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INTRODUCTION

Nucleosides and nucleotides are a fundamental class of molecules that play
vital roles in the function, regulation, and structure of cells. In addition to
storage and transmission of genetic information, nucleotides participate in cell
signalling, act as cofactors, serve as an energy source for countless cellular
processes, and are crucial in various metabolic pathways (Illes et al., 2000;
Rudolph, 1994). The significance of the compounds makes them an
interesting study subject in the fields of molecular biology, biotechnology, and
pharmacology. Nucleoside and nucleotide analogues are often utilized in
enzymatic reactions, where they play roles of substrates or inhibitors to certain
enzymes, such as kinases, polymerases, hydrolases or reverse transcriptases
(Holec et al., 2018; Jakubovska et al., 2018; Solaroli et al., 2008; Urbeliené et
al., 2023). Radio- or fluorescently labelled nucleotides are applied as probes
in nucleic acid research (Morgenroth et al., 2011; Saito and Hudson, 2018). In
addition, certain nucleoside and nucleotide analogues are known to possess
anticancer or antiviral properties, while others are key building blocks in
modern RNA vaccines (Arevalo et al., 2022; Guinan et al., 2020; Zenchenko
et al., 2021).

Traditionally, modified nucleotides are obtained via chemical
phosphorylation (Roy et al., 2016). However, synthetic approaches are far
from being perfect and must be chosen wisely depending on the starting
nucleoside. Chemical synthesis usually relies on immensely reactive
phosphochloride agents, such as phosphorylchloride or salicylic acid
phosphorochloridate cyclic anhydride (Burgess and Cook, 2000). The
compounds are known to be extremely reactive, hygroscopic, and harmful to
the environment. Such reactions generally take multiple steps to complete,
require protecting group chemistry, and quite often result in low to medium
product yields. A promising alternative to chemical phosphorylation is the
application of phosphorylating enzymes. Nucleosides can be converted into
the corresponding nucleoside monophosphates by nucleoside kinases, which
catalyse a phosphate group transfer from a nucleoside 5'-triphosphate,
primarily ATP or GTP, to the 5'-hydroxy group of a nucleoside (Sandrini and
Piskur, 2005). Nucleoside kinases are typically substrate-specific enzymes,
and their specificities are determined by key amino acid residues in their
substrate recognition pocket. The substrate binding is influenced by the size
and polarity of these residues, as binding occurs only when favourable
interactions between the residues and the nucleoside form. Most nucleoside
kinases feature relatively tight substrate binding sites and can accommodate
only canonical or modestly modified nucleosides, such as with methylated or
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fluorinated nucleobases (Piskur et al., 2004). Thymidine kinase (TK), which
is active towards thymidine and 2'-deoxyuridine, is ubiquitous in eukaryotes
and prokaryotes (Piskur et al., 2004; Sandrini et al., 2006). However, other
deoxynucleoside kinases (dNKs), such as deoxyguanosine kinase (dGK),
deoxycytidine kinase (dCK) or deoxyadenosine kinase (dAK), are only
present in certain genera. For example, four dNKs with slightly overlapping
specificities, TK1, TK2, dCK and dGK, are present in mammalian cells
(Johansson et al., 2001). In contrast, insects, such as Drosophila
melanogaster, possess a single multisubstrate dNK, capable of
phosphorylating all canonical deoxynucleosides as well as nucleoside
analogues with various substitutions at nucleobase or sugar (Johansson et al.,
1999; Knecht et al., 2009; Serra et al., 2014). Furthermore, most bacteria are
known to lack dCK, dAK, and dGK activities (Bockamp et al., 1991; Sandrini
et al., 2007). Only Lactobacilli and Bacilli have been documented to
phosphorylate all four canonical deoxynucleosides (Ives and lkeda, 1997;
Mollgaard, 1980). For example, dCK from Bacillus subtilis has been shown
to phosphorylate nucleosides of cytosine and adenine bearing various sugar-
moieties (Andersen and Neuhard, 2001). While the substrate selectivity of the
kinases can be a limiting factor, the mild reaction conditions and high
regioselectivity still makes enzymatic phosphorylation a compelling
alternative to chemical nucleotide synthesis.

The aim of this study was to explore the nucleoside kinases DmdNK and
BsdCK for the enzymatic synthesis of nucleoside 5'-monophosphates. To
attain the aim, the following tasks have been formulated:

e To chemically synthesize N'-amino acid-modified 2'-deoxycytidine
nucleosides to be utilized as substrates for nucleoside kinases.

e To determine the optimal reaction conditions for DmdNK and BsdCK.

e To determine the substrate specificities of wild-type DmdNK and BsdCK.

e To determine the impact of mutations at the active site of DmdNK.

e To expand the substrate scope of BsdCK via site-directed mutagenesis.

e To scale up an enzymatic synthesis of nucleoside 5'-monophosphates.

Scientific novelty and practical value
In the last few decades nucleoside analogues (NAs) have been receiving
ample attention as tools for various enzymatic or nucleic acid research, many

are being researched as potential prodrugs (Lapponi et al., 2016; Pruijssers
and Denison, 2019; Sinokrot et al., 2017). Alterations of canonical
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nucleosides provide a chance to improve the properties of the existing
molecules or even give them completely new characteristics. Modifications of
nucleobases are usually performed at the C5 position of pyrimidines or C7
position on 7-deazapurines, hence, less is known about the effects of
alterations at other nucleobase positions such as N* and O* of pyrimidines and
N° and O° of purines (Hulpia et al., 2018; Shanmugasundaram et al., 2019).
Herein we present a synthesis of novel amino acid and 2'-deoxycytidine
conjugates: N‘-amino acid-acylated 2'-deoxycytidine derivatives and
N-(4-(2'-deoxycytidinyl))amino acid amides. The addition of amino acids to
2'-deoxycytidine enhances the functional diversity of the nucleoside and
broadens its potential applications. The compounds expand the existing
library of NAs and can serve as substrates for the study of numerous enzymes,
such as nucleoside phosphorylases, deaminases, or N-deoxyribosyl-
transferases. Furthermore, they can be utilized as intermediates for chemical
or enzymatic synthesis of nucleotides.

The N*-amino acid modified deoxycytidines, together with an addition of
canonical and modified nucleosides, were employed for the characterisation
of two nucleoside kinases: DmdNK-WT and BsdCK-WT. While there is a fair
amount of information on the substrate specificity of DmdNK-WT, a major
share of the research has been done using canonical nucleosides or nucleoside
prodrugs, most of which are fluorinated at the nucleobase or bear modified
sugar-moieties, hence, little is known of the enzyme’s activity towards N*/O*
position modified pyrimidine nucleosides (Johansson et al., 1999; Knecht et
al., 2009; Ma et al., 2011; Mikkelsen et al., 2008). In contrast to DmdNK-WT,
information on the substrate specificity of BsdCK-WT is very limited. It is
known that the enzyme favours 2'-deoxy- and ribonucleosides of adenine and
cytosine, however, there is no data on its activity towards NAs (Andersen and
Neuhard, 2001). The pool of NAs, selected for the study of the kinases,
contained pyrimidine nucleosides bearing varying size and polarity alterations
at the nucleobase- or sugar-moieties.

It was discovered that DmdNK-WT is highly active towards pyrimidine
nucleosides with small- to medium-sized modifications, such as acetyl or
glycinoyl, at the N*/O* positions of the nucleobase, while phosphorylation of
pyrimidine nucleosides with altered C5 position is less efficient. Furthermore,
small substitutions at ribose 2'- and 3'-positions were found to be also
acceptable. The substrate scope of BsdCK-WT was revealed to be more
inclusive than initially believed. The kinase, in addition to all canonical
nucleosides, exhibited high activity towards pyrimidine nucleosides with
small N*/O*-substitutions, whereas C5-substituted nucleosides were
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phosphorylated less efficiently. Small alterations at ribose 2'- and 3'-positions
were also tolerated.

While the substrate specificities of the kinases exceeded expectations,
there still were limitations regarding the size and polarity of the accepted
nucleoside modifications. /n silico analysis of the active centres together with
site-directed mutagenesis was utilized to create mutant variants of DmdNK
and BsdCK with expanded scopes of accepted substrates. Certain mutations at
the substrate binding sites of the kinases, especially V84A, V84G, and A110G
in the case of DmdNK and R70M together with D93 A in the case of BsdCK,
were found to increase their activity towards N'-modified cytosine
nucleosides that were otherwise phosphorylated very inefficiently or not at all
by the wild-type variants.

To explore a more practical side of the nucleoside kinases, DmdNK-WT
and BsdCK-WT were applied for the phosphorylation of three nucleosides:
2'-deoxycytidine, N'-acetyl-2'-deoxycytidine, and 2-thiouridine. The
syntheses of the NMPs were executed at a milligram-scale and were made
even more sustainable by utilizing acetate kinase to regenerate depleted GTP.

The findings combined are of significant importance from an industrial
viewpoint, as such enzymes can be applied for large-scale manufacturing of
nucleotides and their analogues. Chemical nucleoside phosphorylation
methods are infamous for their harsh conditions and waste production, are
laborious, and often result in low to medium product yields (Burgess and
Cook, 2000; Roy et al., 2016). Hence, the high regio- and stereoselectivity,
high product yields and mild reaction conditions offered by the nucleoside
kinase catalysed reactions pave a new way towards nucleotide production
(Ding et al., 2020; Serra et al., 2014; Tao and Xu, 2009). In addition to
industrial applications, nucleoside kinases have their place in therapeutics
(Saeb et al., 2022; Tamura et al., 2021). For years, suicide gene therapy has
been attracting attention as an option for cancer treatment that involves
introducing specific genes into tumour cells (Duarte et al., 2012). The genes
encode enzymes, in many cases nucleoside kinases, that convert non-toxic
prodrugs into toxic metabolites that selectively kill cancer cells but leave
healthy tissues unaffected. HSV-1 TK is one of the most common kinases
applied in suicide gene therapy (Wang et al., 2011; Fillat et al., 2003).
However, the broad substrate range of DmdNK and BsdCK suggests that these
enzymes could have therapeutic potential, as well. Finally, altering the active
sites of the nucleoside kinases via site-directed mutagenesis provides a way to
enhance the efficiency of the enzymes or even tailor them to suit a desired
substrate (Hult and Berglund, 2003).
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Thesis statements

1. Boc-protected N*-amino acid-modified deoxycytidines can be attained
via a three-step synthesis.

2. N-4-(2'-Deoxycytidinyl)amino acid amides form during a deprotection
reaction of N*-amino acid-modified deoxycytidines.

3. Despite their mesophilic nature, DmdNK-WT and BsdCK-WT retain
high enzymatic activities at temperatures as high as 60-70 °C.

4. DmdNK-WT and BsdCK-WT phosphorylate nucleobase- and sugar-
modified pyrimidine nucleosides.

5. Mutations in the active centres of DmdNK and BsdCK increase their
activity towards pyrimidine nucleoside analogues.

6. DmdNK-WT and BsdCK-WT coupled with a GTP regeneration system
can be utilized for a milligram-scale synthesis of NMPs.
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1. LITERATURE OVERVIEW
1.1. Nucleosides and their derivatives

Nucleosides and nucleotides are a group of organic molecules, that can be
considered as the backbone of all things living. The compounds serve
numerous vital functions in living organisms, from storing and transferring
genetic information, to being an energy source for countless cellular
processes. Nucleosides are comprised of two main components (Figure 1): a
nucleobase and a five-carbon sugar molecule, ribose or 2'-deoxyribose, which
is attached to the nucleobase via a B-N-glycosidic bond. Nucleobases are
further divided into pyrimidines, such as cytosine (C), uracil (U), and thymine
(T), and purines, such as adenine (A) and guanine (G). While T and U are
usually found as 2'-deoxy- and ribonucleosides, respectively, both forms of C,
A, and G are abundant in cells. Nucleosides, that have one or more phosphate
groups attached to the sugar-moiety, are known as nucleotides. Nucleotides
are the monomeric units of DNA, which encodes genetic information, and

RNA, which is required for protein synthesis (Nelson et al., 2021).
Nucleobases:

Purines
NH,
o N X N
i N NH
H—O—FI’—O o Nucleobase </ f\/) </ | //k
OHIn H N H N~ "NH,
OH OH - Ribose Adenine Guanine
H - Deoxyribose
Nucleosides: Pyrimidines
n=0 NH, (0]
Nucleotides: ﬁN | NH | NH
n = 1 nucleoside monophosphate NAO NAO N/&O
n = 2 nucleoside diphosphate H H H
n = 3 nucleoside triphosphate Cytosine Uracil Thymine

Figure 1. Structures of canonical nucleosides and nucleotides.

In addition to being the building blocks of nucleic acids, nucleotides play
a pivotal role in cellular metabolism. Nucleoside triphosphates, mainly ATP,
are the dominant energy currency in living organisms. Hydrolysis of the high-
energy phosphodiester bond between the B- and y-phosphate groups releases
a high amount of free energy that drives almost all cellular processes,
including but not limited to biosynthesis, intracellular and extracellular
signalling, active transport, and muscle contraction (Akola and Jones, 2003;
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Dunn and Grider, 2023; Higgins and Linton, 2004; Holmes and Geeves,
2000). Adenine nucleotides are structural components of some cofactors,
including NAD, NADP, FAD, and CoA, while glycosylated nucleotides act
as activated intermediates in the biosynthesis oligosaccharides and
polysaccharides (Mikkola, 2020; Veech et al., 2019). Furthermore, cyclic
nucleotides, such as cAMP and ¢cGMP, and newly discovered cCMP and
cUMP, function as secondary signalling molecules in numerous pathways
(Gomelsky, 2011; Seifert, 2015).

In addition to the five canonical nucleobases A, T, G, C, and U, nucleic
acids contain a variety of modified nucleotides (Figure 2), that provide
additional informational content. To date, more than 300 modified nucleosides
and nucleotides have been discovered in cells (Cappannini et al., 2024).
Modifications of procaryotic and eukaryotic DNA are rather conservative and
are usually limited to methylation or hydroxymethylation, however, formyl-
and carboxyl-modifications were discovered in higher organisms, as well
(Moore et al., 2013; Neri et al., 2015). The modified nucleobases encode
epigenetic data necessary for the developmental processes of a cell (Dahl et
al., 2011; Khavari et al., 2010).

(DNA modifications || RNA modifications

R FCoy 1o 0
ki Y P

m3dC hm®dC NH, o)
(0] (0]
N X N SN
N NH
S e oy C
3 SX Ho J}j Ho. %N @ HO S N, HO NS0
°dC ca’dC o 1) 2 o
NH, \/—\( \/—\( \/_\/

R OH OH OH O-cH. OH OH
SN 8 ? 4
| /& m°A Gm ac*C

o}
0 H
\w S0y O
OH o o)
dC H.c.
NH N
N)*N HO

(0] 0}
HoN
N HNJ\NH Y NH
N ¢ o LK
T SN|| HO N X0 HO. N0
HO o N N/) k 0 j éH3 0 k o j
k 7‘ OH OH OH OH OH OH
OH yw W ncm®U
médA

Figure 2. Examples of modified nucleosides found in DNA and RNA. m°dC —
5-methyldeoxycytidine; hm>dC — 5-hydroxymethyldeoxycytidine; dC — 5-formyl-
deoxycytidine; ca’dC — 5-carboxyldeoxycytidine; N®-methyldeoxyadenosine; m®A —
8-methyladenosine; Gm — 2'-O-methylguanosine; ac*C — N*-acetylcytidine; yW —
wybutosine; ¥ — pseudouridine; ncm’U — 5-carbamoylmethyluridine.
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Bacteriophage DNA, however, has been reported to contain more atypical
modifications compared to DNA of cellular organisms. Various modified
purines and pyrimidines, including but not limited to N°-carbamoyl-
methyladenine, deoxyarchaeosine, 5-hydroxy-methyldeoxyuracil, and 5-di-
hydroxypentauracil, have been discovered in bacteriophages (Weigele and
Raleigh, 2016). Furthermore, DNA sugar hypermodifications, such as
heptoses, hexoses, N-acetylhexosamines, or ketodeoxyoctonic acid covalently
linked to 5-hydroxymethylcytosine, have been recently identified, as well
(Pyle et al., 2024). The roles of bacteriophage DNA modifications are not fully
understood. They are believed to protect the DNA from cleavage by host
restriction enzymes, take part in the regulation of gene expression and
initiation of DNA packaging into the viral capsid (Kriiger and Bickle, 1983;
Scraba et al., 1983; Sternberg and Coulby, 1990).

RNA, on the other hand, is known to be abundant in modified nucleotides
(Carell et al., 2012). There is not a single position of pyrimidine or purine
nucleosides that has not been discovered to have a modification, including the
ribose moiety (Cappannini et al., 2024). The largest diversity of RNA
modifications is found in tRNA. It is estimated that around 10-15% of tRNA
nucleotides are modified. The modifications include methylation, acetylation,
thiolation, transglycosylation, amino acid addition, deamination,
isomerisation and so forth (Phizicky and Alfonzo, 2010). Furthermore,
alternative nucleosides are also present, such as pseudouridine, inosine, or
wybutosine (Dutta et al., 2022; Fandilolu et al., 2019; Li et al., 2016). The
modifications of RNA play numerous cellular roles, including but not limited
to proliferation, senescence, cell death, autophagy, and differentiation
(Wilkinson et al., 2022).

The involvement of nucleosides does not end in natural cellular processes.
Nucleosides and their derivatives are extensively utilised in the fields of
biotechnology, biochemistry, and pharmacology (Figure 3). Some of the
broadly employed research techniques revolve around the use of nucleosides
and their phosphates. For example, deoxynucleoside triphosphates are used as
the building blocks for DNA amplification during PCR (Garibyan and
Avashia, 2013). The first-generation sequencing, also known as Sanger
sequencing, is based on the use of radio- or fluorescently labelled
dideoxynucleotides, which, when incorporated into an oligonucleotide,
terminate further extension of the chain and allow determination of the
original DNA sequence (Sanger et al., 1977). In addition, next-generation
sequencing (NGS) techniques also rely on nucleotides. For example, [llumina
NGS technology, which is known as sequencing by synthesis, uses
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fluorescently labelled nucleotides, which, when incorporated into the growing
DNA chain, provide a distinct fluorescent signal and allow identification of
the added nucleobase (Heather and Chain, 2016). In addition, labelled
nucleotides can be applied as probes for the detection and visualisation of
DNA and RNA, and other compounds such as proteins, various small
molecules, or metal ions (Rist and Marino, 2002; Xu et al., 2017).
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Figure 3. Applications of nucleosides and their derivatives. Created with
BioRender.com

The importance of nucleosides and their derivatives in the field of
enzymatic research should not be understated, as well. The compounds are
indispensable research tools that, when utilized as substrates or inhibitors,
provide insight into structure, substrate specificity, mechanism and kinetics of
enzymes, involved in nucleic acid metabolism, such as kinases, polymerases,
deaminases, or reverse transcriptases (Hazra et al., 2010; Hottin and Marx,
2016; Menéndez-Arias et al., 2014; Urbeliené et al., 2023).

Analogues of nucleosides and nucleotides, known as nucleoside prodrugs,
are widely recognized as therapeutics for their antiviral, antibacterial,
antifungal, anticancer, and antiparasitic properties (Figure 4) (Barnadas-
Carceller et al., 2023; Shelton et al., 2016; Stauffer et al., 2007; Zenchenko et
al., 2021).
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Figure 4. Examples of nucleoside derived prodrugs. Cladribine — treatment of hairy
cell leukaemia (Hoffman et al., 1997); capecitabine — treatment of metastatic breast
and colorectal cancers (Walko and Lindley, 2005); 5'-MT-ImmH — 5-methylthio-
immucillin-H, targeted against Plasmodium falciparum (Ting et al. 2005); L4-1b —
purine nucleoside analogue, targeted against 7rypanosoma cruzi (Barnadas-Carceller
et al., 2023); remdesivir — treatment of SARS-CoV-2 infection (Beigel et al., 2020);
ribavirin — treatment of hepatitis C and hepatitis E viral infections (Crotty et al., 2000);
zidovudine — treatment of HIV infection (Gulick et al., 1997); aciclovir — treatment of
herpes simplex virus infection (Kesson, 1998).

Nucleoside-based drugs are designed to mimic natural nucleosides; hence,
they utilize the same metabolic pathways as their natural counterparts. Upon
entering a tumour or a virus/microorganism-infected cell, nucleoside
analogues undergo activation — a three-step phosphorylation performed by
various kinases, which leads to accumulation of mono-, di-, and triphosphate
forms of the nucleoside. Incorporation of such triphosphates into DNA or
RNA can lead to termination of chain elongation. In addition, nucleoside and
nucleotide analogues can inhibit numerous cellular and viral enzymes, such as
DNA or RNA polymerases, DNA methyltransferases, kinases, ribonucleotide
reductase, or purine and pyrimidine nucleoside phosphorylase (Jordheim et
al., 2013). The first nucleoside analogues to be approved by U. S. Food and
Drug Administration were cytarabine, applied for the treatment of acute
myeloid leukaemia, and edoxudine, which acted as an antiviral agent (Chu and
Fischer, 1962; De Clercq and Shugar, 1975). Since these initial approvals in
1969, dozens of new nucleoside analogues have been approved and applied
for treatment of cancer and viral or microorganism infections (Geraghty et al.,
2021; Shelton et al., 2016).
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Nucleosides and their derivatives are crucial for numerous cellular
processes ranging from storage and transfer of genetic information to
metabolic regulation. They are also integral in the fields of biotechnology,
biochemistry, and pharmacology, where nucleoside-based compounds are
widely utilized as research tools or therapeutic agents.

1.2. Nucleotide biosynthesis in living cells

As highlighted in the previous section, nucleosides and nucleotides are
essential components of life. In addition to being the building blocks of DNA
and RNA, nucleosides and their derivatives engage in various metabolic
pathways, from providing energy to countless biochemical reactions and
being messenger molecules to constituting cofactors and acting as
intermediate compounds in biosynthesis. Nucleoside and nucleotide
metabolism is strictly controlled and is imperative for the homeostasis of cells.
Most organisms use two routes for the synthesis of nucleotides: de novo and
salvage pathways (Figure 5) (Kamatani et al., 2021).
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Figure 5. De novo and salvage nucleotide synthesis pathways. PRPP — 5-phospho-
ribosyl-1-pyrophosphate; GIn — glutamine; AMPK — adenylate kinase; GMPK —
guanylate kinase; NDPK — nucleoside diphosphate kinase; UMPK — uridylate kinase;
CTPsyn — CTP synthetase; APRT —adenine phosphoribosyltransferase; HGPRT — hy-
poxanthine-guanine phosphoribosyltransferase; TK1 — thymidine kinase 1; dCK —
deoxycytidine kinase; dGK — deoxyguanosine kinase; TK2 — thymidine kinase 2.
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Nucleotides, produced via the de novo pathway, are synthesized using
precursor compounds derived from glucose and amino acid metabolism, and
ammonia and carbon dioxide. The de novo synthesis is further divided into the
purine and pyrimidine pathways. Purine synthesis begins with a transfer of
glutamine-derived amine group to S-phosphoribosyl-1-pyrophosphate
(PRPP). The formed 5-phosphoribosylamine undergoes a series of subsequent
reactions to produce inosine 5'-monophosphate (IMP). The IMP biosynthesis
from PRPP is a very energy-intensive process, as 5 of the 10 reactions require
hydrolysis of ATP or GTP. The final step of the de novo purine pathway is the
conversion of IMP into AMP or GMP, that also involves hydrolysis of GTP
or ATP, respectively (Zalkin and Dixon, 1992). The de novo synthesis of
pyrimidine nucleotides, that is also known as the orotate-pathway, constitutes
of 6 subsequent reactions that result in UMP. In comparison with de novo
purine synthesis, pyrimidine pathway is slightly less energy-intensive, as only
2 ATP molecules are essential to synthesize the pyrimidine nucleotide
precursor UMP. The orotate-pathway starts with the formation of carbamoyl
phosphate from glutamine and carbon dioxide. A pyrimidine ring, formed in
three additional reactions, is then coupled with a PRPP molecule resulting in
orotidine 5'-monophosphate (OMP). The monophosphate is decarboxylated
and a first canonical pyrimidine UMP is formed. The UMP is subsequently
phosphorylated by kinases into UDP and UTP. Utilizing energy from ATP
hydrolysis, an amino group from glutamine is transferred onto the latter and a
CTP molecule is formed, which can be dephosphorylated into CMP if needed
(Huang and Graves, 2003; Mathews, 2015).

Deoxynucleotides, essential for DNA synthesis and repair, are obtained
through the action of ribonucleotide reductase (Figure 6). The enzyme
reduces the 2'-position of nucleoside 5'-diphosphates (NDPs) to produce
nucleoside  2'-deoxy-5'-diphosphates  (dNDPs), which are further
phosphorylated into dNTPs or dephosphorylated to dNMPs or
deoxynucleosides, depending on cellular needs (Mathews, 2015). In addition,
methylation of dUMP leads to formation of dTMP (Anderson et al., 2011).
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Figure 6. De novo dNTP synthesis pathways. RNR —ribonucleotide reductase; NDPK
— nucleoside diphosphate kinase; dUTPase — dUTP nucleotidohydrolase; TS —
thymidylate synthase; THF — tetrahydrofolate; TMPK — thymidylate kinase; CTPsyn
— CTP synthetase. CTP and CMP are converted into two CDP, and two dCDP are
converted into dCTP and dCMP via myokinase-type reactions. Adapted from
Mathews 2015.

The salvage pathway is based on recovering nucleobases or nucleosides
derived from DNA or RNA degradation. The pathway is considerably more
energy-efficient than the de novo synthesis and is driven by various enzymes
to obtain nucleoside monophosphates. Majority of purine mononucleotides
are obtained from phosphoribosyltransferase catalysed reactions, where
purine nucleobases are coupled with PRPP (Nyhan, 2014). However,
phosphorylation by nucleoside kinases is also present (Zhulai et al., 2022). In
addition, deamination of adenosine results in inosine, which is converted into
hypoxanthine and subsequently into IMP (Cristalli et al., 2001). Pyrimidine
nucleotides are mostly salvaged through direct phosphorylation by nucleoside
kinases, although some bacteria contain phosphoryltransferases that convert
free uracil into UMP (Andersen et al., 1992; Nyhan, 2014). Moreover,
cytosine and cytidine deaminases catalyse cytosine nucleobase or nucleoside
conversions to uracil or its nucleosides (Micozzi et al., 2014).
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Tight regulation of nucleoside and nucleotide metabolism is critical for
maintaining cellular homeostasis. A multitude of human health issues, such as
anaemia, slowed growth, immunodeficiency, autism, gout, or arthritis, are
associated with dysregulation of the de novo or salvage pathways (Kamatani
et al., 2021; Nyhan, 2014). Furthermore, abnormal deoxynucleotide
metabolism has been shown to contribute to random DNA mutagenesis, that
is linked with cancer development (Ma et al., 2021; Mathews, 2015). One of
the most thoroughly researched nucleotide metabolism disorder, the Lesch-
Nyhan disease, is caused by a deficiency of hypoxanthine-guanine
phosphoribosyltransferase, which is an enzyme from the purine salvage
pathway that catalyses the conversion of hypoxanthine and guanine into their
corresponding ~ monophosphates.  Insufficient  activity = of  the
phosphoribosyltransferase promotes accelerated de novo purine synthesis and
accumulation of uric acid, which leads to multiple health problems such as
delayed physical and intellectual development, gout and kidney stones
(Nyhan, 1973; Torres and Puig, 2007). Furthermore, a deficiency in thymidine
kinase 2 (TK2), which phosphorylates deoxythymidine and deoxycytidine, is
known to cause impairments in mitochondrial DNA replication. TK2-
deficient patients present with muscle weakness, hepatic failure, respiratory
insufficiency, and death within the first two years (Dominguez-Gonzélez et
al., 2019).

1.3. Chemical nucleoside phosphorylation

To this day chemical nucleoside phosphorylation is still the preferred
option for the synthesis of modified nucleoside 5'-phosphates, however, a
universal method, satisfactory for all nucleosides is yet to exist. It is crucial to
choose a protocol that is suitable for a particular nucleoside since a method
that works for one substrate might not work for another. Protocol selection
mainly depends on the functional groups of the substrate and an unwisely
chosen method will result in low nucleoside phosphate yields. To date, dozens
of nucleotide preparation methods exist and more will be discovered. There
are many excellent reviews on the topic, thus only the most popular
phosphorylation methods will be elaborated on (Burgess and Cook, 2000; Roy
et al., 2016).

Chemical synthesis of the first nucleoside 5'-phosphate dates as far back as
1948, when an adenosine 5'-triphosphate molecule was synthesized using
adenosine benzyl phosphate and dibenzyl chlorophosphonate as reactants as
displayed in Figure 7a (Baddiley et al., 1948). The synthesis was a multistep
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process that was laborious and time consuming. Early nucleotide synthesis
was often performed using nucleoside 5'-monophosphates (NMPs) as
precursors (Figures 7b and 7¢). During such synthesis, the substrate’s
phosphate group was activated by a coupling agent such as N,N'-dicyclo-
hexylcarbodiimide (DCC) or 1,1'-carbonyldiimidazole (CDI) (Hoard and Ott,
1965; Moftatt and Khorana, 1961). The formed intermediate was then treated
with tributylammonium pyrophosphate, and a nucleoside 5'-triphosphate
(NTP) was formed. These early methods often resulted in medium to high
product yields, however, a major drawback was that a 5'-monophosphate form
was necessary as the precursor molecule.
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Figure 7. Early methods of nucleotide synthesis. a ATP synthesis from dibenzyl
chlorophosphonate (DBPCI) and adenosine benzyl phosphate (AdoBP). b ATP
synthesis from AMP and N,N'-dicyclohexylcarbodiimide (DCC). ¢ ATP synthesis
from AMP and 1,1'-carbonyldiimidazole (CDI). TBAPP — tributylammonium
pyrophosphate.

As time went on, the interest in nucleosides and nucleotides only grew
fonder, various modifications at nucleoside’s base or sugar were being
introduced, thus new, more advanced nucleoside phosphorylation methods
had to be developed. One of the earliest methods for the phosphorylation of
nucleoside 5'-hydroxyl group was based on the use of phosphoryl chloride.
The phosphorylation, however, was plagued by lack of regioselectivity as
immensely reactive phosphoryl chloride reacted not only with the desired
5'-position but with 2'- and 3'-hydroxyl groups, also. Additional protection of
2'- and 3'-positions was necessary to avoid the undesired by-product
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formation. A breakthrough happened in 1967 when Y oshikawa and colleagues
discovered that the use of trimethyl phosphate or another trialkyl phosphate as
a solvent promotes phosphorylation of 5'-position (Yoshikawa et al., 1967).
The formed intermediate phosphorodichloridate nucleoside can be hydrolysed
to obtain a nucleoside 5'-monophosphate or be used for the synthesis of
nucleoside 5'-triphosphates. In 1981, Ludwig and colleagues reported that
treatment of the phosphorodichloridate intermediate with bis(tri-n)-butyl-
ammonium)pyrophosphate in dry dimethylformamide results in a cyclic NTP,
which, when hydrolysed, produces NTP with 80-90% yield (Figure 8a)
(Ludwig, 1981).
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Figure 8. Most common (d)NTP synthesis methods. a Ludwig procedure. b Ludwig-
Eckstein approach. B — natural or modified nucleobase; POCIs — phosphoryl chloride;
TMP — trimethyl phosphate; TBAPP — tributylammonium pyrophosphate.

To date, the Ludwig procedure is still the most commonly used method for
the preparation of natural and modified NTPs, however, the product yields can
be highly varying depending on the nature of the substrate. Over time certain
alterations have been applied to the procedure to increase the phosphorylation
efficiency. It was discovered that the use of a proton sponge and execution at
a lower temperature increases the rate of phosphorylation during the first step
of the synthesis (Gillerman and Fischer, 2010; Kovacs and Otvés, 1988). In
addition, replacing dimethylformamide with acetonitrile prevents the
formation of Vilsmeier-Haack complex and increases the overall yield of NTP
(Kore et al., 2012; Su et al., 2010). Notwithstanding the advancements,
Gillerman and Fischer have identified that an abundance of by-products forms
during ATP synthesis via Ludwig procedure as displayed in Figure 9
(Gillerman and Fischer, 2010). Unwanted by-product formation further
complicates purification process and decreases the final yield of the product.

Another traditional approach for the synthesis of NTPs involves phosphites
and was first described by Ludwig and Eckstein (Figure 8b) (Ludwig and
Eckstein, 1989). The “one-pot, three-step” procedure starts with treatment of
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2'3'-protected nucleoside  with  salicyl  phosphorochloridite in
pyridine/dioxane mixture. The reaction mixture is then supplemented with
bis(tri-n)-butylammonium)pyrophosphate in dry dimethylformamide. The
resultant cyclic triphosphite is oxidated with iodine in aqueous media and a
nucleoside triphosphate is formed. The synthesis was reported to result in
10-50% yields of natural nucleotides (Caton-Williams et al., 2011).
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Figure 9. By-products formed during ATP synthesis via Ludwig procedure. High
reactivity of POCIl; leads to indiscriminate phosphorylation of the ribose moiety.

Although many chemical methods for the preparation of NTPs exist, none
of them are perfect. The harsh reaction conditions, hydrophobicity of the
reagents, inevitable by-product formation, and cumbersome purification of the
product are problems with which organic chemists must face. A more efficient
and less laborious procedure, applicable for a large diversity of substrates,
would be a welcome addition to the existing arsenal of nucleoside
phosphorylation methods.

1.4. Enzymatic nucleoside monophosphate synthesis

The immense interest in nucleosides and their derivatives has spurred a
search for more effective and sustainable methods for nucleoside
phosphorylation. As green chemistry is gaining more and more traction,
enzymatic nucleoside phosphate synthesis is considered as a viable alternative
to chemical methods. Enzymatic reactions offer many advantages, such as
higher final product yield, shorter reaction duration, and enhanced stereo-,
regio- and enantioselectivity. Industrial production of naturally occurring
ribo- and deoxynucleoside monophosphates is traditionally achieved by
enzymatic hydrolysis of RNA and DNA (Bird et al., 2023; Ledesma-Amaro
et al., 2013). However, alternative strategies are required to obtain nucleotide
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analogues, that bear modifications at their nucleobase or sugar. Various
enzymes, that participate in nucleotide metabolism, are being explored as
biocatalysts for the biosynthesis of NMPs, such as nucleoside
phosphoribosyltransferases, acid phosphotransferases, or nucleoside kinases.

1.4.1. Phosphoribosyltransferases

Purine and pyrimidine phosphoribosyltransferases (PRTs) catalyse a
reversible phosphoribosyl transfer from PRPP to purine or pyrimidine
nucleobase forming nucleoside monophosphate and inorganic pyrophosphate
(PPi) as displayed in Figure 11a. PRTs are crucial in both de novo and salvage
biosynthesis pathways (Villela et al., 2011; del Arco and Fernandez-Lucas,
2018; Leija et al., 2016). The enzymes have been applied for multiple
syntheses of nucleoside monophosphate analogues (Figures 11b-11d).

a NH,
N ~N
NH, 2 9 <1 )
L ©°Fo 0-P-0 NN o o
</ ‘ O o) (0] (0] o o 1] 1
k 7 APRT -0-P-0-P-
S OH OHof'I':LO*i:ILO YT £ OO
&b Mg OH OH o 0
Adenine PRPP AMP PP,
b o c d 0
N 0 0
2 R NNo 9 <
0-P-0 0-P-0 N Rs OH OH
o 0 o °
68 - 96%
OH OH OH OH 8B3PRT

5-50%
TtUPRT

30 - 36%
TtAPRT

R;=H, F, Cl, |, Br, CH,OH
R, = H, CH,

0 S 0
N Nﬁ)L
NH NH % NH
R, = N//\/f'L < / X
R3=CIF 4 N ‘N/) <\N |N/)\NH2 NN

wan

Figure 11. Examples of PRT catalysed reactions. a Reaction performed by APRT
(adenine phosphoribosyltransferase). b UMP analogues synthesized using 7. thermo-
philus uracil PRT (del Arco et al., 2018). ¢ AMP analogues synthesized using 7. ther-
mophilus adenine PRT (Esipov et al., 2016). d Nucleotide analogues synthesized
using a mutant variant of E. coli hypoxanthine PRT (Scism et al., 2007).

For example, a mutant variant of Escherichia coli hypoxanthine PRT was
reported to successfully synthesize various base-modified nucleotide
monophosphates from purine base analogues and PRPP, with conversion rates
of up to 96% (Scism et al., 2007). Moreover, both soluble and immobilized
forms of uracil PRT from Thermus thermophilus have been applied for the
synthesis of non-natural NMPs, using 5- and 6-position modified uracil
analogues and PRPP as precursors (del Arco et al., 2020; del Arco et al.,
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2018). Furthermore, a multi-enzymatic system, containing a ribokinase from
Thermus sp. 2.9, and PRPP-synthetase and adenine PRT from 7. thermo-
philus, was utilized to synthesise modified NMPs. Hence, 2-chloroadenosine
and 2-fluoroadenosine monophosphates were obtained using D-ribose and
appropriate nucleobases as precursors in the presence of ATP with final
conversion rates of around 30% (Esipov et al., 2016).

Majority of the research on nucleoside PRTs is currently focused on their
potential as therapeutic agents for the treatment of cancer or viral and bacterial
infections, however, as discussed previously, PRTs can be efficient
biocatalysts for the synthesis of NMPs, too (Naesens et al., 2013; Parker et al.,
2011). Although employing nucleoside PRTs for NMP synthesis can seem
like an appealing approach, there are some concerns that should be taken into
careful consideration. Firstly, nucleoside PRTs are known to be substrate
specific, hence, it is crucial to choose an appropriate one for the substrate used
(del Arco and Fernandez-Lucas, 2018). Secondly, as the PRT catalysed
reaction is reversible, it is important to find optimal conditions to shift the
equilibrium towards nucleotide formation as opposed to its cleavage
(Giacomello and Salerno, 1978). Thirdly, PRPP is a high-cost and unstable
reagent, thus utilizing nucleoside PRT in a multi-enzymatic cascade, where
PRPP is synthesized from inexpensive precursors, might be more fitting
(Gross et al., 1983).

1.4.2. Non-specific acid phosphatases

Non-specific acid phosphatases (NSAPs) catalyse a reversible
dephosphorylation of organic phosphoesters in acidic conditions (Figure
12a). As the name suggests, the enzymes do not exhibit a strict substrate
specificity and accept a wide array of substrates, ranging from nucleotides and
sugar phosphates to phytic acid. The main cellular role of NSAPs is the free
phosphate acquisition, however, they are also known to be involved in the
regulation of cellular metabolism and signal transduction (Carmany et al.,
2003; Rossolini et al., 1998). Investigation of NSAPs as potential NMP
biocatalysts began after discovering that NSAPs from certain bacteria, such as
Morganella morganii, possess specific activity towards 5'-position of
nucleosides. The enzyme can utilize PP;, carbamoyl phosphate or
acetylphosphate as phosphate donors (Asano et al., 1999). Using E. coli cells
that overexpressed a mutated NSAP from M. morganii was reported to
produce IMP with 88% molar yield utilizing PP; as a phosphate source
(Mihara et al., 2000). In addition, a mutated NSAP from Escherichia blattae
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was applied for the synthesis of IMP reaching a molar yield of 45% (Figure
12b) (Liu et al., 2012).
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Figure 12. Reactions catalysed by NSAPs. a General scheme of NSAP catalysed
reaction. b Examples of NSAPs applied for the biosynthesis of nucleotides (Liu et al.,
2012; Mihara et al., 2000).

The main advantage of using NSAPs as biocatalysts in NMP synthesis is
that inorganic pyrophosphate can be used as a phosphate donor, which is an
inexpensive, readily available and non-toxic reagent. On the other hand,
NSAPs are characterised as hydrolases, thus, a thorough reaction optimisation
is essential to minimize dephosphorylation of produced NMP. In addition,
substrate specificity should also be considered, as NSAPs were shown to
favour ribonucleosides over 2'- and 3'-deoxyribonucleosides (Asano et al.,
1999).

1.4.3. Nucleoside kinases

Ribonucleoside kinases (rNKs) and deoxynucleoside kinases (dNKs) are
enzymes that catalyse an irreversible y-phosphate group transfer from a donor
nucleoside 5'-triphosphate, usually ATP or GTP, to an acceptor ribonucleoside
or 2'-deoxynucleoside, respectively, resulting in ribonucleoside or
2'-deoxynucleoside 5'-monophosphate and nucleoside 5'-diphosphate as
displayed in Figure 13. Divalent metal ions, usually magnesium, are crucial
for the activity of nucleoside kinases (Suzuki et al., 2004; Yu et al., 2011). In
addition to catalysing the initial step in nucleotide salvage pathway, rNKs and
dNKs are also responsible for in vivo activation of various antiviral and
antitumour agents (Deville-Bonne et al., 2010; Slot Christiansen et al., 2015;
Van Rompay et al., 2001).
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Figure 13. Nucleoside phosphorylation reaction catalysed by (deoxy)nucleoside
kinase.

With the exception of fungi, all living organisms are known to possess at
least one dNK (Vernis, 2003). Mammalian cells contain four dNKs, that have
defined, but overlapping specificities. Deoxycytidine kinase (dCK) is the most
efficient towards deoxycytidine, although deoxyadenosine, deoxyguanosine
and a handful of nucleoside analogues such as cytarabine, gemcitabine, or
fludarabine are also its substrates (Eriksson et al., 1991; Sabini et al., 2003).
Thymidine kinase 2 (TK2) phosphorylates canonical nucleosides
deoxythymidine, deoxycytidine, and deoxyuridine, but certain pyrimidine
analogues are also accepted (Barroso et al, 2003). For example,
azidothymidine, 3'-fluoro-2',3'-deoxythymidine, 5-(2-bromovinyl)-2'-deoxy-
uridine, 1-(2'-deoxy-2'-fluoro-1-B-D-arabinofuranosyl)-5-iodouracil, and
5-(2-chloroethyl)-2'-deoxycytidine are known substrates of TK2 (Eriksson et
al., 1991; Munch-Petersen et al., 1991; Wang et al., 1999). Deoxyguanosine
kinase (dGK) phosphorylates natural purine deoxyribonucleosides, such as
deoxyguanosine, deoxyadenosine, and deoxyinosine, and purine analogues,
such as 9-B-D-arabinofuranosylguanine, 2',2'-difluorodeoxyguanosine, and
2-chloro-2'-arabinofluoro-2'-deoxyadenosine (Sjoberg et al., 1998; Wang et
al., 1993). Thymidine kinase 1 (TK1) is known to be the most restricted in its
substrate scope, as it only accepts deoxythymidine, deoxyuridine,
azidothymidine, and 5-halogenated deoxyuridines as substrates (Eriksson et
al., 1991; Hanan et al., 2012).

As opposed to mammals, only one dNK, that phosphorylates all natural
deoxyribonucleosides, is found in insect cells. For example, Anopheles
gambiae contains a multisubstrate kinase that phosphorylates all four
canonical deoxynucleosides with a preference towards purines. Besides
natural substrates, the kinase has displayed activity towards nucleoside
analogues, such as stavudine, 5-fluoro-2'-deoxyuridine, 2-chloro-2'-deoxy-
adenosine, and 5-bromo-vinyl-2'-deoxyuridine (Knecht, 2003). In contrast,
dNKs from Drosophila melanogaster and Bombyx mori exhibit preference
towards pyrimidine nucleosides, but purines are also phosphorylated. In
addition to natural deoxynucleosides, the aforementioned dNKs are also
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active towards various nucleoside analogues, including but not limited to
5-fluoro-2'-deoxyuridine, 2',3'-dideoxycytidine, arabinosylcytosine, 3'-deoxy-
adenosine, 2-chloro-2'-deoxyadenosine, and fludarabine (Knecht et al., 2002;
Munch-Petersen et al., 2000).

Most bacteria mainly exhibit TK activity, although certain species are
known to phosphorylate all canonical nucleosides. For example, Lactobacillus
acidophilus strain R26, that has lacking ribonucleotide reductase activity, has
two additional dNKs to satisfy cellular deoxynucleotide requirements
(Durham and Ives, 1971). Heterodimeric dAK/dGK and dAK/dCK are highly
specific enzymes, that are responsible for the biosynthesis of deoxyadenosine,
deoxyguanosine, and deoxycytidine (Ives and lkeda, 1997). Furthermore,
Bacillus subtilis, in addition to TK, contains dGK and dACK/dCK enzymes,
that are active towards deoxyguanosine and deoxyinosine, and
deoxyadenosine and deoxycytidine, respectively (Andersen and Neuhard,
2001).

Certain DNA-containing viruses, such as poxviruses and herpes viruses,
contain a TK. Additionally to the activity towards deoxythymidine, TKs from
Herpes simplex type-1 (HSV-1) and varicella zoster (VZV) viruses possess a
thymidylate kinase activity and phosphorylate dTMP into dTDP (Bird et al.,
2003; Fyfe, 1982). Compared to mammalian TK1, HSV-1 TK is active
towards a much broader range of nucleosides. For example, canonical cytosine
and guanine 2'-deoxyribonucleosides are known substrates of the kinase
(Gentry, 1992). Furthermore, various nucleoside analogues, including
idoxuridine, azidothymidine, brivudine, acyclovir, and ganciclovir are also
phosphorylated (Balzarini et al., 2002; Fyfe et al., 1978; Spadari et al., 1992).
Similarly to HSV-1, VZV TK exhibits a broad substrate acceptance and
phosphorylates pyrimidine and purine analogues with small substitutions at
nucleobase or sugar, including acyclovir (Roberts et al., 1993). Vaccinia TK
displays a stricter substrate specificity, much like mammalian TK1, and in
addition to  deoxythymidine phosphorylates deoxycytidine and
azidothymidine (El Omari et al., 2006; Prichard et al., 2007). The broad
substrate range of viral TKs makes viruses susceptible to antiviral prodrugs
that are otherwise non-toxic to human cells.

Based on their amino acid sequences, dNKs can be separated into two large
groups: TK1-like and non-TK1-like kinases (Clausen et al., 2012). However,
the classification is yet to be final, and sometimes viral dNKs can be
designated as a third group (Eriksson et al., 2002). Kinases that belong to
TK1-like group are homologs to human thymidine kinase-1 (HsTK1) such as
eukaryotic TKls and thymidine kinases from Gram-negative bacteria
(Sandrini and Piskur, 2005). TK1s are homodimers, in a quiescent state, or
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homotetramers, in an active state, and each monomer consists of two domains
(Munch-Petersen et al., 1995; Welin et al., 2004). The fold of human TK1
monomer can be seen in Figure 14a. The larger o/f domain has a six-stranded
parallel B-sheet which is adjoined by a long al helix and a flexible P-loop on
one side, and three shorter o helices on the other side. Even though the P-loop
is highly conserved and is similar to the P-loop found in non-TK1-like kinases,
structurally the o/f domain of TKI resembles ATP binding domain of
RecA-F; ATPase. The smaller domain is called the lasso loop. It consists of
two B-sheets linked by a zinc ion and covers substrate site. The active site of
the TK1 monomer is located between the o/pf domain and the lasso loop. The
phosphate donor molecule binds to the o/ domain where it is coordinated by
the P-loop and a magnesium ion. As opposed to non-TKl-like kinases,
TK1-like kinases do not have a substrate binding site. The substrate therefore
binds in a narrow hydrophobic pocket between the two domains of TKI1,
which explains why TKI1 kinases can efficiently phosphorylate only
deoxythymidine and deoxyuridine (Welin et al., 2004).

b

Figure 14. Tertiary structures of TKIl-like and non-TK1-like deoxynucleoside
kinases. a HsTK1 (TK1-like) with dTTP and Mg?* (yellow). Adapted from (Welin et
al., 2004); b DmdNK (non-TK1-like) with dT and sulfate (yellow). Adapted from
(Johansson et al., 2001).

Non-TK 1-like kinases, on the other hand, are not as strict as TK1 and can
phosphorylate a wider range of nucleosides with partially overlapping
specificities (Slot Christiansen et al., 2015; Sandrini and Piskur, 2005). Non-
TK1-like group includes bacterial non-TK1-like kinases, such as dAK, dGK,
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and dCK, and eukaryotic kinases (TK2-like) with examples being Homo
sapiens dAK (HsdAK), dGK (HsdGK), dCK (HsdCK), and TK2 (HsTK2),
and multisubstrate dNKs from insects such as B. mori or D. melanogaster
(Clausen et al.,, 2012). Structurally non-TK1-like kinases are similar to
thymidylate kinases. The kinases possess a similar fold and are found as
homodimers. Each monomer consists of a five-stranded parallel B sheet
surrounded by 8-10 a helices (Figure 14b). Phosphate donor is bound to the
enzyme with the help of three distinct motifs: P-loop, which is located right
after B1 and is similar in all nucleoside and nucleotide kinases; LID domain,
which is comprised of three arginine residues, and closes onto the phosphate
donor molecule and participates in catalysis; and Glu-Arg-Ser motif that
assists in magnesium ion binding and catalysis. Phosphate acceptor molecule
is anchored into the active site of the enzyme by several conservative amino
acid residues that interact with the nucleoside via hydrogen bonding: a
glutamine residue interacts with the nucleobase, Glu-Tyr pair forms hydrogen
bonds with 3'-hydroxyl group, and a Glu-Arg couple bonds with the 5'-OH of
the deoxyribose moiety (Johansson et al., 2001; Sandrini and Piskur, 2005).

While there is an exhaustive number of studies on dNKs, comparatively,
rNKs have received less attention. There are three INKs found in human cells:
uridine-cytidine kinase 1 (UCK1), uridine-cytidine kinase 2 (UCK2), and
adenosine kinase (ADK) (Van Rompay et al., 2003). Both UCK1 and UCK2
phosphorylate uridine and cytidine, with UCK2 having a higher catalytic
efficiency compared to that of UCKI. Neither kinase accepts 2'-deoxy-
nucleosides or purine nucleosides as substrates, however, they have been
shown to phosphorylate various pyrimidine ribonucleoside analogues, such as
6-azauridine, 5-fluorouridine, and N'-acetylcytidine (Van Rompay et al.,
2001). UCKs display a broad phosphate donor specificity, including dNTPs,
however, UTP and CTP have been shown to inhibit their activity (Van
Rompay et al., 2001). In contrast, ADK phosphorylates both ribo- and
2'-deoxy- forms of adenosine, although its affinity towards Ado is >1000-fold
higher compared to that of dAdo (Hurley et al., 1986). Both ATP and GTP are
suitable phosphate donors to the kinase (Yamada et al., 1981). There is no
evidence of a guanosine kinase in mammalian cells, however, the enzyme has
been discovered in certain bacteria and plant cells (Ashihara et al., 1997;
Harlow et al., 1995). Guanosine kinase exhibits phosphorylating activity
towards inosine and guanosine, and can utilize ATP, dATP, and UTP as
phosphate donors (Mori et al., 1995).

The crystal structures of the three human rNKs have been solved (Figure
15) (Koizumi et al., 2001; Mathews et al., 1998; Van Rompay et al., 2001).
Based on their sequence similarity, UCKs belong to NMP kinase fold family
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and are found as homotetramers (Suzuki et al., 2004). In contrast, ADK shows
little sequence resemblance to other human rNKs. Structurally, it is similar to
microbial ribokinases and fructokinases, and bacterial guanosine kinase
(Spychala et al., 1996). The question of whether ADK developed ribose and
ATP binding sites through convergent evolution or if it evolved as a sugar
kinase instead of a nucleoside kinase remains unresolved.

Figure 15. Tertiary structures of human rNKs. a HsUCK1 monomer. PDB ID: 2JEO.
b HsUCK2 monomer. PDB ID: 1UDW. ¢ HsADK monomer. PDB ID: 1BX4.
HsUCK1 and HsUCK2 share a similar fold, while HsADK is different.

Nucleoside kinases are generally the superior choice when it comes to
enzymatic NMP synthesis as they offer many advantages over acid
phosphatase or phosphoribosyltransferase catalysed reactions. Although rNKs
and dNKs are substrate-specific enzymes, their variety and partially
overlapping specificities provide options to choose from to suit the target
substrate. While reactions, catalysed by NSAPs or PRTs are reversible and
result in an equilibrium of precursors and a mononucleotide, reactions,
catalysed by rNKs and dNKs, are directed towards nucleotide formation and,
depending on the substrate, can result in high product yields (Ding et al., 2020;
Eriksson et al., 1991; Hellendahl et al., 2019; Serra et al., 2014). In addition,
nucleoside triphosphates, required as phosphate donors in nucleoside kinase
catalysed reactions, are readily available and relatively stable under normal
conditions (Hulett, 1970).

Multiple nucleoside kinases have been successfully applied for the
enzymatic synthesis of various NMPs. For example, Homo sapiens dCK was
utilized as a biocatalyst in fludarabine 5'-monophosphate synthesis using
fludarabine and GTP as precursors (Hellendahl et al., 2019). The synthesis has
been executed using both soluble and immobilized forms of the kinase, with
conversion efficiencies reaching 60% and 55%, respectively, when using
12 mM of starting nucleoside. Furthermore, an immobilized form of dAK
from a soil-dwelling amoeba Dictyostelium discoideum has been applied for
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the biosynthesis of multiple adenine 5'-arabinonucleotides (Serra et al., 2017).
Production of vidarabine and fludarabine monophosphates has been shown to
reach as high as 99%. In addition, nucleoside kinases are frequently utilized
as constituents of multi-enzymatic cascades. For example, a system,
containing Clostridium perfringens uridine phosphorylase, Aeromonas
hydrophila purine nucleoside phosphorylase and Dictyostelium discoideum
dAK has been applied for the synthesis of vidarabine monophosphate in a
millilitre-scale using 25 mM arabinosyluracil as a starting substrate (Robescu
et al., 2020). Vidarabine monophosphate production efficiency has been
reported to reach 95.5% after 81 h. In another publication, a cytidine kinase
from Phorcysia thermohydrogeniphila has been coupled together with a
polyphosphate kinase from Acidibacillus sulfuroxidans to synthesize CMP in
industrial scale (Li et al., 2020). The cytidine kinase transformed cytidine into
cytidine monophosphate using ATP as a phosphate donor, while the
polyphosphate kinase performed ATP regeneration role. The system has been
reported to result in 96 mM of CMP produced within 6 h, which comes to an
efficiency of almost 100%. A guanosine-inosine kinase from
Exiguobacterium acetylicum has been explored as a biocatalyst for the
production of guanosine and inosine 5'-monophosphates. The kinase, coupled
together with an ATP regenerating system, reached guanosine and inosine
phosphorylation efficiencies of 16% and 81%, respectively (Kawasaki et al.,
2000). Furthermore, HsdCK and HsUCK2 have been successfully applied in
cell-specific metabolic labelling of RNA, where the kinases phosphorylated
2'-azidocytidine and 2'-azidouridine, respectively, into their monophosphate
forms, which were then subsequently phosphorylated into NTPs by cellular
NMP and NDP kinases. Incorporation of these NTPs by RNA polymerases
allowed for effective RNA probing with low cytotoxicity (Nainar et al., 2020;
Wang et al., 2020). In addition, D. melanogaster ANK and B. subtilis dCK
have also been utilized as biocatalysts in enzymatic synthesis of various
mononucleotide analogues, however, these will be discussed in more detail in
the following sections.

1.4.3.1. Drosophila melanogaster deoxynucleoside kinase

In contrast to mammals, insects have a single deoxynucleoside kinase
which is responsible for the phosphorylation of all four natural
deoxynucleosides to their corresponding monophosphates. Deoxynucleoside
kinase from Drosophila melanogaster (DmdNK) is a unique multisubstrate
kinase with a high catalytic efficiency and a broad substrate range. It is known
to have a preference towards pyrimidine deoxynucleosides, with thymidine
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being the best substrate, although purines are also acceptable substrates
(Johansson et al., 1999). In addition to natural nucleosides, DmdNK is able to
phosphorylate numerous nucleoside analogues (NAs) with noncanonical
nucleobases or sugars (Figure 16). Antineoplastic and antiviral agents such as
floxuridine, azidothymidine, zalcitabine, brivudine, or gemcitabine are known
substrates of the kinase (Knecht et al., 2009; Mikkelsen et al., 2003).
Surprisingly, even unnatural nucleosides, based on isocarbostyryl or
7-azaindole rings, were found to be suitable substrates for the kinase (Wu et
al., 2002).
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Figure 16. Nucleoside analogues accepted as substrates by DmdNK. BVDU —

brivudine; AZT — azidothymidine; dICS — isocarbostyryl-based deoxyribonucleoside
(Wu et al, 2002); F-AraA - fludarabine; d7Al - 7-azaindole-based
deoxyribonucleoside (Wu et al., 2002).

In addition, an immobilized form of DmdNK has been applied for the
biosynthesis of adenine arabinosylnucleotides in preparatory scale (Serra et
al., 2014). Vidarabine monophosphate and its fluorinated analogue
fludarabine monophosphate were produced from 12 mM of starting
nucleosides with 98% and 91% conversions, respectively. Furthermore, a
multi-enzymatic system exhibited in Figure 17, consisting of Drosophila
melanogaster dNK, and commercially obtained UMP-CMP kinase, NDP
kinase, and pyruvate kinase, has been applied for the synthesis of natural and
modified nucleoside triphosphates (Fehlau et al., 2020). DmdNK
phosphorylated  cytidine,  deoxycytidine, arabinosylcytosine, and
5-fluorocytidine into corresponding monophosphates, while UMP-CMP
kinase and NDP kinase subsequently converted them into diphosphate and
triphosphate forms, respectively. The system has been supplemented with a
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pyruvate kinase, which regenerated consumed ATP, by transferring a
phosphate group from phosphoenolpyruvate onto ADP. Final formation of the
pyr1rn1d1ne trlphosphates Was calculated to be 75-99%.
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Figure 17. Multi-enzymatic synthesis of natural and modified dNTPs with an ATP
regeneration system. dNK — D. melanogaster deoxynucleoside kinase; AK —
adenosine kinase; UMP-CMPK — uridylate-cytidylate kinase; GMPK — guanylate
kinase; AMPK — adenylate kinase; NDPK — nucleoside diphosphate kinase; PK —
pyruvate kinase. Adapted from (Fehlau et al., 2020).

Based on sequence similarity DmdNK belongs to non-TK1-like group and
shares a similar fold with human deoxynucleoside kinases. Sequence analysis
has revealed that DmdNK is 44% identical to HsTK2, whereas identities with
HsdCK and HsdGK are 31% and 34%, respectively (Munch-Petersen et al.,
2000). DmdNK crystalizes as a dimeric protein with 29 kDa in mass, and each
monomer is comprised of eight a-helices and a central five-strand parallel
B-sheet (Figure 18a). Crystal structures of DmdNK with deoxycytidine,

thymidine, dCTP, dGTP, dTTP, and various NAs have been solved (Egeblad-

Welin et al., 2007; Johansson et al., 2001; Knecht et al., 2009; Mikkelsen et
al., 2003, 2008). The substrate site of the kinase is an elongated cavity, that
has hydrophobic residues on its top and bottom, it is located near the
C-terminus of the B-sheet. Crystallographic data of DmdNK with a bound
deoxycytidine has revealed that the cytosine is stabilized by m-stacking
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interactions with F114 on one side, and W57 and F80 on the other side of the
base as can be seen in Figure 18b.

o
®R169  E172

Figure 18. Crystal structure of D. melanogaster dNK. PDB ID: 1j90. a Dimer form
of D. melanogaster dNK with 2'-deoxycytidine molecules (green) bound in the active
centres. Each monomer is coloured in different shades of blue. b Amino acid residues
(cyan) found in the active site of D. melanogaster dNK. 2'-Deoxycytidine molecule is
green; yellow dashed lines represent hydrogen bonds. Residue F114 is omitted for a
clearer view.

The N* and N* atoms of cytosine are bonded with Q81, and the oxygen
atom at C2 forms hydrogen bonds with two water molecules. On the other side
of the base, near the C5-position, there is a deep cavity dominated by
hydrophobic residues V84, M88, A110. The hydrophobic cleft provides a
possible explanation why DmdNK accepts such a wide range of nucleosides
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with modifications at positions 4 and 5 of pyrimidine ring. The deoxyribose
moiety is anchored in the active site by few polar residues. The oxygen atom
of the 3'-hydroxy group interacts with Y70 and E172, while 5'-oxygen forms
hydrogen bonds with E52, R169 and a water molecule. (Johansson et al.,
2001). Functional studies of DmdNK mutants have revealed that E5S2 initiates
the phosphorylation reaction by deprotonating the 5'-hydroxy group of ribose,

and R105 stabilizes the transitional state (Egeblad-Welin et al., 2007).

The substrate specificity of DmdNK can be modulated by replacing certain
amino acids in the active centre. Knecht and colleagues have successfully
altered the specificity of DmdNK and made it more similar to eukaryotic dCK
and dGK (Knecht, 2002). The amino acids V84, M88 and A110, that line the
substrate pocket, were replaced to corresponding amino acids typical for dCK
and dGK, which was later replicated in several other studies (Knecht et al.,
2007; Solaroli et al., 2007). It was discovered that triple DmdNK mutants
V84S/MB88R/A110D and V84A/M88R/A110D, which resemble the active
sites of dGK and dCK, respectively, gained substrate preferences similar to
the kinases. The mutants demonstrated greater catalytic efficiency for dGuo
and dAdo compared to Thd. The mutated variants have also obtained the
ability to phosphorylate certain nucleoside analogues that were not acceptable
substrates to wild-type DmdNK (DmdNK-WT). The compounds include
ganciclovir, an acyclic guanosine analogue, stavudine, which is a thymidine
analogue, and even 2'-deoxyribose without a nucleobase moiety.

The residues lining the hydrophobic pocket of DmdNK are not the only
ones of interest. Asparagine in position 64 was discovered during random in
vitro mutagenesis (Knecht et al., 2000). A DmdNK mutant, bearing N64D
mutation, was found to have lower activity towards natural nucleosides
compared to the wild-type kinase, however the activity towards 3'-modified
nucleosides such as azidothymidine (AZT) remained fairly the same. Further
studies have identified the residue to stabilize E172, which forms hydrogen
bonds with 3'-hydroxyl group of the ribose moiety (Welin et al., 2005).
Replacing the N64 with aspartate creates a negative charge which in turn
electrostatically repels E172. The distance between the glutamate residue and
the 3'-position of ribose increases, which allows for more space for a substrate
with a bulkier substitute, such as 3'-azide group.

Another residue that has received attention is glutamine in position 81. The
two hydrogen bonds formed between Q81 and a pyrimidine nucleobase are
important for substrate binding. In one study the glutamine was replaced with
asparagine, and such variant was found to prefer purine nucleosides over
pyrimidines (Solaroli et al., 2003). In two other ones, DmdNK-Q81E mutant
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has been utilized for the phosphorylation of unnatural nucleosides 2-amino-8-
(1'-B-D-2'-deoxyribofuranosyl)-imidazo[ 1,2-a]-1,3,5-triazin-4(8H)-one (dP),
6-amino-3-(1'-B-D-2'-deoxyribofuranosyl)-5-nitro-1H-pyridin-2-one ~ (dZ),
8- (1'-B-D-2'-deoxy-ribofuranosyl)imidazo[1,2-a]-1,3,5-triazine-2(8H)-
4(3H)-dione (dX), and 2,4-diamino-5-(1'-B-D-2'-deoxyribofuranosyl)-
pyrimidine (dK) whose structures are presented in Figure 19 (Chen et al.,
2017; Matsuura et al., 2017). Replacement of the glutamine’s positive charge
with the negative charge of glutamate enabled phosphorylation of the
beforementioned unnatural nucleosides whereas wild-type kinase
phosphorylated them extremely inefficiently or not at all.
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Figure 19. Structures of unnatural nucleosides dP, dZ, dX, and dK, that are
phosphorylated by DmdNK-QS1E variant (F. Chen et al., 2017; Matsuura et al.,
2017).

The broad substrate scope of DmdNK-WT allows phosphorylation of
various canonical nucleosides and their derivatives. Additionally, the
efficiency of kinase can be improved by selective substitution of specific
amino acid residues in its active site, which further enhances the activity of
the kinase towards certain compounds.

1.4.3.2. Bacillus subtilis deoxycytidine kinase

Deoxycytidine kinase (BsdCK) from Bacillus subtilis is a bacterial
deoxynucleoside kinase, that belongs to the non-TKl1-like kinase family
together with HsdCK, HsdGK, and DmdNK (Sandrini and Piskur, 2005).
Contrary to the aforementioned kinases, BsdCK has not received as much
attention. Crystal structure of the enzyme has yet to be solved, however, based
on sequence analysis it is 25.6% and 25.3% identical to DmdNK and HsdCK,
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respectively. It is known the enzyme is a homodimer, with a monomer size of
25.4 kDa.

The kinase was first characterized in 1980 (Mellgaard, 1980). Its
specificity towards nucleobases was discovered to be quite strict and only
nucleosides of cytosine and adenine are known to be suitable substrates. The
sugar moiety, however, is not as important. Even though 2'-deoxyribo-
nucleosides are favoured, nucleosides bearing ribose or arabinose moieties are
also accepted (Andersen and Neuhard, 2001). While research on the topic is
limited, a paper from 2013 reported on the application of BsdCK as a
biocatalyst for the synthesis of nucleoside 5'-monophosphates (Zou et al.,
2013). The authors presented a one-pot synthesis, where BsdCK together with
N-deoxyribosiltransferase from Lactobacillus delbrueckii and acetate kinase
from Escherichia coli were applied for the production of ANMPs (Figure 20).
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Figure 20. Multi-enzymatic synthesis of NMPs from thymidine and nucleobases.
NDT-II — N-deoxyribosyltransferase II; ACK — acetate kinase. Adapted from (Zou et
al., 2013).

N-Deoxyribosyltransferase catalysed a deoxyribose transfer from
deoxythymidine to adenine, 2-aminoadenine, or cytosine. The formed
nucleoside was phosphorylated by BsdCK using GTP as a phosphate donor,
while acetate kinase performed GTP regeneration using acetyl phosphate. The
production efficiencies of deoxyadenosine monophosphate, 2-aminodeoxy-
adenosine monophosphate, and deoxycytidine monophosphate were 90%,
87%, and 62%, respectively. BsdCK phosphorylates adenine and cytosine
nucleosides with various sugar moieties, suggesting that it may possess a
wider substrate range than originally thought. Coupled with its high
nucleoside conversion rates, this makes BsdCK a promising candidate for
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enzymatic NMP synthesis. However, further research is necessary to fully
assess its potential.

1.5.  Phosphate donor regeneration

Enzymatic nucleoside phosphorylation, carried out by nucleoside kinases,
requires NTPs (typically ATP or GTP) as phosphate donors, and this approach
has certain disadvantages. Firstly, NTPs are relatively expensive reagents.
While this may not be a matter of concern in analytical scale experiments,
preparatory scale syntheses can get rather costly. Secondly, NTP depletion
during phosphorylation reactions results in NDP accumulation, which can
suppress enzymatic activity and complicate final product purification.
Implementing a phosphate donor regeneration system is a way to rectify the
issues and make enzymatic NMP synthesis more efficient and sustainable.
Most commonly, ATP regeneration is executed by various kinases, that
facilitate a y-phosphate transfer from adenosine triphosphate to an acceptor
molecule. The reversible action of such kinases is often exploited to regenerate
ATP from ADP and inexpensive materials (Andexer and Richter, 2015; Chen
and Zhang, 2021).

To date, one of the most popular enzymes for in vitro ATP regeneration is
acetate kinase. The kinase catalyses a reversible phosphate group transfer
from acetyl phosphate to ADP and has been proven to be an effective strategy
in ATP regeneration (Nakajima et al., 1984). Acetate kinase/acetyl phosphate
system has been successfully coupled with UCK to synthesize UMP and CMP
in very high conversion yields (Qian et al., 2014). Furthermore, the system
has been utilized to regenerate GTP in a one-pot enzymatic cascade,
containing N-deoxyribosyltransferase II and deoxycytidine kinase, to produce
adenosine, 2-aminoadenosine and cytidine 5'-monophosphates (Zou et al.,
2013). In another paper, E. coli cells with surface-displayed NMP kinases and
acetate kinase were reported to be applied for the synthesis of CTP, dCTP,
ATP, dATP, dTTP, and dUTP from their corresponding monophosphates with
conversion yields reaching 80-96%. In addition to regenerating the ATP,
necessary for NMP kinases, acetate kinase performed the subsequent
phosphorylation by converting produced NDPs into NTPs (Ding et al., 2020).

Acetyl phosphate is an inexpensive starting material, that, if needed, can
be simply synthesized (Crans and Whitesides, 1983). However, a considerable
drawback is that it is rather unstable and tends to breakdown into acetate and
inorganic phosphate (Lipmann and Tuttle, 1944). Coupling the reaction with
pyruvate oxidase, that synthesizes acetyl phosphate from pyruvate, oxygen,
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and inorganic phosphate as displayed in Figure 21, can make the regeneration
more sustainable; however, an addition of catalase is necessary to eliminate
H,0», which is a toxic byproduct of pyruvate oxidase catalysed reaction (Kim
and Swartz, 1999).

Pyruvate
oxidase Catalase
Pyruvate + O, + Py + HLO ——— Acetyl phosphate + CO;, + H,O, ————— H,0 + 1/2 O,
ADP
Acetate
kinase
ATP
Acetate

Figure 21. ATP regeneration system consisting of acetate kinase, pyruvate oxidase,
and catalase. Adapted from (Kim and Swartz, 1999).

Pyruvate kinase together with phosphoenolpyruvate (PEP) is another
example of ATP regenerating systems (Figure 22a), however, its main
limitation is its cost. PEP is one of the most expensive phosphate donors and
while it can be synthesized from less costly precursors, such as pyruvate, the
additional complexity makes the system less appealing (An et al., 2017;
Hirschbein et al., 1982). Pyruvate kinase/PEP ATP regeneration system has
been utilized in various nucleotide preparations. Fluorinated nucleotide
analogues SF-UTP and S5F-CTP were synthesized from 5-fluorouracil and
S-fluorocytidine, respectively, in enzymatic cascades, where ATP was
regenerated by pyruvate kinase using PEP as a donor (Hennig et al., 2007).
Pyruvate kinase has been also applied for ATP regeneration in enzymatic one-
pot phosphorylation of various cytidine and adenosine analogues into their
corresponding triphosphate forms (Fehlau et al., 2020).

Creatine kinase, whose main responsibility in vivo is the maintenance of
the ADP homeostasis, together with creatine phosphate (Figure 22b), is not
as popular for ATP regeneration as acetate kinase/acetyl phosphate or
pyruvate kinase/PEP systems. However, creatine kinase’s low Kv value for
ADP and relatively low-cost of creatine phosphate might make it an approach
worth exploring (Sahlin and Harris, 2011). The creatine kinase/creatine
phosphate synthesis has been successfully applied to regenerate ATP in cell-
free syntheses of glycoconjugates and proteins (Kigawa et al., 1999; Zhang et
al., 2003).
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Figure 22. Examples of ATP regeneration systems. a ATP regeneration using
pyruvate kinase/phosphoenolpyruvate system; b ATP regeneration using creatine
kinase/creatine phosphate system; ¢ ATP regeneration using polyphosphate
kinase/polyphosphate system.

Polyphosphate kinases (PPK) are becoming increasingly popular as
candidates for in vitro ATP regeneration. The enzymes catalyse a reversible
v-phosphate transfer from ATP to inorganic polyphosphate (polyP) (Figure
22c¢), which is a readily available, low-cost and highly stable in a broad pH
range material (Ahn and Kornberg, 1990; Rao et al., 2009). Based on their
sequences, PPKs are classified into two families: PPK1 and PPK2 (Neville et
al., 2022). PPK1s have been utilized in multiple enzymatic syntheses where
ATP regeneration was required, such as production of amorphadiene from
mevalonate, 5-aminolevulinic acid from glycine and succinate, and NTPs
from NDPs (Meng et al., 2016; Noguchi and Shiba, 1998; Shimane et al.,
2012). Even though PPKls have been successfully applied in enzymatic
syntheses, there are a few drawbacks that are hard to overlook. Firstly,
reaction equilibrium of PPK1 enzymes is shifted towards polyP synthesis over
ATP synthesis (Tzeng and Kornberg, 2000). Secondly, PPK 1s are membrane-
bound proteins, thus purification and solubility are something to be considered
(Akiyama et al., 1992). In contrast to PPK1, PPK2 enzymes are water-soluble
and favour ATP synthesis over degradation (Ishige et al., 2002). They share
no sequence similarities with PPK1 enzymes and are further classified into
three subfamilies (Motomura et al., 2014). PPK2-1 and PPK2-II catalyse
phosphorylation of NDPs and NMPs, respectively, while PPK2-III
phosphorylates both nucleoside mono- and diphosphates into their
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triphosphate forms. In recent years, PPK2 catalysed ATP regeneration was
utilized in numerous biosyntheses. For example, PPK2 from Corynebacterium
glutamicum was applied for ATP regeneration in enzymatic glutathione
production, while PPK2-III from Deinococcus geothermalis was used to
regenerate ATP from AMP in chemoenzymatic synthesis of N-methyl-
butyrylamide and similar amides (Cao et al., 2018; Leliévre et al., 2020).
Futhermore, PPK2 from Meiothermus cerbereus has been coupled together
with UCK from Lactobacillus helveticus to manufacture CMP in high titre
(143 mM) from cytidine (Teng et al., 2023).

There are numerous nucleoside triphosphate regeneration systems
available, each with its own set of advantages and disadvantages. Acetyl
phosphate, utilized by acetate kinase, is relatively affordable but tends to be
unstable in prolonged reaction times. In contrast, pyruvate kinase/PEP system
does not share the instability issue but is one of the most expensive choices
for ATP regeneration. Creatine kinase/creatine phosphate system is not as
thoroughly studied for in vitro ATP regeneration as the beforementioned
systems; however, the low cost and high stability of creatine phosphate makes
it an attractive option. Finally, PPK catalysed ATP regeneration appears to be
a reasonable choice, as it uses inexpensive and stable polyP as a phosphate
donor.

Takeaway

Nucleosides and their derivatives are essential in numerous scientific
fields, including molecular biology, biochemistry, and pharmacology. Beyond
countless cellular functions, their significance extends to therapeutic
applications, such as antiviral and anticancer treatments, making them
prominent research objects. Notwithstanding their importance, chemical
nucleoside phosphorylation presents considerable challenges. Chemical
nucleotide synthesis often involves complex and laborious multi-step
reactions, that often lead to low product yields. Additional complications arise
if specific stereochemistry is required. Enzymatic nucleoside phosphate
synthesis is extensively explored as an alternative to traditional chemical
phosphorylation methods. Enzymatic phosphorylation offers many
advantages, such as greater specificity, milder reaction conditions, higher
product yields and is overall a more sustainable and environmentally
conscious approach. While significant progress in the enzymatic nucleotide
synthesis has been made, many of the approaches are not yet fully optimized
and further advancements are necessary for a widespread application.
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2. EXPERIMENTAL
2.1. General information
2.1.1. Chemicals

Chemicals and solvents were purchased from Sigma-Aldrich (Germany),
Alfa Aesar (Germany), Honeywell (Germany), Fluka (Germany), Merck
(Germany), and GE Healthcare (Germany). They were of analytical grade or
higher and were used without further purification. Acetyl phosphate was
prepared in the laboratory based on a method previously described by Crans
and Whitesides (Crans and Whitesides, 1983).

2.1.2. Purification and analysis of synthesized compounds

Thin-layer chromatography (TLC) was carried out on 25 TLC aluminium
sheets coated with silica gel 60 F254 (Merck, Germany). Column
chromatography was performed on silica gel 60 (0.063—0.200 nm) (Merck,
Germany) and reverse-phase chromatography on Grace flash cartridges C-18
(Fisher Scientific, Germany). lon exchange chromatography was performed
on DEAE Sephadex A-25 (GE Healthcare, Germany).

Melting points were determined with a MEL-TEMP (Electrothermal,
Germany) melting apparatus in capillary tubes and are not corrected. NMR
spectra were recorded in DMSO-ds and D,O on a Bruker Ascend 400 (Bruker
BioSpin, Germany) 'H NMR—400 MHz, *C NMR-101 MHz, *'P-202 MHz.
Chemical shifts are reported in ppm relative to the solvent resonance signal as
an internal standard. UV spectra were recorded on a Lambda 25 Perkin Elmer
UV/VIS spectrometer (PerkinElmer, UK). HPLC-MS analyses were
performed using a high-performance liquid chromatography system, equipped
with a photo diode array detector (SPD-M20A) and a mass spectrometer
(LCMS-2020, Shimadzu, Japan) equipped with an ESI source. The
chromatographic separation was conducted using a YMC Pack Pro column,
3x150 mm (YMC, Japan) at 40°C and a mobile phase that consisted of 0.1%
formic acid water solution (solvent A), and acetonitrile (solvent B). Mass
spectrometry data was acquired in both positive and negative ionization mode
and analysed using the LabSolutions LCMS software (version 5.42 SP6).
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2.1.3. Gene sources and bacterial strains

Plasmid pOpen-dromedNK, that encoded D. melanogaster
deoxynucleoside kinase (DmdNK-WT) gene was kindly provided by Drew
Endy and Jennifer Molloy and FreeGenes Project (Addgene plasmid #165579;
http://n2t.net/addgene:165579; RRID:Addgene 165579; Watertown, MA,
USA; accessed on 12 October 2021), B. subtilis deoxycytidine kinase
(BsdCK-WT) and E. coli acetate kinase (EcACK) genes were cloned from
Bacillus subtilis 168 (from laboratory stock of Department of Molecular
Microbiology and Biotechnology, Institute of Biochemistry, Life Sciences
Center, Vilnius University, Lithuania) and Escherichia coli DH50 (Novagen,
Germany), respectively. Escherichia coli DH5a was used for plasmid
amplification, and Escherichia coli BL21 (DE3) (Novagen, Germany) and
Escherichia coli KRX (Promega, Austria) were used for the expression of the
target proteins.

2.1.4. Reagents for plasmid construction

The expression vector pLATE31 was purchased from ThermoFisher
Scientific (Lithuania) as a part of alLICator LIC cloning and expression set.
Phusion High-Fidelity PCR Master Mix and Phusion Plus PCR Master Mix,
utilized for gene amplification, were purchased from ThermoFisher Scientific
(Lithuania). Restriction enzyme Dpnl (10 U/pL) was purchased from
ThermoFisher Scientific (Lithuania). GeneJet PCR purification kit was
purchased from ThermoFisher Scientific (Lithuania). ZR Plasmid MiniPrep,
used for plasmid isolation, was purchased from Zymo Research (Germany).

2.1.5. Computer software

Protein structures were visualized using PyMOL Molecular Graphics
System, Version 3.0 Schrodinger, LLC. Protein structure models were
generated by ColabFold v1.5.5 software (Mirdita et al., 2022). Molecular
docking was performed utilizing DiffDock software
(https://huggingface.co/spaces/reginabarzilayeroup/DiffDock-Web; accessed
on 12 August 2024).
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2.2. Chemical synthesis of modified nucleosides
2.2.1. Synthesis of N* amino acid-acylated nucleosides

An appropriate amino acid (L-alanine, L-glycine, B-alanine, L-leucine,
L-isoleucine, L-methionine, L-phenylalanine, or L-tyrosine, 6.66 mmol) was
dissolved in 24 mL of 1,4-dioxane and water mixture (1:1). 13.3 mL of I M
NaOH (2 mol. eq.) was slowly added. After cooling the mixture in the freezer
for 20 min, 2.183 g (10 mmol) of di-tert-butyl dicarbonate (Boc,O) was added
and the reaction was stirred for 3 h at room temperature (Krapcho and Kuell,
1990). After the reaction had taken place, the mixture was reduced to a volume
of 2-5 mL using a rotary evaporator. Aqueous solution of citric acid (10%)
was added to the mixture until pH reached 2.0. The mixture was extracted
using ethyl acetate. Ethyl acetate fractions were pooled, dried with anhydrous
sodium sulphate, filtered, and reduced using a rotary evaporator to recover a
Boc-protected amino acid.

The protected amino acid, 7.33 mmol of N-hydroxysuccinimide (NHS) and
7.33 mmol of N,N -dicyclohexylcarbodiimide (DCC) were dissolved in 30 mL
of ethyl acetate (Barré et al., 2016). The reaction mixture was stirred at room
temperature. After 24 hours had passed, the formed white precipitate was
separated from reaction mixture by filtration, and ethyl acetate was removed
using a rotary evaporator. The formed N-Boc protected and NHS-activated
amino acid together with 6.66 mmol of 2'-deoxycytidine was dissolved in
8-10 mL of dimethylformamide (DMF) and stirred for 5 days at room
temperature. DMF was removed under reduced pressure, the obtained residue
was purified by column chromatography (silica gel, chloroform/methanol
mixture, 100:0 to 85:15). Structures of the synthesized nucleosides were
confirmed by NMR spectroscopy and HPLC-MS analysis (provided in
Appendix 1).

2.2.2. Synthesis of N-4-(2'-deoxycytidinyl)amino acid amides

N-4-(2'-Deoxycytidinyl)amino acid amides were obtained by removing the
Boc-protecting group from the synthesized N'-acylated-2'-deoxycytidine
compounds. The deprotection reaction was performed by dissolving a selected
deoxycytidine derivative (1.0—1.3 mmol) in 10-15 mL of water and boiling
the solution for 45-70 min (J. Wang et al., 2009). The course of the
deprotection reaction was monitored by TLC. After the deprotection took
place, water was removed using a rotary evaporator. The remaining reaction
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mixture was purified by reverse phase chromatography (GRACE C-18
column, water/methanol mixture, 5:0 to 4:1, as eluent). Fractions containing
the products were pooled and reduced under pressure to afford N-4-(2'-deoxy-
cytidinyl)amino acid amides. The synthesized nucleoside derivatives were
characterized by NMR spectroscopy and HPLC-MS analysis (provided in
Appendix 2).

2.3. Enzymatic synthesis of modified nucleoside 5'-monophosphates
2.3.1. Cloning of target genes

The target genes encoding DmdNK-WT, BsdCK-WT and EcACK were
amplified from pOpen-dromedNK plasmid, B. subtilis 168 genomic DNA,
and E. coli DH5a genomic DNA, respectively. The amplification was done by
PCR using Phusion polymerase with synthetic primers (Appendix 4). The
amplified genes were purified from 1% agarose gel using a GeneJET PCR
purification kit and cloned into pLATE31 plasmid according to
manufacturer’s protocols. The plasmids were electroporated into electro-
competent E. coli DH5a cells (Dower et al., 1988). Transformants were
selected on LB agar plates that contained 0.1 mg/mL ampicillin. The
recombinant plasmids were isolated using ZR Plasmid Miniprep Kkit,
sequenced and named pLATE31-dNK, pLATE31-dCK, and pLATE31-ACK.

2.3.2. Site-Directed Mutagenesis

Site-directed mutagenesis was utilized for the creation of sixteen
D. melanogaster dNK and three B. subtilis dCK mutant variants. Plasmids
pLATE31-dNK and pLATE31-dCK were used as starting templates. Full list
of templates and primers utilized in the mutagenesis of the kinases is provided
in Appendix 5. The target genes were synthesised by PCR using Phusion Plus
polymerase. DmdNK variants V84A, V84A+A110D, V84A+MS88A, MEEA,
M88R, M8BR+A110D, and A110D, and BsdCK variants R70M,
R70M+D93M, and D93M were synthesized traditionally, utilizing a forward
and a reverse primer, both carrying the same mutation. Synthesis of DmdNK
variants W57F, W57V, Q81A, Q81A+V84G, Q81A+M88G, Q81A+A110G,
V84G, M88G, and A110G was based on a single-primer site-directed
mutagenesis protocol (Huang and Zhang, 2017). After completion of PCR,
template DNA was removed by treating reaction mixtures with 1 pL of Dpnl.
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The products were purified from 1% agarose gel and cloned into pLATE31
plasmid according to manufacturer’s protocol. The obtained plasmids were
chemically transformed into competent £. coli DH5a cells. Transformants
were selected on LB agar plates (0.1 mg/mL ampicillin). The plasmids were
isolated and sequenced to confirm that the desired mutations were present.
The plasmids with correct sequences were named pLATE31-dNK-WS57F,
pLATE31-dNK-W57V, pLATE31-dNK-QS81A, pLATE31-dNK-
Q81A+V84G, pLATE31-dNK-Q81A+MS88G, pLATE31-dNK-
Q81A+A110G, pLATE31-dNK-V84A, pLATE31-dNK-V84G, pLATE31-
dNK-V84A+M88A, pLATE31-dNK-V84A+A110D, pLATE31-dNK-MS88A,
pLATE31-dNK-MS88G, pLATE31-dNK-MS88R, pLATE31-dNK-
M88R+A110D, pLATE31-dNK-A110D, pLATE31-dNK-A110G,
pLATE31-dCK-R70M, pLATE31-dCK-R70M+D93M, and pLATE31-dCK-
D93M.

2.3.3. Expression of target genes and purification of the enzymes

The recombinant plasmids (except for DmdNK-Q81A+V84G, DmdNK-
Q8I1A+MS88G, DmdNK-Q81A+A110G, DmdNK-V84G, DmdNK-MS8G,
and DmdNK-A110G, for which E. coli KRX strain was used) were
transformed into E. coli BL21 (DE3) by electroporation. Transformants were
selected on LB agar plates that contained 0.1 mg/mL ampicillin and inoculated
into two flasks containing 200 mL of LB medium with 0.1 mg/mL ampicillin.
The inoculates were incubated at 37 °C and 180 rpm for 2—5 h. After ODsoo
reached 0.6, gene expression was induced by supplementing the medium with
1 mM of isopropyl B-D-1-thiogalactopyranoside (IPTG) and continuing
incubation for additional 3 h at the same conditions. In case of E. coli KRX
transformants, at an ODgoo of 0.6, the temperature was decreased to 20 °C and
gene expression was induced with 0.5 mM of IPTG and 0.1% of L-rhamnose
for 20 h. The cells were harvested by centrifugation at 4,000 x g at 4 °C for
10 min. After separation from supernatant, the cells were resuspended in
10 mL of buffer A (50 mM potassium phosphate, pH 7.5) and lysed by
sonication (5 min total time; 2 s disruption; 8 s cooling; 22 kHz at 40%
amplitude) on ice using a Branson SFX 250 sonicator (Emerson, Missouri,
USA). Cell-free supernatant was recovered by centrifugation at 4,000 x g at
4 °C for 10 min. The collected soluble fractions were loaded onto 5 mL Ni**
HiTrap chelating HP column (Cytiva, USA), equilibrated with buffer A, and
mounted on an AKTA pure (Cytiva, USA) protein purification system. Protein
purification was performed at room temperature at 1 mL/min flow rate. The
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enzymes were eluted using buffer B (50 mM potassium phosphate, 0.5 M
imidazole, pH 7.5) gradient from 0% to 100% over 10 min. Protein
purification was monitored using 14% sodium dodecyl sulphate—
polyacrylamide gel electrophoresis (SDS-PAGE). Fractions with target
proteins were pooled, placed into dialysis bags, and dialyzed for 18 h at 4 °C
in buffer A. The precipitated proteins were removed by centrifugation at
16,000 x g at 4 °C for 10 min. Solutions of the purified enzymes were stored
at —20 °C until further use.

2.3.4. Optimization of reaction conditions catalysed by DmdNK-WT
and BsdCK-WT

The influence of various factors such as reaction duration, temperature, pH,
substrate concentration, and enzyme concentration, was assessed. The effects
of these factors were determined by HPLC-MS analysis based on the
conversion of 2'-deoxycytidine (dCyd) to 2'-deoxycytidine 5'-monophosphate
(dCMP).

2.3.4.1. Optimal reaction duration

The generation of dCMP was measured at 1 min, 2 min, 5 min, 10 min,
15 min, 30 min, 1 h, 2 h, and 4 h. The reaction mixtures were of 300 puL of
volume and consisted of 10 mM dCyd, 15 mM GTP, 15 mM MgCl,, 50 mM
potassium phosphate buffer (pH 7.5), and 0.69 nmol/mL of DmdNK-WT or
9.45 nmol/mL of BsdCK-WT. The syntheses were performed at 37 °C and
500 rpm. Samples of 20 pul. were quenched with 60 pL of acetonitrile,
centrifuged at 16,000 x g at 4 °C for 10 min, and analysed with HPLC-MS.

2.3.4.2. Optimal temperature

The influence of temperature to the phosphorylation of 2'-deoxycytidine
was measured at 4 °C, 20 °C, 30 °C, 37 °C, 45 °C, 50 °C, 60 °C, 70 °C, and
80 °C. Total reaction volumes were 50 uL and consisted of 10 mM dCyd,
15 mM GTP, 15 mM MgCl,, 50 mM potassium phosphate buffer (pH 7.5),
and 0.69 nmol/mL of DmdNK-WT or 9.45 nmol/mL of BsdCK-WT. The
reactions were performed at 500 rpm for a duration of 5 min. Samples were
quenched with 150 pL of acetonitrile, centrifuged at 16,000 x g at 4 °C for
10 min, and analysed with HPLC-MS.

51



2.3.4.3. Optimal pH

Two buffers with ranging acidities were used to evaluate reaction
mixture’s pH effect on dCMP synthesis: 50 mM potassium phosphate buffer
with pH values of 5.5, 6.0, 6.5 and 7.0, and 50 mM Tris-HCI buffer with pH
values of 7.0, 7.5, 8.0, 8.5 and 9.0. Each buffer contained 10 mM dCyd,
I5mM GTP, 15 mM MgCl,, and 0.69 nmol/mL of DmdNK-WT or
9.45 nmol/mL of BsdCK-WT, with the total volume being 50 pL. The
reactions were executed at 37 °C and 500 rpm for 5 min. The syntheses were
stopped by adding 150 uL of acetonitrile. The samples were centrifuged at
16,000 x g at 4 °C for 10 min, and analysed with HPLC-MS.

2.3.4.4. Optimal nucleoside concentration

To evaluate the effect of nucleoside concentration to the phosphorylation
reaction, 7 different 2'-deoxycytidine concentrations were utilized: 1 mM,
25mM, 5 mM, 10 mM, 20 mM, 30 mM, and 50 mM. In addition to the
nucleoside, reaction mixtures contained 30 mM GTP, 15 mM MgCl,, and
0.69 nmol/mL of DmdNK-WT or 9.45 nmol/mL of BsdCK-WT, and 50 mM
potassium phosphate buffer (pH 7.5) with the total volume being 50 pL. The
dCMP syntheses were executed at 37 °C and 500 rpm and quenched with
150 pL of acetonitrile after 5 min. The samples were centrifuged at
16,000 x g at 4 °C for 10 min, and analysed with HPLC-MS.

2.3.4.5. Optimal phosphate donor concentration

The effect of GTP concentration to the synthesis of 2'-deoxycytidine
5'-monophosphate was evaluated by using 8 different GTP:dCyd molar ratios:
1:4, 1:2, 1:1, 3:2, 2:1, 5:2, 3:1, and 5:1. The reaction mixtures of 50 pL
consisted of 10 mM dCyd, 2.5 mM, 5 mM, 10 mM, 15 mM, 20 mM, 25 mM,
30 mM, or 50 mM GTP, 15 mM MgCl,, 50 mM potassium phosphate buffer
(pH 7.5), and 0.69 nmol/mL DmdNK-WT or 9.45 nmol/mL BsdCK-WT. The
reactions were performed for 5 min at 37 °C and a mixing speed of 500 rpm.
The syntheses were halted by adding 150 pL of acetonitrile, centrifuged at
16,000 x g at 4 °C for 10 min, and analysed with HPLC-MS.

2.3.4.6. Optimal nucleoside kinase concentration

To determine how effectively the recombinant enzymes phosphorylated
dCyd, a range of different kinase concentrations were employed. The reaction
mixtures made up 50 uL and consisted of 10 mM dCyd, 15 mM GTP, 15 mM
MgCl,, 50 mM potassium phosphate buffer (pH 7.5), and 0.07 nmol/mL,
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0.14 nmol/mL, 0.34 nmol/mL, 0.69 nmol/mL, 1.37 nmol/mL, 2.06 nmol/mL
(for DmdNK-WT) or 1.89 nmol/mL, 4.72 nmol/mL, 9.45 nmol/mL,
18.9 nmol/mL, 56.7 nmol/mL, 94.5 nmol/mL, 189 nmol/mL (for BsdCK-WT)
kinase. The reactions were executed for 5 min at 37 °C and 500 rpm.
Phosphorylations were quenched by adding 150 pL of acetonitrile, mixtures
were centrifuged at 16,000 x g at 4 °C for 10 min, and analysed with
HPLC-MS.

2.3.5. Substrate specificities of the nucleoside kinases

The substrate specificities of the recombinant nucleoside kinases DmdNK
and BsdCK were performed in reaction mixtures with a total volume of 50 pL
that consisted of 10 mM of nucleoside, 15 mM of GTP, 15 mM MgCl,, 50 mM
potassium phosphate buffer (pH 7.5), and 0.69 nmol/mL of wild-type or
mutant DmdNK, or 9.45 nmol/mL wild-type BsdCK or 2.69 nmol/mL mutant
BsdCK. The phosphorylation reactions were executed at 37 °C and 300 rpm
for the duration of 24 h. The reactions were stopped by adding 150 uL of
acetonitrile. The samples were centrifuged at 16,000 x g at 4 °C for 10 min,
and analysed with TLC and HPLC-MS.
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The specificities of the enzymes were determined based on the generation
of corresponding nucleoside 5'-monophosphates. Reaction efficiencies were
calculated by chromatogram areas of HPLC-MS analyses. An example of such

analysis is provided in Figure 23 above. The equation used to calculate the
NMP area
- . The
Nucleoside area+NMP area
substrates used for the experiments are listed in Tables 3—-6, 8—10.

phosphorylation efficiencies (%): 100% X

2.3.6. Larger-scale syntheses of nucleoside 5'-monophosphates

The conditions for the larger-scale synthesis of nucleoside 5'-mono-
phosphates were based on the previously described optimization assays.
Nucleosides, chosen for the phosphorylation, were 2'-deoxycytidine and
N'-acetyl-2'-deoxycytidine for BsdCK-WT, and 2-thiouridine for
DmdNK-WT. The reactions were started using these conditions: 50 mM
nucleoside, 5 mM GTP, 15 mM MgCl,, 100 mM acetyl phosphate,
0.46 nmol/mL EcACK, and 9.45 nmol/mL BsdCK-WT or 0.34 nmol/mL
DmdNK-WT in 15 mL of 50 mM potassium phosphate buffer (pH 7.5).
Phosphorylation reactions were carried out in round-bottom flasks at 37 °C
and mixed gently by hand every few hours. After 24 h and 48 h, mixtures were
supplemented with 1.5 mL of 1 M acetyl phosphate, 15 pL of 462 nmol/mL
EcACK, and 150 pL of 472 nmol/mL BsdCK-WT or 34 nmol/mL
DmdNK-WT. After a total duration of 72 h, reactions were quenched with
15 mL of acetonitrile and centrifuged at 16,000 x g at 4 °C for 10 min. Soluble
fractions were dried in a rotary evaporator. The remaining precipitate that
contained synthesized nucleoside monophosphate was dissolved in 5 mL of
water and loaded onto a chromatography column filled with 30 mL DEAE
Sephadex A-25 equilibrated with water. The ion-exchange chromatography
started with 150 mL of water which was used to wash out the
unphosphorylated nucleoside. Then, 200 mL of 50 mM NaCl solution was
used to elute the nucleoside monophosphate. Fractions containing nucleotides
were pooled and dried using a rotary evaporator. Additional purification using
reverse-phase chromatography was performed. The dry material was
dissolved in 5 mL of water and loaded onto a Grace C-18 (12 g) column
equilibrated with water. The synthesized nucleoside monophosphate was
eluted using water. Fractions, containing product, were pooled and dried using
a rotary evaporator. The mononucleotide syntheses and purification processes
were monitored using TLC analysis. Yields of purified nucleotides were
calculated using UV spectra of corresponding nucleosides. Structures of
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nucleoside 5'-monophosphates were confirmed by HPLC-MS and NMR
analyses (provided in Appendix 3).

55



3. RESULTS AND DISCUSSION

During this work, sixteen novel amino acid and deoxycytidine conjugates
were synthesized. Eight of the compounds were Boc-protecting group bearing
N'-amino acid-acylated 2'-deoxycytidines, and eight of them were
N-4-(2'-deoxycytidinyl)amino acid amides, that were obtained by
deprotecting the beforementioned nucleosides. The amino acids were chosen
to have varying length and polarity side chains to ensure heterogeneity. The
addition of amino acids to 2'-deoxycytidine improves the functional diversity
by giving the nucleoside new properties and, therefore, expanding the list of
its potential applications. In addition to broadening the current library of
nucleoside analogues, the synthesized compounds serve as potential substrates
to nucleic acid-related enzymes, including but not limited to deaminases,
nucleoside phosphorylases or N-deoxyribosyltransferases. Furthermore, the
produced nucleosides can serve as intermediate compounds for chemical or
enzymatic synthesis of nucleoside phosphates.

3.1. Synthesis of N* amino acid-acylated nucleosides

Synthesis of the Boc-protected N*-amino acid-modified nucleosides was
performed in three steps, as exhibited in Figure 24, and 2'-deoxycytidine and
glycine, L-alanine, [-alanine, L-leucine, L-isoleucine, L-methionine,
L-phenylalanine, and L-tyrosine were used as precursors.

o) (0]
H
Boc,O, NaOH N.
HZN\R)J\OH 20eY, Mabln xo\n/ R)J\OH
3h,rt. o)
Amino acid Boc-amino

acid

o N6 dCyd, DMF XOTN‘RJ\O—N
:O: 5d,rt. 0
OH 0
N*-Acyl-Boc-dCyd Activated Boc-amino
34-85% acid

Figure 24. General scheme of N*-acyl-Boc-2'-deoxycytidine nucleoside synthesis.
BocoO — di-tert-butyl dicarbonate; NHS — N-hydroxysuccinimide; DCC -
dicyclohexylcarbodiimide; dCyd — 2'-deoxycytidine; DMF — dimethylformamide.
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In total eight N*-acyl-Boc-2'-deoxycytidine nucleosides were synthesized.
The compounds with their final yields are provided in Table 1 below.

Table 1. Synthesized N*-acyl-Boc-2'-deoxycytidine nucleosides.

Nucleoside R Amount, g | Yield, %
-CHoz- 1.36 53
G- 1.32 50
CH, )
-CH2CH2- 1.55 59
-CH-
H/ 1.91 65

JOJ\ H -CH-
.N__O 1.17 40
HN R \n/ W H
ﬁ“ K
PN -CH-
N~ ~O
:O: 1.03 34
S

OH ~
-CH-

K@ 2.66 85

-CH-

K@\ 1.72 53
OH

The synthesis began by protecting an amine group of the selected amino
acid using di-tert-butyl dicarbonate (Jahani et al., 2011). The protection
reactions were executed for 3 h at room temperature in a prechilled mixture of
1 M NaOH, 1,4-dioxane, and water (1.1:1:1). The mechanism of the amine
protection reaction is provided in Figure 25. The amine group of the amino
acid performs a nucleophilic attack on carboxylic carbon atom of di-fert-butyl

dicarbonate. An intermediate compound with a protonated nitrogen atom and
tert-butyl carbonate, which further breaks down into CO; and tert-butoxide,
form. Base deprotonates the intermediate compound, and N-Boc-protected
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amino acid forms. The protected amino acids were extracted with ethyl acetate
with yields reaching 90-95%.

o O

><0)L6/‘JLO>< COOHT X # T:COOHT» >< -COOH

H,O
O ‘\O — CO, + ><o—

Figure 25. Reaction mechanism of an amine coupling with Boc-protecting group
(Viswanadham et al., 2017).

The second step of the synthesis — carboxyl group activation — was
performed by treating the protected amino acid with NHS and DCC in ethyl
acetate for 24 h at room temperature (Barr¢ et al., 2016). The activation is a
two-step process, as shown in Figure 26, in which the carboxyl group of the
protected amino acid first reacts with DCC to form a very reactive
O-acylisourea intermediate. Then the intermediate further reacts with NHS
and forms a more stable NHS-ester and N,N'-dicyclohexylurea as a byproduct,
which is removed by filtration.

XOT 1, B XOT“\R)O&SFEQONO;+
o © (¢} @ 0

O-Acylisourea
intermediate

Boc-amino
acid

— %Xy ;EQO

Activated Boc-amino
acid
Figure 26. Boc-protected amino acid activation with NHS and DCC (Barr¢ et al.,
2016). DCC — dicyclohexylcarbodiimide; NHS — N-hydroxysuccinimide.

NHS

N,N*-Dicyclohexylurea

Coupling reaction of 2'-deoxycytidine and a selected activated amino acid
proceeded in DMF and took 5 days at room temperature to complete. During
the reaction N' nitrogen atom of the cytosine nucleobase performs a
nucleophilic attack on carboxylic carbon of the activated amino acid (Fischer,
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2010). Reaction results in a modified 2'-deoxycytidine nucleoside and NHS
as displayed in Figure 27.

XOTH‘R%ONEE/ e
o
/

H
N 4
H./ZH & XO\H/N\RXN:

N*-Acyl-Boc-dCyd NHS
Figure 27. Coupling reaction of an activated Boc-protected amino acid and
2'-deoxycytidine (Fischer, 2010). NHS — N-hydroxysuccinimide.

The synthesized compounds were purified by column chromatography
(solid phase: silica gel, liquid phase: chloroform-methanol, 100:0 to 85:15).
The structures were confirmed by NMR and HPLC-MS analyses. An example
of HPLC-MS analysis of purified Boc-protected L-tyrosine-modified
2'-deoxycytidine is provided in Figure 28, while full analyses can be found in
Appendix 1.
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Figure 28. HPLC-MS analysis of purified tert-butyl ((S)-1-((1-((2R,4S,5R)-4-
hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-
yl)amino)-3-(4-hydroxyphenyl)-1-oxopropan-2-yl)carbamate. a HPLC chromato-
gram. The largest peak at 5.479 min represents the compound. b MS spectrum of
nucleoside at 5.507 min. The peak at 491 m/z represents the nucleoside
(M=490 g/mol) in positive ionisation ((M+H]").

The novel Boc-protected amino acid and 2'-deoxycytidine conjugates
(Table 1) were obtained in 34—85% final yields. The yields are comparable to
those of previously reported N*-acyl-modified 2'-deoxycytidine nucleosides
(40-84%) (Jakubovska et al., 2018).

3.2. Synthesis of N-4-(2'-deoxycytidinyl)amino acid amides

The synthesis of N-4-(2'-deoxycytidinyl)amino acid amides was performed
using Boc-protected amino acid-modified 2'-deoxycytidine nucleosides,
described in the previous chapter. In total, eight novel 2'-deoxycytidine
derivatives were obtained with final yields of 23—57% (Table 2). The resulting
yields were similar, albeit slightly lower, to previously reported yields of
N-(4-cytidinyl)amino acid amides (38—-81%) (Zhang et al., 2008).
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Table 2. Synthesized N-4-(2'-deoxycytidinyl)amino acid amides.

Nucleoside R Amount, g Yield, %
-CH>- 0.18 48
G 0.11 37
CHs, ’
-CH2CH2- 0.17 57
-CH-

H/ 0.10 29
-CH-
_R__NH,
HN™ 0.09 26
1
o CH-
io> 0.21 51
s

~

-CH-

© 0.09 23

-CH-

K@\ 0.18 46
OH

For the removal of the N-Boc protecting group a catalyst-free method with
mild and neutral conditions was chosen (J. Wang et al., 2009). The
deprotection was accomplished by heating the N*-acylated deoxycytidines at

reflux in water for 45—70 min, the reaction is provided in Figure 29 below.
(0] (0]

J. R o J R _NH,

HN™ R 7( HN” R HN Y

U,
ﬁN 0 e ﬁN e
H>O
HO N/&O 45-70 min, 100 °c HO N/l%O HO N’&O
(0] (0] :O:
OH OH OH
N*-Acyl-Boc-dCyd N-4-(2’-Deoxycytidinyl)amino
acid amide
23-57%

Figure 29. Rearrangement of N*-acyl-Boc-2'-deoxycytidines to N-4-(2'-deoxy-
cytidinyl)amino acid amides during N-Boc deprotection reaction (Zhang et al., 2008).
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The reaction is based on water’s ability to self-ionize (Arcis et al., 2020).
At higher temperatures, up to a certain point, the ionization of water increases
and both H3;O" and OH" ions are more abundant, which are believed to act as
a dual acid/base catalyst at the N-Boc deprotection reaction whose mechanism
is displayed in Figure 30. Firstly, the carbonyl oxygen atom is protonated by
a hydronium ion. Water molecule attacks the protonated carboxylic carbon
and an intermediate tetrahedral diol forms. Hydroxide ion deprotonates one of
the hydroxyl groups, the following N-C bond breakage results in a primary
amine and tert-butylcarboxylic acid.

: H
on H-0* ~on
H _H H H
8 o 8o (19, o o
D AN T S A0 S A A/
(0] OH OH (0]
\H) :
+(:)—H
H

Figure 30. Mechanism of N-Boc deprotection (B. Li et al., 2019).

Notwithstanding, the formed aminoacyl intermediate is unstable in
aqueous solution and, thus, is not a final product. As proposed by Zhang and
co-workers, the primary amine undergoes a rearrangement where the a-amine
performs a nucleophilic attack to the C4 atom of the cytosine nucleobase, N-C
bond breaks and a significantly more stable acylamide derivative is formed
(Zhang et al., 2008). The rearrangement occurred for all 8 of the synthesized
nucleosides during the deprotection and was confirmed by a shift of the NH
signal in '"H-NMR spectroscopy. An example of the spectrum is provided in
Figure 31 below. The N* hydrogen atom of the N-Boc protected N*-acylated
nucleosides appeared as a singlet at 11 ppm, however, since after the
rearrangement the N* hydrogen atom did not have a carbonyl group nearby,
the NH signal shifted to around 7.8 ppm and split into a doublet, triplet or
multiplet depending on the amino acid residue. In addition, two singlets of the
primary amide NH, appeared at around 7.0 and 7.5 ppm.
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Figure 31. 'H-NMR spectra of synthesized nucleosides. a "H-NMR spectrum of zert-
butyl(2-((1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-
1,2-dihydropyrimidin-4-yl)amino)-2-oxoethyl)carbamate. The singlet at 10.87 ppm
marked in green colour represents the N* hydrogen atom of the N-Boc protected
nucleoside. b 'H-NMR spectrum of 2-((1-((2R,4S,5R)-4-hydroxy-5-(hydroxy-
methyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-yl)amino)acetamide.
The triplet at 7.83 ppm marked in yellow represents the N* hydrogen atom, while two
singlets at 7.07 ppm and 7.43 ppm marked in green represent hydrogens of the primary
amide NHa.

The acylamides were purified using reverse phase chromatography (solid
phase: C18 column, liquid phase: water-methanol, 100:0 to 80:20) and
isolated in 23—57% yields. Deprotection reactions took 4570 min. HPLC-MS
analyses of the reaction mixtures confirmed that reactions that took longer
than 45 min contained 2'-deoxycytidine as an impurity. The byproduct
formation can be explained by cleavage of the N*-amide bond. Most of the
time the aforementioned impurity did not cause any major issues as
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2'-deoxycytidine could be easily separated from the synthesized
N-4-(2'-deoxycytidinyl)amino acid amides during the purification process.
The only exception was N-4-(2'-deoxycytidinyl)glycinamide which possessed
similar retention time as 2'-deoxycytidine and could not be separated from it
during the reverse-phase chromatography. The problem was overcome by
taking an extra synthesis step. The N-4-(2'-deoxycytidinyl)glycinamide with
2'-deoxycytidine impurity was treated with acetyl-NHS ester in DMF. The
reaction occurred only between the acetyl-NHS ester and 2'-deoxycytidine,
and the resulting N*-acetyl-2'-deoxycytidine was successfully separated from
N-4-(2'-deoxycytidinyl)glycinamide by purification.

3.3. Production of target proteins

Expression of the target genes and purification of the corresponding
proteins is described in Section 2.3.2. Since the genes, encoding the enzymes,
were cloned into pLATE31 vector, all the proteins were purified with

C-terminal (His)s-tags and were used without further removal of the tags.
kDa
| 7(:
130

95

72
55
43

34

oyl

10

PL dNK dCK ACK
Figure 32. SDS-PAGE (14%) of the purified enzymes. PL — Fisher BioReagents EZ-
Run Prestained Rec Protein Ladder; dNK — D. melanogaster deoxynucleoside kinase
(29.1 kDa); dCK — B. subtilis deoxycytidine kinase (25.4 kDa); ACK — E. coli acetate
kinase (43.3 kDa).

As can be seen from the SDS-PAGE analysis of purified DmdNK-WT,
BsdCK-WT, and EcACK provided in Figure 32, the recombinant proteins
were of high purity. The obtained concentrations were as follows: 34 nmol/mL
DmdNK-WT, 472 nmol/mL BsdCK-WT, and 462 nmol/mL EcACK.
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3.4. Optimization of reaction conditions catalysed by DmdNK-WT and
BsdCK-WT

After purification of the nucleoside kinases, the following task was to find
reaction conditions in which DmdNK-WT and BsdCK-WT phosphorylate
substrates optimally. The parameters that were evaluated were reaction
duration, temperature, pH, nucleoside concentration, GTP concentration, and
enzyme concentration. The assessments were done using HPLC-MS
chromatogram area sizes of formed nucleoside monophosphate. Unless stated
otherwise, the reactions were performed in 37 °C and 300 rpm for 5 min and
consisted of 10 mM dCyd, 15 mM GTP, 15 mM MgCl,, and 0.69 nmol/mL
DmdNK-WT or 9.45 nmol/mL BsdCK-WT in 50 mM potassium phosphate
buffer (pH 7.5).

The influence of reaction duration was evaluated by utilizing 1 pL of
kinase in a total volume of 50 pL, which equates to 0.69 nmol/mL
DmdNK-WT or 9.45 nmol/mL BsdCK-WT, for 1-120 min. As illustrated in
Figure 33a, reactions catalysed by DmdNK-WT and BsdCK-WT start
slowing down at around 30 min and reach a maximum dCMP production
efficiency of almost 100% at around 60 min. The reaction duration, necessary
for optimal nucleoside phosphorylation by DmdNK-WT and BsdCK-WT,
agrees with previously reported data, where reaction durations range from
30 min to 10 h, depending on the substrate and its amount (Johansson et al.,
1999; Zou et al., 2013).

The effect of temperature on the activities of the kinases was measured at
a range of 4-80 °C (Figure 33b). As expected, the phosphorylation
efficiencies of the enzymes rose up to a particular temperature and fell sharply
after. Both DmdNK-WT and BsdCK-WT exhibited the lowest catalytic
efficiencies at 4-20 °C range, with dCyd conversions reaching only 10-20%
after 5 min. The activities of the kinases increased until 60 °C where
conversion efficiencies of dCyd were almost at 100% after 5 min. It was
discovered that DmdNK-WT tolerates slightly higher temperatures than
BsdCK-WT, as the former retained maximum catalytic efficiency even at
70 °C, where the activity of BsdCK-WT has already started plummeting. At
the temperature of 80 °C, efficiencies of both enzymes declined sharply:
phosphorylation activity of DmdNK-WT decreased to around 70%, and
activity of BsdCK-WT sunk to 20%.
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Figure 33. Influence of various parameters on the phosphorylation effectiveness of
dCyd by DmdNK-WT and BsdCK-WT. The solid line represents DmdNK-WT and
the dashed line represents BsdCK-WT. a Effect of reaction duration on the dCMP
production; b influence of temperature on reaction efficiency; ¢ dependency of
reaction efficiency on medium pH; d impact of dCyd concentration on
phosphorylation efficiency; e influence of GTP concentration on reaction efficiencys;
f effect of kinase concentration on the reaction efficiency.

The results might indicate that the optimal temperature for the enzymes
studied is significantly higher than the moderate range of 20—40 °C that is
typical for mesophilic organisms like B. subtilis and D. melanogaster
(Partridge et al., 1994; van de Vossenberg et al., 1999). However, it is
important to recognize that enzymatic activity is also influenced by the
duration of the reaction (Daniel et al., 2008). Although the highest enzymatic
activities for BsdCK-WT and DmdNK-WT were recorded at 60—70 °C, these
reactions were conducted for only 5 minutes; hence, lower temperatures may
be optimal for longer reaction durations.
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The optimal pH of the reaction medium was evaluated utilizing two 50 mM
buffers: potassium phosphate buffer with a pH range of 5.5—7.0 and Tris-HCI
buffer with a pH range of 7.0-9.0. As can be seen from a solid line, which
represents DmdNK-WT, in Figure 33c, the kinase reaches the highest
catalytic efficiency when reaction solution pH is 8.0, however similar results
are observed in the pH range of 7.5-8.5, which correlates with previously
reported data (Chen et al., 2017; Johansson et al., 1999; Solaroli et al., 2003).
The activity of DmdNK-WT plummets when pH reaches 9.0. Dashed line,
which represents BsdCK-WT, in the same chart tells a slightly different story.
BsdCK-WT is a little less sensitive to pH variations overall as it retains more
activity at both lower and higher pH, and compared to DmdNK-WT favours a
slightly more alkaline environment. BsdCK-WT reaches the highest
conversion of dCyd at pH 8.5, although comparable activity is observed at pH
8.0-9.0, which agrees with previously reported data that the enzyme is the
most active at pH 8.6 (Mgllgaard, 1980).

The effect of nucleoside concentration was evaluated by applying
0.69 nmol/mL (34 pmol or 10 ug) DmdNK-WT or 9.45 nmol/mL (470 pmol
or 120 pg) BsdCK-WT for the phosphorylation of 2'-deoxycytidine with
concentrations ranging from 1 to 50 mM in the 5 min timeframe. As can be
seen from the curves in Figure 33d, higher deoxycytidine concentrations
correlated with higher deoxycytidine monophosphate concentrations and no
inhibitory effects were observed. The highest concentration of dCMP was
detected when reaction mixtures contained 50 mM of dCyd. However, it is
feasible that even higher dCMP concentrations could be obtained given higher
dCyd concentration was used. During these conditions 34 pmol of
DmdNK-WT converted 18 mM of dCyd into dCMP, while BsdCK-WT was
more sluggish as 470 pmol of the enzyme was capable of phosphorylating
only 8 mM of deoxycytidine. This equates to 26.2 pmol and 0.85 pmol of
nucleoside converted by 1 pmol of DmdNK-WT and BsdCK-WT,
respectively, making DmdNK-WT around 30 times more efficient at
phosphorylating deoxycytidine than BsdCK-WT. The results were used to
calculate specific activities of the kinases, which equated to 35.9 and
1.6 umol min™ mg™" for DmdNK-WT and BsdCK-WT, respectively. The
measured specific activity of DmdNK-WT for dCyd is greater than the
previously reported value of 370 nmol h' pg' (equivalent to
6.17 pmol min mg™), possibly due to variations in experimental conditions
(Johansson et al., 1999). Specific activity data on BsdCK-WT, to the best of
our knowledge, is not currently available.

The influence of GTP concentration on dCMP production was measured
by using 0.25-5 mol. eq. of GTP in the dCyd phosphorylation mixtures. As
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depicted in Figure 33e, DmdNK-WT reached highest dCMP conversions
utilizing slightly less GTP than BsdCK-WT, however BsdCK-WT was not far
off. At least 1.5 mol. eq. of GTP was necessary for the reactions to run
optimally, however, 2 or 2.5 mol. eq., especially in case of BsdCK-WT, might
allow for the reactions to be even more efficient. Using higher concentrations
of GTP (3-5 mol. eq.) had almost no further effect on dCMP production.
DmdNK-WT and BsdCK-WT have been shown to phosphorylate substrates
with phosphate donor (ATP or GTP) amounts ranging from 1 mol. eq. up to
20 mol. eq.; however, an optimal amount of phosphate donor for the kinases
has not been established (Chen et al., 2017; Egeblad-Welin et al., 2007;
Johansson et al., 1999; Mgllgaard, 1980; Zou et al., 2013).

The optimal enzyme concentrations for the phosphorylation of 10 mM of
deoxycytidine were measured using 0.07-2.06 nmol/mL DmdNK-WT or
1.89-189 nmol/mL BsdCK-WT. As previously calculated, the kinases differ
in phosphorylating efficiencies, thus diverging results were to be expected
(Figure 33f). The optimal concentration of DmdNK-WT was determined to
be 0.34 nmol/mL. Far greater amount of BsdCK-WT was needed for the
reactions to run at an optimal speed. It was noted that 47 nmol/mL of
BsdCK-WT was a point where dCMP formation started to taper off and higher
concentration of the enzyme had no additional benefit.

To summarize, phosphorylation of 10 mM deoxycytidine with 1.5 mol. eq.
GTP and 0.69 nmol/mL DmdNK-WT or 9.45 nmol/mL BsdCK-WT in the
reaction mixture takes up to an hour to complete. The highest phosphorylation
efficiencies were observed at the temperatures of 70 °C for DmdNK-WT and
60 °C for BsdCK-WT. Both enzymes best perform at a slightly alkaline
reaction solution: pH of 8.0 is optimal for DmdNK-WT, and pH of 8.5 — for
BsdCK-WT. However, due to sensitive nature of synthesized nucleoside
monophosphates, and a possibility of denaturing of kinases during prolonged
reaction times, as a precaution, 37 °C and pH 7.5 were chosen for further
experiments.

3.5. Substrate specificity of DmdNK-WT

To expand the knowledge on the substrate specificity of DmdNK-WT, an
assortment of 57 nucleosides was chosen to be tested as substrates, amongst
which were both canonical and modified compounds (Tables 3-5). The
utilized nucleoside analogues included pyrimidine nucleosides bearing small
to moderately sized modifications at nucleobase’s 4™ or 5™ positions, or at
sugar’s 2' or 3' positions. A large part of the tested compounds, 43 to be
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precise, were found to be suitable substrates for the nucleoside kinase. The
conditions for the phosphorylation reactions were based on the optimization
assay described in Section 3.4. Nucleoside concentration was 10 mM and the
concentrations of both GTP and MgCl, were 15 mM. Since the reactions were
executed for 24 h, 1 pL of kinase was added to the mixtures, which equated
to 0.69 nmol/mL in 50 mM potassium phosphate buffer. Gentle conditions of
37 °C and pH 7.5 were chosen due to possible enzyme denaturation and
sensitive nature of utilized nucleosides and corresponding monophosphates.

Table 3. Efficiency of synthesis of canonical nucleoside monophosphates and
cytidine derivative monophosphates by DmdNK-WT. HPLC-MS analysis of the
reaction mixtures was performed after incubation at 37 °C for 24 h.

NMP,

Nucleoside No. Ry R, o,
(1]

NH,
X

1 f\i -H 98
ITJ @)

NH,

Cl
2 -OH 78
e

T

OH R, N
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Table 3 continued. Efficiency of synthesis of canonical nucleoside monophosphates
and cytidine derivative monophosphates by DmdNK-WT. HPLC-MS analysis of the
reaction mixtures was performed after incubation at 37 °C for 24 h.

Nucleoside No. R, R, NI::P,
(e
N
6 ¢ /)N\H H | 94
N™SN™ T NH,
(e}
N
7 ¢ /)N\H ©OH | 21
N >N NH,
NH,
N
8 ¢ |\/Jl H | 26
HO R N
0 A
NH,
OH R, /N L\
9 OH | 35
<'T' !N J
o)
N
10 ﬁl OH | 62
TANHZ
o)
N
1 ﬁl H | 8
TJ\NHZ
NH,
R1\(§N 12 -F _ 3
HO N/g
(0]
13 -CH; } oY)
OH OH
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Table 3 continued. Efficiency of synthesis of canonical nucleoside monophosphates
and cytidine derivative monophosphates by DmdNK-WT. HPLC-MS analysis of the

reaction mixtures was performed after incubation at 37 °C for 24 h.

Nucleoside No. R, R, NI::P,
(0]
14 )J\ y H | 100
0]
15 YJ\; -H 0
16 -OH OH | 46
O
N~
0
18 H 0
Ri~NH $
»
HO N/l% 19 HZNWJ\;H Ho| o3
O o)
OH R o. N 7
o)
H,N
21 ’ W]Aéf H 31
o)
L
22 XOTN $ H 0
o)
OH
23 H 0
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Table 3 continued. Efficiency of synthesis of canonical nucleoside monophosphates
and cytidine derivative monophosphates by DmdNK-WT. HPLC-MS analysis of the
reaction mixtures was performed after incubation at 37 °C for 24 h.

NMP,

Nucleoside No. Ry R; o
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As can be seen from Table 3, DmdNK-WT successfully converted all
canonical 2'-deoxy- and ribonucleosides into their 5'-monophosphate forms.
The highest nucleoside conversion rates were noticed when 2'-deoxycytidine
(1) and 2'-deoxyguanosine (6) were utilized as substrates (94-98%), however,
cytidine (2), 2'-deoxyuridine (3), uridine (4), and 2'-deoxythymidine (5) were
phosphorylated efficiently (64—78%), as well. Out of all tested canonical
nucleosides, guanosine (7), 2'-deoxyadenosine (8), and adenosine (9) were the
least suitable substrates as their phosphorylation efficiencies hovered around
21-35%. The results mostly agree with previously reported data, where it is
stated that DmdNK-WT favours pyrimidine nucleosides over purines, and
2'-deoxyribonucleosides over ribonucleosides (Johansson et al., 1999).

In addition to canonical nucleosides, DmdNK-WT phosphorylates a wide
array of cytosine nucleosides. Both isocytidine (10) and its 2'-deoxy- form
(11) were converted into corresponding monophosphates with efficiency of
62-82%. Modifications at the C5-position of cytidine were found to be less
tolerated. 5-Fluorocytidine (12) and S5-methylcytidine (13) were
phosphorylated up to ten times less efficiently compared to canonical cytidine,
as conversion efficiencies reached only 8-22%.

A considerable part of tested cytosine nucleosides contained modifications
at the N*-position. It was discovered that certain modifications at the said
position are acceptable. For example, N*-acetyl-2'-deoxycytidine (14) was
converted into its monophosphate form completely, whereas bulkier N*-iso-
butyryl-2'-deoxycytidine (15) was not phosphorylated at all. A hydroxyl
modification at the N*-position of cytidine lowered the phosphorylation
efficiency of the N*-hydroxycytidine (16) almost twice compared to canonical
cytidine: it was converted into a monophosphate with a 46% efficiency. Two
structurally similar deoxycytidines bearing N*-benzoyl- (17) and N'-iso-
nicotinoyl- (18) modifications were found to be unsuitable substrates to the
wild-type enzyme as no monophosphate formation after 24h was detected.

The synthesized N*-aminoacid modified deoxycytidines were tested as
substrates for DmdNK-WT, as well. Out of the eight tested nucleosides
(19-26) only two were accepted by the kinase. The smallest modifications
carrying N*-alaninoyl- (19) and N'-glycinoyl-2'-deoxycytidine (21) were
phosphorylated with efficiencies of 3% and 31%, respectively. Bulkier
nucleoside analogues, such as N*-tyrosinoyl-2'-deoxycytidine (23), and Boc-
protecting group bearing aminoacid-modified 2'-deoxycytidines (20, 22, 24,
25, 26) were not phosphorylated by the enzyme.

DmdNK-WT displayed tolerance towards N*-hydrophobic modifications
bearing deoxycytidines. A sec-butyl modification bearing deoxycytidine (27)
was converted into a monophosphate exceptionally well, as conversion was
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93%. Benzene ring carrying nucleosides were phosphorylated, as well. Even
though the efficiencies were low (5-11%), a-methylbenzyl-modified
nucleoside enantiomers (28 and 29) were accepted as substrates. In addition,
the kinase exhibited high activity towards N*-phenyl-modified deoxycytidine
(30), as 74% of the compound was turned into the monophosphate form.

Deoxycytidines bearing long-chain modifications at the N*-position were
found to be unsuitable substrates to the kinase. Monophosphate formation of
D-glucose-modified deoxycytidine (31) or N*-decyl-2'-deoxycytidine (32)
was not detected.

As was suggested in the current literature, DmdNK-WT exhibited a broad
substrate acceptance and successfully phosphorylated ribo- and 2'-deoxy-
cytidine nucleosides with various substitutions at N* and C5 positions
(Johansson et al., 1999; Knecht et al., 2009; Mikkelsen et al., 2008).
N*-Modifications of varying sizes and polarities, such as N‘-acetyl-,
N'-glycinoyl, and N*-phenyl were tolerated by the kinase. In contrast, the
findings from phosphorylation reactions involving C5-substituted cytidines
suggest that alterations at this position are less compatible with DmdNK-WT.
Even small modifications such as fluoro or methyl significantly reduced
phosphorylation efficiency compared to that of unmodified cytidine. To
determine, whether uracil nucleobase bearing nucleosides could serve as
suitable substrates to DmdNK-WT, various uridine derivatives were evaluated
as substrates for the kinase (Table 4).

Pseudouridine (33) was converted into a monophosphate with 80%
efficiency, however, a twofold decrease in phosphorylation efficiency was
observed when N'-methylpseudouridine (34) was used as a substrate.
Thiouridines were accepted as substrates, as well. 2-Thiouridine (35) was
superior to 4-thiouridine (36) as a substrate, as phosphorylation efficiency of
the compound was 91% compared to 49% of 4-thiouridine. Moreover,
DmdNK-WT was active towards compounds bearing small substitutions at
nucleobase positions 4 and 5. 4-Methylthiouridines, both with (37) and
without 5-fluoro-moiety (38), were converted into their corresponding
monophosphates with 29-57% efficiencies. The slightly bulkier 4-ethyl-
thiouridine (40) was successfully phosphorylated (70% efficiency), however,
the additional fluorine atom in 5-fluoro-4-ethylthiouridine (39) almost
completely halted phosphorylation: only a trace (0.4%) of monophosphate
was detected in the reaction mixture. Benzyl-moiety bearing nucleosides were
likely too bulky to the kinase. 5-Fluoro-4-benzylthiouridine (41) and
4-benzylthiouridine (42) were not phosphorylated by DmdNK-WT.
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Table 4. Efficiency of synthesis of uridine derivative monophosphates by
DmdNK-WT. HPLC-MS analysis of the reaction mixtures was performed after
incubation at 37 °C for 24 h.

Nucleoside No. R; R, R Nl:;[P,
X
Ri. i ) )
N NH 33 H 80
NN
HO o)
(0]
34 -CH;3 - } 40
OH OH
R,
| /’Ki » N 0 - 91
HO N R,
0]
36 -0 -S - 49
OH OH
37 -CH3 -F _ 29
Ri 38 -CH; H - 57

R 39 | -CHCH, -F - 0.4
z\ﬁ N 40 -CHzCH3 -H _ 70

HO N O | a1 F ) 0
o
OH OH 42 ©/\; H i 0
0
R
1\fJ\NH 43 F -OH ] 0
NAO
o
44 -H “H _ 0
OH R,
R2
R - - -
HO N/&o
o
46 -H -S _ 49
OH
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As expected, nucleosides that lacked a 5'-hydroxyl group to attach a
phosphate to, such as 5-fluoro-5'-deoxyuridine (43) and 2',5'-dideoxyuridine
(44), were not phosphorylated by the kinase. An additional hydroxyl group in
5-hydroxy-2'-deoxyuridine (45) did not hinder phosphorylation in any way, as
the conversion efficiency reached 94%. Moreover, 2'-deoxy-4-thiouridine
(46) was phosphorylated as efficiently as its ribo-equivalent: 49% of the
compound was converted into a monophosphate.

The results lead to conclude that DmdNK-WT is quite tolerant of
modifications at the 4™ position of cytidine or uridine nucleobase. In addition
to relatively small modifications such as acetyl-, in case of N*-acetyl-2'-deoxy-
cytidine (14), hydroxy-, in case of N*-hydroxycytidine (16), or thio-, in case
of 4-thiouridine (36), kinase presented with high activity towards nucleosides
with bulkier substitutions. Examples being 2'-deoxycytidines bearing
sec-butyl- (27), or phenyl-modifications (30), or 4-ethylthiouridine (40).
Modifications at the 5™ position of the nucleobase, however, were less
tolerated. Even small substitutions, such as fluoro-, in case of 5-fluorocytidine
(12), or methyl, in case of S5-methylcytidine (13), decreased the
phosphorylation efficiencies up to 10-fold, compared to that of 5-position
unmodified equivalent cytidine (2).

Analysis of the crystal structure of DmdNK-WT with a 2'-deoxycytidine
molecule bound in its active site (PDB ID: 1j90) provides some clarification.
As depicted in Figure 34a, the N* atom of deoxycytidine is situated near the
voluminous cavity of DmdNK-WT, that is lined with hydrophobic residues
(Mikkelsen et al., 2008). The residues V84 and A110 are located in close
proximity, 3.6 A and 3.4 A, respectively, to the N* atom of cytosine
nucleobase and do not provide much space for substitutions at the 4™ position.
However, the distance between the residue M88 and the nitrogen atom is
6.3 A, which is enough to allow accommodation of pyrimidine nucleosides
with modified 4™ position. In addition to space, interactions between the
nucleobase and the residues of the active centre are also important. Since the
residues, that line the empty cavity, are hydrophobic in nature, hydrophobic
substitutions of a nucleoside form favourable interactions and positively
impact the activity of the kinase towards the substrate. This explains why a
relatively bulky sec-butyl modification at the N*-position of deoxycytidine
was well tolerated by DmdNK-WT.

The C5 carbon of the cytosine nucleobase is located 3.7 A and 3.8 A from
residues E52 and W57, respectively, as shown in Figure 34b. The distances
explain why a relatively small substitution, such as a methyl group or a
fluorine atom, have such a great impact on phosphorylation efficiencies. In
addition to steric hindrance, provided by the glutamate and tryptophan
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residues, polar interactions also play a role. The significant decrease in
phosphorylation of 5-fluoro-modified pyrimidine nucleosides can be partially
explained by unfavourable repelling interactions between the fluorine atom
and the hydrophobic tryptophan.

"3 ;

Figure 34. The active site of DmdNK-WT with bound deoxycytidine. a Distances
between N* atom of deoxycytidine and V84, M88, and A110 residues of DmdNK-WT.

b Distances between C5 atom of deoxycytidine and E52 and W57 residues of
DmdNK-WT. PDB ID: 1j90.

Since  DmdNK-WT accepted pyrimidine nucleosides with various
modifications at nucleobase, we have decided to test whether sugar
modifications were tolerated, as well. Hence, uridine nucleosides, bearing
modified ribose moieties, were chosen (Table 5). The small methyl
substitution bearing 2'-O-methyluridine (47) and 3'-O-methyluridine (48)
were accepted as substrates by the kinase, however, the phosphorylation
efficiency decreased 3- to 5-fold compared to that of uridine and reached
16-24%. Similarly, 2'-O-methyl-5-methyluridine (49) was phosphorylated
with 21% efficiency. A slightly bulkier allyl modification bearing 2'-(O-allyl)-
uridine (50) and 3'-(O-allyl)-uridine (51) were phosphorylated by
DmdNK-WT, as well. Although modification at 3'-position was tolerated
better, as conversion efficiencies were 14% and 39%, respectively. In
addition, phosphorylation efficiency of 2',3'-O-isopropylidineuridine (52)
reached 14%. Substrates with bulkier modifications at 3'-position of ribose
were found to be unsuitable to the kinase. Neither 3'-O-acetyluridine (53) nor
3'-0O-benzoyl-2'-deoxyuridine (54) were phosphorylated. Moreover, 2'-amino-
modification bearing nucleosides 2'-amino-2'-deoxyuridine (55) and
2'-N-acetyl-2'-amino-2'-deoxyuridine (56) were phosphorylated with 32-56%

77



efficiency, while conversion of 2'3'-hydroxyl group lacking 2'3'-di-
deoxyuridine (57) was even more efficient and reached 65%.

Table 5. Efficiency of synthesis of sugar-modified uridine monophosphates by
DmdNK-WT. HPLC-MS analysis of the reaction mixtures was performed after
incubation at 37 °C for 24 h.

Nucleoside No. Ry R, R; NIZZP’
47 -OCH3 -OH -H 24
48 -OH -OCHj3; -H 16
49 -OCH3 -OH -OCH3; 21
50 -OCH,CHCH, -OH -H 14
51 -OH -OCH,CHCH, -H 39

o 52 OXO -H 14

R
3j|\)‘\NH 53 OH )OJ\ Y H 0
. P .
HO N/go o
(@] (0]
4 % 0
R, R, 5 -H 0 -H
55 NH, “OH H 56
0
56 5\Nk -OH H 32
H
57 H H H 65

The tolerance of ribose modifications can be explained by looking at the
active site of DmdNK-WT with a bound deoxycytidine molecule (PDB ID:
1390). The C2' and C3' atoms of deoxyribose moiety are located near residues
129, Y70, and E172. When a deoxyribonucleoside is bound, its C2' atom is
3.7 A away from tyrosine and isoleucine residues (Figure 35a). The distance
is sufficient to allow accommodation of small substitutions, such as methoxy
or amino, at the C2' position.
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Figure 35. The active site of DmdNK-WT with bound deoxycytidine. a Distances
between the 2' carbon atom of deoxycytidine and 129 and Y70 residues of
DmdNK-WT. b Distances between 3'-hydroxyl group of deoxycytidine and 129, Y70,
and E172 residues of DmdNK-WT. PDB ID: 1j90.

The hydroxyl group of C3' atom is situated 2.8 A from the hydroxy groups
of tyrosine and glutamate residues, and 4.0 A away from isoleucine residue
(Figure 35b). Small substitutions are acceptable, however, nucleosides
bearing bulkier modifications, such as benzoyl, cannot bind the active site due
to spatial limitations.

3.6. Exploring DmdNK active site mutations

The study on substrate specificity of DmdNK-WT has affirmed that the
kinase can phosphorylate a wide array of pyrimidine nucleoside analogues
bearing modifications at the nucleobase or sugar. However, certain
compounds were found to be not accepted as substrates. To expand the
substrate scope of DmdNK, we have created 16 mutant variants and tested
them towards various N*-modified cytosine nucleosides.

3.6.1. Synthesis and application of the mutant DmdNK variants
For the creation of DmdNK mutants single-site mutagenesis was utilized.

In total, sixteen DmdNK mutant variants, that carried a single or a double
mutation, were created (Table 6). Positions for mutagenesis were chosen
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based on the active centre of DmdNK-WT, focusing on amino acids that are
involved in nucleoside binding. Residues V84, M88, and A110 line the
hydrophobic cavity of the kinase and are considered to be the reason for the
broad substrate acceptance of the kinase (Mikkelsen et al., 2008). The amino
acids were replaced with smaller alanine and glycine to expand the
hydrophobic cavity and remove hydrophobic side chains that could potentially
create unfavourable interactions with substrates. Glutamine in position 81
forms hydrogen bonds with pyrimidine nucleobase and stabilizes the
nucleoside in the active site of the enzyme (Johansson et al., 2001). The
residue was replaced with alanine to remove the stabilizing forces and allow
for additional flexibility of the nucleobase in the active centre of the kinase.
Furthermore, residue W57 assists in nucleoside binding by forming stacking
interactions with the nucleobase (Johansson et al., 2001). To determine
whether removal of the stabilizing interaction would allow binding of bulkier
nucleosides in the active site, W57 was replaced with hydrophobic
phenylalanine and valine.

Table 6. Generated DmdNK mutant variants.
Mutant variant
DmdNK-WS57F
DmdNK-WS57V
DmdNK-Q81A
DmdNK-Q81A+V84G
DmdNK-Q81A+M88G
DmdNK-Q81A+A110G
DmdNK-V84A
DmdNK-V84A+M88A
DmdNK-V84A+A110D
DmdNK-V84G
DmdNK-M8SA
DmdNK-M88G
DmdNK-MS88R
DmdNK-M88R+A110G
DmdNK-A110D
DmdNK-A110G

el el el e e Z
O\LAAU)I\)»—O\OOO\]O\U}";WN'_‘.O

The enzymes were generated with (His)s-tags at the C-termini and used for
the phosphorylation of nucleosides without further removal of the tags. The
preparation of the kinases is described in Section 2.3.2. Variants
DmdNK-Q81A+V84G, DmdNK-Q81A+M88G, DmdNK-Q81A+A110G,
DmdNK-V84G, DmdNK-M88G, and DmdNK-A110G were found to be
unstable and precipitated after an overnight dialysis. The solubility of those
proteins was partially overcome by replacing E. coli BL-21(DE3) with E. coli
KRX strain for gene expression and cultivation of the transformants at 20 °C
instead of 37 °C for 20 h instead of 3 h. Electrocompetent E. coli KRX cells
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feature a chromosomal T7 RNA polymerase that is driven by a rhamnose
promoter (rvhaPgap), which allows for a precisely controlled protein
expression (Egan and Schleif, 1993; Studier and Moffatt, 1986). In this E. coli
K12-derived strain, target protein expression levels are higher compared to
those of E. coli BL-21(DE3)-derived strains (Ishido et al., 2011). Hence, more
soluble DmdNK mutants were obtained.

The generated DmdNK mutants were applied for the phosphorylation of
cytosine nucleosides, provided in Section 3.6.2. The conditions for the
phosphorylation reactions are provided in Section 2.3.5.

3.6.2. Substrate selection

To explore the effects of mutations on the activity of DmdNK, 14
nucleosides, which are provided in Figure 36, were chosen.
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Figure 36. Structures of the canonical and N*-modified cytosine nucleosides exploited
in the study.
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Canonical 2'-deoxycytidine and cytidine were picked to evaluate the
overall activity of generated mutants, since these compounds are known to be
efficiently phosphorylated by the wild-type variant (Johansson et al., 1999).
The remaining 12 compounds were cytosine nucleosides, that had
modifications at the N*-position. The substrates were chosen to be as diverse
as possible and had modifications that ranged from small to bulky, and from
hydrophobic to polar. Nucleosides 1, 2, 14, 15 were obtained commercially,
while the rest were synthesized in our laboratory. Preparation of the N*-amino
acid modified nucleosides (19, 20, 21, 22, and 25) is a part of this work and is
described in Section 2.2, while syntheses of the cytidine nucleosides 16, 58-61
were executed by a colleague K. Butkuté and are provided in our collaborative
publication (Kopliinaité et al., 2024).

3.6.3. Mutations in the hydrophobic cavity of DmdNK active site

The broad substrate specificity of DmdNK-WT is largely influenced by the
presence of the hydrophobic cavity in its active site, that provides enough
space to accommodate cytosine nucleosides, bearing various modifications at
N*orC5 positions, or uracil nucleosides, modified at 0*and C5 positions. The
residues, that line the hydrophobic cavity are V84, M88, and A110 (Mikkelsen
et al., 2008). To explore how mutations at the cavity affect the activity of
DmdNK towards N'-position modified cytosine nucleosides, single-site
mutagenesis was utilized for the creation of DmdNK variants with mutations
at positions V84, M88, and A110, respectively. The hypothesis was that
replacing these residues with smaller ones, such as alanine or glycine, would
increase the space required to accommodate nucleoside analogues with
bulkier modifications. In total, seven single-mutation variants with
modifications at the hydrophobic pocket were created. V84 was replaced with
alanine (DmdNK-V84A) and glycine (DmdNK-V84G); M88 was replaced
with alanine (DmdNK-M88A), glycine (DmdNK-MS88G), and arginine
(DmdNK-M88R); A110 was replaced with aspartate (DmdNK-A110D) and
glycine (DmdNK-A110G). In addition, three double mutants were created
(DmdNK-V84A+MS88A, DmdNK-V84A+A110D, and
DmdNK-M88R+A110G) to investigate whether any synergistic effects were
present. The data on the activity of the generated mutant DmdNK variants is
presented in Table 7.
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Table 7. Phosphorylation efficiencies of pyrimidine nucleosides by DmdNK wild-
type and mutant variants. Number is the phosphorylation efficiency (%) calculated
using HPLC-MS chromatogram areas. Cells are coloured based on mutant
performance in comparison to the wild-type kinase with the particular substrate (a
margin of error of +£3 was applied). Rose — phosphorylation efficiency decreased
>2-fold compared to DmdNK-WT; orange — phosphorylation efficiency decreased
>1.5-fold but <2-fold compared to DmdNK-WT; lime — phosphorylation efficiency
increased >1.5-fold but <2-fold compared to DmdNK-WT; green — phosphorylation
efficiency increased >2-fold compared to DmdNK-WT; white — phosphorylation
efficiency was similar to DmdNK-WT.

M 1 2 (14 | 15| 19 | 20 | 21 | 22 | 25 | 58 | 59 | 16 | 60 | 61
WT 98 | 78 | 100 | O 3 0 | 31 0 0 0 0
WS7F 89 1 0 0 0 0 0 0
W57V 89 0 0 0 0 0 0
Q81A 88 0 0 0 0 0 0
Q81A+V84G 92 0 0 0 0 0
Q81A+MS88G 94 0 0 0 0 0
Q81A+A110G 93 0 0 0 0 0
V84A 97 | 75 | 100 0 0 0 0 0
V84A+MBBA 0 60 | 0 0 0 0
V84A+A110D 0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0
MB88R+A110G 0 0 0 0 0
A110D 96 0 0 0 0 0
A110G 89 0 0 0 0 0

When canonical 2'-deoxycytidine (1) was utilized as a substrate, most of
the generated mutant variants displayed similar performance to that of
DmdNK-WT and converted the compound into a 5'-monophosphate form with
79-98% efficiency. However, a couple of mutants (DmdNK-V84A+A110D
and DmdNK-M88R) displayed up to 5-fold lower activity towards the
nucleoside as the phosphorylation efficiencies reached 22-34%. Variants
DmdNK-V84A, DmdNK-V84A+MS88A, and DmdNK-A110G maintained
similar activities towards cytidine (2) as DmdNK-WT and phosphorylated the
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nucleoside with 65-75% efficiencies, while the activities of the remaining
mutants decreased to 1-41%.

As can be deducted from the green cells in Table 7, replacing bulky valine
in position 84 with a smaller alanine or glycine in the active centre of DmdNK
positively impacted the kinase’s ability to phosphorylate N*-modified cytosine
nucleosides. Variants DmdNK-V84A and DmdNK-V84G retained the same
activity towards N'-acetyl-2'-deoxycytidine (14) as DmdNK-WT and
phosphorylated the compound with an efficiency of 100%. However,
phosphorylation efficiencies of N*-isobutyryl- (15), N*-alaninoyl- (19), and
N'-glycinoyl-2'-deoxycytidine  (21) more than doubled compared
DmdNK-WT and reached 60-98%, whereas the wild-type enzyme
phosphorylated the compounds with 0—31% efficiency.

Mutations in position 88 did not provide a boost in activity towards the
tested nucleosides. Variants, where methionine in position 88 was replaced
with either alanine (DmdNK-M88A), or glycine (DmdNK-M88G), displayed
2- to 6-fold lower phosphorylation efficiencies of nucleosides 14, 19, and 21
compared to those of DmdNK-WT. Mutant DmdNK-V84A+M88A, however,
performed slightly better. Compared to DmdNK-WT, the double mutant
displayed a significant increase in activity towards N*-amino-acid modified
deoxycytidines 19 and 21, as the phosphorylation efficiencies rose from
3-31% to 56—60%. None of the DmdNK variants with a mutated M88 position
were able to efficiently phosphorylate N*-isobutyryl-modified nucleoside 15.
In addition to alanine and glycine, M88 was also replaced with arginine
(DmdNK-M88R), as is natively found in many deoxyguanosine kinases
(Johansson et al., 2001). The mutant displayed a complete absence of activity
towards the tested N*-modified cytidines, as did the double mutant
DmdNK-M88R+A110D.

Another residue, that lines the hydrophobic cavity of DmdNK-WT, is
alanine in position 110. Even though the residue is already small, it was
replaced with an even smaller glycine residue to investigate whether absence
of alanine’s methyl group would make a difference in the activity of the
kinase. As can be seen from Table 7, the mutant DmdNK-A110G presented
with a significantly higher activity towards N*-modified deoxycytidines 15,
19, and 21 compared to that of DmdNK-WT: the mutant reached
phosphorylation efficiencies of up to 98%, whereas the efficiencies of
DmdNK-WT were up to 31%. The alanine in position 110 was also replaced
with an aspartate residue, which is found in the active sites of HsdGK and
HsdCK (Johansson et al., 2001). Even though the mutant DmdNK-A110D
retained the same activity towards canonical deoxycytidine as DmdNK-WT,
a substantial decrease in phosphorylation of N*-modified cytidines was
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observed: phosphorylation of N*-acetyl-2'-deoxy-cytidine (14) and
N'-glycinoyl-2'-deoxycytidine (21) declined from 31-100% to 11-27%.
Additionally, the double mutant DmdNK-V84A+A110D was incapable of
phosphorylating any of the N*-modified nucleosides.

Neither of the created DmdNK mutant variants were proficient at
phosphorylating N*-amino acid-modified deoxycytidines, that had a Boc-
protecting group (20, 22, and 25). Presumably, the active centre of DmdNK is
not spacious enough to accommodate nucleosides with such bulky
substitutions. Furthermore, mutations at positions V84, M88, and A110 did
not increase the activity of the kinase towards the acidic cytidines 58 and 59,
and N*-hydroxy- (16) and N'-alkoxy-modified cytidines (60, 61).
Phosphorylation efficiencies of the compounds were up to 24% compared to
up to 46% of DmdNK-WT, however, in most cases the substrates were not
converted into the corresponding monophosphates at all. Substitutions of the
aforementioned nucleosides are relatively small-sized, thus unfavourable
interactions are believed to be the cause of poor phosphorylation, and not a
lack of space as is in the case of Boc-protected nucleosides.

Analyses of the active sites of DmdNK-WT with a bound deoxycytidine
(PDB ID: 1j90) and in silico generated mutant models provide some insight
on how the mutations impacted phosphorylation efficiencies of the kinase
(Mirdita et al., 2022). As can be seen in Figure 37a, there is an empty pocket
near the positions C5 and N* of deoxycytidine. Residue M88 is 6.3 A away
from the N*-position of cytosine nucleobase which provides some space for
the kinase to bind cytidine substrates with certain modifications at the
N'-position. Replacing the residue with a more compact one, such as alanine
(DmdNK-M88A) or glycine (DmdNK-M88G), or a positively charged
arginine (DmdNK-M88R), does not improve the phosphorylation efficiency
of DmdNK — the activity of all M88 mutants towards the tested nucleosides
has decreased 2- to 3-fold compared to that of DmdNK-WT.

The V84 and A110 residues, however, are 3.4-3.6 A away from the N
atom (Figure 37a) and might spatially limit certain substrates from binding
the active site. As depicted in Figure 37b, replacing the residues with a
smaller glycine expands the hydrophobic pocket, as the distances from the N*
atom to the V84 and A110 residues are expected to become 3.7 A and 6.0 A,
respectively. In addition to the capacity of the cavity, non-covalent
interactions between the substrate and the residues of the active site are
important. Removal of the hydrophobic side chain of valine in case of
DmdNK-V84A or DmdNK-V84G, or methyl in case of DmdNK-A110G,
increases the affinity of the kinase towards substrates with polar modifications
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such as N*-alaninoyl-2'-deoxycytidine (19) or N*-glycinoyl-2'-deoxycytidine
(21).
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Figure 37. The active site of DmdNK with bound deoxycytidine. a Distances between
N* atom of deoxycytidine and V84, M88, and A110 residues of DmdNK-WT. PDB
ID: 1j90. b Predicted distances between N* atom of deoxycytidine and residues at the
positions 84 and 110, where V84 and A110 are replaced by glycine. Model generated
by ColabFold v1.5.5.

To sum up, mutating the residues of the hydrophobic cavity of
DmdNK-WT can be utilized as a strategy to expand the substrate scope of the
enzyme. Residues V84 and A110 are relatively close to the N*-position of
cytosine nucleoside, thus replacing them with less bulky non-polar amino
acids eliminates some of the spatial, as well as polar, limitations and allow for
accommodation of substrates, that were otherwise not accepted by
DmdNK-WT. The residue M88 is rather far away from the N* atom and
replacing it with a smaller residue had a negative effect on the activity of the
kinase: a decrease in phosphorylation efficiency of N*-modified cytidines was
observed.

3.6.4. Significance of the Q81 residue in the active centre of
DmdNK

In the active site of DmdNK-WT, residue Q81 forms two hydrogen bonds
with the N* and N* atoms of cytosine nucleobase and the interactions are
known to stabilize the substrate in the active site of the kinase (Johansson et
al., 2001). To evaluate whether the removal of the hydrogen bonding would
allow for more flexibility of the nucleobase moiety in the active centre and, in
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turn, enable binding of nucleosides with bulkier modifications, a DmdNK
mutant, where the glutamine residue was replaced with a residue of alanine
(DmdNK-Q81A), was created. In the wild-type kinase, the distances between
the ¥ and N* atoms of deoxycytidine and Q81 are 3.0 A and 3.1 A,
respectively (Figure 38a). When Q81 is replaced by alanine (DmdNK-Q81A),
those distances are expected to increase to over 6.2 A (Figure 38b), and the
hydrogen bonding between the nucleobase and the residue in position 81
should no longer be present.

Figure 38. The active site of DmdNK with bound deoxycytidine. a Hydrogen bonds
between N° and N* atoms of deoxycytidine and Q81 residue in DmdNK-WT. PDB ID:
1j90. b Predicted distances between deoxycytidine and the residues at the positions
81 and 110, where Q81 is replaced by alanine, and A110 is replaced by glycine. Model
generated by ColabFold v1.5.5.

As is evident from Table 7, replacing the Q81 residue with alanine did not
have an extreme effect on the activity of the kinase. Mutant DmdNK-Q81A
remained similarly active towards 2'-deoxycytidine (1) and N'-acetyl-2'-
deoxycytidine (14) as DmdNK-WT, although the activity towards cytidine
decreased more than 5-fold. In addition, phosphorylation of N*-modified
deoxycytidines 15, 19, and 21 remained fairly similar to that of DmdNK-WT
and reached up to 20%. In the same manner as the wild-type enzyme,
DmdNK-Q81A did not phosphorylate the Boc-protected deoxycytidines (20,
22, and 25) or the acidic cytidine nucleosides 58 and 59. Compared to
DmdNK-WT, phosphorylation efficiency of N*-hydroxycytidine (16)
decreased more than 20-fold (from 46% to 2%), although a slight increase in
phosphorylation of N*-methoxy- (60) and N‘-ethoxycytidine (61) was
observed: conversions rose up to 11%, whereas conversion efficiencies of
DmdNK-WT were up to 5%.
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To investigate, whether any cumulative effects were present, Q81A
mutation was paired with previously characterized mutations V84G, M88G,
and A110G. Compared to single mutants DmdNK-V84G, DmdNK-MS88G,
and DmdNK-A110G, in most cases, double-mutation carrying variants
DmdNK-Q81A+V84G, DmdNK-Q81A+M88G, and DmdNK-Q81A+A110G
did not display an increase in activity towards the tested substrates. However,
variant DmdNK-Q81A+A110G did exhibit an improved phosphorylation
efficiency of N*-alkoxy-modified nucleosides. Conversions of N*-methoxy-
(60) and N'-ethoxycytidine (61) surged to 30%, whereas DmdNK-WT or
DmdNK-A110G phosphorylated the compounds with efficiencies of 0-5%. A
possible explanation for the observed results could be positive intragenic
epistasis (Parera and Martinez, 2014). Individual mutations Q81A and A110G
did not have as significant of effect on DmdNK activity as the combination of
both mutations did. Analysis of the active site of the kinase suggests that the
extra space, provided by A110G mutation, and the additional mobility of the
nucleobase, provided by the Q81 A mutation, lead to an overall increase in
activity (Figure 38b).

3.6.5. Significance of the W57 residue in the active site of DmdNK

Aromatic-aromatic interactions play an important role in positioning
substrates in the active sites of enzymes (Makarov et al., 2021). As mentioned
previously, in DmdNK-WT, the residues, that stabilize cytosine nucleobase in
the active centre, are W57, F80, and F114 (Johansson et al., 2001). To
investigate how significant such interactions are for the activity of DmdNK,
we have chosen the W57 residue, which interacts with C5 and C6 atoms of
cytosine, and replaced it with hydrophobic residues, phenylalanine
(DmdNK-WS57F) or valine (DmdNK-WS57V). As can be seen in Table 7, both
mutants retained similar activity towards canonical deoxycytidine (1) as
DmdNK-WT, however, phosphorylation efficiencies of cytidine and all
N*-modified nucleosides decreased at least 2-fold (from 0—-100% to 0—51%).
To understand why the drastic decline in activity occurred, we have utilized
ColabFold v1.5.5 software to generate models of the mutants (Mirdita et al.,
2022). As depicted in Figure 39b, replacing W57 with a valine residue is
expected to increase the distances between the cytosine nucleobase and the
residue to over 7.0 A, whereas in DmdNK-WT the distances are 3.5-3.8 A
(Figure 39a).
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Figure 39. The active site of DmdNK with bound deoxycytidine. a Stacking
interaction between W57 and cytosine atoms. PDB ID: 1j90. b Predicted distances
between C5 and C6 atoms of deoxycytidine and residue at the position 57, where W57
is replaced by valine. Model generated by ColabFold v1.5.5. ¢ Possible interactions
between C5 and C6 atoms of deoxycytidine and residue at the position 57, where W57
is replaced by phenylalanine. Model generated by ColabFold v1.5.5.

Generally, aromatic-aromatic interactions occur at distances of 3.5-4.5 A,
however, weaker interactions are still possible at larger distances of up to
6.0 A (Headen et al., 2010; Ku$ et al., 2020). The predicted 7.0 A distance
between V57 and cytosine nucleobase is too grand for any kind of stabilizing
interactions to occur. In case of mutant DmdNK-WS57F, the distance between
the cytosine nucleobase and the phenylalanine residue is predicted to be
around 4.8-5.7 A (Figure 39c) which is sufficient for weaker stacking
interactions to occur. This explains why the mutant DmdNK-WS57F, that had
a phenylalanine residue, exhibited slightly higher activity towards cytidine
(2), N*-acetyl-2'-deoxycytidine (14), and N*-hydroxycytidine (16) compared
to DmdNK-W57V variant, that had a valine residue. The results lead to
conclude that the stabilizing aromatic-aromatic interactions between the
nucleobase and the W57 residue are essential for the overall performance of
DmdNK-WT.

3.6.6. Differences in phosphorylation of N*-amino acid modified
nucleosides bearing amide and carboxyl functional groups

Intriguingly, acidic cytidines 58 and 59, which are analogues of
nucleosides 19 and 21, were not accepted as substrates by either DmdNK
mutant variant. The main difference between the compounds is that the acidic
nucleosides have an exposed carboxyl group, whereas nucleosides 19 and 21
bear an exposed amide group as shown in Figure 40.
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OH OH OH

21 58
Figure 40. Structures of N*-amino acid modified cytosine nucleosides bearing amide

(21) and carboxyl (58) functional groups.

The carboxyl and amide groups are similarly sized, which suggests that the
differences in phosphorylation were due to unfavourable interactions between
the substrates and the residues of the active site, rather than a lack of space.
To uncover what might be causing such contrasting results, molecular docking
was performed where DmdNK-WT (PDB ID: 1j90) was docked with its
substrate  N*-glycinoyl-2'-deoxycytidine (21) and the unphosphorylated
N'-glycine-modified acidic nucleoside (58) (Figure 41).

5109 A1101§

Figure 41. Molecular docking of N*-amino acid modified cytosine nucleosides
bearing amide and carboxyl functional groups in the active site of DmdNK-WT. a
Molecular docking of N*-glycinoyl-2'-deoxycytidine (21) in the active centre of
DmdNK-WT. b Molecular docking of N-[1-(B-D-ribofuranosyl)-2-oxo-4-
pyrimidinyl]-glycine (58) in the active centre of DmdNK-WT. PDB ID: 1j90.
Molecular docking performed by DiffDock software
(https://huggingface.co/spaces/reginabarzilaygroup/DiffDock-Web; accessed on 13
August 2024).

As depicted in Figures 41a and 41b, both nucleosides form similar
interactions with neighbouring residues Q81, V84, and A110. However, an
additional residue in the substrate pocket of DmdNK-WT was discovered and
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it might be the deciding factor in whether an N*-modified nucleoside is
phosphorylated or not. Serine in position 109 is located approximately 3-3.5 A
away from the amide or carboxyl groups of the N*-amino acid modified
nucleosides. The amide group of N*-glycinoyl-2'-deoxycytidine (21) forms
hydrogen bonds with the hydroxy group of S109 and is effectively
phosphorylated by certain DmdNK mutants. On the other hand, at
physiological pH the carboxyl group of nucleoside 58 is expected to be
deprotonated and carry a negative charge, which in turn forms unfavourable
repulsive interactions with the same S109 residue (Larsen, 1980). The
repulsive force creates disadvantageous environment for nucleoside binding;
hence, the acidic nucleosides are not accepted as substrates by the kinase.

3.7. Substrate specificity of BsdCK-WT

Deoxycytidine kinase from B. subtilis is not as thoroughly examined as
DmdNK or HsdCK (Bohman and Eriksson, 1988; Eriksson et al., 1991;
Hellendahl et al., 2019; Johansson et al., 1999; Knecht et al., 2000, 2009; Ma
et al., 2011; Sabini et al., 2007; Serra et al., 2014). The data on its substrate
specificity is quite sparse, however, as mentioned previously, it is known to
phosphorylate nucleosides of cytosine and adenine (Andersen and Neuhard,
2001). To gain a deeper understanding of the substrate spectre of wild-type
BsdCK (BsdCK-WT), we have applied the kinase for the phosphorylation of
57 nucleosides, amongst which were both canonical and modified compounds
(Tables 8-10). The study utilized the same nucleosides, that were used for the
substrate specificity investigation of DmdNK-WT (Section 3.5). Out of the 57
tested substrates, 34 were phosphorylated by the kinase. The conditions for
the phosphorylation reactions were based on optimization assay, that is
detailed in Section 3.4.

As can be seen from the results provided in Table 8, BsdCK-WT was very
efficient at phosphorylating ribo- and 2'-deoxy-forms of cytosine and uracil
nucleosides (1-4); the compounds were converted into the corresponding
5'-monophosphates with 92-100% efficiency. Activity towards 2'-deoxy-
thymidine (5), on the other hand, was significantly lower: phosphorylation
efficiency reached only 31%. In addition to canonical pyrimidine nucleosides,
BsdCK-WT exhibited relatively high affinity towards purine nucleosides.
2'-Deoxyguanosine (6) and 2'-deoxyadenosine (8) were converted into their
monophosphate forms with efficiencies of up to 98%, however, their ribo-
counterparts guanosine (7) and adenosine (9) were phosphorylated slightly
less efficiently (43—63%). Activities towards isocytidine (10) and 2'-deoxy-
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isocytidine (11) were low compared to that of 2'-deoxycytidine.
Phosphorylation of the ribonucleoside (10) was only 7%, while its 2'-deoxy-
counterpart (11) was phosphorylated with 37% efficiency. A fluorine
substitution at the C5 position of cytidine had little effect on the activity of
BsdCK-WT, as 5-fluorocytidine (12) was converted into its monophosphate
with 98% efficiency. A methyl group, however, reduced the phosphorylation
efficiency of 5-methylcytidine (13) down to 5%.

Table 8. Efficiency of synthesis of canonical nucleoside monophosphates and
cytidine derivative monophosphates by BsdCK-WT. HPLC-MS analysis of the
reaction mixtures was performed after incubation at 37 °C for 24 h.
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Table 8 continued. Efficiency of synthesis of canonical nucleoside monophosphates
and cytidine derivative monophosphates by BsdCK-WT. HPLC-MS analysis of the
reaction mixtures was performed after incubation at 37 °C for 24 h.
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Table 8 continued. Efficiency of synthesis of canonical nucleoside monophosphates
and cytidine derivative monophosphates by BsdCK-WT. HPLC-MS analysis of the
reaction mixtures was performed after incubation at 37 °C for 24 h.
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Table 8 continued. Efficiency of synthesis of canonical nucleoside monophosphates
and cytidine derivative monophosphates by BsdCK-WT. HPLC-MS analysis of the
reaction mixtures was performed after incubation at 37 °C for 24 h.
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BsdCK-WT proved to be tolerant towards certain modifications at the
N*-position of cytosine nucleobase. Deoxycytidine nucleoside, bearing acetyl
substitution at the N*-position (14) was phosphorylated almost as efficiently
as canonical deoxycytidine, as conversion reached 95%. N*-Isobutyryl-2'-
deoxycytidine (15) monophosphate formation, however, was barely detected
and reached 2%. Hydroxyl substitution decreased phosphorylation efficiency
of N*-hydroxycytidine (16) 5-fold compared to that of cytidine (18% versus
93%). While N*-isonicotinoyl-modification bearing deoxycytidine (17) was
phosphorylated with 37% efficiency, structurally almost identical N*-benzoyl-
2'-deoxycytidine (18) was not accepted as a substrate by BsdCK-WT. Out of
all synthesized N*-aminoacid modified deoxycytidines (19-26), N*-glycinoyl-
2'-deoxycytidine (21) was the only one that was phosphorylated by the kinase,
although the conversion rate was very low (11%). In addition, BsdCK-WT
displayed activity towards relatively bulky deoxycytidines, bearing
N'-hydrophobic substitutions: N*-sec-butyl-2'-deoxycytidine (27), R and S
enantiomers of a-methylbenzyl-modified 2'-deoxycytidines (28 and 29), and
N'-phenyl-substituted 2'-deoxycytidine (30) were phosphorylated with
efficiencies of 16—60%. Finally, the largest modifications bearing D-glucose-
modified deoxycytidine (31), and N*-decyl-2'-deoxycytidine (32) were not
accepted as substrates by BsdCK-WT, as no formation of their
monophosphates was observed.

Application of BsdCK-WT for the phosphorylation of canonical
nucleosides and nucleobase-modified cytidine derivatives has revealed that
the kinase possesses a much broader substrate acceptance than initially
believed (Mgllgaard, 1980). To determine, whether uracil nucleosides would
be suitable substrates as well, we have employed the kinase for the
phosphorylation of uridine derivatives, bearing modifications at the
nucleobase (Table 9). The kinase displayed high activity towards N'-methyl-
pseudouridine (34), 2-thiouridine (35) and 4-thiouridine (36), as conversion
rates reached 88—-98%. However, phosphorylation efficiency of pseudouridine
(33) was 2-fold lower and reached 44%. In addition, BsdCK-WT was able to
phosphorylate the least bulky thiouridine derivatives 5-fluoro-4-methylthio-
uridine (37) and 4-methylthiouridine (38) with 8-11% efficiency, but bulkier
thiouridines (39—42) were not accepted as substrates.
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Table 9. Efficiency of synthesis of nucleobase-modified uridine derivative
monophosphates by BsdCK-WT. HPLC-MS analysis of the reaction mixtures was
performed after incubation at 37 °C for 24 h.
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As to be expected, 5-fluoro-5'-deoxyuridine (43) and 2',5'-dideoxyuridine
(44), were not converted into monophosphates as they had no 5'-hydroxyl
group to attach a phosphate to. The kinase exhibited extremely high activity
towards 2'-deoxyuridine, bearing a hydroxyl group at C5-position (45) and
phosphorylated the compound almost fully (99%). 2'-Deoxy-4-thiouridine
(46), however, was not accepted as a substrate by the kinase, whereas its ribo-
equivalent 4-thiouridine was phosphorylated very efficiently.

The available literature suggests that BsdCK-WT is not excessively strict
on nucleoside sugar-moiety, as it was shown to phosphorylate nucleosides
bearing ribose, 2'-deoxyribose, and arabinose (Mgllgaard, 1980). To
investigate whether alternative sugars were acceptable, an assortment of
uridine derivatives bearing modified sugar-moiety were tested as substrates
for the kinase (Table 10).

Table 10. Efficiency of synthesis of sugar-modified uridine derivative
monophosphates by BsdCK-WT. HPLC-MS analysis of the reaction mixtures was
performed after incubation at 37 °C for 24 h.
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Phosphorylation results of ribose-modified uridines suggest that
BsdCK-WT is more tolerant of modifications at ribose 2'- rather than
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3'-position. The kinase converted 2'-modified 2'-O-methyluridine (47) and
2'-(O-allyl)-uridine (50) into the corresponding monophosphates with 18-21%
efficiency. =~ Meanwhile,  3'-O-methyluridine  (48),  2'-O-methyl-
5-methyluridine (49), 3'-(O-allyl)-uridine (51), 3'-O-acetyluridine (53), and
3'-0O-benzoyl-2'-deoxyuridine (54) were not accepted as substrates. Moreover,
BsdCK-WT was active towards 2',3'-O-isopropylidineuridine (52), 2'-amino-
2'-deoxy-uridine (55), 2'-N-acetyl-2'-amino-2'-deoxyuridine (56), and 2',3'-di-
deoxyuridine (57), as the compounds were phosphorylated with 29-70%
efficiency.

As mentioned previously, the crystal structure of BsdCK-WT has not been
solved. To gain additional insight, a model of a BsdCK-WT monomer was
generated utilizing protein structure prediction software ColabFold v1.5.5
(Mirdita et al., 2022). The created model was superimposed on the crystal
structure of DmdNK-WT with a 2'-deoxycytidine molecule bound in its active
site (PDB ID: 1j90).

R153

172
Y52

Figure 42. Superimposition of BsdCK-WT (magenta) on DmdNK-WT (cyan) with a
bound 2'-deoxycytidine (green). Residues F97 (BsdCK-WT) and F114 (DmdNK-WT)
are omitted for a clearer view. BsdCK-WT model generated by ColabFold v1.5.5;
DmdNK-WT PDB ID: 1j90.
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As can be seen in Figure 42, the active centres of BsdCK-WT and
DmdNK-WT look very similar and share a lot of the same residues. The main
difference between the two kinases is that BsdCK-WT lacks the empty cavity
that DmdNK-WT has (Johansson et al., 2001). Instead of the hydrophobic
residues V84, M88, and A110 of DmdNK-WT, BsdCK-WT has residues F66,
R70, and D93, respectively. In addition, the nucleobase in the active centre of
DmdNK-WT is stabilised by aromatic residues W57, F80, and F114, whereas
in the case of BsdCK-WT the residues are F66 and F97.

According to the created in silico model, when deoxycytidine is bound in
the active centre of BsdCK-WT, the N* and N* atoms of the nucleobase form
hydrogen bonds with Q63 residue (Figure 43a). In addition, the nucleobase is
stabilized in place by stacking interactions, provided by hydrophobic residues
F66 and F97. The N*- and C5-positions of cytosine nucleobase are in close
proximity to polar residues R70 and D93. As is shown in Figure 43a, residue
D93 is expected to be 2.2 A away from the N* atom of deoxycytidine and the
arginine in position 70 should be located 4.9 A and 4.2 A away from the N*
and C5 atoms, respectively. The closeness of these polar residues provides
some clarity on the observed substrate specificity of BsdCK-WT. While
certain pyrimidine nucleosides, bearing modifications at positions N* or C5,
such as N'-acetyl-2'-deoxycytidine or 5-methylcytidine, were accepted as
substrates by the kinase, the spatial limitations provided by residues R70 and
D93 prevented bulkier nucleosides, such as N*-alaninoyl-2'-deoxycytidine or
4-ethylthiouridine, from fitting in the active site. In addition to limited space,
polar interactions should also be considered. Both aforementioned residues
are polar in nature and are ionized in physiological pH, thus nucleosides with
hydrophobic substitutions are likely repelled by unfavourable interactions
(Larsen, 1980). For example, as mentioned previously, phosphorylation
efficiencies of two similarly sized nucleosides, 5-fluorocytidine (Van der
Waals radius of fluorine is 1.47 A) and 5-methylcytidine (Van der Waals
radius of methyl group is 2.00 A), differed 2-fold (Batsanov, 2001).
Presumably, the polar fluorine substitution of 5-fluorocytidine formed
favourable polar interactions with the guanidino group of R70 and was
phosphorylated as efficiently as canonical cytidine. However, the observed
decrease in activity towards 5-methylcytidine was most likely caused by
repulsive forces between the hydrophobic methyl group and the R70 residue.
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Figure 43. Predicted acti\;‘site of BsdCK-WT. BsdCK-WT model generated by
ColabFold and superimposed onto the active site of DmdNK-WT (PDB ID: 1j90)
(residues not shown) with a bound 2'-deoxycytidine molecule (green). a Predicted
interactions between the residues of BsdCK-WT and the nucleobase of 2'-deoxy-
cytidine (residue F97 removed for a clearer view). b Predicted interactions between
the residues of BsdCK-WT and the 2'-deoxyribose moiety of 2'-deoxycytidine.

The in silico active site model of BsdCK-WT suggests that the deoxyribose
moiety of 2'-deoxycytidine is stabilized by polar residues in a similar fashion
as in DmdNK-WT (Johansson et al., 2001). As depicted in Figure 43b, the
3'-hydroxy group is believed to form hydrogen bonds with residues Y52 and
E156 and the 5'-hydroxy group should interact with the neighbouring residues
E40 and R153. In addition, a hydrophobic residue V18 is found approximately
3.6 A away from the C3' carbon atom. The spatial limitations provided by this
residue might explain why BsdCK-WT displayed higher activity towards
2'-modified nucleosides compared to 3'-modified ones. As can be seen from
the predicted active site of BsdCK-WT, there is some space near 2'- and
3'-positions of ribose moiety to allow accommodation of nucleosides, bearing
modifications at the said positions. However, size and polarity of the
modifications are important, as both polar (Y52, E156) and hydrophobic
(V18) residues are neighbouring C2' and C3' atoms. Hence, only substrates
that are small enough and form favourable interactions with the residues can
bind the active centre.
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3.8. Enhancing BsdCK substrate diversity via single-site mutagenesis

The study on substrate specificity of BsdCK-WT has proven that the kinase
can phosphorylate a much broader spectrum of pyrimidine nucleoside
analogues than initially believed (Andersen and Neuhard, 2001; Mgllgaard,
1980). However, there were certain substrates that were not phosphorylated
by the kinase or phosphorylated very inefficiently. To investigate whether it
is possible to expand the substrate scope of BsdCK, we have created 3 mutant
variants of BsdCK and tested them towards N*-modified cytidine nucleosides.
Substrates (Figure 36), used for the study, were the same as those that were
utilized in the assessment of substrate specificity of DmdNK mutant variants
and are provided in Section 3.6.2.

3.8.1. Synthesis and application of the mutant BsdCK variants

Mutant variants of BsdCK were generated via single-site mutagenesis. The
enzymes were obtained with (His)s-tags at the C-termini and utilized without
further removal of the tags. The preparation of the proteins is described in
Section 2.3. In total, 3 mutant variants of BsdCK were generated: 2 of them
carried a single mutation (BsdCK-R70M and BsdCK-D93A) and one was a
double-mutant (BsdCK-R70M+D93A). The kinases were applied for the
phosphorylation of cytosine nucleosides, listed in Section 3.6.1. The
conditions for the phosphorylation reactions are provided in Section 2.3.5.

3.8.2. Impact of the BsdCK active site mutations

As mentioned in the literature overview, BsdCK-WT is known to favour
nucleosides of adenine and cytosine with a preference towards 2'-deoxy-
nucleosides over ribonucleosides (Andersen and Neuhard, 2001; Mgllgaard,
1980). However, as we have learned, the kinase can phosphorylate a much
wider array of pyrimidine nucleosides with various modifications at the
nucleobase or sugar. Even though BsdCK-WT performed relatively well in
terms of substrate diversity, it was still outshined by DmdNK-WT, which
possesses one of the broadest substrate specificities known for nucleoside
kinases (Chen et al., 2017; Egeblad-Welin et al., 2007; Johansson et al., 1999;
Knecht et al., 2009; Matsuura et al., 2017; Mikkelsen et al., 2008; Munch-
Petersen et al., 2000; Solaroli et al., 2003). Certain nucleosides, such as
N'-glycinoyl-2'-deoxycytidine (21) or N*-sec-butyl-2'-deoxycytidine (27),
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were not phosphorylated by BsdCK-WT or were phosphorylated very
inefficiently, whereas DmdNK-WT converted the compounds to their
monophosphates considerably better. As discussed in the literature overview,
one of the reasons for the broad substrate specificity of DmdNK-WT is the
hydrophobic cavity in its active centre, which is lined with residues V84, M88,
and A110 (Johansson et al., 1999). As was learned from the structural analysis
of BsdCK-WT in the previous chapter, the corresponding residues in
BsdCK-WT are F66, R70, and D93, respectively. To investigate whether
replacement of the aforementioned residues would make BsdCK more similar
to DmdNK in terms of substrate scope, mutants, where residues R70 and D93
were modified to mimic the ones found in DmdNK-WT, were created.
According to the in silico model of BsdCK-WT, residue F66, which
corresponds to V84 in DmdNK-WT, is expected to form stabilizing aromatic-
aromatic interactions with cytosine nucleobase, hence the residue was left
untouched. Utilizing single-site mutagenesis, 3 mutant variants of BsdCK
were generated: two single-mutants BsdCK-R70M and BsdCK-D93A, and a
double-mutation carrying variant BsdCK-R70M+D93A. The mutants were
applied for the phosphorylation of N*-modified cytidine nucleosides (Figure
36). The results are provided in Table 11.

Table 11. Phosphorylation efficiencies of pyrimidine nucleosides by BsdCK wild-
type and mutant variants. Number is the phosphorylation efficiency (%) calculated
using HPLC-MS chromatogram areas. Cells are coloured based on mutant
performance in comparison to the wild-type kinase with the particular substrate (a
margin of error of +£3 was applied). Rose — phosphorylation efficiency decreased
>2-fold compared to BsdCK-WT; orange — phosphorylation efficiency decreased
>1.5-fold but <2-fold compared to BsdCK-WT; lime — phosphorylation efficiency
increased >1.5-fold but <2-fold compared to BsdCK-WT; green — phosphorylation
efficiency increased >2-fold compared to BsdCK-WT; white — phosphorylation
efficiency was similar to BsdCK-WT.

- Substratd ;| 5 | 14 | 15| 19|20 |21 |22 | 25 | 58 | 59 | 16 | 61 | 62
WT 10093 os|2|o|lo|1tlo|lo|lo|lol|ig|1]|7
R70M 702 o|loflolof2lololo|lolo|olo
R70M+D93A 100 55|99 fo8 £37 | o [98| 0 | o | oo 9| ol
D93A 10051977916 o|2|0|o0|o|lof2a]olo

The mutant variant BsdCK-R70M, where arginine was replaced with
methionine, as is natively found in DmdNK-WT, exhibited extremely low
overall activity. Compared to BsdCK-WT, the phosphorylation efficiency of
canonical nucleosides 2'-deoxycytidine (1) and cytidine (2) decreased from
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93-100% to 2-7%. Even though traces of N*-glycinoyl-2'-deoxycytidine (21)
monophosphate were detected in the reaction mixture, the calculated
phosphorylation efficiency was 5-fold lower than that of BsdCK-WT (2%
compared to 11%). No other activity towards the remainder of the N*-modified
cytidines was observed, thus BsdCK-R70M variant will not be further
discussed.

The other single-mutant, BsdCK-D93A, which had alanine instead of
aspartate in position 93, performed significantly better than BsdCK-R70M.
Variant BsdCK-D93A retained similar activity towards 2'-deoxycytidine (1)
and N'-acetyl-2'-deoxycytidine (14) as the wild-type variant and
phosphorylated the compounds with 97-100% efficiency. Even though its
activity towards cytidine decreased almost 20-fold compared to that of
BsdCK-WT, a big improvement in phosphorylation of N'-isobutyryl-
2'-deoxycytidine (15) was observed. The substrate was phosphorylated with
79% efficiency, whereas BsdCK-WT converted only 2% of the compound. In
addition, mutation D93A increased the activity of the kinase towards
N'-aminoacid  modified  deoxycytidines. ~ Variant ~ BsdCK-D93A
phosphorylated ~ N*-alaninoyl-2'-deoxycytidine (19) and N*-glycinoyl-
2'-deoxycytidine (21) with an efficiency of 16% and 20%, respectively,
whereas the phosphorylation efficiency of the wild-type kinase reached up to
11%.

The most significant increase in activity, however, was exhibited by the
double-mutant BsdCK-R70M+D93A. A possible explanation for the observed
effect might be positive intragenic epistasis, in which two mutations yield a
more favourable result than would be expected from their individual effects
(Parera and Martinez, 2014). Similarly to BsdCK-WT and the single-mutant
BsdCK-D93A, BsdCK-R70M+D93A retained the same activities towards
2'-deoxycytidine (1) and N*-acetyl-2'-deoxycytidine (14), but an almost 2-fold
decrease in phosphorylation efficiency of cytidine (2) compared to that of
BsdCK-WT was observed. Nucleosides N*-isobutyryl-2'-deoxycytidine (15)
and N*-glycinoyl-2'-deoxycytidine (21) were phosphorylated almost fully
(98%), whereas efficiencies of the wild-type kinase reached only 2—11%. In
addition, N*-alaninoyl-2'-deoxycytidine (19), which was not accepted as a
substrate by the wild-type kinase, was phosphorylated with 37% efficiency.
Interestingly, the observed phosphorylation efficiencies of the double-mutant
BsdCK-R70M+D93A were even higher than those of DmdNK-WT, after
which the mutant was modelled, and were comparable to those of the best
performing DmdNK-V84A and DmdNK-V84G variants, even though the
corresponding residue of BsdCK (F66) was not modified.
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Even though the introduced mutations in the active centre of BsdCK
increased the activity of the kinase towards certain nucleosides, some
compounds remained unphosphorylated. The mutations were not enough to
overcome the spatial limitations of the active site and/or unfavourable
interactions between the residues of the substrate pocket and the substrates.
None of the BsdCK mutants were able to phosphorylate Boc-protecting group
bearing N*-amino acid modified 2'-deoxycytidines (20, 22, 25), or the acidic
cytidines (58, 59). In addition, a 2- to 7-fold decrease in activity towards
N*-hydroxy- (16) and N*-alkoxy-modified cytidines (60, 61) was observed.
The best-performing BsdCK-R70M+D93A variant presented with 0-9%
phosphorylation efficiency, while BsdCK-WT converted the compounds to
their monophosphate forms with efficiencies of 1-18%.

Analysis of the generated active site models of BsdCK provides some
insight on how the introduced mutations affected the activity of the kinase
towards N*-modified 2'-deoxycytidines 15, 19, and 21. In the wild-type
variant, residue D93 is predicted to be located around 2.2 A away from the
N'-atom of 2'-deoxycytidines as illustrated in Figure 44a. Carboxyl group of
the aspartate residue is expected to form hydrogen bonds with the N*-atom
and assist with stabilizing the substrate in place. While the carboxyl functional
group of D93 positively impacts binding of canonical substrates such as
cytidine or uridine, it does the opposite for pyrimidine nucleosides bearing
substitutions at the N*- or O*-position. Since the aspartate residue is located so
closely to the said positions, it creates spatial limitations and only nucleosides
with substitutions up to a certain size can fit in the active centre of the kinase.
In addition, the negatively charged carboxyl group of D93 forms unfavourable
polar interactions with certain modifications and, in turn, prevents the
substrates from binding (Larsen, 1980). Replacing the residue with alanine, as
is natively found in DmdNK-WT, mitigates both issues. As depicted in Figure
44b, the distance between the N*-atom of cytosine nucleobase is predicted to
increase almost twice (from 2.2 A to 4.3 A) compared to that of BsdCK-WT,
thus bulkier substrates should be able enter the active site. Furthermore,
removal of the negative charge, provided by the aspartate residue, is expected
to make the environment for binding nucleosides with polar substitutions
more favourable.

As can be seen from the generated BsdCK-WT model in Figure 44a,
residue R70 is expected to be 4.2 A away from the C5 atom of cytosine
nucleobase. The distance is big enough to accommodate canonical cytosine or
uracil nucleosides, however, it might create some spatial hindrance when
substitutions at the C5 position are introduced. For example, phosphorylation
of canonical 2'-deoxythimidine by BsdCK-WT is significantly less efficient
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compared to that of 2'-deoxyuridine, and the constraints provided by R70 are
expected to be the determinant. In addition, the positive charge provided by
guanidinium functional group of arginine might prevent certain pyrimidine
nucleosides with modifications at the C5 or N*/O*-positions from binding in
the substrate pocket (Larsen, 1980).

a B

Figure 44. Superimposition of BsdCK (magenta) on DmdNK (cyan) with 2'-deoxy-
cytidine (green) in the active centres. a M88 and A110 residues of DmdNK-WT, and
corresponding R70 and D93 residues of BsdCK-WT near the N* and C5 positions of
2'-deoxycytidine. b M88 and A110 residues of DmdNK-WT, and M70 and A93
residues of BsdCK-R70M+D93A mutant variant near the N* and C5 positions of 2'-
deoxycytidine. Yellow dashed lines show predicted distances between the residues of
BsdCK and 2'-deoxycytidine. DmdNK PDB ID: 1j90. BsdCK models generated using
ColabFold v1.5.5 software.

Replacing the R70 with a corresponding methionine residue from
DmdNK-WT generates some additional space (Figure 44b) for nucleosides
with bulkier modifications, as well as removes the positive charge provided
by arginine. Even though a single R70M mutation did not increase the activity
of BsdCK towards N*-modified cytidines, a synergistic effect between R70M
and D93A mutations was observed. The overall performance of the double
mutant BsdCK-R70M+D93A was superior to that of the single mutant
BsdCK-D93A. The hypothesis is that the extra space, in addition to the loss of
the polar charges, allows for more mobility of the substrate in the active site.
Hence, bulkier nucleosides can bind the substrate pocket more easily. In
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conclusion, mimicking the active site of DmdNK-WT by replacing both R70
and D93 residues with corresponding methionine and alanine, respectively,
has proven to be an effective strategy in increasing the activity of BsdCK
towards N*-modified cytidines.

3.9. Application of DmdNK-WT and BsdCK-WT for a larger-scale
synthesis of nucleoside monophosphates

To explore the practical application side of nucleoside kinases,
DmdNK-WT and BsdCK-WT were employed for a larger-scale synthesis of
nucleoside 5'-monophosphates. The syntheses were executed via an enzymatic
cascade, which consisted of two enzymes: a nucleoside kinase and an acetate
kinase (Figure 45). DmdNK-WT was utilized for the phosphorylation of
2-thiouridine, and BsdCK-WT was used for the conversions of 2'-deoxy-
cytidine and N*-acetyl-2'-deoxycytidine into the corresponding 5'-mono-
phosphates. During phosphorylation reactions, GTP is turned into GDP,
which cannot be further used as a phosphate donor. To prevent the
accumulation of GDP, the reaction mixture was supplemented with £cACK,
which catalyses a phosphate group transfer from acetyl phosphate to a GDP
molecule, forming GTP and acetic acid. Application of EcACK allows
utilization of a lower amount of GTP, which, in addition to making the
phosphorylation reactions more economical, also simplifies the purification of
synthesized mononucleotides. The conditions for the syntheses are provided
in Section 2.3.6.

Nucleoside
GTP Acetyl phosphate
DmdNK-WT or
EcACK
BsdCK-WT ¢
GDP Acetic acid
Nucleoside

5’-monophosphate

Figure 45. Nucleoside 5'-monophosphate synthesis using an enzymatic cascade that
consists of DmdNK-WT or BsdCK-WT and EcACK.

The GTP regeneration system allowed using only 0.1 mol. eq. of GTP
instead of the previously utilized 1.5 mol. eq. To ensure that the GTP
regeneration was sufficient, the reaction mixtures were supplemented with
2 mol. eq. of acetyl phosphate every 24 h. The recurrent supplementation was
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necessary because the half-life of acetyl phosphate at neutral pH and room
temperature is known to be 21 h (Crans and Whitesides, 1983; Lipmann and
Tuttle, 1944). Since the phosphorylation reactions took 72 h to complete,
diminishing activities of the enzymes were inevitable. To overcome this issue,
reaction mixtures were supplemented with the same initial amounts of
DmdNK-WT or BsdCK-WT and EcACK every 24 h. The formed nucleoside
monophosphates were purified twice: first by ion-exchange chromatography
to separate all monophosphates, then — by reverse-phase chromatography, in
which the remaining impurities were removed. The structures of the obtained
compounds were confirmed by HPLC-MS and NMR analyses (provided in
Appendix 3). The amounts of the mononucleotides were calculated using the
UV spectra of their corresponding nucleosides and were as follows: 17 mg of
2'-deoxycytidine (4% final yield), 11 mg of N*-acetyl-2'-deoxycytidine (5%
final yield), and 16 mg of 2-thiouridine (6% final yield).

An example of HPLC-MS analysis of 2'-deoxycytidine phosphorylation by
BsdCK-WT reaction mixture (before purification) is provided in Figure 46
below. As can be seen from the HPLC chromatogram, the reaction mixture
contains both 2'-deoxycytidine (yellow peak) and 2'-deoxycytidine 5'-mono-
phosphate (green peak). As can be deducted from peak sizes, dCyd conversion
to dCMP in the milligram-scale experiment is not as efficient as it was in
microliter-scale experiments (detailed in Section 3.7). As is known from the
previously discussed substrate specificity studies, both DmdNK-WT and
BsdCK-WT can achieve phosphorylation efficiencies of up to 100%.
However, the obtained mononucleotide yields in the larger-scale experiments
were far from it, and the reasons are multifactorial. Firstly, in addition to the
formation of acetic acid from GTP regeneration, the acetyl phosphate
undergoes natural breakdown, as well (Lipmann and Tuttle, 1944). The
resultant acetic acid lowers the pH of the reaction medium, creating a
suboptimal environment for the kinases. The issue could be overcome by
using a buffer of higher molarity. Secondly, enzyme precipitation was
observed when utilizing automatic mixing. A milder approach, such as manual
mixing, has been found to partially alleviate the problem. Thirdly, alternative
purification methods for the nucleoside monophosphates should be explored.
Retention of the mononucleotides in the purification columns was discovered
to be poor and separation from impurities was problematic, which resulted in
low final yields of the products. Fourth, the reaction optimization assay,
described in Section 3.4, was executed in a microlitre-scale, and the optimal
conditions required for the millilitre-scale synthesis are not necessarily the
same. Hence additional optimisation assay might prove beneficial.
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Figure 46. HPLC-MS analysis of dCyd phosphorylation by BsdCK-WT reaction
mixture (before purification). a HPLC chromatogram of dCyd phosphorylation
reaction mixture. The mixture contains dCyd (r. t. 1.450 min), dCMP (r. t. 1.807 min),
and trace amounts of GTP (not visible). b MS spectrum of dCyd phosphorylation
reaction mixture at 1.467 min. The peak at 228 m/z represents dCyd (M=227 g/mol)
at positive ionisation ([M+H]"). ¢ MS spectrum of dCyd phosphorylation reaction
mixture at 1.833 min. The peak at 308 m/z represents dCMP (M=307 g/mol) at
positive ionisation ((M+H]").
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Provided that the aforementioned issues are addressed, and a more efficient
nucleoside monophosphate synthesis is attained, the mononucleotides could
be further utilized in an enzymatic nucleoside 5'-triphosphate synthesis where
the second and the third phosphorylation steps are performed by nucleoside
monophosphate and diphosphate kinases (Bird et al., 2023; Ding et al., 2020;
Fehlau et al,, 2020). Similarly to nucleoside kinases, nucleoside
monophosphate kinases (NMPKs) are relatively strict in their substrate
preferences and should be selected thoughtfully. For example, mammalian
uridylate-cytidylate kinase is known to phosphorylate CMP, dCMP, UMP,
dUMP, AMP, and dAMP, while the isozymes of adenylate kinase accept
AMP, dAMP, CMP, and dCMP as substrates (Van Rompay et al., 2000). In
addition, viral thymidylate kinases from Herpes simplex virus-1 and varicella
zoster virus phosphorylate 2'-deoxythymidine, dTMP, and dUMP (Deville-
Bonne et al., 2010). The final phosphorylation step is performed by nucleoside
diphosphate kinases (NDPKs). On the contrary to NMPKs, NDPKs are
considered as non-specific enzymes. The wide substrate cleft enables NDPKs
to phosphorylate a broad range of dinucleotides (Jong and Ma, 1991). For
example, in addition to all canonical nucleoside diphosphates, Homo sapiens
NDPK is known to phosphorylate various nucleotide analogues, such as
azidothymidine or ribavirin diphosphates, or tenofovir monophosphate (Koch
et al., 2009; Schaertl et al., 1998).

Final remarks

The data presented in this thesis proposes an enzymatic alternative for
chemical nucleoside monophosphate synthesis. Nucleoside kinases DmdNK
and BsdCK were shown to be effective biocatalysts for the phosphorylation of
canonical nucleosides and their analogues. The enzymes were discovered to
have broad substrate acceptances as pyrimidine nucleosides bearing small- to
moderate-sized modifications at the nucleobase or sugar were accepted as
substrates. An enzymatic cascade, consisting of DmdNK-WT or BsdCK-WT
and acetate kinase, which regenerates depleted GTP, was shown to be an
option worth exploring for a milligram-scale synthesis of NMPs. Even though
the final product yields were low, given that necessary optimisation steps are
applied, the presented method could be employed as a more sustainable and
less laborious alternative to chemical nucleoside phosphorylation.
Furthermore, utilizing site-directed mutagenesis to alter the active centres of
the kinases was shown to be an effective strategy to expand their accepted
substrate scope. Certain modifications in the substrate pockets of DmdNK and
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BsdCK  significantly increased the activity of the enzymes towards
N*-modified cytosine nucleosides.

The combined findings hold considerable significance from an industrial
perspective. Traditional chemical nucleoside phosphorylation methods are
known for their harsh conditions and by-product formation, they are labour-
intensive and often result in inferior product yields. The presented enzymatic
method provides a more sustainable and less laborious alternative to chemical
phosphorylation. Compared to chemical methods, enzymatic NMP synthesis
delivers a higher regio- and stereoselectivity, superior product yields and
milder reaction conditions. In addition, the discoveries could be applied in the
field of therapeutics. Nucleoside kinases play an important role in prodrug
activation. Hence, the broad substrate acceptances of DmdNK-WT and
BsdCK-WT suggest that the enzymes might be excellent candidates for
suicide-gene therapy. Lastly, site-directed mutagenesis could be utilized to
enhance the efficiency of the nucleoside kinases or even alter the enzymes to
accommodate a specific substrate.

111



CONCLUSIONS

A three-step synthesis can be applied for the synthesis of Boc-protected
N'-amino acid-modified deoxycytidines with medium to high final
product yields (24-85%).

A catalyst-free deprotection of N*-amino acid-modified deoxycytidines
results in N-4-(2'-deoxycytidinyl)amino acid amides with final yields of
23-57%.

For the phosphorylation of 10 mM of 2'-deoxycytidine with a duration
of 1 h at least 1.5 mol. eq. of GTP and 0.34 nmol/mL of DmdNK-WT or
47 nmol/mL of BsdCK-WT is necessary. The highest efficiencies are
when temperatures and pH are 70 °C and 8.0 for DmdNK-WT, and 60 °C
and 8.5 for BsdCK-WT.

DmdNK-WT phosphorylates all canonical nucleosides and pyrimidine
nucleosides, bearing modifications at the nucleobase or sugar.
DmdNK-WT displays high activity towards substrates with small- to
medium-sized modifications at the N*/O* positions of the nucleobase. Its
activity towards pyrimidine nucleosides bearing modifications at the
C5-, 2'- and 3'-positions is low to moderate.

BsdCK-WT phosphorylates all canonical nucleosides and cytosine and
uracil nucleosides with small N*/O-substitutions. Conversions of C5-,
2'- and 3'-substituted pyrimidine nucleosides are less efficient.
Replacing DmdNK residues V84 and A110 with alanine or glycine
increases the activity of the enzyme towards N*-modified cytidines.
Mimicking the active site of DmdNK-WT by replacing BsdCK residues
R70 and D93 with methionine and alanine, respectively, increases the
activity of the kinase towards N*-modified cytidines.

DmdNK-WT and BsdCK-WT can be employed for a milligram-scale
synthesis of NMPs. Application of GTP regeneration system allows
downscaling GTP concentration from 1.5 mol. eq. to 0.1 mol. eq. Since
final yields of 2'-deoxycytidine, N'-acetyl-2'-deoxycytidine, and
2-thiouridine 5'-monophosphates were low, additional optimisation is
necessary for more satisfactory results.
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APPENDICES

Appendix 1. Synthesized N* amino acid-acylated nucleosides.

tert-Butyl ((S)-1-((1-((2R,4S,5R)-4-hydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-
yl)amino)-1-oxopropan-2-yl)carbamate

Yield 1.32 g (50%), white solid, mp 110-113 °C. o
R¢=0.61 (CHCl5:CH;0H — 5:1).

H
O__N,,
MS (ESI"): m/z 399.15 [M+H]", 397.15 [M-H] . X il %NH

UV(CH:OH)  Amw=246; 299  nm. N
£24=15842 M'lem™, £200-8515 M e . HO N
'H NMR (DMSO-d, 400 MHz): § = 1.22 (d, J = o

7.2 Hz, 3H, CH), 1.38 (s, 9H, 3CH), 2.02 (dt, J

= 13.0, 6.2 Hz, 1H, CH,), 2.25-2.34 (m, 1H, OH

CHa), 3.54-3.67 (m, 2H, CH,), 3.87 (q, J = 3.7 Hz, 1H, CH), 4.13-4.20 (m,
1H, CH), 4.19-4.25 (m, 1H, CH), 5.06 (t, J = 5.2 Hz, 1H, OH), 5.28 (d, J =
4.3 Hz, 1H,OH), 6.11 (t,J= 6.2 Hz, 1H, CH), 7.20 (d, /= 7.3 Hz, 2H, CH=CH
and NH), 8.35 (d, J= 7.5 Hz, 1H, CH=CH), 10.86 (s, 1H, NH).

13C NMR (DMSO-dg, 101 MHz): § = 17.74, 28.65, 41.38, 51.06, 61.38, 70.34,
79.64, 86.70, 88.41, 95.66, 145.65, 154.85, 155.69, 162.76, 175.00.

tert-Butyl (2-((1-((2R,4S,5R)-4-hydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-
yl)amino)-2-oxoethyl)carbamate

Yield 1.36 g (53%), white solid, mp 110-112 °C. (0]

R¢ = 0.60 (CHCl5:CH;OH — 5:1). o H%

MS (EST"): m/z 385.10 [M+H]", 383.10 [M-H]". >< Wor NH
UV (CH;0H)  Amx=246; 299  nm. | =N
€246=15600 M 'cm™, £,00=7800 M 'cm .. HO N/&o
'H NMR (DMSO-ds, 400 MHz): 8 = 1.39 (s, 9H, ] :o:

3CHs), 2.03 (dt, J= 13.0, 6.3 Hz, 1H, CH), 2.30

(ddd, J=13.3, 6.1, 3.8 Hz, 1H, CH,), 3.53-3.70 OH

(m, 2H, CH,), 3.79 (d, J = 6.1 Hz, 2H, CH,), 3.87 (q, J = 3.7 Hz, 1H, CH),
4.23 (dq, J="7.6, 4.0 Hz, 1H, CH), 5.06 (t, J= 5.2 Hz, 1H, OH), 5.28 (d, J =
4.3 Hz, 1H, OH), 6.11 (t, J = 6.3 Hz, 1H, CH), 7.09 (t, J = 6.1 Hz, 1H, NH),
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7.17 (d, J = 7.5 Hz, 1H, CH=CH), 8.35 (d, J = 7.5 Hz, 1H, CH=CH), 10.87
(s, 1H, NH).

3C NMR (DMSO-dg, 101 MHz): § =25.70, 28.63, 41.37, 44.60, 61.41, 70.39,
78.67, 79.64, 86.67, 88.39, 95.66, 145.62, 154.86, 156.35.

tert-Butyl (3-((1-((2R,4S,5R)-4-hydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-
yl)amino)-3-oxopropyl)carbamate

Yield 1.55 g (59%), white solid, mp o o
;018) . 111 °C. Ry = 0.59 (CHCL:CH;0H XOXHVLNH
MS (EST*): m/z 399.10 [M+H]" ; 397.10 ﬁN
[M-H] . UV(CH:OH) Ane=247: 298 nm. O |
€247=15300 M'cm ™, £205=7905 M 'em™. e}
"H NMR (DMSO-ds, 400 MHz): § = 1.36 (s,

9H, CH3), 1.93-2.07 (m, 1H, CH»), 2.29 OH
(ddd, J=13.2, 6.0, 3.9 Hz, 1H, CH>), 2.54 (t, J= 7.6 Hz, 2H, CH>), 3.19 (dd,
J=11.6,5.8 Hz, 2H, CH>), 3.47-3.66 (m, 2H, CH,), 3.86 (dd, /=7.1, 3.5 Hz,
1H, CH), 4.17-4.29 (m, 1H, CH), 5.04 (t, J = 4.9 Hz, 1H, OH), 5.26 (d, J =
4.0 Hz, 1H, OH), 6.11 (t, 1H, J = 6.3 Hz, CH), 6.83 (bs, 1H, NH), 7.20 (d,
1H, J = 7.4 Hz, CH=CH), 8.33 (d, 1H, J = 7.5 Hz, CH=CH), 10.84 (s, 1H,
NH).

3C NMR (DMSO-ds, 101 MHz): § =25.69, 28.68, 36.38, 37.40, 61.40, 70.39,
78.10, 86.59, 88.36, 95.83, 145.38, 154.91, 155.94, 162.67, 172.64.
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tert-Butyl ((S)-1-((1-((2R,4S,5R)-4-hydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-
yl)amino)-4-methyl-1-oxopentan-2-yl)carbamate

Yield 1.91 g (65%), white solid, mp 113-115 °C.

R¢=0.68 (CHCI3:CH30H - 5:1). H o

MS (ESI"): m/z 441.20 [M+H]"; 439.20 [M-H]J". " \n/ X
uv (CH3;0H) Amax=246; 299 nm o NHO
€246=13700 M'lcm"l, £299=6900 M em™.

'"H NMR (DMSO-ds, 400 MHz): & = 0.84-0.90 ﬁN

(m, 6H, 2CH3), 1.28-1.33 (m, 1H, CH), 1.38 (s, HO /g

9H, 3CHs), 1.42-1.56 (m, 2H, CH,), 1.58-1.73 r:o: "o

(m, 1H, CH), 1.98-2.07 (m, 1H, CH,), 2.25-2.34

(m, 1H, CH,), 3.49-3.69 (m, 2H, CH,), 3.86 (q, OH

J=3.5Hz, 1H, CH), 4.15-4.27 (m, 1H, CH), 5.05 (t, J = 5.0 Hz, 1H, OH),
5.27(d, J=4.1 Hz, 1H, OH), 6.11 (t, J = 6.2 Hz, 1H, CH), 7.13 (d, J= 7.7
Hz, 1H, NH), 7.19 (d, J = 7.4 Hz, 1H, CH=CH), 8.34 (d, J = 7.4 Hz, 1H,
CH=CH), 10.91 (s, IH, NH).

13C NMR (DMSO-ds, 101 MHz): 8 =21.63, 23.53, 24.84, 25.69, 28.64, 54.26,
61.37, 70.34, 78.66, 79.64, 86.69, 88.40, 95.68, 145.64, 154.84, 155.40,
173.23.

tert-Butyl ((2S,3S5)-1-((1-((2R,4S,5R)-4-hydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-
yl)amino)-3-methyl-1-oxopentan-2-yl)carbamate

Yield 1.17 g (40%), white solid, mp 112—-114 °C.

R¢=0.68 (CHCI3:CH30H — 5:1). H o

MS (ESI"): m/z 441.20 [M+H]"; 439.20 [M-H]J". ™ \n/ 7<
uv (CH30H) Amax=247, 299  nm.

£20=14300 M em™, £209=7780 M. 0~ NH

'H NMR (DMSO-ds, 400 MHz): & = 0.76-0.91 N

(m, 6H, 2CHs), 1.09-1.22 (m, 1H, CH), 1.38 (s, | P
HO N0

9H, 3CHs), 1.67-1.79 (m, 2H, CHa), 2.03 (dt, J o

— 129, 6.2 Hz, 1H, CHy), 2.24-2.35 (m, 1H,

CH.), 3.51-3.69 (m, 2H, CH.), 3.87 (q, J = 3.6 OH

Hz, 1H, CH), 4.06 (t, J= 7.9 Hz, 1H, CH), 4.17—
431 (m, 1H, CH), 5.07 (t, /= 5.2 Hz, 1H, OH), 5.28 (d, /= 4.2 Hz, 1H, OH),
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6.11 (t, J= 6.2 Hz, 1H, CH), 7.05 (d, /= 8.2 Hz, 1H, NH), 7.23 (d, /= 7.4
Hz, 1H, CH=CH), 8.36 (d, J= 7.5 Hz, 1H, CH=CH), 10.86 (s, 1H, NH).

C NMR (DMSO-ds, 101 MHz): § = 11.32, 15.72, 24.86, 28.63, 36.47, 41.35,
60.12, 61.38, 70.34, 78.70, 86.72, 88.40, 95.68, 145.74, 154.88, 156.00,
162.53, 173.23.

tert-Butyl ((S)-1-((1-((2R,4S,5R)-4-hydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-
yl)amino)-4-(methylthio)-1-oxobutan-2-yl)carbamate

Yield 1.03 g (34%), white solid, mp 104—106 °C. |

Re= 0.60 (CHCL3:CH;OH — 5:1). S

MS (ESI*): m/z 459.15 [M+H]", 457.15 [M-H] . N_ o
uv (CH;0H) Amax=246; 299 nm, T 7<
£20=15100 M em™, £206=8100 M'em™. NHC

'H NMR (DMSO-ds, 400 MHz): = 1.38 (s, 9H, ﬁN

3CH3), 1.73-1.98 (m, 1H, CHy), 1.98-2.05 (m, |

IH, CH), 2.05 (s, 3H, CHs), 2.26-2.35 (m, 1H, HO N

CH,), 2.39-2.51 (m, 4H, 2CH,), 3.53-3.69 (m,

2H, CHy), 3.87 (q, /= 3.8 Hz, 1H, CH), 4.22 (dd, S

J=87,5.1 Hz, 1H, CH), 5.06 (t, J= 5.2 Hz, 1H,

OH), 5.28 (d, J = 4.3 Hz, 1H, OH), 6.11 (t, J = 6.2 Hz, 1H, CH), 7.20 (d, J =
7.4 Hz, 1H, CH=CH), 7.25 (d, J = 7.7 Hz, 1H, NH), 8.36 (d, J = 7.4 Hz, 1H,
CH=CH), 10.92 (s, 1H, NH).

13C NMR (DMSO-ds, 101 MHz): 8 = 15.02, 25.70, 28.63, 30.25, 55.27, 61.38,
70.34, 78.84, 86.72, 88.41, 95.71, 145.69, 154.85, 156.03, 162.70, 173.23,
173.92.

0]
@)
o)
H
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tert-Butyl ((S)-1-((1-((2R,4S,5R)-4-hydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-
yl)amino)-1-oxo-3-phenylpropan-2-yl)carbamate

Yield 2.66 g (85%), white solid, mp 119-122 °C. H

R¢= 0.65 (CHCL;:CH;OH — 5:1). WN__ O

MS (ESI"): m/z 475.20 [M+H]"; 473.20 [M-H] . ©/j|/\ T ><
uv (CH;0H) Amax=247; 300 nm. N H
€247=13658 Mlem ™, £300=7617 M 'ecm . N

'H NMR (DMSO-ds, 400 MHz): § = 1.31 (s, 9H, |

3CHs), 2.03 (dt, J= 12.9, 6.2 Hz, 1H, CH,), 2.31 HO 0
(ddd, J=13.2,5.9, 4.0 Hz, 1H, CH,), 2.67-2.84
(m, 1H, CHa), 3.00 (dd, J = 13.5, 3.5 Hz, 1H,
CH,), 3.61 (dt, J=11.8, 4.6 Hz, 2H, CH>), 3.88
(q, J = 3,6 Hz, 1H, CH), 4.23 (dq, J = 7.9, 3.9 Hz, 1H, CH), 4.32-4.48 (m,
1H, CH), 5.07 (t, J = 5.2 Hz, 1H, OH), 5.29 (d, J = 4.2 Hz, 1H, OH), 6.12 (t,
J=6.2Hz, 1H, CH), 7.21 (t,J=7.6 Hz, 3H, 3CH), 7.25-7.35 (m, 2H, CH=CH
and NH), 7.39 (d, /= 7.2 Hz, 2H, 2CH), 8.37 (d, J= 7.5 Hz, 1H, CH=CH),
11.17 (s, 1H, NH).

BCNMR (DMSO-ds, 101 MHz): 6 =28.58,36.99, 41.39, 57.38, 61.39, 70.36,
79.64, 86.74, 88.42, 95.74, 126.84, 128.49, 129.83, 138.13, 145.72, 154.86,
155.98, 162.75, 173.23.

OH

tert-Butyl ((S)-1-((1-((2R,4S,5R)-4-hydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-
yl)amino)-3-(4-hydroxyphenyl)-1-oxopropan-2-yl)carbamate

Yield 1.72 g (53%), white solid, mp

H
N_ O
137-140 °C. R¢ = 0.50 (CHCl3:CH;0H — Y X
5:1). 0
HO 07 “NH

MS (ESI'): m/z 491.20 [M+H]", 489.20
[M-H]". UV (CH;0H) Amax=248; 300 nm. ﬁN
€245=19300 M‘lcm‘l, €300=9700 M em™. HO N o

"H NMR (DMSO-ds, 400 MHz): & = 1.32
(s, 9H, 3CHs), 2.03(dt, J = 12.9, 6.0 Hz,
1H, CHa), 2.24-2.36 (m, 1H, CHa), 2.57— OH
2.68 (m, 1H, CH,), 2.87 (dd, J = 13.8, 4.2 Hz, 1H, CH>), 3.53-3.67 (m, 2H,
CH.), 3.87 (q, J= 3.9 Hz, 1H, CH), 4.22 (dt, J = 8.2, 4.0 Hz, 1H, CH), 4.26—
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4.39 (m, 1H, CH), 5.06 (t,J=5.3 Hz, 1H, OH), 5.28 (d, /=4.3 Hz, 1H, OH),
6.12 (t, J= 6.3 Hz, 1H, CH), 6.65 (d, J = 8.4 Hz, 2H, 2CH), 6.99-7.26 (m,
4H, 2CH, OH and CH=CH), 8.36 (d, J = 7.5 Hz, 1H, CH=CH), 9.2 (s, 1H,
NH), 11.09 (s, 1H, NH).

C NMR (DMSO-ds, 101 MHz): § =24.81, 28.60, 36.28, 41.37, 57.69, 61.40,
70.37, 78.72, 86.73, 88.41, 95.74, 115.28, 128.06, 130.74, 145.68, 154.87,
156.33,162.74, 174.25.

Appendix 2. Synthesized N-4-(2'-deoxycytidinyl)amino acid amides.

(S)-2-((1-((2R,4S,5R)-4-Hydroxy-5-(hydroxymethyl)tetrahydrofuran-
2-yl)-2-0x0-1,2-dihydropyrimidin-4-yl)amino)propanamide

Yield 0.11 g (37%), white solid, mp 155-158 °C. R¢

= 0.72 (1,4-dioxane:isopropanol:H,O:NH4sOH - H,N \{H
4:2:2:1). 'NH
MS (ESI"): m/z299.10 [M+H]", 297.10 [M-H]". UV o) X
(CH;OH) Amax=273 nm. £75=12895 M 'em™". | N
"HNMR (DMSO-ds, 400 MHz): §=1.26 (d,J=7.1 HO /g

Hz, 3H, CHs), 1.93 (dt, J=13.2, 6.3 Hz, 1H, CH,), :o: N0
2.07-2.13 (m, 1H, CH,), 3.55 (q, J = 5,3 Hz, 2H,

CH,), 3.76 (q, 1H, J = 3.6 Hz, CH), 4.20 (dd, J = OH

5.6,3.1 Hz, 1H, CH), 4.48 (p,J=7.1 Hz, 1H, CH), 4.99 (t, J= 5.2 Hz, 1H,
OH), 5.21 (d, J=4.1 Hz, 1H, OH), 5.90 (d, J= 7.5 Hz, 1H, CH=CH), 6.15 (t,
J=6.7Hz, 1H, CH), 7.02 (s, 1H, NH,), 7.48 (s, 1H, NH,), 7.74-7.81 (m, 2H,
CH=CH and NH).

C NMR (DMSO-ds, 101 MHz): § = 18.96, 40.81, 49.07, 61.83, 70.86, 85.33,
87.65, 95.29, 140.37, 155.40, 163.22, 174.62.

2-((1-((2R,4S,5R)-4-Hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-
yl)-2-0x0-1,2-dihydropyrimidin-4-yl)amino)acetamide

Yield 0.18 g (48%), white solid, mp 150-153 °C. Ry=  H,N
0.70 (1,4-dioxane:isopropanol:H.O:NH4OH  — 7(\ NH
4:2:2:1). O SN
MS (ESI"): m/z 285.05 [M+H]", 283.05 [M-H]". UV | /&
(CH30H) Amax=273 nm. £273=11100 M"'em ™. HO N" o
'H NMR (DMSO-ds, 400 MHz): & = 1.89-1.97 (m, {Oj

1H, CH»), 2.10 (ddd, J=13.1, 5.9, 3.2 Hz, 1H, CH>),

3.17(d,J= 5.2 Hz, 2H, CH,), 3.49-3.60 (m, 2H, CH,),
3.77 (dd, J=6.9, 3.7 Hz, 1H, CH), 3.85 (dd, J= 5.6, 1.5 Hz, 1H, CH), 4.98
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(t,J=5.2 Hz, 1H, OH), 5.20 (d, J=4.1 Hz, 1H, OH), 5.90 (d, /= 7.5 Hz, 1H,
CH=CH), 6.16 (t, J= 6.7 Hz, 1H, CH), 7.07 (s, 1H, NH,), 7.43 (s, 1H, NH,),
7.78 (d,J= 7.5 Hz, 1H, CH=CH), 7.83 (t, J = 5.6 Hz, IH, NH).

13C NMR (DMSO-dg, 101 MHz): § =43.20, 49.06, 61.83, 70.87, 85.34, 87.66,
95.24, 140.42, 155.49, 163.90, 171.12.

3-((1-((2R,4S,5R)-4-Hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-
yl)-2-0x0-1,2-dihydropyrimidin-4-yl)amino)propanamide

Yield 0.17 mg (57%), white solid, mp 145-149 °C. R¢ o

= 0.71 (1,4-dioxane:isopropanol:H,O:NHsOH —

4:2:2:1). HZNMNH
MS (ESTY): m/z 299.10 [M+H]", 297.10 [M-H] . UV N
(CH30H) Anax=275 nm. £275=11600 M 'cm™". |

'H NMR (DMSO-ds, 400 MHz): § = 1.87-1.97 (m, HO N/go
1H, CH,), 2.09 (ddd, J=13.0, 5.9, 3.2 Hz, 1H, CH>), o

231 (t,J=6.7 Hz, 2H, CH), 3.42 (dd, J = 12.7, 6.6

Hz, 2H, CH>), 3.48-3.59 (m, 2H, CHy), 3.76 (dd, J = OH

6.9, 3.8 Hz, 1H, CH), 4.19 (dd, J = 5.6, 3.0 Hz, 1H, CH), 4.98 (t, /= 5.1 Hz,
1H, OH), 5.21 (d, J = 4.0 Hz, 1H, OH), 5.77 (d, J = 7.5 Hz, 1H, CH=CH),
6.12-6.20 (m, 1H, CH), 6.86 (s, 1H, NH>), 7.38 (s, 1H, NH>), 7.66-7.85 (m,
2H, CH=CH and NH).

BC NMR (DMSO-ds, 101 MHz): § = 34.84, 36.64, 49.06, 61.85, 70.89, 85.28,
87.61, 95.18, 140.20, 155.52, 163.74, 173.00.

(S)-2-((1-((2R,4S,5R)-4-Hydroxy-5-(hydroxymethyl)tetrahydrofuran-
2-yl)-2-o0x0-1,2-dihydropyrimidin-4-yl)amino)-4-methylpentanamide

Yield 0.1 g (29%), white solid, mp 157-160 °C. Ry =

0.79  (1,4-dioxane:isopropanol:H,O:NH4sOH  —

4:2:2:1).

MS (ESI): m/z 341.10 [M+H]", 339.10 [M-H]. UV 2N “'NH

H
(CH30H) Anax=273 nm. £273=10300 M 'cm™". o

'H NMR (DMSO-ds, 400 MHz): 5 = 0.88 (dd, J = | =N
15.3, 6.5 Hz, 6H, 2CHs), 1.44-1.55 (m, 2H, CH)), no N0
1.55-1.70 (m, 1H, CH), 1.93 (dq, J = 13.2, 6.3 Hz, 0

1H, CHa), 2.10 (ddd, J = 13.0, 5.9, 3.3 Hz, 1H, CH»), b

3.17 (s, 1H, CH), 3.49-3.59 (m, 2H, CH>), 3.71-3.82 OH

(m, 1H, CH), 4.20 (dt, J=5.9, 3.0 Hz, 1H, CH), 4.44—

4.55 (m, 1H, CH), 5.03 (bs, 1H, OH), 5.22 (bs, 1H, OH), 5.87 (d, J = 7.6 Hz,
1H, CH=CH), 6.15 (t, J = 6.7 Hz, 1H, CH), 6.97 (s, 1H, NH,), 7.50 (s, 1H,
NH.), 7.68-7.86 (m, 2H, CH=CH and NH).
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C NMR (DMSO-ds, 101 MHz): § = 22.05, 23.53, 24.89, 49.06, 52.03, 61.83,
70.85, 85.30, 87.66, 95.27, 140.33, 155.42, 163.68, 174.63.

(2S,35)-2-((1-((2R,4S,5R)-4-Hydroxy-5-
(hydroxymethyl)tetrahydrofuran-2-yl)-2-oxo-1,2-dihydropyrimidin-4-
yl)amino)-3-methylpentanamide

Yield 0.09 g (26%), white solid, mp 156-159 °C. Ry

= 0.79 (1,4-dioxane:isopropanol:H,O:NH4OH —

4:2:2:1).

MS (ESI"): m/z 341.15 [M+H]"; 339.15 [M-H]-. UV H,N 0y

(CH30H) Anax=274 nm. £75=12273 M'em™". 5

'H NMR (DMSO-ds, 400 MHz): § = 0.74-0.97 (m,

6H, 2CH3), 1.05-1.55 (m, 2H, CH,), 1.77 (ddt, J = HO |
12.9, 6.8, 3.4 Hz, 1H, CH), 1.89-2.01 (m, 1H, CH,), 0 N™ "0

2.10(ddd,J=12.9,5.7,3.2 Hz, 1H, CH,), 3.48-3.62 k j

(m, 2H, CH,), 3.69-3.82 (m, 1H, CH), 4.13-4.27

(m, 1H, CH), 4.41-4.55 (m, 1H, CH), 5.01 (bs, 1H, OH

OH), 5.21 (bs, 1H, OH), 5.98 (d, J = 7.5 Hz, 1H, CH=CH), 6.16 (t, /= 6.6
Hz, 1H, CH), 7.05 (s, 1H, NH>), 7.53 (s, 1H, NH>), 7.69 (d, /= 9.0 Hz, 1H,
NH), 7.76 (d, J= 7.5 Hz, 1H, CH=CH).

3C NMR (DMSO-ds, 101 MHz): §=11.73, 15.91, 24.91, 26.30, 37.29, 57.63,
61.85, 70.87, 85.30, 87.64, 95.34, 140.29, 155.44, 163.92, 173.38.

NH

~N

(S)-2-((1-((2R,4S,5R)-4-Hydroxy-5-(hydroxymethyl)tetrahydrofuran-
2-yl)-2-o0x0-1,2-dihydropyrimidin-4-yl)amino)-4-
(methylthio)butanamide

Yield 0.21 g (51%), mp 146148 °C. Ry=0.80 (1,4- ~
dioxane:isopropanol:H,O:NH4OH — 4:2:2:1).

MS (ESI): m/z 359.10 [M+H]", 357.10 [M-H]". UV
(CH30H) Anax=273 nm. £275=11600 M 'cm™".

'H NMR (DMSO-ds, 400 MHz): & = 1.781.90 (m,
1H, CH,), 1.88-2.03 (m, 2H, CH,), 2.05 (s, 3H, o

CH3), 2.07-2.17 (m, 1H, CH>), 2.40-2.51 (m, 2H, | A
CH.), 3.55 (q,J=5.3 Hz, 2H, CH>), 3.77 (q, J = 3.7

Hz, 1H, CH), 4.20 (dq, J = 6.7, 3.3 Hz, 1H, CH), o N
4.55 (td, J = 8.4, 4.8 Hz, 1H, CH), 5.00 (t, J =53 k j
Hz, 1H, OH), 5.22 (d, J= 4.2 Hz, 1H, OH), 5.90 (d,

J=17.5Hz, 1H, CH=CH), 6.15 (t, J = 6.7 Hz, 1H,

CH), 7.08 (s, 1H, NH>), 7.51 (s, 1H, NH>), 7.78 (d, J = 7.5 Hz, 1H, CH=CH),
7.83 (d, J= 8.0 Hz, 1H, NH).

13C NMR (DMSO-ds, 101 MHz): 8 =15.09, 30.10, 32.38, 40.80, 52.87, 61.83,
70.87, 85.37, 87.67, 95.31, 140.50, 155.38, 163.73, 173.56.
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(S)-2-((1-((2R,4S,5R)-4-Hydroxy-5-(hydroxymethyl)tetrahydrofuran-
2-yl)-2-0x0-1,2-dihydropyrimidin-4-yl)amino)-3-phenylpropanamide

Yield 0.09 g (23%), white solid, mp 165-168 °C. R¢=
090  (1,4-dioxane:isopropanol:H,O:NH4«OH  —
4:2:2:1).
MS (EST"): m/z 375.10 [M+H]", 373.10 [M-H] . UV
(CH30H) Anax=276 nm. £276=10900 M'cm™".
'HNMR (DMSO-ds, 400 MHz): § = 1.91 (dt,J=13.1, O Ny
6.4 Hz, 1H, CH), 2.00-2.18 (m, 1H, CH>), 2.84 (dd, | /&
HO N0
o]

H,N .
2 ‘NH

J=13.8,9.7 Hz, IH, CH,), 3.08 (dd, J=13.8, 4.3 Hz,

1H, CH,), 3.48-3.58 (m, 2H, CHa), 3.75 (q, J= 3.5 Hz,

1H, CH), 4.11-4.26 (m, 1H, CH), 4.73 (td, /= 9.3, 4.4

Hz, 1H, CH), 5.02 (bs, 1H, OH), 5.25 (bs, 1H, OH), OH

5.86 (d,J = 7.6 Hz, 1H, CH=CH), 6.08-6.17 (m, 1H, CH), 7.12 (s, 1H, NH,),
7.13-7.36 (m, 5H, 5CH), 7.64 (s, |H, NH,), 7.73 (d, J= 7.6 Hz, IH, CH=CH),
7.94 (d,J = 8.3 Hz, 1H, NH).

13C NMR (DMSO-dg, 101 MHz): § = 38.12, 54.99, 61.80, 70.84, 85.31, 87.66,
95.26, 126.72, 128.52, 128.60, 129.59, 138.53, 140.44, 155.33, 163.63,
173.51.

(S)-2-((1-((2R,4S,5R)-4-Hydroxy-5-(hydroxymethyl)tetrahydrofuran-
2-yl)-2-o0x0-1,2-dihydropyrimidin-4-yl)amino)-3-(4-
hydroxyphenyl)propanamide

Yield 0.18 g (46%), white solid, mp 170-173 °C. HO

R¢=0.85 (1,4-dioxane:isopropanol:H,O:NH,OH —

4:2:2:1).

MS (ESI'): m/z 391.15 [M+H]", 389.15 [M-H] .

UV (CH3;0H) Anax=276 nm. £276=13500 M 'em ™. HaN - nl
'HNMR (DMSO-ds, 400 MHz): 6 = 1.87-1.97 (m, o

1H, CH,), 1.97-2.15 (m, 1H, CH>), 2.72 (dd, J = ﬁ
13.8, 9.5 Hz, 1H, CH»), 2.95 (dd, J=13.9, 4.5 Hz, HO N/&
1H, CH,), 3.51-3.57 (m, 2H, CH>»), 3.75 (q, J=3.7 O

Hz, 1H, CH), 4.16-4.23 (m, 1H, CH), 4.60-4.69 (m,
1H, CH), 5.86 (d, J = 7.5 Hz, 1H, CH=CH), 6.12
(t, J=6.6 Hz, 1H, CH), 6.64 (d, J = 8.5 Hz, 2H, 2CH), 7.05 (d, J = 8.6 Hz,
3H, 2CH and OH), 7.55 (s, 1H, NH>), 7.73 (d, /= 7.5 Hz, 1H, CH=CH), 7.81
(d, J=8.2 Hz, 1H, NH), 8.23 (s, IH, NH,).

C NMR (DMSO-ds, 101 MHz): § =24.82,37.36, 55.27, 61.82, 70.85, 85.34,
87.65,95.27,115.33, 128.49, 130.48, 140.38, 155.34, 156.23, 163.61, 173.62.

OH
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Appendix 3. Synthesized nucleoside 5'-monophosphates.
2'-Deoxycytidine 5'-monophosphate

Yield 17 mg (4%), white solid.

MS (EST): m/z 307.75 [M+H]", 305.75

[M-HJ". UV (H20) Anax=279 nm. 0 f* N
£270=12100 M'cm ™. HO-P-0 N/KO
'H NMR (D,0, 400 MHz): & = 2.22-2.30 OH :O:

(m, 1H, CH>), 2.31-2.39 (m, 1H, CH),

3.92 (h,J=7.2 Hz, 2H, CHy), 4.11 (g, J = OH

3.9 Hz, 1H, CH), 4.49 (dt, J= 6.9, 3.6 Hz, 1H, CH), 6.06 (d, J= 7.5 Hz, 1H,
CH=CH), 6.27 (t, J= 6.7 Hz, 1H, CH), 7.95 (d, J = 7.6 Hz, 1H, CH=CH).
13C NMR (D,0, 101 MHz): & = 39.38, 63.98, 71.06, 85.97, 96.62, 129.37,
141.97, 157.60, 166.17.

3P NMR (D0, 162 Hz): § = 2.05 (s, Py).

NH,

N*-Acetyl-2'-deoxycytidine 5'-monophosphate

Yield 11 mg (5%), white solid.

MS (ESI*): m/z 349.75 [M+H]", 347.85

[M-H]". UV (H20) Amax=243; 296 nm. NH

£243=11200 M'cm™, £206=6500 M'em ™. (gN
|

0]

'H NMR (D0, 400 MHz): § = 2.14 (s, o

3H, CHs), 2.20-2.31 (m, 1H, CHa), HO-P-0 N0
2.51-2.64 (m, 1H, CH), 3.66-3.86 (m, OH ©

2H, CH,), 4.14 (q, J = 4.2 Hz, 1H, CH), o

4.55 (tt, J=7.8, 4.4 Hz, 1H, CH), 6.17

(t,J=6.3 Hz, 1H, CH), 7.26 (d, J= 7.5 Hz, 1H, CH=CH), 8.26 (d, J= 7.5
Hz, 1H, CH=CH).

3C NMR (D0, 101 MHz): § = 23.66, 39.40, 61.17, 72.60, 86.81, 87.39,
98.12, 145.68, 157.07, 162.62, 174.10.

3P NMR (D:0, 162 Hz): § = 3.34 (s, Py).
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2-Thiouridine 5'-monophosphate

Yield 16 mg (6%), white solid.

MS (ESI*): m/z 340.70 [M+H]", 338.75 1
[M-H]". UV (H,0) Amax=257 nm. 0 ﬁ /’E
£257=13500 M'em ™. HO-P-0 N s
'"H NMR (D0, 400 MHz): 6 =4.13 (d, J = OH koj

13.2 Hz, 1H, CH), 4.29 (d, J= 11.9 Hz, 1H,

CH), 4.40 (d, J= 5.8 Hz, 1H, CH), 4.43—

4.54 (m, 2H, CH>), 6.39 (d, J= 8.2 Hz, 1H, CH=CH), 6.69 (s, 1H, CH), 8.29
(d, J= 8.1 Hz, 1H, CH=CH).

BC NMR (D,0, 400 MHz): § = 24.29, 68.95, 74.79, 77.93, 83.46, 118.64,
142.36, 163.16, 181.96.

3P NMR (D:0, 162 Hz): § = 2.50 (s, Py).
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Appendix 4. Primers employed for gene amplification of DmdNK-WT, BsdCK-WT and EcACK by PCR.

Gene Name Gene Source Primer Name | Primer Sequence 5'—3'
INK pOpen-dromedNK dNK F AGAAGGAGATATAACTATGGCGGAAGCAGCAAGCTG
dNK R GTGGTGGTGATGGTGATGGCCGCGTGCAACACGCTGACG
ICK B. subtilis 163 dCK F AGAAGGAGATATAACTATGAAGGAACATCATATC
dCK R GTGGTGGTGATGGTGATGGCCCTTTTTTTGATTATCATG
ACK E. coli DHSa ACK F AGAAGGAGATATAACTATGTCGAGTAAGTTAGTAC
ACK R GTGGTGGTGATGGTGATGGCCGGCAGTCAGGCGGCTC

Appendix 5. Templates and primers used for site-directed mutagenesis of DmdNK and BsdCK.

Variant Template Primer name Primer Sequence 5'—3'
dANK-W57F PLATE31-dNK dANK-W57F-F GAGCCGGTTGAAAAAttcCGTAATGTTAATGGTG
dANK-W57V PLATE31-dNK dANK-W57V-F GAGCCGGTTGAAAAAgtgCGTAATGTTAATGGTG
ANK-QS81A PLATE31-dNK ANK-Q81A-F GCAATGCCGTTTgegAGCTATGTTACCCTGAC
ANK-Q81A+V84G  |pLATE31-dNK-Q81A  |[ANK-Q81A+V84G-F |[GTTTgegAGCTATGgTACCCTGACCATGCTGCAG
dANK-Q81A+M88G  |pLATE31-dNK-Q81A  |[dNK-M88G-F GTTACCCTGACCgggCTGCAGAGCCATACCGCACCGAC
ANK-Q81A+A110G pLATE31-dNK-Q81A  |[dNK-A110G-F GAACGCAGCATCTTCAGCggaCGTTATTGTTTTG
INK.VB4A LATE31ANK ANK-V84A-F CAGAGCTATgcgACCCTGACCATGCTGCAG
dNK-V84A-R GTCAGGGTcgcATAGCTCTGAAACGGCATTG
ANK-V84G PLATE31-dNK dNK-V84G-F GTTTCAGAGCTATggtACCCTGACCATGCTGCAG
ANK-V84A+MS8SA-F [GCTATgecgACCCTGACCgegCTGCAGAGCCATACCGCAC
ANK-VBIATMESA - pLATESL-ANK-VBA O VRaATMESAR cgcGGTCAGGGTcgcATAGCTCTGAAACGGCATTGC

151




Appendix 5 continued. Templates and primers used for site-directed mutagenesis of DmdNK and BsdCK.

Variant Template Primer name Primer Sequence 5'—3'
INK-VSAA+AI10D  WLATE31-dNK-VS4A dNK-A110D-F CATCTTCAGCgatCGTTATTGTTTTGTTGAAAATATG
] P ) ] dNK-A110D-R CAAAACAATAACGatcGCTGAAGATGCTGCGTTC
dNK-MS88A-F gcgCTGCAGAGCCATACCGCACCGACCAACAAAAAACT
INK-M88A LATE31-dNK
d 8% P 31-d dNK-M8SA-R ATAGCTCTGAAACGGCATTGCCCATTTTTTCGGATC
dANK-MS88G pLATE31-dNK dNK-M88G-F GTTACCCTGACCgggCTGCAGAGCCATACCGCACCGAC
INK-MSSR LATE3 1 -dNK dNK-M88R-F GTTACCCTGACCaggCTGCAGAGCCATACCGCAC
- P ) dNK-MS88R-R GCTCTGCAGcctGGTCAGGGTAACATAGC
dNK-A110D-F CATCTTCAGCgatCGTTATTGTTTTGTTGAAAATATG
K-M88R-A110D pLATE31-dNK-M88R
N 88 0 P 31-d 88 dNK-A110D-R CAAAACAATAACGatcGCTGAAGATGCTGCGTTC
INK-A110D LATE3 1 -dNK dNK-A110D-F CATCTTCAGCgatCGTTATTGTTTTGTTGAAAATATG
i P ) dNK-A110D-R CAAAACAATAACGatcGCTGAAGATGCTGCGTTC
dNK-A110G pLATE31-dNK dNK-A110G-F GAACGCAGCATCTTCAGCggaCGTTATTGTTTTG
dCK-R70M-F ateTTCAAAGAACAGAAAACAATTTTTGAAGC
K-R70M LATE31-dCK
ICK-R70 P 31-dC dCK-R70M-R AAGTAAATTTGAAGGTGAAAGCTCCAACG
dCK-D93M-F GATTTATGAAgcgACAGGAATTTTCGCAAAAATG
K-R70M+D93M LATE31-dCK-R70M
ICK-R70 % P 31-dCK-RT0 dCK-D93M-R GAAAATTCCTGTcgcTTCATAAATCGAACGATC
ICK-D93M LATE31-dCK dCK-D93M-F GATTTATGAAgcgACAGGAATTTTCGCAAAAATG
i P ) dCK-D93M-R GAAAATTCCTGTcgcTTCATAAATCGAACGATC
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SANTRAUKA

Nukleozidai ir nukleotidai yra itin svarbi junginiy grupé, atlickanti
daugybe gyvybiskai svarbiy vaidmeny lasteléje. Nukleotidai sudaro DNR ir
RNR, kurios vykdo genetinés informacijos saugojimo bei pernasos funkcijas,
Sie junginiai dalyvauja lgsteliniame signalo perdavime, atlicka kofaktoriy
vaidmen] bei yra pagrindinis energijos Saltinis jvairiuose metaboliniuose
procesuose Iastelése. Dél nenugincijamos svarbos minéti junginiai susilaukia
daug démesio molekulinés biologijos, biotechnologijos bei farmakologijos
srityse. Nukleozidy ir nukleotidy analogai daznai pasitelkiami fermentiniuose
tyrimuose, kur jie yra naudojami kaip substratai ar slopikliai kinazéms,
polimerazéms, hidrolazéms ir kitiems fermentams. Radioaktyviai ar
fluorescenciskai zZyméti nukleotidai naudojami kaip zondai nukleortig§¢iy
tyrimuose. Taip pat, tam tikri nukleozidy ir nukleotidy analogai pasizymi
priesvézinémis ar prieSvirusinémis savybémis bei jeina | moderniy RNR
vakciny sudét;.

Iprastai, norint gauti modifikuotus nukleotidus yra pasitelkiamas cheminis
fosforilinimas, tadiau net ir pragjus keliasdeSim¢iai mety nuo pirmyjy
fosforilinimo metody sukiirimo, kol kas neegzistuoja vienas, universalus
metodas, tinkantis visiems substratams. Cheminis fosforilinimas dazniausiai
remiasi fosfochlorido reagenty naudojimu. Sie junginiai yra itin reaktyviis,
higroskopiski bei kenksmingi aplinkai. Cheminis fosforilinimas paprastai
atlickamas keliais zingsniais, reikalauja apsauginiy grupiy naudojimo bei
neretai pasizymi Zemomis — vidutinémis galutinio produkto iSeigomis. D¢l
minétyjy trikumy yra ieSkoma naujy biidy gauti modifikuotiems
nukleotidams. Vienas tokiy — fermentinis fosforilinimas, atlickamas
nukleozidy kinaziy.

Nukleozidy kinazes, skirstomos j ribonukleozidy kinazes (rNK) ir
deoksinukleozidy kinazes (dNK), katalizuoja negriztama fosfato grupés
pernasg nuo nukleozido trifosfato, dazniausiai ATP ar GTP, ant nukleozido
5'-OH grupés, susidarant nukleozido difosfatui ir nukleozido monofosfatui.
Be to, kad nukleozidy kinazés katalizuoja pirmajj nukleotidy sintezés etapo
zingsnj, TNK ir dNK taip pat atlicka jvairiy prie$virusiniy ir prie§véZziniy
provaisty aktyvavima in vivo. Nukleozidy kinazés yra substratams specifiski
fermentai, o jy specifiSkumas priklauso nuo aminorigs¢iy, esanciy substrato
prijungimo vietose. Siy aminoriigi¢iy dydis ir poliskumas lemia kokie
substratai | fermento aktyvyjj centrg prisijungia, o kurie — ne. Prisijungimas
yra galimas tik tuomet, kai tarp minéty aminorigs¢iy bei nukleozido susidaro
palankios sgveikos. Dauguma nukleozidy kinaziy pasizymi ganétinai
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kompaktiskomis substraty prisijungimo vietomis ir gali prisijungti tik
kanoninius ar nedaug modifikuotus nukleozidus, pavyzdziui, nukleozidus su
metilinta ar fluorinta nukleobaze.

Visi gyvi organizmai, i§skyrus grybus, turi bent vieng deoksinukleozidy
kinaze. Zinduoliy lastelése yra keturios dNK, kuriy substratiniai selektyvumai
Siek tiek persidengia. Deoksicitidino kinazé (dCK) efektyviausiai fosforilina
deoksicitiding, taciau substratais tinka ir deoksiadenozinas, deoksiguanozinas
bei keletas nukleozidy analogy, tokiy kaip gemcitabinas, citarabinas ir
fludarabinas. Timidino kinazé 2 (TK2) fosforilinina kanoninius nukleozidus
deoksitimiding, deoksicitiding ir deoksiuriding, bei tam tikrus pirimidino
analogus, kaip azidotimidinas, 3'-fluor-2',3'-deoksitimidinas, 5-(2-bromvinil)-
2'-deoksiuridinas ir 1-(2'-deoksi-2'-fluor-1-B-D-arabinofuranozil)-
5-joduracilas. Deoksiguanozino kinazé¢ (dGK) fosforilina natiiralius purino
deoksinukleozidus, tokius kaip deoksiguanozinas, deoksiadenozinas ir
deoksiinozinas. Siai kinazei substratais taip pat tinka ir tam tikri purino
nukleozidy analogai, tokie kaip 9-B-D-arabinofuranozilguaninas ar
2'2'-difluordeoksiguanozinas. Timidino kinaz¢ 1 (TK1) pasizymi labiausiai
apribotu substratiniu spektru — fermentas fosforilina tik deoksitimiding,
deoksiuriding, azidotimiding ir 5-halogen-deoksiuridinus.

Lyginant su dNK, rNK yra maziau itirti fermentai. Zinduoliuose
aptinkami trys rfNK variantai: uridino-citidino kinazé¢ 1 (UCKI), uridino-
citidino kinazé¢ 2 (UCK2) ir adenozino kinazé¢ (ADK). UCK1 ir UCK2
pasiZymi panaSiu substratiniu spektru ir fosforilina uriding ir citiding bei
pirimidino nukleozidy analogus, tokius kaip 6-azauridinas, 5-fluoruridinas ir
N'-acetilcitidinas. Sios kinazés nefosforilina deoksinukleozidy ar purino
nukleozidy. Priesingai, ADK fosforilina tiek ribo-, tieck deoksiadenozina.

Kitaip nei zinduoliai, vabzdziai turi tik vieng dNK, fosforilinancig visus
kanoninius deoksinukleozidus. Pavyzdziui, Anopheles gambiae turi
daugiasubstrate kinaze, gebancig fosforilinti visus keturis kanoninius
deoksinukleozidus, pirmenybe¢ teikdama purino nukleozidams. Be natiiraliy
substraty $i kinazé taip pat fosforilina ir nukleozidy analogus, tokius kaip
stavudinas, 5-fluor-2'-deoksiuridinas, 2-chlor-2'-deoksiadenozinas ir 5-brom-
vinil-2'-deoksiuridinas. Drosophila melanogaster ANK (DmdNK) ir Bombyx
mori dNK, prieSingai, pirmenybe¢ teikia pirimidino nukleozidams, taciau
fosforilinami ir purinai. Be kanoniniy nukleozidy Sios kinazés taip pat yra
aktyvios ir jvairiy nukleozidy analogy, tokiy kaip 5-fluor-2'-deoksiuridinas,
2' 3'-dideoksicitidinas, arabinozilcitozinas, 3'-deoksiadenozinas ir
fludarabinas, atzvilgiu. Minétoji DmdNK i$ nukleozidy kinaziy iSsiskiria ne
tik itin placiu substratiniu spektru, bet ir ypac dideliu kataliziniu naSumu — tai
yra greiciausia zinoma nukleozidy kinazeé.
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Dauguma bakterijy turi TK, taciau dCK, dAK ar dGK aktyvumai néra
aptinkami. Dabartinémis ziniomis tik Lactobacillus ir Bacillus genciy
bakterijos geba fosforilinti visus keturis kanoninius deoksinukleozidus.
Pavyzdziui, Lactobacillus acidophilus R26 kamiene, neturinCiame
ribonukleotidy reduktazinio aktyvumo, yra aptinkamos dvi papildomos dNK,
taip patenkinant lgstelés deoksinukleotidy poreikius. Heterodimeriniai
dAK/dGK ir dAK/dCK yra atsakingi uz deoksiadenozino, deoksiguanozino ir
deoksicitidino monofosfaty sintezg. Bacillus subtilis lastelése taip pat
aptinkamos dvi papildomos dNK: dGK ir dACK/dCK. Fermentas dGK yra
aktyvus deoksiguanozino ir deoksiinozino atzvilgiu, o dACK/dCK, dar
vadinamas dCK, fosforilina citozino ir adenino nukleozidus su jvairiais
cukrumis, tokiais kaip riboze, deoksiribozé ar arabinozé. Nors §i kinaze ir néra
gerai iStirta, turimi duomenys leidzia manyti, jog §i kinaz¢é pasizymi ganétinai
aukstu kataliziniu nasumu.

Nukleozidy kinazés yra sé¢kmingai pritaikomos fermentinei nukleozidy
monofosfaty sintezei. Pavyzdziui, imobilizuota zmogaus dCK panaudota
fludarabino monofosfato gavimui su galutine 55 % iSeiga, o imobilizuota dAK
i§ dirvozemio amebos Dictostelium discoideum pritaikyta vidarabino ir
fludarabino monofosfaty sintezéms su iSeigomis, siekianciomis 99 %.
Nukleozidy kinazés neretai naudojamos ir daugiafermentinése sistemose.
Pavyzdziui, fermentiné sistema, sudaryta i§ Clostridium perfringens uridino
fosforilazés, Aeromonas hydrophila purino nukleozidy fosforilazés ir
Dictyostelium  discoideum deoksiadenozino kinazés buvo sékmingai
panaudota mililitry-skalés vidarabino monofosfato sintezei, pasiekiant 95 %
vidarabino monofosfato iSeigg. DmdNK, kartu su uridino monofosfato-
citidino monofosfato kinaze ir nukleozidy difosfaty kinaze buvo pasitelkta
nukleozidy trifosfaty sintezéms su 75-99 % iSeigomis, pradiniais junginiais
naudojant citiding, deoksicitiding, arabinozilcitozing bei 5-fluorcitiding. Si
sistema taip pat buvo papildyta ir piruvato kinaze, kuri atliko ATP
regeneravimo funkcija panaudojant fosfoenolpiruvaty. Taip pat, dCK i§
Bacillus subtilis (BsdCK) kartu su Lactobacillus delbrueckii N-deoksi-
riboziltransferaze ir Escherichia coli acetato kinaze buvo panaudota vieno
indo deoksinukleozidy monofosfaty sintezei. Sioje sistemoje N-deoksi-
riboziltransferazé katalizavo deoksiribozés perkélima nuo deoksitimidino ant
adenozino, 2-aminoadenozino bei citozino. Panaudojant GTP kaip fosfato
donorg, susidariusj nukleozidg fosforilino BsdCK, o acetato kinazé
regeneravo sunaudota GTP panaudojant acetilfosfatg. Sistemos efektyvumas
sieké 62-90 %.

Fermentinio fosforilinimo reakcijoms svarbu pasirinkti su substratu
suderinamg nukleozidy kinaze, siekiant uztikrinti geriausig rezultata. Siy
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fermenty sitlomos Svelnios reakcijy salygos, aukstas regio- bei
stereoselektyvumas daro fermentinj nukleozidy fosforilinimg patrauklia
alternatyva cheminiams fosforilinimo metodams.

Sio darbo tikslas buvo istirti DmdNK ir BsdCK panaudojimo fermentinei
nukleozidy 5'-monofosfaty sintezei galimybes. Tikslui pasiekti iskelti Sie
uzdaviniai:

e  Cheminiais metodais susintetinti N*-aminorfig§timis modifikuotus
2'-deoksicitidino nukleozidus, kurie bus panaudojami kaip
substratai nukleozidy kinazéms.

e Rasti optimalias reakcijy salygas laukinio tipo fermentams
DmdNK (DmdNK-WT) ir BsdCK (BsdCK-WT).

o Istirti DmdNK-WT ir BsdCK-WT substratinius atrankumus.

e Istirti DmdNK aktyviojo centro mutacijy poveikj fermento
aktyvumui.

e Praplésti BsdCK tinkamy substraty spektrg pasitelkiant tiksling
mutageneze.

e Panaudoti DmdNK-WT ir BsdCK-WT didesnés skalés nukleozidy
5'-monofosfaty sintezei.

Iprastai nukleozidy bazés yra modifikuojamos pirimidiny C5 arba 7-deaza-
puringy C7 pozicijose, nes §ios turi maziausiai jtakos Vatsono-Kriko pory
susidarymui. Kiek maZiau Zinoma apie modifikacijas pirimidiny N* ir O*, bei
puriny N ir O° pozicijose. Darbo metu susintetinti literatiiroje neaprasyti N*
pozicijoje aminortigstimis modifikuoti 2'-deoksicitidino nukleozidai. Trijy
7ingsniy sintezés metu gauti astuoni Boc apsaugine grupe turintys N*-amino-
rugsStimis acilinti 2'-deoksicitidino dariniai, kuriy iSeigos sieké iki 85 %.
Apsauginés grupés pasalinimo reakcijos metu susintetinti junginiai
persitvarké j N-(4-(2'-deoksicitidinil))aminoriig§¢iy amidus, kurie buvo
i$skirti su 23-57 % galutinémis iSeigomis. Aminortig$¢iy prijungimas prie
deoksicitidino padidina $io nukleozido funkcing jvairove ir taip praplecia jo
panaudojimo galimybes. Tokie junginiai papildo jau egzistuojanciy
nukleozidy analalogy biblioteka bei gali biiti panaudojami kaip substratai
jvairiy fermenty tokiy, kaip nukleozidy fosforilazés, deaminazés ar N-deoksi-
riboziltransferazés, tyrimams. Junginius taip pat galima panaudoti kaip
pradinius junginius cheminei ar fermentinei nukleotidy sintezei. Susintetinti
deoksicitidino analogai, kartu su papildomais kanoniniais ir modifikuotais
nukleozidais, buvo tirti kaip substratai nukleozidy kinaziy DmdNK ir BsdCK
substratiniy selektyvumy charakterizavimui.
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Pries atliekant nukleozidy kinaziy substratinio selektyvumo tyrimus, buvo
jvertinta, kokios salygos yra optimalios S$iy kinaziy katalizuojamoms
reakcijoms vykti. Jvertinti Sie parametrai: reakcijos trukme, temperatira,
reakcijos miSinio pH, nukleozido, fosfato donoro GTP bei nukleozidy kinaziy
koncentracijos. Nustatyta, jog 10 mM 2'-deoksicitidino fosforilinimui reikia
bent 15 mM GTP ir 0,34 nmol/ml DmdNK-WT arba 47 nmol/ml BsdCK-WT.
Didziausias katalizinis efektyvumas pasiekiamas, kai temperatiira ir misinio
pH yra 70 °C ir 8,0 DmdNK atveju arba 60 °C ir 8,5 BsdCK atveju. Visgi,
siekiant iSvengti nukleozidy ir nukleotidy degradacijos bei galimo fermenty
denatiiravimo reakcijoms vykstant ilgiau nei 5 min, buvo pasirinktos kiek
Svelnesnés salygos: 37 °C ir pH 7,5. Esant tokioms sglygoms, fermentiniy
reakcijy trukmé yra 1 val.

Nors DmdNK-WT substratinis selektyvumas tyrinétas nemazai, dauguma
eksperimenty atlikti naudojant kanoninius nukleozidus arba nukleozidinius
provaistus, kurie dazniausiai turi fluorintg nukleobaze arba ribozei alternatyvy
cukry. Informacijos apie DmdNK-WT aktyvumg N*- ar O*-modifikuoty
pirimidino nukleozidu atzvilgiu Zinoma nedaug. PrieSingai nei DmdNK-WT,
BsdCK-WT yra mazai istirta kinazé. Sis fermentas fosforilina adenino ir
citozino 2'-deoksi- ir ribonukleozidus, tadiau nukleozidy analogy
fosforilinimo galimybés néra zinomos. Kinaziy charakterizavimui buvo
pasirinkti pirimidino nukleozidai, turintys jvairaus poliSkumo ir dydzio
modifikacijas nukleobazéje ar cukruje.

Darbo metu nustatyta, jog DmdNK-WT fosforilina ne tik visus kanoninius
nukleozidus, bet ir pirimidino nukleozidus, turin¢ius mazus ir vidutinio dydzio
pakaitus N* ir O* pozicijose, tokius kaip acetil-, hidroksi- ar sec-butil-.
Palyginus, C5 pozicijoje modifikuoti nukleozidai (su metil- ar fluor-
pakaitais) fosforilami ne taip efektyviai. Taip pat atskleista, jog kinazé
toleruoja nedideles modifikacijas, tokias kaip O-metil- ar amino-, ribozés 2'- ir
3'-pozicijose.

Tyrimai atskleide, jog BsdCK-WT substratinis selektyvumas yra gerokai
platesnis, nei galvota anksciau. Kinazé efektyviai fosforilina ne tik visus
kanoninius nukleozidus, bet ir citozino ir uracilo nukleozidus su nedideliais
pakaitais N*/O* pozicijoje, tokiais kaip acetil-, hidroksi- ar tio-. Visgi,
didesnius pakaitus turintys nukleozidai, pvz.: N*-izobutiril- ar N*-glicinoil-
2'-deoksicitidinas, fosforilinami itin neefektyviai arba nefosforilinami visai.
Kaip ir DmdNK-WT atveju, nukleozidy analogai, turintys pakaitus C5
pozicijoje, buvo prastesni substratai, lyginant su panaSaus dydZzio
modifikacijas ~ N*/O*-pozicijoje  turinGiais  nukleozidais. Nedidelés
modifikacijos, tokios kaip O-metil- ar amino-, ribozés 2'-pozicijoje taip pat
yra priimtinos.
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Nors DmdNK-WT ir BsdCK-WT substratiniai spektrai virSijo lukescius,
tam tikri substratai nebuvo fosforilinami. Tai 1émé tiek nukleozidy
modifikacijy dydis, tiek jy poliskumas. Siekiant praplésti tinkamy substraty
spektra, darbo metu pasitelkta tiksliné mutagenezé: sukurti DmdNK ir BsdCK
mutantai, turintys taSkines mutacijas aktyviuosiuose centruose. Viso sukurta
Sesiolika DmdNK mutantiniy varianty. Mutagenezei parinktos aminortigstys,
dalyvaujancios nukleozido prisijungime. DmdNK-WT aktyviajame centre
aminoriigstys V84, M88 ir A110 formuoja hidrofobing kisene, kuri, kaip
manoma, lemia tokj platy fermento substratinj spektra. Siekiant praplésti
hidrofobing kiSen¢ bei pasalinti hidrofobines aminortigsciy grandines,
minétos aminoriigstys buvo pakeistos mazesnémis — alaninu ir glicinu. Tai ne
tik praplété¢ hidrofobine kiSeng, bet ir pasSalino minétyjy aminortgsciy
hidrofobines grandines, kurios gali sudaryti nepalankias sgveikas su tam
tikrais substratais. Taip pat zinoma, jog glutaminas, esantis 81-oje pozicijoje,
formuoja vandenilinius rySius su pirimidino nukleobaze ir taip stabilizuoja
nukleozidg fermento aktyviajame centre. Siekant pasalinti stabilizuojancias
jégas ir suteikti papildomo mobilumo prisijungusiam nukleozidui, Q81 buvo
pakeista alaninu. Su prisijungusiu nukleozidu taip pat sgveikauja ir W57
aminoriigstis, sudarydama stekingo sgveikg su nukleobaze. Siekiant nustatyti,
ar Sios stabilizuojancios sgveikos paSalinimas leis kinazés aktyviajame centre
prisijungti stambesniems nukleozidams, W57 buvo pakeista hidrofobinémis
aminoriig§timis fenilalaninu ir valinu.

Nustatyta, jog didziausi DmdNK aktyvumo pokyc€iai yra pasiekiami
aminoriigstis V84 ir A110 pakeiciant maZesnémis aminorigstimis glicinu
arba alaninu, Tokie DmdNK mutantai i§saugo aukstg aktyvumg kanoniniam
2'-deoksicitidinui, ta¢iau tampa gerokai aktyvesni N*-pozicijoje modifikuoty
citidiny atzvilgiu. Aminoriigsti W57 pakeitus valinu arba fenilalaninu bendras
kinazés aktyvumas sumazéja, kaip ir M88 pakeitus alaninu, glicinu arba
argininu. Aminortgst] Q81 pakeitus alaninu nebuvo pastebéta reikSmingy
kinazés aktyvumo poky¢iy N*-pozicijoje modifikuoty citidiny atzvilgiu.

Siekiant padaryti BsdCK panasesne | DmdNK substratinio selektyvumo
atzvilgiu, buvo sukurti BsdCK mutantiniai variantai, kuriuose BsdCK
aktyvusis centras atkartojo DmdNK-WT aktyvuji centrg. Nors BsdCK-WT
kristaliné strukttira ir néra nustatyta, atlikus kompiuterinj aktyvaus centro
modeliavimg ir gautg modelj palyginus su DmdNK-WT aktyviuoju centru,
buvo nustatytos potencialios aminoriigStys, lemianc¢ios BsdCK-WT
substratinj selektyvuma. Pagal in silico modelj, BsdCK-WT aminortgstys
R70 bei D93 atitinka DmdNK-WT M88 ir A110 aminoriigstis. Nustatyta, jog
DmdNK-WT aktyviojo centro imitavimas BsdCK-WT aminortigstis R70 ir
D93 pakeiciant metioninu ir alaninu, atitinkamai, padidino kinazés aktyvuma
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N'-pozicijoje modifikuoty citidiny atzvilgiu: BsdCK jgijo gebéjima
fosforilinti didesnius pakaitus (pvz.: N*-izobutiril- ar N*-alaninoil-) turin¢ius
2'-deoksicitidino nukleozidus, kuriy laukinio tipo BsdCK nefosforilino.

Norint jvertinti kinaziy praktinj pritaikomumg, Sios buvo panaudotos
didesnes skalés nukleozidy 5'-monofosfaty sintezei: DmdNK-WT pasitelkta
2-tiouridino monofosfato, o BsdCK-WT — 2'-deoksicitidino bei N*-acetil-
2'-deoksicitidino monofosfaty sintezéms. Sinteziy metu papildomai
panaudota Escherichia coli acetato kinaze, kuri, pasitelkiant acetilfosfats,
regeneruoja fosfato donorg GTP i§ susiformavusio GDP. Tokios
regeneracinés sistemos déka sintezés tapo tvaresnés ir ekonomiskesnés, nes
buvo naudota tik 0,1 mol. ekv. GTP vietoje jprasto 1,5 mol. ekv. Nors
galutiniai monofosfaty kiekiai sieké 11-17 mg (46 % galutinés iSeigos),
darbo metu parodyta, jog nukleozidy kinazes galima pritaikyti didesniems
nukleotidy kiekiams gauti. Visgi, siekiant geresniy produkty iSeigy biitina
atlikti papildomus optimizavimo zingsnius.

Darbo metu gauti rezultatai yra svarbis ne tik i$ tiriamosios pusés, bet ir
pramoniniu pozitiriu. Pasauliui judant Zaliosios chemijos link, nukleozidy
kinazés gali buiti naudojamos kaip katalizatoriai didelés skalés nukleotidy ir jy
analogy sintez¢je. Aukstas regio- bei stereoselektyvumas, didelés produkty
iSeigos bei Svelnios reakcijy salygos, sitilomos nukleozidy kinaziy yra
patraukli alternatyva daug darbo ir laiko reikalaujantiems cheminiams
metodams, kurie daznai remiasi gamtai nedraugisky reagenty naudojimu,
dideliu atlieky generavimu ir neretai pasiZymi Zemomis ar vidutinémis
produkty iSeigomis. Nukleozidy kinazés gali biiti pritaikomos ne tik
pramoniniais tikslais, bet ir terapijoje. Jau daugelj mety yra tiriamas tokiy
fermenty pritaikymas vézio gydymui. Terapijos metu genas, koduojantis
nukleozido kinaze, kartu su netoksiSku provaistu yra pristatomas j véZines
lasteles. Tuomet provaistas yra fosforilinamas j aktyvig formg ir taip
selektyviai paveikiamos vézinés lgstelés, nepazeidziant aplink esanciy sveiky
audiniy. Kol kas tokiai terapijai dazniausiai pasitelkiama timidino kinaz¢ i$
Herpes simplex 1 viruso, taCiau platus DmdNK-WT ir BsdCK-WT
substratinis spektras leidzia manyti, jog Sios kinazés taip pat galéty turéti
terapinj potencialg. Galiausiai, tiksliné mutagenez¢ gali biiti panaudota kaip
galingas jrankis, norint padidinti kinaziy efektyvumg ir pritaikyti jas
norimiems substratams.

Suformuluotos $ios darbo iSvados:

1. Trijy zingsniy sintez¢ galima pritaikyti Boc-apsaugine grupe

apsaugoty N*-aminoriigitimis modifikuoty deoksicitidino nukleozidy
gavimui su vidutine ar didele galutine iSeiga (24—85 %).

159



Apsauginés grupés pasalinimo metu N*-aminoriig§timis modifikuotus
deoksicitidino  nukleozidai  persitvarko ] = N-4-(2'-deoksi-
citidinil)aminoriigs¢iy amidus, kuriy galutine iSeiga 23-57 %.
Optimaliam 10 mM 2'-deoksicitidino fosforilinimui, trunkan¢iam
1 val., reikia bent 1,5 mol. ekv. GTP ir 0,34 nmol/ml DmdNK-WT arba
47 nmol/ml BsdCK-WT. DidZiausi fermentiniai aktyvumai pasiekiami
temperattrai ir pH esant 70 °C ir 8,0 DmdNK-WT atveju ir 60 °C ir 8,5
BsdCK-WT atveju.

DmdNK-WT fosforilina visus kanoninius nukleozidus bei jvairius
pirimidino nukleozidy analogus. Substratais tinka uracilo ir citozino
nukleozidai, turintys nedidelius-vidutinius pakaitus N*/O* ir C5
nukleobaziy pozicijose bei nukleozidai, turintys mazas modifikacijas
ribozés 2' ir 3' pozicijose.

BsdCK-WT fosforilina visus kanoninius nukleozidus ir jvairius uracilo
ir citozino nukleozidus su nedideliais pakaitais N*O* ir C5
nukleobaziy arba ribozés 2' ir 3' pozicijose.

Aminoriigs¢iy V84 ir A110 pakeitimas alaninu arba glicinu DmdNK
aktyviajame centre padidina kinazés aktyvuma N'-pozicijoje
modifikuoty citidino nukleozidy atzvilgiu.

Aminoriigs¢iy R70 ir D93 pakeitimas metioninu ir alaninu,
atitinkamai, BsdCK aktyviajame centre padidina fermento aktyvuma
N*-pozicijoje modifikuoty citidino nukleozidy atzvilgiu.

DmdNK-WT ir BsdCK-WT kartu su GTP regeneravimo sistema gali
biti panaudojamos didesnés skalés nukleozidy monofosfaty sintezei.
Darbo metu susintetinty 2'-deoksicitidino, N*-acetil-2'-deoksicitidino
ir 2-tiouridino monofosfaty galutiné iSeiga yra maza ir, norint, jog Siy
junginiy iSeiga buty didesné, bitinas papildomas reakcijy
optimizavimas.
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