 9. The desired conjugates
dCESQLYSMP and dCES®PePtMP  were isolated by reverse-phase HPLC
in 54 and 63% yields, respectively. Characterization by NMR spectroscopy and
mass spectrometry (MS) confirmed the formation of amide bond with NH»

of lysine.
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Scheme 15. Model reactions of dC*SeMP with N,-acetyl-L-lysine and tripeptide. Conditions: borate
buffer pH 9 (0.5 M), r.t., overnight.

3.1.2 Incorporation of dCESCTP into DNA by PEX and PCR

The squaramate modified ANTP (dCFSQTP) was then assessed as a substrate
for synthesis of modified DNA catalysed by KOD XL DNA polymerase
(Scheme 16).

O
(0]
NH, H S
z N
;l‘\ | Z K 0
(0] N primer, template
3HOuP;—0 dATP, dTTP, dGTP
0
KOD XL DNA £sa
dcEsarp buffer DNA_C
OH

Scheme 16. Scheme of the enzymatic synthesis of squaramate modified DNA (DNA_CFSQ),

First, the primer extension reaction (PEX) was performed with 19-, 20-, 31-
and 98-mer templates (for sequences see Table 1). The primers were labelled
at 5'-end with 6-carboxyfluorescein (6-FAM) for further visualisation of formed
products. In all cases the polymerase gave full length oligonucleotides (ON)
containing 1, 4 or 18 dC*SQ modifications. Formation of all ONs was characterised

by denaturing polyacrylamide gel analysis PAGE (Figure 11).
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Table 1. List of oligonucleotides used or synthesized in this study.”

ON Sequence (5' — 3") Length
prim* 5-AGACATGCCTAGA-3’ 13
prim® 5'-CATGGGCGGCATGGG-3' 15
primREVLT25-TH 5'- CAAGGACAAAATACCTGTATTCCTT-3' 25
temp!%-1€ 5'-CCCGCCCATGCCGCCCATG-3’ 19
temp?%-1€ 5'-AAACATGTCTAGGCATGTCT-3' 20
temp?31-4¢ 5'-CTAGCATGAGCTCAGTCCCATGCCGCCCATG-3' 31
temp® V-2 5'-GACATCATGAGAGACATCGCCTCTGGGCTAAT 98
ON_CEsSQ.1 5'-CATGGGCGGCATGGGCGGG-3' 19
ON_CESQ 5-AGACATGCCTAGACATGTTT-3' 20
ON_4CESQ 5'-CATGGGCGGCATGGGACTGAGCTCATGCTAG -3’ 31
DNA_CESe.P® 3'-GTACCCGCCGTACCCGCCC-5' 19
DNA_CESQ 3'-TCTGTACGGATCTGTACAAA-5' 20
DNA_4CEsQ 3'-GTACCCGCCGTACCCTGACTCGAGTACGATC-5' 31
DNA_(CESQ*8 3'-GTTCCTGTTTTATGGACATAAGGAACGGACAGG 98

TCCCTAGACGAGAATGTCTAATCTTCATCAGGATAA
TCGGGTCTCCGCTACAGAGAGTACTACAG-5'

5'-CAAGGACAAAATACCTGTATTCCTTGCCTGTCC

AGGGATCTGCTCTTACAGATTAGAAGTAGTCCTAT

TAGCCCAGAGGCGATGTCTCTCATGATGTC-3'

“primers are underlined, nucleotides bearing modification are in bold red
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Figure 11. Primer extension using KOD XL polymerase and temp'-! (a; lines 2-4), temp?’-1¢

(b; lines 2-4), temp>'-*C (b; lanes 6-8) and temp"V:2 (c; lanes 2-4). a) Lane 1 (P): primer®; lane 2
(+): natural dNTPs; lane 3 (-): negative control without dCTP; lane 4 (CESQ): dCESCTP, dGTP.
b) Lane 1 (P): primer®; lane 5 (P): primer®; lanes 2,6 (+): natural dNTPs; lanes 3,7 (-): negative
control without dCTP; lanes 4,8 (CPSQ): dCFSCTP, dGTP, dTTP, dATP. ¢) Lane 1 (P):
primREV_LT2-TH: Jane 2 (+): natural dNTPs; lane 3 (-): negative control without dCTP; lane 4 (CESQ):

dCESQTP, dGTP, dTTP, dATP.

From our experience, it is sometimes problematic to obtain MALDI-TOF
mass spectra of ONs longer than 30 nucleotides. Only short ONs were confirmed
by MALDI-TOF analysis (Table 4). The modified DNA for mass analysis was
prepared by PEX using 5'-end biotinylated templates followed by
magnetoseparation'®’ of ON_CFSQ_1% and ON_CFSQ,

As the next step, I tested the dCESQTP in more demanding polymerase chain
reaction (PCR). In the PCR, the enzyme must not only accept the modified
nucleotide for the synthesis of modified strand (as it is in PEX), but it must tolerate
the modification in the template strand as well. PCR allows enzymatic synthesis
of long dsDNA molecules highly modified in both strands. PCR amplification
of 98- and 235-bp templates (Table 2) in the presence of KOD XL polymerase
proceeded well, giving full length dsDNA products in both cases (Figure 12).
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Figure 12. Agarose gel analysis of PCR product amplified by KOD XL DNA polymerase;
(L): ladder; (+): natural dNTPs; (-): negative control without dCTP; (C®SQ): dCESCTP, dATP, dGTP,
dTT; 2% (1.3%) agarose gel for 98-mer (235-mer) stained with GelRed.

Table 2. List of oligonucleotides used in PCR experiments.

ON Sequence (5' — 3") Length
primfOR1L20 5'- GACATCATGAGAGACATCGC-3’ 20
primREV_LT25-TH 5'- CAAGGACAAAATACCTGTATTCCTT-3' 25
primfOR.235 5'-CGTCTTCAAGAATTCTATTTGACA-3’ 24
primREV-233 5-GGAGAGGTTCACCGACA-3’ 18
temp?VL-A 5-GACATCATGAGAGACATCGCCTCTGG 98

GCTAATAGGACTACTTCTAATCTGTAAGAGCAGAT
CCCTGGACAGGCAAGGAATACAGGTATTTTGTCCTT
G-3'

tempPCR235 5'-CGTCTTCAAGAATTCTATTTGACAAAAATGGGC 235

TCGTGTTGTACAATAAATGTGTCTAAGCTTGGGTCC
CACCTGACCCCATGCCGAACTCAGAAGTGAAACGC
CGTAGCGCCGATGGTAGTGTGGGGTCTCCCCATGC
GAGAGTAGGGAACTGCCAGGCATCAAATAAAACG
AAAGGCTCAGTCGAAAGACTGGGCCTTTCGTTTTAT
CTGTTGTTTGTCGGTGAACGCTCTCC-3’

Successful PEX and PCR experiments confirm that ESQ-modification does
not react with DNA polymerase during the reaction and that the dCESQTP is a good

substrate and building block for the enzymatic synthesis of reactive modified DNA.
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3.1.3 Reaction of DNA_CES2 with sulfo-Cy-5-amine, lysine and lysine containing
model peptides

NH
/52/\
N” |
O)\N
3-
HOgP3~0 DNA polymerase
dCESQTP DNA CESQ

eptlde
HN

NH
Jrg
N
Z H 0
DNA CESQCyS DNA CESQR
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peptlde

3
peptide )
g HN* P J\r ¢ JYNHZ
NN
2
DNA CESQLys () DNA CESQ3pept
OH

X LWN¢ P JwN¢ HN % L(N S
O Aon \%
DNA_CESQ10pept HO o

Scheme 17. Synthesis of squaramate-modified DNA (DNA_CFSQ) and its cross-linking reactions
with sulfo-Cy-5-NH,, N,-acetyl-L-lysine, tri- and decapeptide. Conditions of cross-linking: borate
buffer (pH 9, 0.5 M), 37 °C, 36 h.
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Double stranded squaramate-modified DNA bearing one modification
(DNA_CFSQ) was prepared by PEX in semipreparative scale and tested
in conjugation reactions with sulfo-Cy-5-NH: dye, Ns-acetyl-L-lysine, lysine

containing tri- and decapeptide (Scheme 17; for peptide sequences see Table 3).

All reactions were carried out in borate buffer (pH 9) at 37 °C for 36 h.
Large excess of amines (100 equiv of the dye and 2500 equiv of AA and peptides)
was used because there was no proximity effect expected in this non-DNA-binding

molecules.

The reaction of natural 20-bp DNA and DNA_CFSQ (both non-labelled)
with sulfo-Cy-5-NH, was analysed by measuring the fluorescence spectra
of the reaction mixtures purified after incubation with the dye. Only in the case
when DNA CFSQ was used, the fluorescence signal of Cy-5 fluorophore
was detected (Figure 13). The reaction was analysed also on denaturing PAGE.
For this, 5-6-FAM natural and squaramate modified DNA was prepared
and incubated with sulfo-Cy-5-NH» at the same conditions. After incubation,
the reaction mixtures were purified to get rid of excess of unreacted fluorescent dye,
loaded on the polyacrylamide gel and visualised by fluorescence imaging.
Newly formed spot with lower mobility visible both in FAM and Cy-5 channels
was observed only in the case of DNA_CFSQ (CESQ Jine in Figure 13).
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Figure 13. Conjugation of natural and ethoxy squarate modified DNA_CE®SQ with sulfo-Cy-5-amine.
Conditions: natural DNA (Control line in black) or DNA_CESQ (Reaction line in red), borate buffer
(0.5 M, pH 9), 37 °C, and 36 h. Fluorescence of the products was measured on spectrofluorometer
(water; Aex = 646 nm, Aem = 662 nm). PAGE analysis: C line: FAM labelled natural
DNA + sulfo-Cy-5-NHy; CFSQ line: FAM labelled DNA_C®5Q + sulfo-Cy-5-NH,. Excited with
473 nm for FAM and 635 nm for Cy-5.

The reactions of the DNA_CESQ  with  Nj-acetyl-L-lysine
and Lys-containing peptides proceeded with moderate efficacy and gave the desired
conjugates DNA_CFESQLys DNA CESQ3pert gnd DNA_CESQUOpept ith 50, 43
and 20% conversions, respectively (Table 3). 5'-6-FAM products were identified
as bands with lover mobility on PAGE (Figure 14) and non-labelled ON_CESQLys,
ON_CESQ3pert and QN_CESQpert conjugates were confirmed by MALDI-TOF
(Table 4).

Table 3. List of amino acids and synthetic peptides used to test cross-linking abilities of DNA_CESQ,

Peptide sequence Molecular weight Conversion
Acetyl-lysine 188.23 50%
tripeptide Ac-AKA-NH, 329.2 43%
decapeptide Ac-SGYTAKAQSG-NH; 1011.47 20%

Note: Conversions were determined from the gel using ImageJ Quantificator.
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Figure 14. Conjugation of DNA_C®SQ (4.3 uM; line 1) with Ac-lysine (11 mM; line 2), tripeptide
(11 mM; lane 3) and decapeptide (11 mM; line 4). Conditions: borate buffer (0.5 M, pH 9), 37 °C,
36 h.

Table 4. MALDI-TOF data of modified oligonucleotidle ON_C®Q1°  ON_C¥SQ and adducts
of DNA_CFSQ with Ac-lysine, tripeptide and decapeptide (for MALDI spectrum see

Figures A1-A3). Single stranded conjugates were obtained after magnetoseparation.

ON M (calc.) [Da] M (found) [M + H]* [Da]
ON_(CHse.P 6127.9 6128.1
ON_C*kSQ 6293.3 6294.3
ON_(CFEsQlys 6435.5 6436.4
ON_CESQ3pept 6576.5 6576.6
ON_CESQ10pept 7257.8 7258.0
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3.1.4 Conjugation of ESQ modified DNA with proteins

For the bioconjugation experiments, GSTp53CD was kind donation from Dr. Marie Brazdova from

the group of Doc. Miroslav Fojta at the Institute of Biophysics AS CR in Brno.

0
N
N b/
Histone B i
ESQP |
(H2A, H2B, H3.1 or H4) DNA_c=saret @&
phosphate buffer Ve, ‘\ » /J
(4.5 mM, pH 7.4) 4 . A ‘}
37°C, 36 h -} U/

Scheme 18. General scheme of cross-linking of squaramate modified DNA (DNA_CESQ) with

histone recombinant proteins (H4 protein representative from PDB 1EQZ chain F).

Having the reactive DNA_CFSQ and suitable conjugation procedures
in hand, I shifted focus to the cross-linking of squaramate modified DNA with a set
of recombinant histones (H2A, H2B, H3.1, H4) as model Lys-rich DNA-binding
proteins. Bovine serum albumin (BSA) contains 60 lysine residues, of which
30 - 35 have primary amines available for post-modification and does not interact
with DNA, therefore it was used as a negative control. The core domain of p53
(GSTp53CD) was also used as negative control as it is sequence-specific DNA
binding protein that contains lysines, but not in the proximity to the modification

in binding site.

All cross-linking reactions were performed with the DNA containing one
modification and 2 equiv of the proteins. Since the histones usually dimerize,
in this case the ratio can be assumed as equimolar. The reactions were carried out

at physiological conditions at 37 °C in phosphate buffer pH 7.4.

First, I performed a kinetic study of the cross-linking reaction of DNA_CFSQ
with H3.1 protein. The reaction reached the maximum conversion in 16-24 h
as shown in Figure 15. Based on this result, I have used the 36 hours incubation

in all other experiments to ensure ample conversions.
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Figure 15. Effect of reaction time on cross-link formation between DNA_CESQ and H3.1.
Conditions: 2 equiv of protein, phosphate buffer (4.5 mM, pH 7.4), 37 °C. SDS-PAGE analysis on

17.5% SDS gel. Conversions were determined from the gel using ImageJ Quantificator.

In addition, I also examined the effect of DNA/protein molar ratio,
temperature and various buffers on ESQ mediated cross-linking efficacy.
The highest conversions were achieved at 37 °C and 10 equiv of protein to DNA
(Figure 16-a, b). TRIS and HEPES buffers were tested to see if the reaction also
proceeds in the presence of tertiary amines (TRIS) or free OH groups (HEPES).
These buffers did not interfere with the reaction and the conversions
(34% for HEPES and 29% for TRIS) were comparable to the ones achieved in
phosphate buffer (Figure 16-c).
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Figure 16. a) SDS-PAGE analysis of DNA-protein cross-link between DNA_CESQ and different
amounts of H2. A protein. Conditions: phosphate buffer (4.5 mM, pH 7.4), 36 h. SDS-PAGE analysis
on 17.5% SDS gel. b) SDS-PAGE analysis of DNA-protein cross-link between DNA_CFSQ
and H2.A protein at various temperatures. Conditions: 2 equiv of protein, phosphate buffer
(4.5 mM, pH 7.4), 36 h. SDS-PAGE analysis on 17.5% SDS gel. ¢) Reaction of the FAM labelled
DNA_CFSQ with histone H3.1 using different buffers. Conditions: 2 equiv. of protein, HEPES buffer
(100 mM, pH 7.4) or TRIS buffer (100 mM, pH 7.4), 37 °C, 36 h. SDS-PAGE analysis
on 17.5% SDS gel. Conversions: HEPES: 34%, TRIS: 29%. All conversions were determined

from the gel using ImageJ Quantificator.

Figure 17 shows the results of ESQ-mediated DNA-protein cross-linking
experiments. The formation of covalent DNA_CFSQprotein conjugates
(DNA_CESQproty with all four histone monomers was detected as reduced mobility
bands on denaturing SDS-PAGE gel. Strong DNA_CFESQProt hands were observed
when DNA _CFSQ was incubated with histone proteins (Figure 17-a,
lanes 6,8,10,12), but none were spotted in control experiment when natural DNA
and BSA was used or in the absence of proteins (Figure 17-a, lanes 1-5, 7, 9, 11).
The conversions of the reactions were 31 — 34% (Table 5). The bands with lower
mobility were confirmed to be DNA_CESQprot 3150 by SDS-PAGE with PageBlue™
protein staining (Figure 17-b) and by HPLC-MS analysis using electrospray
ionization (ESI, Figure A4 - A6, Table 6).
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So far, all these experiments were performed with DNA_CFSQ bearing one
modification, therefore I evaluated also longer 98-bp PEX product containing
18 squaramate groups (DNA_CFESQ98) in cross-linking with histone H3.1, however

mixture of cross-linked products was obtained (Figure 17-c).

To conclude, squaramate modified DNA did not cross-link with BSA
or GSTp53CD (Figure 17-d) nor with DNA polymerase during PEX or PCR
reactions, showing that proximity effect is vital for effective cross-linking

in the absence of large excess of the peptide or the protein.
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Figure 17. a) SDS analysis of control experiment with FAM labelled natural or modified DNA
and various recombinant proteins. b) SDS-PAGE analysis of DNA-protein cross-link between
DNA_CF®8Q and recombinant proteins followed by PageBlue™ staining. Conditions: 2 equiv
of protein, phosphate buffer (4.5 mM, pH 7.4), 37 °C, 36 h. SDS-PAGE analysis on 17.5% SDS gel.
¢) SDS analysis of cross-links of natural or modified 98-bp PEX product and H3.1 protein.
Conditions: 2 resp. 10 equiv of protein, phosphate buffer (4.5 mM, pH 7.4), 37 °C, 36 h. SDS-PAGE
analysis on 4 - 12% SDS gel. d) SDS analysis of control experiment with natural or modified DNA
and GST_p53_CD protein. Conditions: HEPES (2.5 mM, pH 7.6), 37 °C, 36 h. SDS-PAGE analysis
on 10% SDS gel.
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Table 5. DNA-protein cross-link conversions between DNA_CFSQ and recombinant proteins.

Protein Molecular weight DNA binding No of Lys  Conversion
[kDa] %
BSA 69.3 no 60 0%
GST p53 CD 78.5 yes 21 0%
H2A 13.99 yes 13 34%
H2B 13.79 yes 20 34%
H3.1 15.27 yes 13 31%
H4 11.24 yes 11 34%

Note: Conversions were determined from the gel using ImageJ Quantificator.

Table 6. MS data of DNA-protein conjugates (for MS spectrum see Figures A4-A6).

ON M (calc.) [Da] M (found) [Da]
ON_(CFEsQizB 20036.78 19905
ON_(Crsemsd 21520.63 21388
ON_(Crsend 17484.11 17351
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3.2 Enzymatic synthesis of reactive RNA probes for cross-linking

with proteins

3.2.1 Synthesis of squaramate-modified ribonucleoside (CF5%) and its
triphosphate (CE5¢TP)

The squaramate modified ribonucleotide was synthesized in a similar way
as squaramate deoxycytidine triphosphate (section 3.1.1), starting from
Sonogashira reaction of 5-iodo-cytidine (17) with N-propargyl trifluoroacetamide
(14; Scheme 19). Deacylation of trifluoroacetamide 18 gave 5-(3-aminopropynyl)-
cytidine (19) in excellent yield (87%). The reaction of amine 19 with 2 equiv
of diethyl squarate gave squaramate-linked ribonucleoside (CESQ) in acceptable
yield (22%). The triphosphorylation of CFSQ with POCIs in trimethyl phosphate
followed by treating with tributyl ammonium pyrophosphate gave

the corresponding CESQTP (38%) after reverse-phase HPLC purification.
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NH, | NH, P H)KCFS NH, " NH,
N/‘ N/‘ N/‘
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HO |) HO ||) HO
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OH OH  CESATP (38%) OH OH CESQ (229,

Scheme 19. Synthesis of squaramate modified cytidine (C*S?) and cytidine triphosphate (CESQTP).
Conditions: i) amide 14, Pd(PPhs3)s (10%), Cul (20%), Amberlite Ira-67, DMF, r.t., 24h;
ii) HoO/NH4OH, r.t., overnight; iii) diethyl squarate (2equiv), EtOH, r.t., lh; iv) 1. POCls,
PO(OMe)s, 90 min, 0 °C; 2. (NHBu3),H,P>07, ACN, BusN, 1 h, 0 °C; 3. 2 M TEAB, H,O.

57



3.2.2 Incorporation of synthesized CES2TP into RNA

In vitro transcription experiments were carried out to investigate the ability
of T7 RNA polymerase to recognise the CESQTP and site-specifically incorporate

it into sequence of interest (Scheme 20).

NH,
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0" N ATP, TTP, GTP,

3HOgP3— 0 [a-32P]-GTP

o
cEsaTp T7 RNA
polymerase
OH OH

Scheme 20. General scheme of the enzymatic synthesis of squaramate modified RNA (RNA_CFSQ)

by in vitro transcription reaction.

3.2.2.1 Design of dsDNA templates, transcription sequences and optimisation

of conditions

For initial experiments, to test my triphosphate as a substrate for T7 RNAp,
I used the DNA templates already available in our group which would result
in 35mer RNA transcripts with one, three and seven modifications in the strand
(DNA_1CFSQ DNA _3CESQ DNA _7CFSQ; for sequences see Table 7).
dsDNA templates were prepared by annealing of two complementary DNA strands
(52mer) which contained T7 promoter from the positions - 17 to + 1 and guanosines
at positions + 1 to + 3 to effectively start the transcription.** The last two 5'-terminal
nucleotides in the antisense strand have 2'-methoxy group (MeO) instead of 2'-OH

to minimize non-templated nucleotide addition.'®
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Table 7. Sequences of ds DNA template and RNA transcripts.*

Sequence (5' — 3")

Length

DNA_1CEsQ

5'-TAATACGACTCACTATAGGGAGGGACTGTGAGTGG
AGATTGTAGGATTGAGG-3'

3 ATTATGCTGAGTGATATCCCTCCCTGACACTCACC
TCTAACATCCTAACT[mC][mC]-5'

52

52

RNA_1CEsQ

5-pppGGGAGGGACUGUGAGUGGAGAUUGUAGGAUU
GAGG-3'

35

DNA_3CESQ

5'-TAATACGACTCACTATAGGGAGGATCAGTACAGAG
GTATGCTGGGATAGGGA-3'

3-ATTATGCTGAGTGATATCCCTCCTAGTCATGTCTC
CATACGACCCTATCCT[mC][mU]-5'

52

52

RNA_3CESQ

5"-pppGGGAGGAUCAGUACAGAGGUAUGCUGGGAUA
GGGA-3'

35

DNA_7CESQ

5'-TAATACGACTCACTATAGGGGATGTCTGAGCCTAA
GGATGCCAACTGTTGTC-3'

3'-ATTATGCTGAGTGATATCCCCTACAGACTCGGATT
CCTACGGTTGACAAC[mA][mG]-5'

52

52

RNA_7CESQ

5"-pppGGGGAUGUCUGAGCCUAAGGAUGCCAACUGUU
GUC-3'

35

DNA_C8d*sQ

5'-TAATACGACTCACTATAGATACTAAGCCAAGAAG
TTCACACAGATAAACTTCT-3'

3 ATTATGCTGAGTGATATCTATGATTCGGTTCTTC
AAGTGTGTCTATTTGAA[MG][mA]-5'

53

53

RNA_C8dEsQ

5"-pppGAUACUAAGCCAAGAAGUUCACACAGAUA
AACUUCU-3'

36

DNA_C1eFSQ

5'-TAATACGACTCACTATAGATAGTAAGGCATAAA
TTGAGAGAGATAAATTTAT-3'

3 ATTATGCTGAGTGATATCTATCATTCCGTATTT
AACTCTCTCTATTTAAA[mMU][mA]-5'

52

52

RNA_CleFsQ

5"-pppGAUAGUAAGGCAUAAAUUGAGAGAGAUAAA
UUUAU-3'

35
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DNA_C3ffSQ¢  5"-TAATACGACTCACTATAGATACTAAGCCAATAAA 53
TTGAGAGAGATAAATTTAT-3'

3'-ATTATGCTGAGTGATATCTATGATTCGGTTATTT

53
AACTCTCTCTATTTAAA[MU][mA]-5’

RNA_C3f*¢  5-pppGAUACUAAGCCAAUAAAUUGAGAGAGAUAAA 36
UUUAU-3'

DNA_Cl1gf?  5-TAATACGACTCACTATAGATACTAAGGGAATAAA 53
TTGAGAGAGATAAATTTAT-3'
3-ATTATGCTGAGTGATATCTATGATTCCCTTATTT 53
AACTCTCTCTATTTAAA[MU][mA]-5’

RNA_Cl1gf®  5-pppGAUACUAAGGGAAUAAAUUGAGAGAGAUAAA 36

UUUAU-3’

“ Promoter region in the antisense strand is underlined. The two 5’-terminal nucleotides
in the antisense strand were 2°-MeO ribonucleotides (m) to minimize non-templated nucleotide
addition. The first base after the promoter region is marked bold in magenta, while those that are
directing transcription of modified bases are marked bold in blue, whereas the modified bases

in the transcripts are marked bold in red.

Transcription reactions were performed with templates DNA_1/3/7CESQ
in the presence of ATP, UTP, GTP, CTP/modified CTP (CESQTP) and spiked
with radioactive [a-?P]-GTP. Water was used instead of the CESQTP
in the negative control experiment. The products were resolved by 12.5% PAGE
and visualized by autoradiography (Figure 18-a). The full-length products were
observed in all cases, although the negative control in the case of the template
for RNA with one modification (RNA_1CF5Q) revealed the product

of misincorporation.

To fully confirm the formation of modified RNA, the purified transcripts
were submitted to MALDI-TOF MS analysis, however there was possibility
that RNA might hydrolyse due to the measurement conditions. Although that was
not the case and I could observe the peaks in MS spectrum of RNA_1CFSQ,
the mass 12052.1 Da, however, it did not correspond to the calculated one
(11954 Da; Figure 18-c). After excluding possible misincorporations, I found out
that the peak at m/z = 12052.1 can be assigned to the product of the reaction
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of RNA_1CF8Q with spermidine (primary amine, M = 145.25 Da; Figure 18-d)
from the reaction buffer supplied with T7 RNAp by manufacturer.
Since the squaramate moiety is known to prefer primary amines to the more
substituted ones, to overcome this undesired reaction, I substituted the spermidine
with quaternary amine betaine (Figure 18-d). To compare the reaction effectivity,
I prepared the same transcription buffers as the supplied one (1%; 40 mM Tris-HCI
(pH 7.9), 6 mM MgCl,, 10 mM DTT, 10 mM NaCl) with 2mM betaine (buffer B)
instead of 2 mM spermidine (buffer A) and with absence of amine (buffer C). All
transcription reactions, analysed on 20% denaturing PAGE, gave the full-length
products (Figure 18-b), although the misincorporation in all negative controls was
observed as well. In the case of buffer A the + 1 product is observed, which is
the RNA-spermidine conjugate. There seemed to be no difference in intensity
of the product spots between buffer with betaine and without amine. The product
of the transcription reaction B was confirmed by MALDI to be the squaramate

modified RNA_1CFSQ only (Figure 18-e).

As it is known, the presence of stimulatory natural polyamines, especially

64199 and since

spermidine, affects the in vitro T7 RNAp transcription system
there was no significant difference between buffer B and C, I have chosen

to proceed further with the buffer containing betaine (buffer B).

All transcription reactions of templates DNA_1/3/7CFSQ were repeated
with the conditions described above but with the home-made reaction buffer
with 2 mM betaine. The products were resolved by 12.5% PAGE and visualized
by autoradiography (Figure 19-a). The full-length products were successfully
confirmed by MALDI-TOF for the RNA_1CFSQ and RNA 3CFSQ but not
in the case of RNA_7CFSQ (Table 8).

Table 8. MALDI-TOF data of modified RNA_1CESQ and RNA_3CESQ,

Transcript M (calc.) [Da] M (found) [Da]
RNA_ 1CESQ 11954 11955.1 [M + H]*
RNA 3CESQ 12277 12279.3 [M +2H]"
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Figure 18. a) Phosphor image of transcripts obtained by in vitro transcription in the presence
of CTP (+), CTPESQ (*) and in their absence for negative control (-) using the commercial T7RNAp
buffer. b) Phosphor image of transcripts obtained by in vitro transcription using buffer supplied
by manufacturer containing spermidine (A), buffer with betaine (B) and without any amine (C).
¢) MALDI-TOF MS spectrum of RNA_1CESQ after transcription reaction in commercial T7 RNAP
reaction buffer. M (calc.) = 11954 Da, M (found) = 11954.2 Da. The peak at m/z = 12052.1 can be
assigned to the RNA_1CFSQ reacted with spermidine (M = 145.25 Da) from reaction buffer.
d) Structures of amines used in transcription buffers. €) MALDI-TOF MS spectrum of RNA_1CESQ
obtained after transcription reaction with buffer B. M (calc.) = 11954 Da, M (found) = 11955.1 Da
[M +H]".
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After having the right transcription conditions and knowing that
the T7 RNAp accepts CFSQTP, I designed additional DNA templates that contain
T7 polymerase promoter sequence linked to the sequence of Japanese encephalitis
virus (JEV) genome derived RNA templates that represent the 3'-end of JEV
genome of the ¢5'-UTR (the region complementary to the ¢5'-UTR).?*® These DNA
templates would result in 35 and 36mer RNA transcripts with one, three and eight
modifications in various positions in the strand (DNA_C1e"5Q, DNA_C1g®SQ,
DNA_C3f'SQ DNA_C8d®SQ; Table 7).

The RNA templates were synthesized by in vitro transcription as described
above by using transcription buffer B. The products were resolved by 12.5% PAGE
and visualized by autoradiography (Figure 19-b). The full-length products were
observed in all cases, although DNA_C3fFSQ and DNA_C8d*SQ templates were
transcribed less efficiently most probably due to the nature of the viral RNA
sequence. Natural uridines decrease the transcription yield when close to initiation

region®"!

as well as might the number and position of the modified nucleotides.
In the case of the template DNA_C1eFSQ the negative control revealed the product
of misincorporation. The full-length products were successfully confirmed
by MALDI-TOF except of the RNA_C3fFSQ (Table 9). Fragmentation

of RNA_C1gFSQ was observed in the MALDI spectra.??

Table 9. MALDI-TOF data of modified JEV genome derived RNA templates.

Transcript M (calc.) [Da] M (found) [Da]
RNA_(C8d*sQ 13150.3 13457.4 [M + UMP]*
RNA_C1e"sQ 11748 11749.6 [M + H]*
RNA_C1gFsQ 12080 11950.5 [M - U - H.0]"

For the purpose of this project, there was no need to further improve
the transcription condition since I was able to obtain decent amounts of purified

modified RNA needed for following experiments.
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Figure 19. Phosphor image of transcripts obtained by in vifro transcription in the presence
of CTP (+), CTP®SQ (*) and in their absence for negative control (-) using transcription buffer
with betaine and templates DNA_1/3/7CESQ (a) or templates designed for JEV 3'-end region
of the ¢5'-UTR (b).
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3.2.3 Post-synthetic labelling of ESQ modified RNA

The next step after successful incorporation of CESQTP into the RNA was
to try site-specific RNA labelling. 1 used the same sulfo-Cy-5-NH> dye
as for the DNA_CFSQ (see chapter 3.1.3; Scheme 21).

RNA_CES@ RNA_CESA.Cys

RNA cESQ_CyS (@]

Scheme 21. General scheme of the cross-linking reaction of squaramate-modified RNA
(RNA_CESQ) with sulfo-Cy-5-NH,.

Non-labelled natural RNA and squaramate modified RNA (RNA_1CFSQ)
was prepared by in vitro transcription followed by DNAse 1 treatment to digest
the DNA templates and purified by spin column method. Unlike DNA, RNA is
prone to hydrolysis in alkaline conditions, therefore the RNA was incubated with
sulfo-Cy-5-amine in buffer of pH 7.4-7.9 (PBS or TRIS) at 37 °C. After reaction
completion, the Cy-5-labelled RNA was purified again to get rid of the excess dye
and analysed by fluorescence spectroscopy (Figure 19-a) and by fluorescence

imaging of the denaturing gel (Figure 20-b).

Figure 20-a shows the fluorescence spectra of natural RNA (black line)
and RNA_1CPSQ (red line) after incubation with Cy-5-amine. Strong fluorescence
signal was observed ony for modified RNA suggesting the formation of the cross-

linking product RNA_CESQCyS,

The fluorescence imaging of the denaturing gel, shown in Figure 20-b,
supports the conclusion of fluorescence measurements. Fluorescent band

after excitation with 635 nm for Cy-5 is observed only in the lane
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where RNA_CFSQSYS was formed, while all other lanes are fluorescently silent.
SYBR Gold staining visualizes all RNA sequences, however the Cy-5-RNA
conjugate was not visible most probably due to the quenching of SYBR Gold by
Cy-5 fluorophore.
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Figure 20. Conjugation of natural and ethoxy squarate modified RNA_1CESQ
with sulfo-Cy-5-amine. a) Fluorescence spectra. Conditions: unlabelled natural RNA (Control line
in black) or unlabelled RNA_ 1CESQ (Reaction line in red), sulfo-Cy-5-amine (400 equiv),
PBS buffer (pH 7.4), 37 °C, overnight. Fluorescence of the products was measured
on spectrofluorometer (water; Aex = 646 nm, Aem = 662 nm). b) Denaturing PAGE analysis.
Conditions: unlabelled natural RNA or unlabelled RNA_1CFSQ, sulfo-Cy-5-amine (100 equiv),
Tris HCI buffer (40 mM, pH 7.9), 37 °C, overnight. Excited with 473 nm for SYBR Gold
and 635 nm for Cy-5.
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3.2.4 Conjugation of ESQ modified RNA with proteins

For the bioconjugation experiments, JEV and YFV NS5 RdRp and SARS-CoV-2 RdRp was kind
donation from Mgr. Eva Konkolova, Ph.D. from the group of E. Boura at the IOCB AS in Prague.

0
O

0]
N Is o
Z N v/ /H HN—\_\—-},
JEV ns5 RdRp RNA_CESQProt S ‘ i

binding buffer
34°C, 48 h

Scheme 22. General scheme of cross-linking of squaramate modified RNA (RNA_CFSQ)
with JEV NS5 RdRp protein (PDB structure 4K6M).

For conjugation studies of squaramate modified RNA with RNA binding
proteins (RBP) I have selected three RNA dependent RNA polymerases
(RdRp; Japanese encephalitis virus NS5, Yellow fever virus NS5
and SARS-CoV-2 RdRp), SARS-CoV-2 nucleoprotein (SC_NP), and HIV reverse

transcriptase (HIV-rt) as a biologically relevant target.?%*-2%

However, as a first experiment, the T7 RNAp was incubated
with RNA_C3ffSQ and RNA C1g"5Q to support the results from in vitro
transcription assays that the modification does not interfere with the enzyme during
transcription. The incubation was carried out at the same conditions as
the transcription reaction and analysed by the 10% protein SDS PAGE (Figure 21).
No cross-linking product was observed (Table 11-12).

Here I would like to note that all cross-linking experiments were done with
radioactively labelled natural or modified RNA prepared by in vitro transcription

reaction with T7 RNA polymerase (as described in chapter 3.2.2.1).
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Figure 21. Phosphor image of 10% SDS analysis of control experiment with natural or modified
RNA and T7 RNA polymerase. Conditions: RNA (1 uM), transcription buffer B, 37°C, 30 min
for EMSA (a) and 2h for SDS (b).

Next, control experiments with RNA nonbinding proteins were performed.
For this purpose, I used BSA and Single strand binding protein (SSB). BSA does
not bind to RNA but contains many lysines accessible for conjugation. SSB is DNA
binding protein with 10-fold lower affinity for ssRNAZ'72% and is useful
as a “proof of concept”. No binding of BSA to RNA_C1gFS? was observed neither
on native PAGE (Figure 22-a), nor after denaturation (Figure 22-b). On the other
hand, there was appearance of a bands with lower mobility for SSB, with higher
intensity of the band where modified RNA was incubated with the protein
compared to natural RNA (Figure 22-a). The denaturing PAGE revealed formation
of covalent cross-link (RNA_C1g*SQ55B; conversion 9%; Figure 22-b, Table 11).

Moreover, the identity of the product was confirmed by mass spectrometry
(Table 10; Figure A7).

Table 10. MS data of RNA-SSB protein conjugate (for MS spectrum see Figure A7).

RNA M (calc.) [Da] M (found) [Da]

RNA_C1gFSQ5sB 30920.52 30943.57 [M + Na]*
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Figure 22. Phosphor image of SDS analysis of control experiment with natural or modified RNA
and various RNA nonbinding recombinant proteins (20 equiv. of BSA or SSB to RNA): 10% protein
gel. Conditions: binding buffer D, 37°C, 1h for EMSA (a) and 24h for SDS (b).

Viral RNA dependent RNA polymerases form a replication complex along
with genomic RNA.?” For conjugation reactions, genome derived RNA templates
with the sequence of Japanese encephalitis virus (JEV) were designed and prepared

by in vitro transcription (chapter 3.2.2.1).

Kinetic study of the cross-linking reaction of RNA_C1g"SQ (Figure 23-a)
and RNA_C3ftSQ (Figure 23-b) with JEV NS5 protein shows increasing
conversion with the time. After 3 days, conversions reached 30% for modified RNA
bearing one modification and 38% for RNA with three ESQ groups.
For further experiments I have used more convenient 48h incubation time which

gave already sufficient conversions (26% and 37% respectively).

Figure 23-c shows, that 4 equivalents of JEV NS5 protein to 1 equivalent

of RNA_C1gF5Q is the most efficient ratio for cross-link formation.
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Figure 23. Effect of reaction time on cross-link formation between JEV NS5 RdRp and
a) RNA_C1g"8?b) RNA_C3f5; phosphor image of 10% SDS gel. Conditions: 4 equiv. of protein
to RNA, binding buffer E, 34 °C. c¢) Effect of the RNA/protein ratio on cross-link formation between
RNA_C1g®? and JEV NS5 RdRp; phosphor image of 10% SDS gel. Conditions: JEV NS5 RdRp
(0, 1, 4, 8, 10 uM), RNA_C1g®SQ (1 uM), binding buffer E, 34 °C/48 h. All conversions were

determined from the gel using ImageJ Quantificator.

The ability of Japanese encephalitis virus and Yellow fewer NS5 proteins
to bind to the RNA target was monitored by 7% native PAGE (Figure 24-a)
confirming that the squaramate modification does not prevent protein binding.
The denaturing PAGE reveals formation of covalent cross-links represented
by the bands with slower mobility (Figure 24-b). The conversion of JEV NS5
conjugate with the RNA_ C1gFSQ was comparable with that of YFV NSP5
(43% and 40% respectively; Table 11). The same trend was observed
for the RNA_C3fE5Q with three modifications in the sequence (JEV NSP5 41%,
YFV NSP5 42%; Table 12).
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Figure 24. Phosphor image of protein gel from cross-linking reaction between JEV and YFV NS5
RdRp and RNA with 3 or 1 modification. Conditions: 4 equiv. of protein to RNA (0.5 pM), binding
buffer E, 34 °C, 1h for EMSA (a) and 48h for SDS (b).

RNA dependent RNA polymerase of SARS-CoV-2 (SC-RdRp) virus is a
tetrameric complex of SARS-CoV-2 non-structural proteins nsp7 (one protein;
~ 10 kDa), nsp8 (two proteins; ~ 20 kDa each) and catalytic subunit nspl2
(one protein; ~ 108 kDa).2!0-2!1

A gel mobility shift assay was performed to detect binding of modified RNA
by the RdRp complex. Native PAGE showed only weak binding of the RdRp
complex to both native and modified RNA (Figure 25-a). After denaturation, only
traces of covalent cross-link were detected (Figure 25-b). More modifications
in the RNA strand did not lead to better binding to the protein. The small shift
of the product band suggests that the squaramate modified RNA cross-linked
to the one of the smaller proteins of RdRp complex, most probably nsp8 (shift
of the conjugate ~ 32 kDa compared to ~ 59 kDa RNA_CFESQSCNP. Figure 25-b;
Table 11-12).
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Figure 25. Phosphor image of gel analysis of cross-linking experiment with natural or modified
RNA and SARS CoV2 RdRp and SARS CoV2 nucleoprotein (8 equiv. of protein to 1 pM RNA):
10% gel. Conditions: binding buffer D, 30 °C, 1h for EMSA (a) and overnight for SDS (b).

Nucleoproteins are proteins structurally associated with nucleic acids. Viral
nucleoprotein (NP) binds to the genomic RNA and forms virion core containing
a ribonucleoprotein complex essential for replication and transcription.
SARS-CoV-2 NP (SC NP; 47 kDa) is not only involved in viral assembly,
but as well regulates immune response and represses host antiviral response,

which makes nucleoproteins interesting target for potential antivirals.?!?

Electrophoretic mobility shift assay (EMSA) of modified RNA
and SARS-CoV-2 NP complex showed the formation of the complex of both native
and modified RNA and SC_NP. The shift of the RNA - SC_NP complex is slower
than expected (~ 200 kDa to expected 59 kDa of monomeric complex) which
indicates formation of homooligomers of SARS-CoV-2 NP (Figure 25-a).!?
However, only traces of covalent cross-link were detected after denaturation
(RNA_CFESQSCNP: Figure 25-b; Table 11-12). More modifications in the RNA

strand did not improve covalent binding to the protein.
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HIV reverse transcriptase is an asymmetric heterodimeric protein
that consists of two subunits, p66 (66 kDa) and p51 (51 kDa). It has two functions,
a DNA polymerase activity that copies either DNA or an RNA template,
and RNase H activity that cleaves RNA if it is a part of an DNA/RNA duplex with
the final aim to convert RNA into linear dsSDNA.>!4

The squaramate modified RNA_C1g®SQ was incubated with HIV-rt. Native
PAGE revealed formation of protein- RNA _C1gF5Q complex and after
denaturation the bands with slower mobility showed covalent bond formation
between HIV-rt and squaramate modified RNA_C1gFSQ (15% conversion;
Table 11).

a) b)
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Figure 26. Phosphor image of gel analysis of cross-linking experiment with natural or modified
RNA and HIV-rt (2 equiv. of protein to 0.5 uM RNA): 10% gel. Conditions: transcription buffer B
37 °C, incubation 1h for EMSA (a) and overnight for SDS (b).

To sum up, RNA_CESQ did not cross-link with T7 RNA polymerase, which
confirms that CESQTP does not interfere with the polymerase activity during
transcription reaction and as well did not react in control experiment with BSA. On
the other hand, squaramate modified RNA cross-linked with SSB and all other
targeted proteins at different levels (JEV, YFV, SARS-CoV-2 RdRp,
SARS-CoV-2 NP and HIV-rt; for conversions see Table 11 and 12).
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Table 11. RNA-protein cross-link conversions between RNA_C18¥5Q and recombinant proteins.

Protein Molecular weight RNA No of Lys Conversion %
[kDa] binding
BSA 69.3 no 60 0%
T7 RNAP 99 no 66 0%
SSB 18.9 weakly 6 9%
HIV rt 117 yes 108 15%
JEV NS5 103.3 yes 58 43%
YFV NS5 103.3 yes 60 40%
SC RdRp 62.2 yes 72 traces
SC NP 45.6 yes 31 traces

Note: Conversions were determined from the gel using ImageJ Quantificator.

Table 12. RNA-protein cross-link conversions between RN A_C3fESQ and recombinant proteins.

Protein Molecular weight RNA No of Lys Conversion %
[kDa] binding
T7 RNAP 99 no 66 0%
JEV NS5 103.3 yes 58 41%
YFV NS5 103.3 yes 60 42%
SC RdRp 62.2 yes 72 traces
SC NP 45.6 yes 31 traces

Note: Conversions were determined from the gel using ImageJ Quantificator.
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3.2.5 In vitro RdRp assay with squaramate-modified ribonucleoside

triphosphate (CE52TP)

Viral RNA dependent RNA polymerases are essential for viral replication
and therefore are interesting targets for antiviral drug development.?® Flaviviridae
RdRp duplicates the ssRNA genome from 3'-end and copies the whole RNA
molecule in a primer-independent way (Figure 27-a).2'> Full-length NS5 protein
has methyltransferase (MTase; involved in RNA cap formation) activity
in the N-terminal and RNA dependent RNA polymerase domain at C-terminal of

the protein.?!®

Following the cross-linking studies in the previous chapter (chapter 3.2.4)
that have showed that the Flaviviridae RdRps readily cross-linked with squaramate
modified RNA, I decided to investigate how modified triphosphate (CESQTP) will
affect the polymerase activity of the JEV recombinant RdRp (JEV NS5) protein

in vitro.

In this study, [ used non-modified templates that represent the 3'-end of JEV
genome of the ¢5'-UTR, that fold into a hairpin with 5'-end FAM labelled overhang

as a template for primer extension (Table 13).2!”
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Table 13. Sequences of RNA templates and RNA products used in in vitro RARp polymerase assay.”

Sequence (5' — 3") Length

RNA _tHP®  5'-[6FAM]JAUACUAAGCCAAGAAGUUCACACAGAUAAA 35
CUUCU-3'

RNA_HP®  5-[6FAM]AUACUAAGCCAAGAAGUUCACACAGAUAAA 46
CUUCUUGGCUUAGUAU-3'

RNA_tSCC!'  5-[6FAM]AACAAAACAUGCGCGUAGUUUUCUACGC 29
G-3'
RNA_SC®  5'-[6FAM]AACAAAACAUGCGCGUAGUUUUCUACGC 40

GCAUGUUUUGUU-3'

RNA tSC*  5'-[6FAM]AACAAAAGAUCCGCGUAGUUUUCUACGC 29
G-3'
RNA_SC®  5'-[6FAM]AACAAAAGAUCCGCGUAGUUUUCUACGC 40

GGAUCUUUUGUU-3'

¢ Hairpin part is marked bold, base that is directing position of modified base is marked bold in blue,

whereas the modified base in the product is marked bold in red.

I used gel based RdRp polymerase assay conditions similar to those
published for various flaviviruses.?!® Figure 27 shows that the enzyme was able
to synthesize RNA by de novo initiation with RNA template derived from JEV
genome. After 1 hour reaction, the full-length product of natural RNA
(Figure 27-b, lane 3) and only traces of modified RNA (Figure 27-b, lane 4) were
observed. After treatment of the reaction mixture with Proteinase K (pK) to release
all RNA from JEV NS5 protein, both natural and modified full-length RNAs were
observed with additional band of slower mobility in the RNA_CESQ lane
(Figure 27-b, lanes 5 and 6). The intensity of new band increased after prolonged
reaction time (Figure 27-c¢, lane 10). I assumed that this band might be
the squaramate modified RNA cross-linked to the short peptide resulting
from JEV NS5 protein digestion. The presence of both full-length JEV NS5 RdRp
and modified RNA adduct was independently proved by comparison of 10% SDS
protein gel visualised by FAM and western blotted, followed by immunodetection

of JEV NS5 (Figure 27-d). Aliquots from reaction mixtures were loaded to
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denaturing SDS gel and stained with PageBlue™ protein stain to confirm full

protein digestion (Figure 27-e).
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Figure 27. a) Scheme of RdRp polymerase assay. Hairpin RNA substrate with “template” and
“product” regions / template-product scaffold. Gel based JEV RdRp polymerase assay using
template RNA_tHP®*. b) Reaction time 1 hour c) reaction time overnight. Lane 1: template; lanes
2, 11: negative control without CTP; lanes 3,7: positive control (natural NTPs); lanes 4,8: modified
(C®SQ GTP, ATP, UTP); lanes 5,9: positive control followed by Proteinase K treatment (pK); lanes
6,10: modified, followed by Proteinase K (pK ) treatment. d) Western blot. Lane C: positive control
(natural NTPs); lane C*: modified (C*SQ, GTP, ATP, UTP). ¢) PageBlue™ protein staining of the
SDS gel analysis of JEV RdRp assay (hp = template, JEV = protein, pK = Proteinase K, L = ladder).
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These results suggest that the JEV RdRp incorporates CESQTP and further
cross-links with produced modified RNA during polymerase reaction.
To characterize cross-linked product fully and to determine the RNA-protein
binding sites the reaction mixture after polymerase assay was submitted

to proteomic analysis, which will be discussed in the following chapter.

The squaramate modified RNA gave only traces of cross-linking adduct
with RNA dependent RNA polymerase of SARS-CoV-2 virus (Figure 25-b)
therefore I was wondering how modified CESQTP will influence RdRp activity
on RNA template-product scaffold (Scheme 23). I used two RNA templates
to incorporate CFSQTP at the positions + 1 or + 4 respectively (for template
sequences see Table 13). CFSQTP was readily incorporated into RNA
and the reactions gave full-length products for both positive control and modified
RNA (Figure 28-a, lanes 8,9 and 28-b, lanes 5,6) without any decreased intensity
of the product bands. In the case of template where C is in the position + 4 (template:
RNA_tSC®; Table 13; Figure 28-b, lane 4) some level of misincorporation was
detected in negative control but once natural or modified C was present, polymerase
proceeded correctly. The full-length products of the polymerase reaction were

confirmed by MALDI (Table 14; Figure A8 and A9).

These results show that modification does not interfere with the enzyme
during polymerase assay, which is consistent with the cross-linking experiment
with the SC RdRp during incubation with squaramate, modified RNA (chapter
3.2.4; Figure 25-b).
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Figure 28. RNA extension in SARS-CoV-2 RdRp polymerase assay a) Template RNA tSC! (lane
1). Lanes 2-7: control reactions in the presence of indicated NTPs; lane 8: positive control (natural
NTPs); lane 9: modified (CESQ, GTP, ATP, UTP). b) Template RNA_tSC®* (lane 1). Lanes 2-4:
control reactions in the presence of indicated NTPs; lane 5: positive control (natural NTPs); lane 6:

modified (CESQ, GTP, ATP, UTP).

Table 14. MALDI-TOF data of RNA produced during SARS-CoV-2 RdRp polymerase reaction.

Transcript M (calc.) [Da] M (found) [Da]
RNA_(CEsQ.scl 13451.1 13423.3 [M — CH.CH; - H]
RNA_(CESQ.S5¢4 13451.1 13421.7 [M — CH>CH3]
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3.2.6 Proteomic analysis of ESQ modified RNA-JEV conjugate

Finally, I attempted to identify lysine residues participating in JEV NS5
RARp-RNA_CFSQ cross-linking during polymerase assay. I used in solution
digestion technique. First, the protein was digested to peptides by the tryptic
digestion followed by the digestion of RNA to nucleosides by RNase A/T1 mix.
Tryptic peptides were analysed by nanoLC-ESI'-MS/MS to determine the AA
residues cross-linked to C¥SQ. The analysis of two independent samples revealed
three lysine residues K269 (sample 1; Figure 29; Table 15), K462 and/or K463
(sample 2; Figure 30; Table 15) participating in protein cross-linking to CESQ
in newly synthesized RNA. There were identified ions for both neighbouring lysine
residues in the spectrum of sample 2, and it cannot be determined with certainty
whether it is on K462 and/or K463. For sequence coverage of analysed protein

samples see Figures A10-11.

Examination of the crystal structure (PDB 4K6M) reveals the location of
the K269 in 10-residue linker region (residues 266-275) which connects the MTase
to its C-terminus (RdRp; Figure 31). The sequence of this linker varies highly
among genus flavivirus. The lysines K462 and K463 are in ring finger domain of
RdRp (residues 453-479; Figure 31) that forms the roof of the NTP entry chanel at
the - 5 position from the NTP binding motif F (Phe 467). These AA are highly

conserved in flaviviruses.’"’

Table 15. NanoLC-ESI*-MS/MS data of tryptic peptides sequences bearing the lysine residue
targeted by modification.

Peptides sequence [M +HJ* [M +H]* [M +H]"
NH2-AVGK*GEVHSNQEK-COOH 586.26 1756.79 1756.70
NH2-EK*KPGEFGK-COOH 465.22 1393.64 1393.84
NH2-EKK*PGEFGK-COOH 465.22 1393.64 1393.84
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Figure 29. NanoLC-ESI'-MS/MS spectrum of RNA_CESQJIEV jdentification of K269
(m/z acquired: 586.26 Da).
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Figure 30. NanoLC-ESI*-MS/MS spectrum of RNA_CFESQJIEV jdentification of K462/463
(m/z acquired: 465.22 Da).
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Figure 31. Crystal structure of JEV NS5 RdRp (PDB structure 4K6M) showing position of lysine
residues participating in RNA-protein cross-link formation. a) Detail view b) crystal structure of full

length JEV NSS5. Identified cross-linked lysines are in magenta.
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4. Conclusion

In conclusion, I developed reactive DNA and RNA probes, which reacted

selectively with lysine without use of any external reagents.

In the first part of the thesis, I prepared squaramate modified dNTP
(dC*SQTP) and showed that it was very good substrate for KOD XL DNA
polymerase giving the full-length modified DNA in PEX and PCR reactions. The
ESQ-modification did not interfere with DNA polymerase. The squaramate
modified DNA readily reacted with amino-linked sulfo Cy-5 dye and formed
fluorescently labelled DNA. Model reactions with lysine and lysine containing
peptides required large excess for successful cross-linking. On the contrary, the
squaramate modified DNA cross-linked with histones (lysine containing DNA-
binding proteins) under physiological conditions in almost equimolar ratio. The
fact, that modified DNA did not cross-link with BSA or GSTp53-CD (lysine
containing DNA-nonbinding proteins) nor with DNA polymerase during PEX and
PCR, shows that proximity effect is important for effective cross-linking in the

absence of large excess of the peptide or protein.

In the second part, squaramate modified ribonucleotide CFSQTP was
synthesized and incorporated into the RNA by in vitro transcription. I found that
the spermidine (primary amine) present in the commercial reaction buffer interfered
with the modification during transcription reaction. After optimization of reaction
conditions by exchanging the primary amine for quaternary betaine, non-altered
full-length RNA transcripts were synthesized and used in post-synthetic labelling
with sulfo Cy-5-amine. Next, squaramate modified RNA was incubated with
various lysine containing RNA-binding proteins (i.e., JEV and YFV NS5, SARS-
CoV-2 RdRp, SARS-CoV-2 nucleoprotein and HIV-rt) and RNA-nonbinding BSA
and weakly binding SSB as a control. The cross-linking with flaviviral RdRp
polymerases (JEV and YFV NS5) yielded cross-linking products in ~ 40%. On the
other hand, reactions with SARS-CoV-2 RdRp and SARS-CoV-2 nucleoprotein
gave only traces of cross-linking product. Modified RNA did not crosslink with
BSA or T7 RNAp and gave only 9% of SSB conjugate. Incubation of squaramate
modified RNA with HIV-rt proceeded with ca. 15% conversion. Finally, I
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investigated how modified triphosphate (CESQTP) affects the polymerase activity
of RNA dependent RNA polymerases in vitro. Squaramate modification did not
interfered with SARS-CoV-2 RdRp and gave full length RNA. On the other hand,
experimental results show that newly synthesized RNA with incorporated CESQTP
cross-links with JEV RdRp during polymerase reaction. Proteomic analysis of the
reaction mixtures of JEV RdRp RNA extension identified K269, K462, K463 lysine
residues modified by CFSQ from modified RNA.

The squaramate modification transforms to stable amide under
physiological conditions without any external reagent. This property of squaramate
modification shows good potential in post-synthetic labelling of nucleic acids,
bioconjugation of NA with various biomolecules or in developing irreversible
inhibitors of NA-binding enzymes containing free lysine residues (e.g., viral

polymerases). Further studies on this topic are under way in Hocek's lab.
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5. Experimental part

5.1 General remarks

5.1.1 General remarks for the synthetic part

NMR spectra were recorded on a Bruker Avance-IIIHD 500 (500.0 MHz for 'H,
202.4 MHz for 3'P, 125.7 MHz for 13C, and 376.5 MHz for '°F) and Bruker Avance-
IIIHD 400 (400.0 MHz for 'H) spectrometer. 'H and '*C resonances were assigned
using H, H-COSY, H,C-HSQC and H,C-HMBC experiments. The samples were
measured in D>O, CD30D or DMSO-ds. Chemical shifts (& scale, in ppm) were
referenced as follows: D,O (referenced to dioxane as internal standard: 3.75 ppm
for 'TH NMR and 69.30 ppm *C NMR); CD3OD (referenced to solvent signal: 3.31
ppm for "H NMR and 49.00 ppm for *C NMR); DMSO-d; (referenced to solvent
signal: 2.50 ppm for 'H NMR and 39.70 ppm for 1*C NMR). 3!P chemical shifts
were referenced to H3PO4 as an external standard (0 ppm). Coupling constants (J)
are given in Hz. High resolution mass spectra were measured on LTQ Orbitrap XL
(Thermo Fisher Scientific) using ESI ionization technique. All materials were
purchased from commercial suppliers and used without further purification unless
otherwise stated. POCI3 and PO(OMe); were distilled prior to use. The water used
in synthetic part was of HPLC quality. Purification of nucleoside triphosphates was
performed using HPLC (Waters) on a C18 reversed phase column (Phenomenex,

Luna C18 (2) 100 A).
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5.1.2 General remarks for the biochemical part

All gels were analysed by fluorescence imaging using Typhoon FLA 9500 (GE
Healthcare). PCR gels were visualized using transilluminator equipped with GBox
iChemi-XRQ Bio imaging system (Syngene, Life Technologies). Mass spectra of
oligonucleotides were measured on UltrafleXtreme MALDI-TOF/TOF (Bruker)
mass spectrometer with 1 kHz smartbeam II laser. UV-Vis spectra were measured
at room temperature on NanoDropl000 (ThermoScientific). Fluorescence was
measured on a Fluoromax 4 spectrofluorimeter (HORIBA Scientific). Samples
were concentrated on CentriVap Vacuum Concentrator system (Labconco).
Synthetic DNA oligonucleotides (primers, templates, and biotinylated templates)
were purchased from Generi Biotech (Czech Republic) or Eurofins Genomics
(Germany). Synthetic RNA oligonucleotides were purchased from Sigma Aldrich.
Sulfo-Cyanine5 amine from Lumiprobe. [0->’P]-GTP from M.G.P. spol. s r.o.
Natural nucleoside triphosphates (dATP, dGTP, dTTP, dCTP, ATP, GTP, TTP,
CTP), BSA, T7 RNA polymerase, Ribolock RNase inhibitor and histone human
recombinant proteins (H2A, H2B, H3.1, H4) were purchased from New England
Biolabs. SSB protein frm Sigma Aldrich. DNase I was purchased from
Thermoscientific. Sars-Cov-2 nucleoprotein from ProteoGenix and HIV-rt from
Merck Millipore. KOD XL DNA polymerase and corresponding polymerase
reaction buffer from Merck Millipore, streptavidine magnetic particles from Roche,
QIAquick® Nucleotide Removal Kit from Qiagen, NucAway spin columns from
Ambion and Bio-Spin 6 from Biorad. Japanese encephalitis virus NS5 polyclonal
antibody and goat anti-rabbit IgG (H + L) secondary antibody, HRP were purchased
from Invitrogen. Immobilon-P transfer membrane from Millipore. Western blott
detection reagent SuperSignal West Femto Chemiluminescent Substrate from
Thermo Scientific. PageBlue™ protein staining solution from ThermoFisher
Scientific. Milli-Q water was used for all experiments. For RNA experiments

DEPC water was used.

For the bioconjugation experiments, GSTp53CD was kind donation from Dr. Marie
Brazdova from the group of Doc. Miroslav Fojta at the Institute of Biophysics AS
CR in Brno, JEV and YFV NS5 RdRp and SARS-CoV-2 RdRp was kind donation
from Mgr. Eva Konkol'ova, Ph.D. from the group of E. Boufa at the [IOCB AS in
Prague. Peptides were purchased at [OCB Prague.
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Buffer composition (10%):

Buffer A: 400 mM Tris-HCI (pH 7.9), 60 mM MgCl,, 100 mM DTT, 100 mM
NaCl, 20mM spermidine.

Buffer B: 400 mM Tris-HCI (pH 7.9), 60 mM MgCl,, 100 mM DTT, 100 mM NaCl,
20mM betain.

Buffer C: 400 mM Tris-HCl (pH 7.9), 60 mM MgClz, 100 mM DTT, 100 mM NacCl.
Buffer D: 100 mM Tris (pH. 8), 20 mM MgClz, 100 mM KCI, 12 mM BME.

Buffer E: 50 mM Tris-HCl (pH. 7.4), 100 mM DTT, 5% Triton X-100,
10% glycerol.

PAGE stop solution used after PEX reactions contains: 80% [v/v] formamide, 20

mM EDTA, 0.0250% [w/v] bromophenol blue and 0.0250% [w/v] xylene cyanol.

VPS loading buffer used for protein SDS gels contains: 0.0500 M TRIS (pH 6.8),
17% glycerol, 16 mM mercaptoethanol (BME), 3.5% SDS, bromophenol blue.
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5.2 Enzymatic synthesis of reactive DNA probes for cross-linking

with proteins

5.2.1 Synthesis and characterization of ESQ modified 2'-deoxycytidine and
"-deoxycytidine mono- and triphosphate and 2'-deoxycytidine monophosphate

adduct with Ac-Lys-OH and lysine containing tripeptide (Ac-Ala-Lys-Ala-NH)

2, 2, 2-Trifluoro-N-(prop-2-ynyl)acetamide (14)'°?

0]

' 3‘
1'//2/\H)1J\CF3

2

Propargylamine (1.50 g, 27.2 mmol) and ethyl trifluoroacetate (5.03 g, 35.4 mmol)
were dissolved in methanol (50 mL) and stirred for 24 h in the dark at room
temperature. After removal of the solvent under reduced pressure saturated
NaHCO; solution (56 mL) was added to the residue and the aqueous phase was
extracted with DCM (4 x 70 mL). The combined organic layers were dried over
NayS0Os, filtered and the solvent was removed under reduced pressure. Desired
product was obtained as yellow oil in 95% yield (3.89 g) and used without further

purification.

All spectral data are consistent with the published literature.

5-[3-(Trifluoroacetamido)-prop-1-ynyl]-2'-deoxycytidine'**-'**

5-Iodo-2'-deoxycytidine (15; 1.11 g, 3.16 mmol), N-propargyl trifluoroacetamide
(14, 1.44 g, 9.50 mmol), Cul (0.120 g, 0.630 mmol), Pd(PPhs)s (0.365 g,
0.316 mmol) and Amberlite Ira-67 resin (2,81 g) were placed in a 50 mL round
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bottom flask and dissolved in anhydrous DMF (17 mL) under argon atmosphere.
The reaction mixture was stirred in the dark at r.t. for 24 hours then filtered over
bed of SiO; topped with celite. The solvents were removed under reduced pressure
and the title product was obtained by column chromatography using

DCM/methanol (7:1) as a mobile phase in 94% yield (1.12 g) as an orange oil.

All spectral data are consistent with the published literature.

5-(3-Amino-1-propynyl)-2'-deoxycytidine (16)

4NH2 4 NH,
PN

5

4 O~

3 2

OH

HO

5-[3-(Trifluoroacetamido)-prop-1-ynyl]-2'-deoxycytidine (1.28 g, 3.40 mmol) was
dissolved in 17 mL of HPLC water in the pressure tube. After complete dissolution,
aqueous ammonium hydroxide (92 mL) was added, and the tube was closed
properly. The reaction was stirred 24 hours at r.t. and then concentrated down.
The crude product was redissolved in HPLC H>O (26 mL) and DOWEX 50 x §
resin (7 g) was added. The mixture was stirred for 30 min and filtered over a bed
of DOWEX 50 x 8 resin (7 g) which was then washed with HPLC H>O, and
the product was eluted off the resin with HPLC H2O/conc. NH4OH (4:1, 800 mL).
Final product was obtained as orange-brown oil (0.627 g, 66%) after removal of the

solvents under reduced pressure.

'H NMR (500.0 MHz, CD30D): 2.12 (ddd, 1H, Jeem = 13.4, Jov.1 = 6.7, Jo3 = 6.2,
H-2'b); 2.38 (ddd, 1H, Jeem = 13.4, Joa1 = 6.1, Jouy = 4.0, H-2'a); 3.61 (s, 2H,
CHLN); 3.73 (dd, 1H, Jeem = 12.1, Jspa = 3.6, H-5'b); 3.81 (dd, 1H, Jgem = 12.1,
Jsaa = 3.1, H-5'a); 3.95 (ddd, 1H, Joy = 4.0, Jus = 3.6, 3.1, H-4'); 4.36 (dt, 1H,
Jyo =62, 4.0, Jya = 4.0, H-3'); 6.21 (dd, 1H, Jio = 6.7, 6.1, H-1"); 8.30 (s, 1H,
H-6).
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13C NMR (125.7 MHz, CD30D): 32.06 (CHaN); 42.38 (CH,-2'); 62.49 (CH,-5);
71.78 (CH-3"); 74.48 (cyt-C=C-CHa); 87.90 (CH-1'); 89.05 (CH-4"); 92.70 (C-5);
95.95 (cyt-C=C-CHa); 145.46 (CH-6); 156.77 (C-2); 166.49 (C-4).

HR/MS (EST) for Ci12H1504N4: [M - H] calculated 279.11, found 279.11.

3-[5- (3-Amino-1-propynyl) -2'-deoxycytidine]-4- ethoxycyclobut-3-ene-
1,2-dione (dCFSQ)

3 q o
Z .0
NHZ// H [o}) N;‘g/\u O—\
' A
> wo. o0 = o N
0 o o
) e} OH OH
NH S/} hindered rotation?
2 .
= N tautomerism?
NZ | Z H 0o 1L N 1L
&I‘\ N oH N on
07N . w AT
© F e S e
0 oy . L O
HO. \I o
o
OH oH o

16 (0.200 g, 0.713 mmol) was well suspended in 4 ml of ethanol. Diethyl squarate
(0.211 mL, 1.43 mmol) was added dropwise during 30 min to the stirred solution
and the reaction mixture was stirred another 1 hour at room temperature. Column
chromatography using DCM/methanol (8:2) as a mobile phase gave the desired
product as white powder in 80% yield (0.231g).

'H NMR (500.0 MHz, DMSO-ds, T = 100 °C): 1.40 (t, 3H, Jyic = 7.0, CH3CH,0);
2.00 (dt, 1H, Jgem = 13.4, Jow1' = 7.0, Jo3 = 6.3, H-2'b); 2.21 (ddd, 1H, Jgem = 13.4,
Jrar = 6.1, Joaz = 3.6, H-2"a); 3.57 (dd, 1H, Jeem = 11.8, g = 4.0, H-5'b); 3.63
(dd, TH, Jgem = 11.8, Jyua = 3.7, H-5'a); 3.82 (ddd, 1H, Ju.s = 4.0, 3.7, Jos = 3.6,
H-4'); 4.23 (dt, 1H, Jyo = 6.3, 3.6, Jya = 3.6, H-3"); 4.48 (bs, 2H, CHaN);
467 (q, 2H, Juc = 7.0, CH;CH20); 6.10 (dd, 1H, Ji» = 7.0, 6.1, H-1');
6.96 (bs, 2H, NHa); 8.10 (s, 1H, H-6); 8.74 (bs, 1H, NH).

13C NMR (125.7 MHz, DMSO-ds, T = 100 °C): 15.17 (CH;CH,O); 33.84 (CHaN);
40.66 (CH-2'); 61.00 (CH,-5); 68.75 (CH3CH,O); 70.00 (CH-3'); 76.28
(cyt-C=C-CHp); 85.50 (CH-1'); 87.42 (CH-4"); 98.66 (C-5); 90.13 (cyt-C=C-CHa);
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14422 (CH-6); 153.07 (C-2); 164.02 (C-4); 172.04 (C-4-cyclobut);
177.25 (C-3-cyclobut); 182.42, 188.75 (C-1,2-cyclobut).

HR/MS (EST") for C1sH2107 N4: [M + H]" calculated 405.14, found 405.14.

Synthesis of modified 2'-deoxycytidine triphosphate (dCE5CTP)

3-{[5- (3-Amino-1-propynyl) -2'-deoxycytidine]-5'-O-triphosphate}-4-
ethoxycyclobut-3-ene-1,2-dione (dC*SQTP)

0
3" " ™
NH, NE
N 5'
L
9 9 9 oéI\N
0-P-0-P-0-P-0
| — | — | —
O O O o
OH A mixture of two isomers A:B ~ 3:2

Ethoxy squarate modified nucleoside (dC¥5Q, 0.0500 g, 0.124 mmol) was dried
at 80 °C for 2 hours in vacuo. After cooling on ice, PO(OMe)3 (0.400 mL) and
POCIl; (14 pL) were added under argon atmosphere. The reaction mixture was
stirred for 1 hour at 0 °C. In a separate flask, the mixture of (NHBu3)H>P>O7
(0,370 g) and BusN (90 pL) in dry DMF (1 mL) was prepared under argon
atmosphere cooled to 0 °C and then added by the syringe to the reaction mixture.
The mixture was stirred at 0 °C 45 min. The reaction was stopped by addition of
TEAB (2 M, 0.400 mL) and water (0.600 mL). The product was purified by C18
reversed-phase HPLC using water/methanol (5 to 50%) containing 0.100 M TEAB
buffer as eluent. Several co-distillations with water and conversion to sodium salt
(Dowex 50W x 8 in Na® cycle) followed by freeze-drying from water gave
the product dCESQTP as white powder in 7% yield (0.00600 g).

"H NMR (500.0 MHz, D,0, ref (dioxane) = 3.75 ppm): 1.40 — 1.46 (m, 6H,
CH3CH20-A,B); 2.30 (dt, 2H, Jgem = 13.9, Jov1r = Jan3 = 6.4, H-2'b-A,B); 2.43
(ddd, 2H, Jeem = 13.9, Joa1r = 6.4, Jou3 = 4.5, H-2'a-A,B); 4.17 — 4.27 (m, 6H,
H-4',5'-A,B); 4.55 (bs, 2H, H-3"-A); 4.61 (dt, 1H, J3 > = 6.4, 4.5, J3 4 = 4.5, H-3");
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4.65 (bs, 2H, H-3"-B); 4.69 — 4.80 (m, 4H, CHsCH20-A,B); 6.23 (t, 2H, Ji-> = 6.4,
H-1-A,B): 8.22 (s, 2H, H-6-A,B).

3BC NMR (125.7 MHz, D20, ref(dioxane) = 69.3 ppm): 17.78, 17.80 (CH3;CH,O-
AB); 37.09 (CH-3"-B); 37.36 (CH»-3"-A); 42.17 (CH»-2"-A,B): 67.66 (d,
Jep = 4.7, CH-5-AB): 72.62 (CH-3-A,B): 73.55 (CH:CH:0-A,B): 77.96
(cyt-C=C-CHa-B); 78.03 (cyt-C=C-CH-A); 88.34 (d, Jep = 9.0, CH-4"-A,B);
89.05 (CH-1'-A,B); 93.19 (cyt-C=C-CHz-A); 93.62 (cyt-C=C-CH»-B); 94.55
(C-5-A,B); 148.09 (CH-6-A,B); 158.81 (C-2-A,B); 167.79 (C-4-A,B); 175.75
(C-5"-B): 175.89 (C-5"-A); 180.11 (C-8”-A); 180.76 (C-8"-B): 186.47, 186.56,
191.41, 191.80 (C-6",7"-A,B).

SIp.IH} NMR (202.4 MHz, D;0): -21.62 (br, 2P, Pj); -10.58 (d, 2P, J = 19.4,
Pa); —6.70 (br, 2P, P;).

HR/MS (EST) for Ci8H22016 N4P3: [M - H] calculated 643.02, found 643.02.
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Synthesis of modified 2’-deoxycytidine monophosphate (dCESCMP) and its
conjugates with Ac-Lys-OH and lysine containing tripeptide (Ac-Ala-Lys-Ala-
NH) (dCESCLySMP, dCESS3reriMP)

3-{[5- (3-Amino-1-propynyl) -2'-deoxycytidine]|-5'-O-monophosphate}-4-
ethoxycyclobut-3-ene-1,2-dione (dCESQMP)

(@)
(0]
6" -
5" 8"
o\
Q
0-P-0
o o)
OH A mixture of two isomers A:B ~ 3:2

Ethoxy squarate modified nucleoside (dC¥5Q, 0.0500 g, 0.124 mmol) was dried
at 80 °C for 2 hours in vacuo. After cooling on ice, PO(OMe);3 (0.400 mL) and
POCI; (14 pL) were added under argon atmosphere. The reaction mixture was
stirred 2 hours at 0 °C. The reaction was stopped by addition of TEAB (2 M,
0.400 mL) and water (0.600 mL). The product was purified by C18 reversed phase
HPLC using water/methanol (5 to 100%) containing 0.100 M TEAB buffer as
eluent. Several co-distillations with water and conversion to sodium salt (Dowex
50W x 8 in Na' cycle) followed by freeze-drying from water gave the product
dCFSQeMP as white powder in 37% yield (0.0460 g).

'H NMR (500.0 MHz, DO, ref (dioxane) = 3.75 ppm): 1.43 (t, 3H, Jyic = 7.0,
CH3CH20-B); 1.45 (t, 3H, Jyic = 7.0, CH3CH20-A); 2.29 (dt, 2H, Jgem = 13.9,
Jow, 1 =J 3 = 6.5, H-2'b-A,B); 2.45 (ddd, 2H, Jgem = 13.9, J2a1' = 6.5, J2a3 = 3.9,
H-2'a-A,B); 3.98 — 4.06 (m, 4H, H-5'-A,B); 4.18 (qd, 2H, Ja3 = Jas = 3.9,
Jup = 1.0, H-4'-A,B); 4.52 (dt, 1H, J3»» = 6.5, 3.9, J3 4 = 3.9, H-3'); 4.55 (bs, 2H,
H-3"-A); 4.65 (bs, 2H, H-3"-B); 4.69 — 4.79 (m, 4H, CH3;CH:20-A,B); 6.23 (t, 2H,
Jro=6.5, H-1'-A,B); 8.20 (s, 2H, H-6-A,B).

13C NMR (125.7 MHz, D0, ref(dioxane) = 69.3 ppm): 17.72 (CH3CH,0-B); 17.79
(CH3CH20-B); 37.06 (CH2-3"-B); 37.31 (CH2-3"-A); 42.30 (CH2-2"-A,B); 66.77
(d, Jcp = 4.7, CH2-5'-A,B); 73.38 (CH-3'-A,B); 73.56 (CH3CH20-A,B); 77.95
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(cyt-C=C-CH,-B); 78.05 (cyt-C=C-CH»-A); 88.61 (d, Jop = 8.6, CH-4-A,B);
89.22 (CH-1-A,B); 93.11 (cyt-C=C-CHa-A); 93.55 (cyt-C=C-CHa-B); 94.40
(C-5-A,B); 147.95 (CH-6-A,B); 158.67 (C-2-A,B); 167.66 (C-4-A,B); 175.66
(C-5"-B); 175.80 (C-5"-A); 180.14 (C-8"-A); 180.74 (C-8"-B); 186.41, 186.51,
191.34, 191.67 (C-6",7"-A,B). *'P{'H} NMR (202.4 MHz, D,0): 2.29 (B);
2.33 (A).

HR/MS (EST) for CigH20010 N4P: [M - H] calculated 483.09, found 483.09.

N2-acetyl-N°®-(2-{|[5- (3-Amino-1-propynyl) -2'-deoxycytidine]-5'-O-
monophosphate}-3,4-dioxocyclobut-1-en-1-yl)lysine (dCESQLYsSMP)

0
6" 7
5 3"
HN—
9 ) 12 HN‘<
- 9 13 “<14" O
O0-P-0O COOH
6— O 15"

OH

dCESeMP (0.0200 g, 0.0410 mmol) and Ng-acetyl-L-lysine (0.0150 g,
0.0820 mmol) were dissolved in borate buffer (0.500 M, pH 9, 1.30 mL) and
the mixture was stirred overnight at room temperature. The product was purified by
C18 reversed phase HPLC using water/methanol (5 to 100%) containing 0.100 M
TEAB buffer as eluent. Several co-distillations with water and conversion
to sodium salt (Dowex 50W x 8 in Na' cycle) followed by freeze-drying from water

gave the product dCESCLYSMP in 54% yield (0.0140 g).

'HNMR (500.0 MHz, D,0, ref (dioxane) = 3.75 ppm): 1.33 — 1.44 (m, 2H, H-12");
1.58—1.71 (m, 3H, H-11",13"b); 1.80 (m, 1H, H-13"a); 1.99 (s, 3H, CH3CO); 2.32
(dt, 1H, Jgem = 13.9, Jon1r = Jovy = 6.3, H-2'b); 2.44 (ddd, 1H, Jegem = 13.9,
Jrar = 6.3, Jra3y = 4.7, H-2'a); 3.55 — 3.64 (m, 2H, H-10"); 3.94 — 4.03 (m, 2H,
H-5"); 4.10 (dd, 1H, Jia"13» = 9.1, 4.5, H-14"); 4.15 (qd, 1H, Ja3 = Jy5 = 3.9,
Jup=1.2,H-4"); 4.55 (ddd, 1H, J3» = 6.3, 4.7, J3 4 = 3.9, H-3'); 4.59, 4.63 (2 x d,
2 x 1H, Jgem = 17.7, H-3"); 6.23 (t, 1H, J12 = 6,3, H-1"); 8.38 (s, 1H, H-6).
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13C NMR (125.7 MHz, D,0, ref(dioxane) = 69.3 ppm): 24.55 (CH3CO); 24.87
(CH:2-12"); 32.59 (CH:2-11"); 33.81 (CH2-13"); 37.14 (CH2-3"); 42.32 (CH2-2');
46.82 (CH2-10"); 57.85 (CH-14"); 65.85 (br, CHz-5'); 72.82 (CH-3"); 78.56
(cyt-C=C-CH>); 88.93 (d, Jc,p = 8.6, CH-4"); 88.96 (CH-1"); 93.78 (cyt-C=C-CH>);
94.50 (C-5); 148.62 (CH-6); 158.73 (C-2); 167.40 (C-4); 170.22 (C-5"); 171.39
(C-8"); 176.23 (CH3CO); 182.23 (C-15"); 183.78, 184.54 (C-6",7").

3IP{TH} NMR (202.4 MHz, D,0): 4.44.

HR/MS (ESI") for C24H290012NsNaP: [M — 2H + Na] calculated 647.15, found
647.15.

[(2R,3S,5R)-5-(5-{3-({2-({5-(2-acetamidopropanamido)-6-({1-amino-1-
oxopropan-2-yl}amino)-6-oxohexyl}amino)-3,4-dioxocyclobut-1-en-1-
yl}amino)prop-1-yn-1-yl}-4-amino-2-oxopyrimidin-1(2H)-yl)-3-
hydroxytetrahydrofuran-2-yllmethyl phosphate (dCESQ3PertVP)

— (e] N 13
0-P-0 =x—=0
o 0 HN e
18" CH3
17"
OH H2N
0]

dCESCMP (0.0100 g, 0.0210 mmol) and a tripeptide (0.0130 g, 0.0410 mmol; for
sequence see Table 3) were dissolved in borate buffer (0.500 M, pH 9; 0,650 mL)
and the mixture was stirred overnight at room temperature. The product was
purified by C18 reversed phase HPLC using water/methanol (0 to 100%) containing
0.100 M TEAB buffer as eluent. Several co-distillations with water and conversion
to sodium salt (Dowex 50W x 8 in Na" cycle) followed by freeze-drying from water

gave the product dCFSQ3PePIMP as white powder in 63% yield (0.0100 g).

"H NMR (500.0 MHz, D-0, ref (dioxane) = 3.75 ppm): 1.33 (d, 3H, Jcms 21 = 7.2,
CH3-21"); 1.37 (d, 3H, Jcusa7r = 7.2, CH3-17"); 1.38 — 1.46 (bm, 2H, H-12");
1.61 —1.70 (bm, 2H, H-11"); 1.72 — 1.88 (bm, 2H, H-13"); 1.99 (s, 3H, CH3CO);
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233 (dt, 1H, Jeem = 13.6, Jon = Javy = 6.3, H-2'b); 2.44 (ddd, 1H, Jeem = 13.6,
Jrar=6.3, Jray =5.2, H-2'a); 3.59 — 3.66 (bm, 2H, H-10"); 3.94 — 4.06 (bm, 2H,
H-5"; 4.15 (q, 1H, Juy = Jos = 3.5, H-4"): 421 (q, 1H, Jorrcis = 7.2, H-21");
4.24 (q, 1H, Ji7"cu3 = 7.2, H-17"); 4.25 (dd, 1H, Ji413r = 8.9, 5.6, H-14");
4.54 — 4.60 (m, 2H, H-3".3"b); 4.64 (d, 1H, Jeem = 17.5, H-3"a); 6.24 (t, 1H,
Jia =63, H-1"); 8.47 (bs, 1H, H-6).

3BC NMR (125.7 MHz, D0, ref(dioxane) = 69.3 ppm): 19.22 (CH3-21"); 19.33
(CH3-17"); 24.29 (CH3CO); 24.49 (CHa-12"); 32.34 (CHa-11"); 32.86 (CHa-13");
37.18 (CH2-3"); 42.48 (CH»-2'); 46.68 (CH»-10"); 52.22 (CH-17"); 52.63
(CH-21"); 56.27 (CH-14"); 65.63 (d, Jep = 4.5, CHy-5"); 72.51 (CH-3'); 74.45
(cyt-C=C-CHa); 88.91 (CH-1"); 88.98 (d, Jep = 9.1, CH-4); 93.61 (cyt-C=C-CH);
94.49 (C-5); 148.98 (CH-6); 158.74 (C-2); 167.29 (C-4); 170.16 (C-5"); 171.46
(C-8"); 176.53 (C-15"); 176.88 (CH3CO); 178.33 (C-20"); 180.30 (C-18"); 183.72,
184.39 (C-6",7"). *'P{'H} NMR (202.4 MHz, D;0): 4.39.

HR/MS (ESI) for C30H40013N9NaP: [M + Na] calculated 788.24, found 788.24.
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5.2.2 Synthesis of ESQ modified DNA and its conjugation with peptides

Incorporation of dCES2TP into DNA by PEX

19 mer, 1 modification

The reaction mixture (20 puL) contained primer® (3 uM, 1 uL), template!*-1€ (3 uM,
1.50 pL), KOD XL DNA polymerase (0.250 U/uL, 0.250 pL), natural dGTP
(4 mM, 0.500 pL), either natural or modified dCTP (4 mM, 1 pL) in enzyme
reaction buffer (10x, 2 pL). Primer was labelled on its 5’-end by
6-carboxyfluorescein (6-FAM). The reaction mixture was incubated for 30 min
at 60 °C in a thermal cycler. Finished PEX reaction was stopped by addition
of PAGE stop solution and heated for 5 min at 95 °C prior to loading. Samples were
separated by 12.5% PAGE (acrylamide/bisacrylamide 19:1, 25% urea) under
denaturing conditions (TBE 1%, 42 mA, 1 hour). Visualization was performed by

fluorescence imaging (Figure 11-a).

20 mer, 1 modification

The reaction mixture (20 pL) contained primer® (3 uM, 1 pL), template®*-1€ (3 uM,
1.50 pL), KOD XL DNA polymerase (0.250 U/uL, 0.250 pL), natural dNTPs
(dGTP, dATP, dTTP; 4 mM, 0.500 pL), either natural or modified dCTP
(4 mM, 1 pL) in enzyme reaction buffer (10x, 2 pL). Primer was labelled
on its 5’-end by 6-carboxyfluorescein (6-FAM). The reaction mixture was
incubated for 30 min at 60 °C in a thermal cycler. Finished PEX reaction was
stopped by addition of PAGE stop solution and heated for 5 min at 95 °C prior
to loading. Samples were separated by 12.5% PAGE (acrylamide/bisacrylamide
19:1, 25% urea) under denaturing conditions (TBE 1%, 42 mA, 1 hour).

Visualization was performed by fluorescence imaging (Figure 11-b).
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31 mer, 4 modifications

The reaction mixture (20 puL) contained primer® (3 uM, 1 uL), template®'-#¢ (3 uM,
1.5 pL), KOD XL DNA polymerase (0.250 U/uL, 0.300 pL), natural dNTPs
(dGTP, dATP, dTTP; 4 mM, 0.700 pL), either natural or modified dCTP (4 mM,
0.700 uL) in enzyme reaction buffer (10x, 2 uL). Primer was labelled on its 5"-end
by 6-carboxyfluorescein (6-FAM). The reaction mixture was incubated for 30 min
at 60 °C in a thermal cycler. Finished PEX reaction was stopped by addition of
PAGE stop solution and heated for 5 min at 95 °C prior to loading. Samples were
separated by 12.5% PAGE (acrylamide/bisacrylamide 19:1, 25% urea) under
denaturing conditions (TBE 1%, 42 mA, 1 hour). Visualization was performed

by fluorescence imaging (Figure 11-b).

98 mer, 18 modifications

The reaction mixture (150 pL) contained primREV-LT25-TH (100 uM, 18 pL),
temp" VA (100 uM, 15 pL), KOD XL DNA polymerase (2.50 U/uL, 7.50 uL),
natural ANTPs (dGTP, dATP, dTTP; 4 mM, 18.8 uL), either natural or modified
dCTP (4 mM, 18.8 pL) in enzyme reaction buffer (10%, 15 pL). Primer was labelled
on its 5’-end by 6-carboxyfluorescein (6-FAM). The reaction mixture was
incubated for 5 min at 95 °C, 1.5 min at 50 °C and then 2 h at 60 °C in a thermal
cycler. Finished PEX reaction was stopped by addition of PAGE stop solution and
heated for 5 min at 95 °C prior to loading. Samples were separated by 12.5% PAGE
(acrylamide/bisacrylamide 19:1, 25% urea) under denaturing conditions (TBE 1x,
42 mA, 1 hour). Visualization was performed by fluorescence imaging

(Figure 11-c).
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Preparation of ethoxy squarate-modified oligonucleotide (ON_CFS2-Y,
ON _CE59) by PEX followed by magnetoseparation

19 mer, 1 modification (ON_CFSQ19)

The reaction mixture (50 puL) contained KOD XL DNA polymerase (0.250 U/uL,
0.850 pL), primer® (100 pM, 1.70 uL), 5 -biotinylated template!*-!€ (100 puM,
1.70 uL), dNTPs (either natural or modified; 4 mM, 2.38 pL each) in KOD XL
reaction buffer (10x, 5 uL). The reaction mixture was incubated in a thermal cycler

for 30 min at 60 °C and stopped by cooling to 4 °C.

Streptavidine magnetic particles (Roche; 50 pL) were washed with binding buffer
(3 %200 pL; 10 mM Tris, | mM EDTA, 100 mM NaCl, pH 7.5). The PEX solution
and binding buffer (200 puL) were added. The mixture was incubated for 30 min at
15 °C and 1400 rpm. The magnetic beads were collected on a magnet
(DynaMagTM-2, Invitrogen), and washed with wash buffer (3 x 300 pL; 10 mM
Tris, | mM EDTA, 500 mM NaCl, pH 7.5) and water (4 x 300 uL). Then water
(50 uL) was added and the sample was denatured for 2 min at 900 rpm and 55 °C.
The beads were collected on a magnet and the solution was transferred into a clean
vial. The product was evaporated to dryness, then dissolved in the water and

analysed by MALDI-TOF mass spectrometry (the results are in Table 4).

20 mer, 1 modification (ON_CESQ)

The reaction mixture (100 puL) contained KOD XL DNA polymerase (2.50 U/ pL,
0.480 uL), primer® (100 pM, 4 pL), 5'-biotinylated template**-'€ (100 uM, 4 uL),
dNTPs (either natural or modified; 4 mM, 0.375 puL each) in KOD XL reaction
buffer (10%, 10 uL). The reaction mixture was incubated in a thermal cycler

for 30 min at 60 °C and stopped by cooling to 4 °C.

Streptavidine magnetic particles (Roche; 100 uL) were washed with binding buffer
(3 X200 puL; 10 mM Tris, | mM EDTA, 100 mM NaCl, pH 7.5). The PEX solution
and binding buffer (200 pL) were added. The mixture was incubated for 30 min at
15 °C and 1400 rpm. The magnetic beads were collected on a magnet
(DynaMagTM-2, Invitrogen), and washed with wash buffer (3 x 300 pL; 10 mM
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Tris, 1 mM EDTA, 500 mM NacCl, pH 7.5) and water (4 x 300 puL). Then water
(50 pL) was added and the sample was denatured for 2 min at 900 rpm and 55 °C.
The beads were collected on a magnet and the solution was transferred into a clean
vial. The product was evaporated to dryness, then dissolved in the water and

analysed by MALDI-TOF mass spectrometry (the results are in Table 4).

PCR with squaramate-modified dCTP

Agarose gel electrophoresis

PCR product containing 6x DNA loading dye (60 mM EDTA, 10 mM Tris-HCI
(pH 7.6), 60% glycerol, 0.0300% bromphenol blue, 0.0300% xylene cyanol FF;
Thermo Scientific) was subjected to horizontal electrophoresis (Owl EasyCastB,
Thermo Scientific) and analysed on agarose gel (containing 0.5% TBE buffer,
pH 8). The gel was run at 118 V for ca. 90—-120 min. PCR product was visualized
with GelRed (Biotium, 10 000X in H2O) under UV in the GBox.

98-mer

The PCR mixture (20 pL) contained KOD XL DNA polymerase (2.50 U/uL, 1 pL),
primerfOR 20 (10 uM, 4 pL), primerREV-ET25-TH (10 uM, 4 uL), temp™ 4 (1 uM,
0.500 pL), natural ANTPs (4 mM, 0.150 pL of each), dCESQTP (4 mM, 1 pL) and
KOD XL reaction buffer (10%, 2 pL) supplied by the manufacturer.

PCR cycler was preheated to 80 °C and 30 PCR cycles were run under following
conditions: preheating for 3 min at 94 °C, denaturation for 1 min at 95 °C, annealing
for 1 min at 53 °C, extension for 1 min at 72 °C followed by final extension step
of 2 min at 75 °C. The reaction was stopped by cooling to 4 °C. The PCR product
was analysed on a 2% agarose gel in 0.5% TBE running buffer (Figure 12).
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235-mer

The PCR mixture (20 uL) contained KOD XL DNA polymerase (2.50 U/uL, 1 uL),
primerfOR-235 (10 uM, 4 pL), primerREV-235 (10 uM, 4 uL), temp®R-2%° (1.90 pM,
0.145 uL), natural ANTPs (0.400 mM, 1.50 uL of each), dCFSCTP (0.400 mM,
1.50 uL) and KOD XL reaction buffer (10%, 2 uL) supplied by the manufacturer.

PCR cycler was preheated to 80 °C and 40 PCR cycles were run under following
conditions: preheating for 3 min at 94 °C, denaturation for 1 min at 94 °C, annealing
for 1 min at 55 °C, extension for 1 min at 72 °C followed by final extension step
of 5 min at 75 °C. The reaction was stopped by cooling to 4 °C. The PCR product
was analysed on a 1.30% agarose gel in 0.5% TBE running buffer (Figure 12).

Reaction of DNA_CF52 with sulfo-Cy-5-amine (DNA_CFS2%5)

Fluorescence meassurements

Natural DNA and DNA_CF®SQ were prepared by PEX in semi-preparative scale
as described above. The products were purified on QIAquick Nucleotide Removal
Kit (QIAGEN) eluted with water, evaporated to dryness, and reconstituted in borate
buffer (0.500 M, pH 9). The reaction mixtures for sulfo-Cy-5-amine addition
(10 pL) contained purified PEX product (0.200 nmol of natural or modified DNA)
and sulfo-Cy-5-amine (13.5 mM, 1.48 puL). All samples were incubated on 37 °C
36 h. The products were purified on QIAquick Nucleotide Removal Kit (QIAGEN)
eluted with water and the fluorescence of the products was measured on

spectrofluorimeter (water; Aex = 646 nm, Aem = 662nm, Figure 13).

PAGE analysis

Natural DNA and DNA_CF5Q were prepared by PEX in semi-preparative scale
as described above. Primer was labelled on its 5"-end by 6-carboxyfluorescein
(6-FAM). The products were purified on QIAquick Nucleotide Removal Kit
(QIAGEN) and eluted with water. The reaction mixtures for sulfo-Cy-5-amine
addition (10 pL) contained purified PEX product (0.200 nmol of natural
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or modified DNA) and sulfo-Cy-5-amine (13.5 mM, 1.48 puL) in borate buffer
(0.500 M, pH 9). All samples were incubated on 37 °C 36 h. The products were
purified on QIAquick Nucleotide Removal Kit (QIAGEN) eluted with water
evaporated to dryness and diluted with mixture water/50% glycerol (2:1). Samples
were heated for 5 min at 95 °C and separated by 20% PAGE
(acrylamide/bisacrylamide 19:1, 25% urea) under denaturing conditions (TBE 1x,

42 mA, 1 hour). Visualization was performed by fluorescence imaging (Figure 13).

Reaction of DNA_CES2 with lysine and lysine containing peptides (DNA_CESCLys,
DN. A_ CES Q3pept’ DN. A_ CES Q1 0pept)

PAGE analysis

DNA_CFSQ was prepared by PEX in semi-preparative scale as described above.
Primer was labelled on its 5"-end by 6-carboxyfluorescein (6-FAM). The product
was purified on QIAquick Nucleotide Removal Kit (QIAGEN) eluted with water
and evaporated to dryness. The reaction mixture (20 pL) contained DNA_CFSQ
(4.30 uM) and Ac-Lys-OH, tri- or decapeptide (11 mM) in borate buffer (0.500 M,
pH 9). The reaction was incubated 36 h at 37 °C in a thermal cycler, evaporated to
dryness, reconstituted in water (20 uL) and PAGE stop solution and heated for
5 min at 95 °C. Samples were separated by 20% PAGE (acrylamide/bisacrylamide
19:1, 25% urea) under denaturing conditions (TBE 1%, 42 mA, 1 hour).

Visualization was performed by fluorescence imaging (Figure 14).

MALDI-TOF analysis (ON_CE5¢Lys, ON_CES@pert, QN _CESQ10pert)

DNA_CESQ was prepared by PEX in semi-preparative scale as described above.
Primer was labelled on its 5’-end by biotin. The product was purified on QIAquick
Nucleotide Removal Kit (QIAGEN) eluted with water and evaporated to dryness.
The reaction mixture (20 ul) contained DNA_CFSQ (0.200 nmol) and Ac-Lys-OH,
tri- or decapeptide (22 mM) in borate buffer (0.500 M, pH 9). The reaction was

incubated 36 h at 37 °C in a thermal cycler followed by magnetoseparation and
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analysed by MALDI-TOF mass spectrometry (the results are in Table 4; for

spectrum see Figure A1-3).

Cross-linking of DNA_CF5? and individual recombinant proteins (BSA, H2A,
H2B, H3.1 and H4)

FAM labeled natural DNA and DNA _CFESQ were prepared by PEX in
semi-preparative scale as described above and purified on QIAquick Nucleotide
Removal Kit (QIAGEN). 25 pmol of natural or modified DNA was incubated with
50 pmol of individual proteins (Table 5) in 10 puL of phosphate buffer (4.50 mM,
ph 7.4) at 37 °C for 36 h. The reaction was diluted with 2x VPS loading buffer,
denatured 2 min at 100 °C prior to loading and analysed by 17.5% SDS denaturing
PAGE (acrylamide/methylenebisacrylamide 29:1; 1.92 M glycine, 0.250 M Tris,
0.100% SDS) at room temperature (230 V, 70 min). Visualization was performed

by fluorescence imaging (Figure 17-a).

Alternatively, nonlabeled DNA_CFSQ (483 pmol) was incubated with individual
histone proteins (161 pmol) in 35 puL of phosphate buffer (4.50 mM, ph 7.4) at
37 °C for 36 h. The reaction was diluted with 2x VPS loading buffer, denatured
2 min at 100 °C prior to loading and analysed by 17.5% SDS denaturing PAGE
(acrylamide/methylenebisacrylamide 29:1; 1.92 M glycine, 0.250 M Tris,
0.100% SDS) at room temperature (230 V, 70 min) and stained with PageBlue™

protein staining solution (Thermofisher; Figure 17-b).

Cross-linking of 98-mer PEX product and H3.1 recombinant protein

FAM labeled natural and modified 98-mer PEX products were prepared as
described above purified on QIAquick Nucleotide Removal Kit (QIAGEN) and
eluted with water. 25 pmol of natural or modified DNA was incubated with
2 or 10 equiv of H3.1 protein in 10 pL of phosphate buffer (4.50 mM, ph 7.4)
at 37 °C 36 h. The reaction mixtures were diluted with 2x VPS loading buffer,
denatured 2 min at 100 °C prior to loading and analysed by 12% SDS-PAGE
(acrylamide/methylenebisacrylamide 29:1; 1.92 M glycine, 0.250 M Tris,
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0.100% SDS) at room temperature (42 mA, 80 min). Visualization was performed

by fluorescence imaging (Figure 17-c).

Cross-linking of DNA_CF52-1°) DNA_4CF52 and GSTp53CD

Modified DNA_CESQ-" and DNA 4CFSQ were prepared by PEX as described
above. The products were purified on QIAquick Nucleotide Removal Kit
(QIAGEN) and eluted with water. The reaction mixtures for GSTp53CD protein
binding (20 pL) were prepared from purified PEX (6 ng/uL, 10 uL), KC1 (500 mM,
2 uL), DTT (2 mM, 2 pL), VP buffer (50 mM Tris, 0.100% Triton-X100, pH 7.6;
2 puL) and GSTp53CD stock solution (400 ng/uL in 25 mM HEPES pH 7.6,
200 mM KCIl, 10% glycerol, 1 mM DTT, 1 mM benzamidine; 2 pL). Control
samples were prepared using corresponding natural DNA. All samples were
incubated for 36 h at 37 °C. 2x VPS loading buffer was added, and the mixture was
denatured 2 min at 100 °C prior to loading and analysed by 10% SDS-PAGE
(0.250 M Tris, 0.192 M glycine, 0.100% SDS) at room temperature (100 V/40 min
then 150 V/60 min). Visualization was performed by fluorescence imaging

(Figure 17-d).

Characterization of crosslinks between DNA_CPS? and individual recombinant

proteins (H2A, H2B, H3.1 and H4) by mass spectrometry

DNA_CFESQ containing one modification (Table 1) was cross-linked to histones
(H2A, H2B, H3.1, H4) as described above. 10 uL of reaction mixture was injected
onto bioZen Intact C4 column (Phenomenex) and separated by gradient
of acetonitrile in water (both mobile phases modified by 0.100% Formic acid).
The separation was carried out by LC system (I-class, Waters) coupled to Mass
Spectrometer (Synapt G2, Waters) to acquire m/z by positive electrospray
ionization. Raw mass spectra of chromatographic peak containing conjugate was
1220

combined, subtracted and deconvoluted by MaxEnt

Figure A4-6).

algorithm (for spectrum see
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5.3 Enzymatic synthesis of reactive RNA probes for cross-linking

with proteins

5.3.1 Synthesis and characterization of ESQ modified cytidine and cytidine
triphosphate

5-[3-(Trifluoroacetamido)-prop-1-ynyl]-cytidine (18)'°>-?!

)

N" “CFs

5-lIodo-cytidine (17; 0.443 g, 1.20 mmol), N-propargyl trifluoroacetamide
(14; 0.544 g, 3.60 mmol), Cul (0.0450 g, 0.240 mmol), Pd(PPh3)s (0.139 g,
0.120 mmol) and Amberlite Ira-67 resin (1.07 g) were placed in a 50 mL round
bottom flask and dissolved in anhydrous DMF (6 mL) under argon atmosphere. The
reaction mixture was stirred in the dark at r.t. for 24 hours then filtered over bed of
SiO, topped with celite and eluted with mixture of DCM/methanol 7:1.
The solvents were removed under reduced pressure and the title product was
obtained by column chromatography using DCM/methanol (8:2) as a mobile phase
in 71% yield (0.336 g) as an orange oil.

'H NMR (400.1 MHz, CD:0OD): 3.76 (dd, 1H, Jeem = 12.4, Jspa = 2.9, H-5'b);
3.91 (dd, 1H, Jyem = 12.4, Jsaa = 2.6, H-5'a); 4.03 (ddd, 1H, Jy3 = 5.6, Jos = 2.9,
2.6, H-4"); 4.09 — 4.18 (m, 2H, H-2,3"); 4.31 (s, 2H, CH:N); 5.84 (d, 1H, Ji» = 2.9,
H-1'); 8.41 (s, 1H, H-6).

13C NMR (125,7 MHz, CD3;0D): 30.96 (CH2N); 61.51 (CH»-5'); 70.36 (CH-3");
75.39 (C=CCHa); 76.37 (CH-2"); 85.83 (CH-4"); 90.92 (C=CCHa); 92.04 (C-5);
92.22 (CH-1); 117.26 (q, Jor = 286.5, CF3CO); 146.43 (CH-6); 156.86 (C-2);
158.73 (q, Jer = 37.5, CF3CO); 166.30 (C-4).

F NMR (376.5 MHz, CD;0D): -77.27.
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HR/MS (EST") for C14Hi606N4F3: [M + H]" caled 393.09, found 393.10.

5-(3-Amino-prop-1-ynyl)- cytidine (19)

18 (0.336 g, 0.855 mmol) was dissolved in the mixture of 6 mL of HPLC water and
24 mL of aqueous ammonium hydroxide in the pressure tube and the tube was
closed properly. The reaction was stirred overnight at r.t. and then concentrated
down. The crude product was redissolved in HPLC H>O (10 mL) and DOWEX
50 x 8 resin (2.50 g) was added. The mixture was stirred for 50 min and filtered
over a bed of Dowex 50 x 8 resin (2.50 g) which was then washed with HPLC H»O,
and the product was eluted off the resin with HPLC H>O/conc. NH4OH (4:1,
400 mL). Final product was obtained as orange-brown oil (0.219 g, 87%) after

removal of the solvents under reduced pressure.

'H NMR (400,1 MHz, CD:0OD): 3.62 (s, 2H, CH,N); 3.76 (dd, 1H, Jeem = 12.4,
Jsna = 2.8, H-5'b); 3.91 (dd, 1H, Jeem = 12.4, Jsua = 2.5, H-5'a); 4.03 (ddd, 1H,
Juz = 5.6, Jys = 2.8, 2.5, H-4"); 408 — 4.17 (m, 2H, H-2",3"); 5.84 (d, 1H,
Jig =2.9, H-1'); 8.37 (s, 1H, H-6).

HR/MS (EST") for C12Hi605NsNa: [M + Na]" caled 319.10, found 319.10.
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4-[5- (3-Amino-prop-1-ynyl) -cytidine]-3- ethoxycyclobut-3-ene-1,2-dione
(CE5)

0]
\_ O
NH Lk
2
Pz N
NF | ZZ o)
O)\N
HO ) )
0 A mixture of two isomers 1:1
OH OH

19 (0.120 g, 0.405 mmol) was well suspended in 2 ml of ethanol. Diethyl squarate
(0.120 mL, 0.810 mmol) was added dropwise during 30 min to the stirred solution
and the reaction mixture was stirred another 1 hour at room temperature. Column
chromatography using DCM/methanol (8:2) as a mobile phase gave the desired
product as white powder in 22% yield (0.0370g).

"H NMR (500.0 MHz, DMSO-ds): 1.37 (t, 6H, Jyic = 7.1, CH3CH,0); 3.55, 3.68
(2 x ddd, 2 x 2H, Jgem = 12.1, J5,0u = 4.9, J5.4 = 2.9, H-5"); 3.83 (dt, 2H, Ja 3 = 5.2,
Jus =29, H-4"); 3.91 —3.96 (m, 4H, H-2',3"); 4.37, 4.56 (2 x bs, 2 x 2H, CH2N);
4.66 (q, 4H, Jyic = 7.1, CH3CH20); 4.49 (m, 2H, OH-3"); 5.15 (t, 2H, Jous = 4.9,
OH-5"); 5.36 (m, 2H, OH-2"); 5.75 (d, 2H, Ji» = 3.5, H-1"); 6.82, 6.84 (2 x bs,
2 x 1H, NHaHb); 7.84 (s, 2H, NHaHs); 8.26 (s, 2H, H-6); 8.95, 9.11 (2 x bs,
2 x 1H, NH). 3C NMR (125.7 MHz, DMSO-ds): 15.17 (CH3CH,0); 34.06,
34.51 (CH2N); 60.29 (CH»-5"); 69.19 (CH-3"); 69.28 (CH3CH,0); 74.48 (CH-2");
76.42, 76.55 (cyt-C=C-CH); 84.45 (CH-4"); 89.12 (C-5); 89.95 (CH-1');
90.22, 90.82 (cyt-C=C-CH,); 145.08 (CH-6); 153.83 (C-2); 164.43 (C-4); 171.80,
172.47 (C-4-cyclobut); 177.33, 177.76 (C-3-cyclobut); 182.47, 182.79, 188.92,
189.48 (C-1,2-cyclobut).

HR/MS (EST") for C1sH2108 N4: [M + H]" caled 421.13, found 421.13.
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4-{[5- (3-Amino-propynyl) -cytidine|-5'-O-triphosphate}-3- ethoxycyclobut-3-
ene-1,2-dione (CFSQTP)

(0]
1 (0]
2
NH, =
I Z B o
2 A
9 9 9% 07N
0-P-0-P-0-P-0
| — | — | —
O O O o . .
A mixture of two isomers 1:1
OH OH

Ethoxy squarate modified nucleoside (C*5?, 0.0310 g, 0.0740 mmol) was dried at
80 °C for 2 hours in vacuo. After cooling, PO(OMe)s (0.240 mL) and POCI;
(8.40 puL) were added on ice under argon atmosphere. The reaction mixture was
stirred for 90 min at 0 °C. In a separate flask, the mixture of (NHBu3)H2P>O7
(0,220 g) and BusN (54 pL) in dry acetonitrile (0.600 mL) was prepared under
argon atmosphere, cooled to 0 °C and then added by the syringe to the reaction
mixture. The mixture was stirred for 1 hour at 0 °C. The reaction was stopped by
addition of TEAB (2 M, 0.400 mL) and water (1.19 mL). The product was purified
by CI18 reversed phase HPLC using water/methanol (5 to 50%) containing
0.100 M TEAB buffer as eluent. Several co-distillations with water and conversion
to sodium salt (Dowex 50W x 8 in Na' cycle) followed by freeze-drying from water

gave the product CESQTP as white powder in 38% yield (0.202 g).

'H NMR (500.0 MHz, D,0, ref(rBuOH) = 1.24 ppm): 1.45 (bt, 6H, Jyic = 7.0,
CH3CH20-A,B); 4.25 — 4.33 (m, 8H, H-2",4",6"); 4.40 (t, 2H, J3» = J34 = 5.4,
H-3");4.57,4.67 (2 x bs, 2 x 2H, CH;N); 4.70 —4.85 (m, 4H, CH3CH20, overlapped
with water signal); 5.94 (td, 2H, Ji»' = 3.8, H-1"); 8.25 (s, 2H, H-6).
3C NMR (125.7 MHz, D>0, ref(fBuOH) = 32.43 ppm): 17.87 (CH3;CH,0); 37.20,
37.46 (CH2N); 67.26 (d, Jcp = 4.4, CHz-5"); 71.51 (CH-3"); 73.64 (CH3CH-0);
77.26 (CH-2'); 78.04 (cyt-C=C-CH>); 85.51 (d, Jcp = 9.0, CH-4"); 92.54 (CH-1");
93.37, 93.79 (cyt-C=C-CHz); 94.79 (C-5); 148.09 (CH-6); 159.03 (C-2);
167.86 (C-4); 175.84, 176.01 (C-4-cyclobut); 180.21, 180.88 (C-3-cyclobut);
186.61, 186.67, 191.50, 191.88 (C-1,2-cyclobut).
3IP{'H} NMR (202.4 MHz, D;0): -21.94, -21.89 (2 x bt, J = 19.7, 2P, Pp);
-10.64 (d, 2P, J=19.7, Py); -8.10 (br, 2P, P).
HR/MS (EST) for C1sH22017 N4P3: [M - H] calcd 659.02, found 659.02.

108



5.3.2 Synthesis of ESQ modified RNA and its conjugation with proteins

In vitro transcription with CESQTP

A solution of template DNA oligonucleotides (100 uM each) in 1:1 ratio
in annealing buffer (Tris (10 mM, NaCl (50 mM), EDTA (1 mM), pH 7.8) was
heated to 95 °C for 5 minutes and slowly cooled to 25 °C in 45 minutes.

The resulting DNA (50 uM) was used as a template for transcription reactions.

In vitro transcription reactions were performed in the total volume of 20 pL
containing: dsDNA template (2 uM), ATP (1 mM), UTP (1 mM), GTP (0.800 mM),
CTP (1 mM) for positive control, CESRTP (1.60 mM) for modified RNA,
[a-*?P]-GTP (111 TBg/mmol, 370 MBg/mL, 0.200 pL), T7 RNA polymerase
(2.50 U/uL, Thermoscientific), MgCl, (4.80 mM), dithiothreitol (DTT; 12 mM),
Triton X-100 (0.120%), dimethyl sulfoxide (DMSO; 5%) and 1x transcription
buffer B ( 40 mM Tris-HCI (pH 7.9), 6 mM MgCl, 10 mM DTT, 10 mM NaCl,
2mM betain). Water was used instead of the solution of CESQTP in the negative
control experiment. The mixture was incubated at 37 °C for 2 h. The aliquots (3
pL) were mixed with 2x PAGE stop solution, denatured (75 °C, 10 min) and
analysed by 12.5% PAGE (7M urea, AA/bisAA 19:1, 40 mA/lh, 1x TBE).
Visualization was performed by phosphoimaging (Figure 19).

DNAse I treatment

The DNA template was digested by DNAse I to attain pure RNA. Transcription
mixture (25 pL), 4 pL of DNAse I buffer (supplied with the enzyme), 4 uL
of DNAse I (4 U; NEB), and 7 uLL DEPC water were incubated 60 min at 37 °C.
The enzyme was heat deactivated at 75 °C for 10 min followed with cooling on ice.

All samples were purified on NucAway Spin Columns (50 pL) for further use.
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MALDI-TOF analysis of ethoxy squarate-modified RNAs

A solution of template DNA oligonucleotides (100 uM each) in 1:1 ratio
in annealing buffer (Tris (10 mM, NaCl (50 mM), EDTA (1 mM), pH 7.8) was
heated to 95 °C for 5 minutes and slowly cooled to 25 °C in 45 minutes.

The resulting DNA (50 uM) was used as a template for transcription reactions.

In vitro transcription reactions were performed in the total volume of 20 pL
containing: dsDNA template (2 uM), ATP (1 mM), UTP (1 mM), GTP (1 mM),
CTP (1 mM) for positive control, CESQTP (1.60 mM) for modified RNA, T7 RNA
polymerase (2.50 U/uL, Thermoscientific), MgCl, (4.80 mM), dithiothreitol (DTT;
12 mM), Triton X-100 (0.120%), dimethyl sulfoxide (DMSO; 5%) and
1% transcription buffer B ( 40 mM Tris-HCI (pH 7.9), 6 mM MgClz, 10 mM DTT,
10 mM NaCl, 2mM betain). The mixture was incubated at 37 °C for 2 h.

DNAse I treatment

The DNA template was digested by DNAse I to attain pure RNA. Transcription
mixture (25 pL), 4 pL of DNAse I buffer (supplied with the enzyme), 4 uL
of DNAse I (4 U; NEB), and 7 uL DEPC water were incubated 60 min at 37 °C.
The enzyme was heat deactivated at 75 °C for 10 min followed with cooling on ice.
All samples were purified on NucAway Spin Columns. The product was
freeze-dried, then redissolved in the water and analysed by MALDI-TOF mass
spectrometry (Table 8-9).
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Reaction of ethoxy squarate-modified RNA (RNA_1CES2) with sulfo-Cy-5-amine
(RN. A_ CESQ_Cys5 )

Fluorescence measurements

Unlabelled natural RNA and RNA_1CFSQ were prepared by in vitro transcription
reaction described above. The reaction mixtures for sulfo-Cy-5-amine addition
(10 pL) were prepared from purified transcribed product (5 uM) reconstituted
in PBS buffer (pH 7.4) and sulfo-Cy-5-amine was added (2 mM). All samples were
incubated on 37 °C overnight. The products were purified on NucAway Spin
Columns and the fluorescence of the products was measured on a Fluoromax 4

spectrofluorimeter (HORIBA Scientific, Figure 20-a).

PAGE analysis

Unlabelled natural RNA and RNA_1CFSQ were prepared by in vitro transcription
reaction described above. The reaction mixtures for sulfo-Cy-5-amine addition
(15 pL) were prepared from purified transcription product (9 puM) in
TRIS-HCI buffer (40 mM, pH 7.9) (19 pL) and sulfo-Cy-5-amine (0.900 mM).
All samples were incubated on 37 °C overnight. The products were purified on
NucAway Spin Columns mixed with 2x PAGE stop solution without xylene cyanol
and heated for 5 min at 95 °C. Samples were separated by 12.5% PAGE
(acrylamide/bisacrylamide 19:1, 25% urea) under denaturing conditions (TBE 1x,
42 mA, 1 hour), and the gel was stained with Sybr Gold. Visualization was
performed by fluorescence imaging using Typhoon FLA 9500, GE Healthcare
(Figure 20-b).
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Cross-linking of RNA_CES2 with proteins

Cross-linking of RNA_C1g"5Q, RNA_C3f*5Q with T7 RNA polymerase

Radioactively labelled natural RNA and RNA_C1gF5Q, RNA C3fFSQ (with one
and three modifications) were prepared by in vitro transcription as described above.
Natural or modified RNA (1uM) was incubated with 2U/uL of T7 RNA polymerase
at 37 °C. Reaction mixture contained MgCl, (4.80 mM), dithiothreitol (DTT;
12 mM), Triton X-100 (0.120%), dimethyl sulfoxide (DMSO; 5%) and
1 x transcription buffer B ( 40 mM Tris-HCI (pH 7.9), 6 mM MgCl,, 10 mM DTT,
10 mM NaCl, 2mM betain) and DEPC water (total reaction volume 25 pL).
After 30 min 5 pL of the reaction mixture was separated by 5-10% native PAGE
(acrylamide/bisacrylamide 37.5:1; 4 °C, 200 V, 0.250 M Tris, 0.192 M glycine,).
The rest of the reaction was incubated up to 2 hours at 37 °C, then diluted with
2x VPS loading buffer, denatured 10 min at 95 °C prior to loading and analysed by
5-10% SDS denaturing PAGE (acrylamide/bisacrylamide 37.5:1; 0.250 M Tris,
0.192 M glycine, 0.100% SDS) at room temperature (230 V, 70 min). Visualization
was performed by phosphoimaging (Figure 21).

Cross-linking of RNA C1g*5? with Bovine Serum Albumin (BSA) and Single
Strand Binding Protein (SSB)

Radioactively labelled natural RNA and RNA_C1g®5Q were prepared by in vitro
transcription as described above. Natural or modified RNA (1uM) was incubated
with 20 uM protein (BSA resp. SSB) in 10x binding buffer D (100 mM Tris
pH. 8.0, 20 mM MgCl,, 100 mM KCIl, 12 mM BME; 2uL), 50% glycerol (2 uL)
and DEPC water (total reaction volume 20 pL) at 37 °C. After 1 hour 5 pL of the
reaction mixture was separated by 5-10% native PAGE (acrylamide/bisacrylamide
37.5:1; 4 °C, 200V, 0.250 M Tris, 0.192 M glycine,). The rest of the reaction was
incubated overnight at 37 °C, then diluted with 2x VPS loading buffer, denatured
10 min at 95 °C prior to loading and analysed by 5-10% SDS denaturing PAGE
(acrylamide/bisacrylamide 37.5:1; 0.250 M Tris, 0.192 M glycine, 0.100% SDS)
at room temperature (230 V, 70 min). Visualization was performed by

phosphoimaging (Figure 22).
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Cross-linking of RNA C1g"SQ, RNA C3fFSQ with Nonstructural Protein NS5
of Japanese Encephalitis Virus (JEV) and Yellow Fever Virus (YFV)

Radioactively labelled natural RNA and RNA_C1g"5Q, RNA C3fFSQ (with one
and three modifications) were prepared by in vitro transcription as described above.
Natural or modified RNA (0.500 uM) was incubated with 2 uM of NS5 protein
(JEV resp. YFV) in 10x binding buffer E (50 mM Tris-HCI pH. 7.4, 100 mM DTT,
5% Triton X-100, 10% glycerol; 2uL), 10 mM MnCl, (2 pL), 10 mM MgCl,
(2 puL), 50% glycerol (2 pL) and DEPC water (total reaction volume 20 pL)
at 34 °C. After 1 hour 3 pL of the reaction mixture was separated by 5-7% native
PAGE (acrylamide/bisacrylamide 37.5:1; 4 °C, 200 V, 1x Tris-glycine). The rest
of the reaction was incubated 48 h at 34 °C, then diluted with 2x VPS loading
buffer, denatured 10 min at 95 °C prior to loading and analysed by 5-10% SDS
denaturing PAGE (acrylamide/bisacrylamide 37.5:1; 0.250 M Tris, 0.192 M
glycine, 0.100% SDS) at room temperature (230 V, 70 min). Visualization was
performed by phosphoimaging (Figure 24).

Cross-linking of RNA_C1gFSQ, RNA_C3fFSQ with SARS-CoV-2 RdRp

Radioactively labelled natural RNA and RNA_C1gFSQ, RNA_C3f ESQ (with one
and three modifications) were prepared by in vitro transcription as described above.
Natural or modified RNA (1 uM) was incubated with 8 uM SARS-CoV-2 RdRp
protein (complex of 2 uM SC nspl12 and 6 uM nsp7/8 proteins) in 10x binding
buffer D (100 mM Tris-HCI pH. 8, 20 mM MgClz, 100 mM KCI 12 mM BME;
2uL), 50% glycerol (2 L) and DEPC water (total reaction volume 20 pL) at 30 °C.
After 1 hour 3 pL of the reaction mixture was separated by 10% native PAGE
(acrylamide/bisacrylamide 37.5:1; 4 °C, 200 V, 1x Tris-glycine). The rest of the
reaction was incubated overnight at 30 °C, then diluted with 2x VPS loading buffer,
denatured 10 min at 95 °C prior to loading and analysed by 5-10% SDS denaturing
PAGE (acrylamide/bisacrylamide 37.5:1; 0.250 M Tris, 0.192 M glycine,
0.100% SDS) at room temperature (230 V, 70 min). Visualization was performed
by phosphoimaging (Figure 25).
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Cross-linking of RNA C1g*5Q, RNA C3fFSQ with SARS-CoV-2 nucleoprotein

Radioactively labelled natural RNA and RNA_C1g®5Q, RNA_ C3fFSQ (with one
and three modifications) were prepared by in vitro transcription as described above.
Natural or modified RNA (1 uM) was incubated with 8 uM SARS-CoV-2
nucleoprotein in 10x binding buffer D (100 mM Tris-HCI pH. 8, 20 mM MgCl,,
100 mM KCI1 12 mM BME; 2uL), 50% glycerol (2 pL) and DEPC water (total
reaction volume 20 pL) at 30 °C. After 1 hour 3 pL of the reaction mixture was
separated by 10% native PAGE (acrylamide/bisacrylamide 37.5:1; 4 °C, 200 V, 1x
Tris-glycine). The rest of the reaction was incubated overnight at 30 °C, then diluted
with 2x VPS loading buffer, denatured 10 min at 95 °C prior to loading and
analysed by 5-10% SDS denaturing PAGE (acrylamide/bisacrylamide 37.5:1;
0.250 M Tris, 0.192 M glycine, 0.100% SDS) at room temperature (230 V, 70 min).
Visualization was performed by phosphoimaging (Figure 25).

Cross-linking of RNA_C1g®5Q with HIV-rt

Radioactively labelled natural RNA and RNA_C1g*5Q (with one modification) was

prepared by in vitro transcription as described above.

Natural or modified RNA (0.500 uM) was incubated with 1 uM HIV-rt in buffer B
(40 mM Tris-HCI (pH 7.9), 6 mM MgClo, 10 mM DTT, 10 mM NacCl, 2mM betain),
50% glycerol (2 uL) and DEPC water (total reaction volume 20 pL) at 37 °C. After
1 hour 3 pL of the reaction mixture was separated by 10% native PAGE
(acrylamide/bisacrylamide 37.5:1; 4 °C, 200 V, 1x Tris-glycine). The rest of the
reaction was incubated overnight at 37 °C, then diluted with 2x VPS loading buffer,
denatured 10 min at 95 °C prior to loading and analysed by 5-10% SDS denaturing
PAGE (acrylamide/bisacrylamide 37.5:1; 0.250 M Tris, 0.192 M glycine,
0.100% SDS) at room temperature (230 V, 70 min). Visualization was performed
by phosphoimaging (Figure 26).
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Gel-based polymerase assays in vitro

JEV and YFV RdRp mediated RNA extension assay’!'®

The polymerase activity of NS5 proteins was determined in a PEX reaction using
fluorescently labelled RNA templates (Table 13). The reaction mixture (20 ul)
contained reaction buffer (5 mM Tris-HCI pH. 7.4, 10 mM DTT, 0.100% Triton
X-100, 1% glycerol, I mM MnCl,, 1| mM MgCl,), 10 uM NTPs, 200 nM template
and 800 nM NS5 proteins. In the positive control, all natural NTPs were used and
in the modified version 10 pM CFSQTP instead of CTP was used. The reactions
were incubated for 1 h and overnight respectively, at 34 °C. Then the reactions were
incubated with Proteinase K (1U) 30 min at room temperature. Reactions were
stopped by adding of 2x PAGE stop solution and denatured at 95 °C for 10 min
prior to loading. Samples were separated by 12.5% PAGE
(acrylamide/bisacrylamide 19:1, 25% urea) under denaturing conditions (TBE 1%,
42 mA, 1 hour). Visualization was performed by fluorescence imaging using
Typhoon FLA 9500, GE Healthcare (Figure 27-b/c). Next, the gel was stained with

PageBlue™ protein staining solution (Thermofisher; Figure 27-e).

Immunodetection of RNA CFESQIEVNSS ¢copjugate

Natural RNA and RNA_CFSQ were prepared by in vitro polymerase assay as
described above. The reaction mixtures were diluted with 2x VPS loading buffer,
denatured 10 min at 95 °C prior to loading and electrophoresed on 5-10% SDS
denaturing PAGE (acrylamide/bisacrylamide 37.5:1; 0.250 M Tris, 0.192 M
glycine, 0.100% SDS) at room temperature (230 V, 70 min). Visualization of FAM
labelled cross-linked product was performed by fluorescence imaging using
Typhoon FLA 9500, GE Healthcare (Figure 27-d). The gel was blotted (dry;
0.250 M Tris, 0.192 M glycine, 10% methanol, 0.100% SDS; 12 V/2 hours at r.t.)
to polyvinylidene fluoride Immobilon-P transfer membrane (Millipore). The
membrane was washed with TBS (2.50 mM Tris, 15 mM NaCl, 0.200 mM KCl,
pH 7.4), blocked with 5% non-fat milk (in T-TBS; 2.50 mM Tris, 15 mM NaCl,
0.200 mM KCl, 0.500% Tween-20, pH 7.4) for 30 min and afterwards washed with
T-TBS (20 ml, 10 min). The membrane was incubated with JEV NS5 polyclonal
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antibody (rabbit/IgG; Invitrogen) at dilution 1:1000 in 5% non-fat milk in T-TBS
at 4 °C overnight. The unbound antibodies were washed out with T-TBS (20 ml,
3 x 5 min). Next, the membrane was incubated with anti-rabbit IgG HRP linked
secondary antibody (Invitrogen) at 1:1000 dilution in in 5% non-fat milk in T-TBS
at 25 °C for 1 hour. The access of antibodies was removed by washing with T-TBS
(20 ml, 3 x 5 min) and TBS (20 ml, 10 min). The membrane was incubated with
SuperSignal West Femto Chemiluminescent Substrate (Thermo Scientific) for
I min. Chemiluminescence was measured on an ImageQuant LAS 4000 Mini

luminescence analyser (GE Healthcare; Figure 27-d).

SARS-CoV-2 RdRp mediated RNA extension assay’?

The polymerase activity of SARS-CoV-2 RdRp was determined in a PEX reaction
using fluorescently labelled RNA templates (Table 13). The reaction mixture
(20 pl) contained reaction buffer (10 mM Tris-HCI (pH. 8.0), 2 mM MgCl,, 10 mM
KCl, I mM BME), 10 uM NTPs, 0.500 uM template, 1 pM nsp12 and 3 uM nsp7/8
proteins. In the positive control, all natural NTPs were used and in the modified
version 10 uM CESQTP instead of CTP was used. The reactions were incubated for
1 h at 30 °C. Reactions were stopped by adding of 2x PAGE stop solution and
denatured at 95 °C for 10 min prior to loading. Samples were separated by 12.5%
PAGE (acrylamide/bisacrylamide 19:1, 25% urea) under denaturing conditions
(TBE 1%, 42 mA, 1 hour). Visualization was performed by fluorescence imaging

using Typhoon FLA 9500, GE Healthcare (Figure 28).

For MALDI TOF analysis, the reaction mixture was desalted with
Bio-Spin6/Biorad columns (buffer was exchanged for water according to supplied

protocol; the results are in Table 13).
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Characterization of cross-linking products between RNA_CFSC and individual

proteins by mass spectrometry

Intact mass measurement of RNA_C1gFSQSSB

RNA_C1gFSQ containing one modification (Table 7) was cross-linked to SSB

protein as described above.

The volume of 18 pl of the sample was injected onto a MassPREP Micro Desalting
column (20 pm, 5-mm by 2.1-mm ID, Waters) and desalted and eluted by fast
gradient (4 min). Mobile phase A (10 mM ammonium acetate in H>O) and B
(acetonitrile) were used for elution. The separation was carried out by AQUITY
UPLC I-Class system (Waters) and was on-line coupled to Mass Spectrometer
Synapt G2 (Waters) to acquire mass spectra using electrospray ionization in
positive mode. The TOF mass range was set from m/z 500 to 4000. The raw
spectrum was subtracted and deconvoluted (MaxEnt 1, Waters) to produce the final

spectrum (Figure A7).

LC-MS analysis of digested RNA_C1gFSQIEY samples after polymerase assay

The JEV NS5 mediated RNA extension assay was performed as described above
(20 x 20 pl reaction mixture), except the reaction was incubated overnight. The
reaction was followed by trypsine digestion of the protein to peptides and RNA
digestion by RNase A/T1 mix.

Samples were dissolved in 15 pl of 0.1 TFA in H20 and 3 pl of the sample was
injected on an UltiMate 3000 RSLCnano system (Thermo Fisher Scientific)
coupled to a Mass Spectrometer Orbitrap Fusion Lumos Tribrid (Thermo Fisher
Scientific). The peptides were trapped on a PepMap100 column (5 um, 5 mm by
300-um internal diameter (ID); Thermo Fisher Scientific) and desalted with
2% acetonitrile in 0.100% formic acid at a flow rate of 5 uL/min. Eluted peptides
were separated using an EASY-Spray PepMapl00 C18 analytical column
(2 um, 50-cm by 75-pum ID; Thermo Fisher Scientific). The 30-min elution gradient
at a constant flow rate of 300 nL/min was set to start at 5% phase B (0.100% formic

acid in 99.9% acetonitrile) and 95% phase A (0.100% formic acid). Then,
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the content of acetonitrile was increased gradually up to 50 % of phase B. The
orbitrap mass range was set from m/z 350 to 2000 in the MS mode, and for ions
with a charge state 2-6 the fragmentation spectra were acquired. A Proteome
Discoverer 2.5 (Thermo Fisher Scientific) was used for identification of peptide
and protein using Sequest HS and MS Amanda as search engines and databases of
protein sequence and common contaminants (Table 15; Figure 29-30; Figure

A10-11).
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6. Appendices
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Figure A1l. MALDI-TOF MS spectrum of ON_CFSQL¥s calculated for [M + H]: 6435.5 Da;
found 6436.4 Da; the peak at m/z = 6552.9 can be assigned to the biotinylated template and the peak
at m/z = 6263.9 can be assigned to the hydrolysed ON_CF®$Q [- CH,CH; - H'] (Table 4).
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Figure A2. MALDI-TOF MS spectrum of ON_CES®rert calculated for [M + H]: 6576.5 Da;
found 6576.6 Da; the peak at m/z = 6553.9 can be assigned to the biotinylated template and the peak
at m/z = 6264.5 can be assigned to the hydrolysed ON_C®SQ [- CH,CH; - H'] (Table 4).
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Figure A3. MALDI-TOF MS spectrum of ON_CESQI0pert  cajculated for [M + H]": 7257.8 Da;
found 7258.0 Da; the peak at m/z = 6554.4 can be assigned to the biotinylated template, the peak at
m/z = 6264.2 can be assigned to the hydrolysed ON_CESQ [- CH,CH; - H'] and the peak at
6368.3 Da can be assigned to the product of decomposition of peptide part of the conjugate
ON_CESQ10pept iy MS (Table 4).
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Figure A4. MS spectrum of chromatographic peak of histone H2B (M = 13789) cross-linked to
DNA_CFSQ (M = 6293.3 for single strand DNA with one modification (ON_CFSQ); see Table 4).
A) combined raw spectrum B) deconvoluted spectrum by MaxEnt1. The signal at 19905 corresponds

to ON_CESQH2B ¢copiygate (see Table 6).
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Figure AS. MS spectrum of chromatographic peak of histone H3.1 (M = 15273) cross-linked to
DNA_CB8Q (M = 6293.3 for single strand DNA with one modification (ON_CE5Q); see Table 4).
A) combined raw spectrum B) deconvoluted spectrum by MaxEnt1. The signal at 21388 corresponds

to ON_CFSQ31 conjugate (see Table 6).
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Figure A6. MS spectrum of chromatographic peak of histone H4 (M = 11236) cross-linked to
DNA _CFSQ (M = 6293.3 for single strand with one modification (ON_CFSQ); see Table 4).
A) combined raw spectrum B) deconvoluted spectrum by MaxEnt1. The signal at 17351 corresponds

to ON_CESQH4 conjugate (see Table 6).
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Figure A7. Spectrum of intact mass measurement of RNA_C1gESQSSB, M (calc.) = 30920.52 Da,
M (found) = 30943.57 [M + Na]*. Peak at 30616.33 Da is [M - UMP]" (Table 10).
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Figure A8. MALDI-TOF MS spectrum of RNA_CESQSCI M (calc.) = 13451.1 Da;
M (found) = 13423.3 Da of hydrolysed RNA_CFESQSC! [M - CH,CH; - H] (Table 14).
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Figure A9. MALDI-TOF MS spectrum of RNA_CESQSC4 M (calc.) = 13451.1 Da;
M (found) = 13421.7 Da of hydrolysed RNA_CESQSC4 [M - CH,CHj;] (Table 14).
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JEV NS5 protein sequence

10 20 30 40 50 60
GRPGGRTLGE QWEKLNAMS REEFFKYRRE AIIEVDRTEA RRARRENNIV GGHEVSRGSA
70 80 90 100 110 120

130 140 150 160 170 180
RNLVSLKSGV DVFYKPSEPS DILECDIGES SPSPEVEEQR TLRVLEMTSD WLHRGPREFC
190 200 210 220 230 240
IKVLCPYMPK VIEKMEVLOR RFGGGLVRLP LSRNSNHEMY WVSGAAGNVV HAVNMTSQVL
250 260 269 280 290 300
LGRMDRTVWR GPKYEEDVNL GSGTRAVGK*G EVHSNQEKIK KRIQKLKEEF ATTWHKDPEH
310 320 330 340 350 360

370 380 390 400 410 420

430 440 450 460 470 480
WSTAREAVDD PRFWEMVDEE RENHLRGECH TCIYNMMGKR EKKPGEFGKA KGSRATWFMW
490 500 510 520 530 540

550 560 570 580 590 600

610 620 630 640 650 660
TKIAVRT WLFENGEERV

670 680 690 700 710 720
ERNATSCOBCIVVEBEDDRFANTATHETNAMSIEVR<DIORWK PSHGWHDWQQ VPFCSNEFQE
730 740 750 760 770 780

TG TACLA KAYAQMWLLL YFHRRDLRLM
790 800 810 820 830 840

850 860 870 880 890 900

Figure A10. Sequence coverage (91%) of the JEV NS5 proteomic analysis from sample 1.
The identified parts of protein are highlighted in green, peptide with RNA modification is underlined
and in red. K* = C®Q modified lysine K269.
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JEV NSS protein sequence

10 20 30 a0 50 60
GRPGGRTLGE QWKEKLNAMS REEFFKYRRE AITEVDRTEA RRARRENNIV GGHEVSRGSA
70 80 90 100 110 120
KLRWLVEKGE VSPIGKVIDL GCGRGGWSYY AATLKKVOEV
130 140 150 160 170 180
RNLVSLKSGV DVFYKPSEPS DILFCDIGES SPSPEVEEQR TLRVLEMTSD WLHRGPREEC
190 200 210 220 230 240
IKVLCPYMPK VIEKMEVLQR RFGGGLVRLP LSRNSNHEMY WVSGAAGNVY HAVNMTSQUL
250 260 270 280 290 300
LGRMDRTVWR GPKYEEDVNL GSGTRAVGKG EVHSNQEKIK KRIQKLKEEF ATTWHKDPEH
310 320 330 340 350 360
370 380 390 400 410 420

450 459 462/3 480

430 440 0
WSTAREAVDD PRFWEMVDEE RENHLRGECH TCIYNMMGKR EK*K*PGEFGKA KGSRATWFMW

670 680 6390 700 710 720

ERNATSCODCIVVKBTODREANTATHRENAMSIRVERDTOEWK PSHOWEDNOQ VEFCSNHFQE

730 740 750 760 770 780

IVMKDGRSIV VECRGQDELI GRARISEGAG WNVKDTACLA KAYAQMALLL YFHRRDLRLM

790 800 810 820 830 840

ANATCSAVPY DWVETGRTSW STHSKGEWMT TEDMIQVANR VWIEENEWMM DKTEITSWID

Figure Al1l. Sequence coverage (88%) of the JEV NS5 proteomic analysis from sample 2.
The identified parts of protein are highlighted in green, peptide with RNA modification is underlined
and in red. K* = C¥SQ modified lysine K462/463.
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