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A platform for modification of 5-fluoropyrimidine nucleosides as potential prodrugs has been developed utilizing
bacterial-derived cytidine deaminases (CDAs) for activation. It has been demonstrated that CDA_EH, CDA _F14,
and CDA Lsp effectively convert 5-fluoropyrimidine analogs into 5-fluoro-(2-deoxy)uridine exhibiting cytotoxic
effects. Prodrug activation, leading to reduced viability in CDA-expressing cells, has been observed in HCT116,

MCF7, and U87MG cancer cell lines. This framework allows the evaluation of various N*-acyl/alkyl-5-fluo-
rocytidines, 4-alkylthio-5-fluorouridines, 4-alkoxy-5-fluoro- and 4-alkoxy-5-fluoro-2-deoxyuridines for their
potential use in enzyme-prodrug therapy. Overall, the developed platform provides valuable guidance on
selecting both enzyme and prodrug components for the development of effective enzyme-prodrug strategies.

1. Introduction

Prodrugs are, by definition, precursors or derivatives of therapeuti-
cally active compounds that undergo bioconversion into their active
form within the body, either through spontaneous processes, such as
hydrolytic degradation or via biocatalytic mechanisms. The main goal of
prodrug design is to mask undesirable drug properties, such as poor
water or lipid membrane solubility, low target selectivity, chemical
instability, presystemic metabolism, or toxicity [1]. The development of
prodrugs primarily focuses on the structural features of the parent drug
molecule, particularly the availability of chemical functionalities that
enable masking the drug’s pharmacodynamic activity, often by attach-
ing a modifying group. Another crucial aspect in the prodrug develop-
ment process is the bioconversion mechanisms involved in drug release,
which, although spontaneous in some cases, are predominantly carried
out through enzymatic processes [2,3]. Prodrug technology has gained
significant attention recently for its ability to improve the therapeutic
efficacy of drugs, as demonstrated by the growing number of newly
approved prodrug-based pharmaceuticals [4]. However, there is still a
notable gap in research to fully establish prodrugs as a stable and reli-
able component of modern therapy.
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Enzyme-prodrug therapy (EPT) is a rapidly progressing field with
great potential for offering advanced drug delivery options. Prodrugs for
EPT are designed to undergo bioconversion by a specific enzyme placed
in a targeted location within the body, ensuring that activation occurs
only at the enzyme’s site of action [5,6]. The most widely researched
approach in EPT, with numerous clinical trials underway, is
gene-directed enzyme-prodrug therapy (GDEPT), also known as suicide
gene therapy [7]. GDEPT involves three key components: the prodrug to
be activated, the enzyme (usually nonhuman) responsible for activation,
and the delivery system for the corresponding gene [8]. In GDEPT, the
enzyme needed for prodrug modification is expressed exclusively in the
target cells, with activation almost entirely relying on intracellular
processes. The precise predisposition to target cells increases the ther-
apeutic index of prodrugs, making GDEPT particularly promising for
cancer treatment [9].

One of the most extensively researched GDEPT systems for cancer
therapy is the combination of cytosine deaminase (CD) and the prodrug
5-fluorocytosine (5-FC). CD catalyzes cytosine conversion into uracil, a
process found in many bacteria and fungi but absent in mammalian cells.
The low-toxicity pyrimidine prodrug 5-FC is converted by CD into the
highly toxic 5-fluorouracil (5-FU), which is subsequently processed into
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5-fluorouridine and 5-fluoro-2-deoxyuridine [10]. These metabolites
are further processed by cellular enzymes into potent pyrimidine anti-
metabolites  (5-fluoro-2-deoxyuridine 5-monophosphate, 5-fluo-
ro-2-deoxyuridine 5'-triphosphate, and 5-fluorouridine
5'-triphosphate), which induce cell death through three distinct mech-
anisms: inhibiting thymidylate synthase, forming 5-FU DNA, and 5-FU
RNA complexes [11,12]. Furthermore, recent findings suggest that
ribosome collisions and defects in ribosomal RNA processing drive 5-FU
toxicity, potentially through RNA writer inhibition [13]. The CD/5-FC
exploits the cytotoxic effects of 5-FU, which can induce growth inhibi-
tion and apoptotic cell death in various solid tumors, including gastric
[14], head and neck [15], colon [16], prostate cancer [17], melanoma
[18], and glioma [19].

Several clinical trials have been conducted using the CD/5-FC with
limited success [20]. This is likely due to several limitations that hinder
its therapeutic effectiveness. A primary issue is the short half-life of 5-FC
in the bloodstream, which decreases its availability at the tumor site
[21]. Additionally, wild-type CD has poor activity against 5-FC, which
hampers the overall therapeutic response [22]. While increasing 5-FC
doses could address this, it also leads to an increased probability of
side effects. A significant concern is systemic toxicity, as bacteria in the
gut can produce CD and convert 5-FC to 5-FU at the non-target site, the
intestine [23]. Kazlauskas and colleagues have introduced a new strat-
egy involving isocytosine deaminase (ICD) and 5-fluoroisocytosine
(5-FIC) with greater potential than the CD/5-FC [24]. ICD specifically
converts 5-FIC into 5-FU, with the advantage that gut microbiota are less
likely to metabolize 5-FIC. The ICD/5-FIC was reported to increase mice
survival rate compared to 5-FU alone and is theorized to reduce the toxic
side effects typically associated with the CD/5-FC [24]. A novel GDEPT
strategy, extensively investigated by our team [25], involves modified
pyrimidine nucleosides as prodrugs, bypassing the need to use nucleo-
bases as prodrugs and convert 5-FU to nucleosides. In this approach,
acylated 5-fluorocytidines are activated by bacterial amidohydrolases,
leading to the formation of toxic metabolite precursors. The amidohy-
drolases used in our previous work are relatively small, catalytically
efficient, and have a broad substrate spectrum. These enzyme properties
are advantageous in GDEPT compared to classically used CD [25]. No
active clinical trials are currently underway using GDEPT strategies
based on 5-FU and its metabolites, highlighting the need for further
development of both the enzyme and prodrug components of GDEPT.

Cytidine deaminases (CDAs) are among the enzymes that show po-
tential for enhancing GDEPT. CDAs catalyze the hydrolytic deamination
of cytidine and 2'-deoxycytidine to uridine and 2-deoxyuridine. Addi-
tionally, CDAs play a crucial role in the metabolism of nucleoside ana-
logs, which are extensively utilized as anticancer prodrugs [26]. A
well-known example is the 5-fluoropyrimidine carbamate capecita-
bine, whose conversion to 5-FU is mediated by a cascade of three
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enzymes, including human CDA [27]. While capecitabine demonstrates
improved therapeutic efficacy over 5-FU, several challenges remain,
such as prodrug metabolism by the gut microbiota and the variability in
human CDA activity between different patients [28-30]. Recent studies
by Urbeliené and colleagues have identified several prokaryotic
homo-tetrameric CDAs capable of converting S*-/N*-/0*modified py-
rimidine nucleosides, as well as 5-fluoropyrimidines directly into uri-
dine derivatives [31]. These enzymes present advantages over
conventional human CDA, as they directly generate toxic metabolites
without requiring additional enzymes, such as esterases, and possess a
broad substrate spectrum. These characteristics highlight the potential
of newly identified CDAs in developing novel enzyme-prodrug strategies
for cancer therapy (Fig. 1).

This study examined the ability of prokaryotic CDAs to activate
prodrugs based on modified fluorinated nucleosides. In order to identify
the potential prodrugs, a select set of substrates was synthesized,
including fluorinated N*-acyl-pyrimidine, 4-alkylthio-pyrimidine, N*-
alkyl-pyrimidine, and 4-alkoxy-pyrimidine nucleosides. As candidate
enzymes for prodrug activation, CDA_EH, CDA _F14, and CDA_Lsp were
selected, previously shown to possess the broadest substrate spectrum
[31]. These CDAs’ ability to catalyze the conversion of synthesized
substrates were assessed both in vitro and in cancer cell lines. The results
uncovered new potential enzyme-prodrug systems and established a
platform for the development and screening of novel prodrugs.

2. Results
2.1. CDAs target various modified fluorinated pyrimidine nucleosides

A select set of modified fluorinated pyrimidine nucleosides were
synthesized to investigate their potential to be used as enzymatically
activated prodrugs (Fig. 2). This substrate collection included control
toxic compounds (1-3), N*-acyl-5-fluorocytidines (4-7), 4-alkylthio-5-
fluorouridines (8-17) (in both acetylated and deacetylated forms), N*
alkyl-5-fluorocytidines (18-24), 4-alkoxy- and 4-aryloxy-5-fluorouri-
dines (25-41) (in both acetylated and deacetylated forms), and 4-
alkoxy-5-fluoro-2-deoxyuridines (42-49) (in both acetylated and
deacetylated forms).

The synthesized substrates were evaluated for their in vitro enzymatic
activation into toxic compounds. Three CDAs, namely CDA _EH,
CDA F14, and CDA Lsp, were selected for this analysis. Based on pre-
viously reported findings that these CDAs exhibit a broad substrate
spectrum [31], they were hypothesized to activate at least some of the
selected modified 5-fluoropyrimidines. Recombinant CDA_EH,
CDA F14, and CDALsp were overexpressed in E. coli
HMS174ApyrFAcdd cells and purified following previously established
protocol [31]. It is important to note that the in vitro LC-MS analysis was
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Fig. 1. Graphical representation of bacterial CDA-mediated activation of anticancer prodrugs.
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Fig. 2. Structural overview of modified fluorinated pyrimidine nucleosides utilized in this study.

conducted solely to qualitatively confirm enzymatic activity toward the
target substrates; a representative chromatogram illustrating this anal-
ysis is provided in Fig. S86 (Supplementary Material (SM), Section S3).

No conversion was detected for the acetylated substrates (10, 12, 14,
16, 26, 28, 32, 34, 36, 38, 42, 44, 46, 48), indicating that CDA EH,
CDA_F14, and CDA_Lsp do not accept acetylated compounds as

substrates. In contrast, substrates with free ribose moiety (11, 13, 15,
17-24, 27, 29, 33, 35, 37, 39, 43, 45, 47, 49) were accepted by the
enzymes, with two exceptions: CDA_EH showed only minimal activity
towards 5-fluoro-N*-methylcytidine (18), producing only trace amounts
of product after 1 h; and CDA _F14 showed no activity towards 5-fluoro-
4-octylthiouridine (17), with no product formation detected after 1 h.
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These findings highlight the ability of the evaluated CDAs to activate 5-
fluoropyrimidines with diverse modifications and allow for further
exploration of novel enzyme-prodrug systems in cancer cell lines.

2.2. Bacterial CDA_Lsp activates N*-acyl-fluorocytidines in cancer cell
lines

CDA_EH, CDA _F14, and CDA Lsp efficiently converted 5-fluoropyri-
midine analogs in vitro (SM, Fig. S86 in Section S3). Therefore, we
analyzed the ability of CDAs to activate modified 5-fluoropyrimidines in
cancer cells. HCT116 and MCF7 cell lines were engineered to express
bacterial CDAs. The genes encoding bacterial CDA_EH, CDA_F14, and
CDA _Lsp were individually integrated into the genomes of HCT116 and
MCEF?7 cells via retroviral transduction. Gene expression in generated cell
lines was confirmed by real-time PCR (Fig. 3).

Western blot analysis was performed to assess the expression of
bacterial CDAs at the protein level. Protein bands corresponding to
CDA_EH, CDA F14, and CDA _Lsp were undetected in the HCT116 and
MCEF7 cell samples. These results align with our previous findings, where
the biosynthesis of bacterial enzymes in eukaryotic cells did not reach
the detection threshold of the Western blot method [25]. However,
despite the low enzyme expression levels, enzymatic activity was still
detectable, and treatment with different prodrugs led to biologically
significant viability changes in the cancer cell lines [25]. Therefore,
further investigation was undertaken to determine whether the bacterial
CDAs could activate modified 5-fluoropyrimidines inside the cancer
cells. The activity of CDA_Lsp towards N*-acyl-5-fluorocytidines (4-7)
was evaluated first. HCT116 and MCF7 cell lines expressing CDA_Lsp
were treated with 4-7, with concentration ranges (1-10 pM for HCT116
and 10-100 pM for MCF7) selected based on our previous work [25].
Cell viability was assessed by MTT assay 24 h post-exposure, and results
were compared to control cells transduced with a vector lacking the
gene insert (Fig. 4).

The viability of HCT116 cells expressing CDA_Lsp was significantly
reduced following exposure to all N*-acyl-5-fluorocytidines tested.
Notably, the most pronounced differences in viability between control
and the cells expressing CDA_Lsp were observed after treatment with 5
pM and 10 pM concentrations of compounds. These findings suggest
CDA Lsp effectively activates N*-acyl-5-fluorocytidines within cancer
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cells, forming a toxic metabolite that reduces cell viability. In contrast,
no significant difference in viability was observed between control and
CDA_Lsp-expressing MCF7 cells, suggesting a cell line-specific response
to N*-acyl-5-fluorocytidines. Additionally, issues related to the stability
of the compounds were noted during this study, which may have
influenced the results. These observations underscore the need for
further research into modified 5-fluoropyrimidines to develop chemi-
cally stable and broadly effective compound variants.

2.3. Bacterial CDA_EH, CDA_F14, and CDA_Lsp activate S*/0%/N*-
substituted 5-fluoropyrimidines in cancer cell lines

The enzymatic activity of bacterial CDAs in catalyzing the conver-
sion of $*/0*/N*-substituted 5-fluoropyrimidines within cancer cells
was further examined. HCT116 and MCF7 cell lines expressing bacterial
CDA_EH, CDA F14, and CDA Lsp were treated with 4-alkylthio-5-fluo-
rouridines (8, 9), N4—a1kyl—5—ﬂuorocytidines (22, 23), and 4-alkoxy-5-
fluorouridines (25, 27, 30, 31, 41). Cells were exposed to the target
substrates at concentrations of 5 pM, 10 pM, and 100 puM for 48 h, fol-
lowed by evaluation of cell viability via MTT assay (Fig. 5). Detailed
graphs illustrating changes in cell viability are provided in SM (Section
S4).

The cell viability results revealed notable variations in the prodrug-
activating enzymes and the cell lines. Exposure to 4-methylthio-5-fluo-
rouridine (8) at the highest concentration (100 pM) demonstrated a
viability decrease of the HCT116 cell line, where more efficient con-
version was observed in cells expressing CDA_F14 and CDA Lsp. In
contrast, compound 8 was highly toxic to MCF7 cells, and no significant
differences in cell viability were observed between control cells and
those expressing the CDAs. Higher concentrations of 4-ethylthio-5-fluo-
rouridine (9) effectively reduced the viability of HCT116 cells express-
ing CDAs, with the CDA_Lsp enzyme showing the most efficient
conversion. In MCF7 cells, CDA_EH and CDA_F14 were more effective;
however, at higher concentrations compound 9 exhibited toxicity in
control cells. The treatment of MCF7 cells with both N*-hexyl- and N*-
propargyl-5-fluorocytidines (22 and 23) displayed differences in cell
viability between CDA-expressing and control cells, even at the lowest
concentration of 5 pM. Compound 22 was more efficiently activated by
CDA_EH, whereas 23 showed greater activation by CDA_F14 and

MCF7
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Fig. 3. Confirmation of cda eh, cda_f14, and cda_lsp expression in HCT116 and MCF7 cells by real-time PCR. Amplification plots for different transduced cell lines
displayed (y-axis (ARn) — normalized fluorescence of SYBR Green probe, x-axis — PCR cycle number). Exponential increase of fluorescence with values crossing the
threshold confirms the presence of cda_eh, cda f14, and cda Isp mRNA in the corresponding transduced cell lines. (For interpretation of the references to color in this

figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. MTT assay of HCT116 (A) and MCF7 (B) cell lines expressing CDA Lsp following treatment with compounds 4-7. Cell lines transduced with CDA Lsp-
encoding vector pBABE-CDA Lsp (designated as Lsp) or control vector pBABE-Puro (designated as symbol —) were exposed to several different concentrations
(1-10 pM for HCT116; 10-100 uM for MCF7) of compounds for the 24 h. Statistical significance is indicated by p-values, where the symbol * designates p < 0.05,
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(n = 8).

CDA _Lsp. Unlike 23, compound 22 did not cause toxicity in control cells,
even at a concentration of 100 pM. The 4-alkoxy-5-fluorouridines (25,
27, 30, 31, 41) also produced variable results in cell viability. 4-
Methoxy-5-fluorouridine (25) was highly toxic to both HCT116 and
MCEF7 cells, while 4-ethoxy-5-fluorouridine (27) significantly reduced
cell viability in CDA EH and CDA Lsp-expressing HCT116 cells at a
concentration of 100 pM. Although 100 pM concentration of 27 was
toxic to MCF7 cells, treatment with 10 pM of 27 in CDA_F14 and
CDA Lsp-expressing MCF7 cells significantly reduced cell viability. We
also included acetylated derivatives in our analysis to assess the impact
of ribose hydroxyl group protection on compound behavior. This
approach evaluated whether acetylation enhances chemical stability
and reduces cytotoxicity in control cells while enabling activation in
CDA-expressing cells via intracellular esterases. 5-Fluoropyrimidines
with 4-butoxy group 30 and 31 reduced the viability of CDA_EH-

expressing MCF7 cells even at 5 pM concentration, although the con-
version of these compounds was less effective in CDA_F14 and CDA_Lsp-
expressing cells. Compound 30, unlike 31, did not exhibit toxic effects to
control cells even at high concentrations. Since 30 is an acetylated de-
rivative of 31, these results suggest that the acetylated compounds may
be better tolerated by the cells while still undergoing conversion in CDA-
expressing cell lines. This implies that further research could directly
explore using acetylated compounds without removal of protecting
group prior to the cell treatment. 4-Benzyloxy-5-fluorouridine (41)
effectively reduced the viability of CDA_EH-expressing HCT116 cells at
concentrations of 5 pM and 10 pM. However, higher concentration was
toxic to control cells. 5-Fluorouridines with 4-butylthio, 4-isobutylthio,
4-hexylthio and 4-octylthio substituents (11, 13, 15, 17) and 4-phenoxy-
5-fluorouridine (39) were also tested for their potential activation in the
HCT116 cell line expressing bacterial CDA_Lsp. While these compounds
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Fig. 5. Graphical representation of viability changes in HCT116 and MCF?7 cell lines expressing bacterial CDA_EH, CDA_F14, and CDA _Lsp following exposure to $*/
0*/N*-substituted 5-fluoropyrimidines. Cell lines transduced with CDA_EH-encoding vector pBABE-CDA_EH (designated as EH), CDA_F14-encoding vector pBABE-
CDA F14 (designated as F14), CDA_Lsp-encoding vector pBABE-CDA Lsp (designated as Lsp) or control vector pBABE-Puro (designated as symbol “~) were exposed
to 5 pM, 10 pM, and 100 pM concentrations of compounds for 48 h. ND — not determined.

demonstrated chemical stability and had minimal impact on the
viability of control cells, no significant differences in cell viability were
observed between control and CDA_Lsp-expressing cells (SM, Fig. S87 in
Section S4). In summary, bacterial CDA_EH, CDA F14, and CDA Lsp
were capable of activating select 4-alkylthio-5-fluorouridines, N*-alkyl-
5-fluorocytidines, and 4-alkoxy-5-fluorouridines in HCT116 and MCF7
cancer cells. Although these bacterial CDAs exhibited similar enzymatic
activity, cell viability after prodrug treatment varied depending on the
specific CDA expressed. Most prodrugs showed higher toxicity to control
MCF7 cells than the control HCT116 cells. N*-alkyl-5-fluorocytidines
and 4-alkoxy-5-fluorouridines offered advantages over 4-alkylthio-5-flu-
orouridines in reducing cell viability at lower concentrations while
causing minimal toxicity to control cells. However, the observed dif-
ferences between the prodrugs within the same groups underscore the
importance of evaluating the effects of each compound on cancer cells
individually.

2.4. Human-optimized versions of CDA_EH, CDA_F14, and CDA_Lsp
provide improved activation of modified 5-fluoropyrimidines in cancer
cells

The analysis of bacterial CDAs’ ability to activate modified 5-fluoro-
pyrimidines in cancer cell lines yielded mixed results. This variability
may be attributed to the limited biosynthesis of bacterial enzymes in
eukaryotic cells. Therefore, human codon-optimized variants of
CDA_EH, CDA F14, and CDA Lsp were developed and integrated into the
genomes of HCT116 and MCF7 cells. The expression of the optimized
variants in the cell lines, both at the gene and protein levels, was
confirmed through real-time PCR (Fig. 6A) and Western blot analysis
(Fig. 6B and SM, Fig. S88 in Section S5).

The conversion of modified 5-fluoropyrimidines by human codon-
optimized CDAs in cancer cell lines was further examined. HCT116
and MCF7 cells expressing human-optimized CDA_EH, CDA _F14, and
CDA Lsp were exposed to various compounds, including 4-alkylthio-5-
fluorouridines (8, 9), N4-a1kyl-5-ﬂuorocytidines (18-24), 4-alkoxy-5-
fluorouridines (25, 27, 28, 30, 31, 32, 34, 36, 40, 41), and 4-alkoxy-
5-fluoro-2'-deoxyuridines (42, 44, 46, 48). Two pairs of 4-alkoxy-5-flu-
orouridines were evaluated in both acetylated and deacetylated forms

(30 and 31; 40 and 41), whereas the remaining compounds were
analyzed in either the acetylated or deacetylated form only. Cell
viability was assessed using the MTT assay 48 h after exposure (Fig. 7).
Detailed graphs illustrating the changes in cell viability are provided in
SM (Section S5).

None of the potential prodrugs tested exhibited intrinsic toxicity to
HCT116 control cells at a concentration of 5 pM. Only minimal toxicity
was observed for N*-methyl- and N*-propyl-5-fluorocytidines (18 and
19) when exposed to HCT116 control cells at 10 pM. The lowest con-
centrations of the tested compounds also did not induce toxicity in
control MCF7 cells, with the exceptions of 18 and 41 (4-benzyloxy-5-
fluorouridine). Although, 18 did not appear to be a suitable prodrug for
the HCT116 cells, as no significant difference in viability was observed
between control and CDA-expressing cells. In contrast, 41 significantly
reduced the viability of HCT116 cells expressing CDA_EH and CDA _Lsp.
When comparing the 4-alkylthio-5-fluorouridines, a more pronounced
effect on cell viability was observed with 4-ethylthio-substituted uridine
9 than with 4-methylthio group bearing compound 8. Additionally, 9
activation in human codon-optimized CDA-expressing cells was more
efficient than in bacterial CDA-expressing cells (see Fig. 5). N*-alkyl-5-
fluorocytidines demonstrated considerable potential as prodrugs, pri-
marily due to their efficient activation in CDA-expressing cell lines and
the minimal toxicity to control cells across a wide range of concentra-
tions. Cytidines with longer alkyl moiety (20, 21, 22, and 24) induced
significant decreases in viability in CDA-expressing HCT116 cell lines,
while all of these, along with N*-propyl-5-fluorocytidine (19), also
showed similar effects in CDA-expressing MCF7 cell lines. Notably,
compounds 22 and 23 were more efficiently activated in human-
optimized CDA-expressing cell lines compared to bacterial CDA-
expressing cell lines (see Fig. 5). However, despite codon optimiza-
tion, differences in cell viability after exposure to prodrugs between
CDA_EH, CDA _F14, or CDA Lsp-expressing cell lines remained, indi-
cating that CDAs exhibited varying preferences for different prodrugs.
Most of the 4-alkoxy-5-fluorouridines tested showed potential as can-
didates for prodrug therapy. Compounds 27, 30, 31, 32, 34, and 41
significantly reduced the viability of CDA-expressing HCT116 cells at
the lowest concentrations tested, with similar effects observed in MCF7
cell lines for these compounds, as well as compound 25. Compounds 25,
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Fig. 6. Expression of human codon-optimized CDA_EH, CDA _F14, and CDA _Lsp in HCT116 and MCF?7 cell lines at the gene (A) and protein (B) level. Amplification
plots for different transduced cell lines displayed (y-axis (ARn) — normalized fluorescence of SYBR Green probe, x-axis — PCR cycle number). Exponential increase of
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control cells (designated as symbol -) were loaded into a gel and protein bands were detected using antibody against FLAG epitope Tag. (For interpretation of the
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27, 30, 31, and 41 were more efficiently activated in human-optimized
CDA-expressing cells than in bacterial CDA-expressing cells (see Fig. 5).
The activity of different CDAs towards 4-alkoxy-5-fluorouridines in
cancer cells was variable, with the most efficient conversion of prodrugs
to toxic metabolites occurring in CDA_EH and CDA_Lsp-expressing cell
lines. Acetylated 4-butoxy- and 4-benzyloxy-5-fluorouridines 30 and 40
were better tolerated by control cells at higher concentrations than their
deacetylated derivatives, 31 and 41, respectively. However, 31 and 41
were more effective than 30 and 40 in reducing the viability of CDA-
expressing cells at lower concentrations. Therefore, specific experi-
mental design should guide the choice between acetylated and deace-
tylated compounds for further studies. Treatment of cells with
acetylated 4-alkoxy-5-fluoro-2'-deoxyuridines (42, 44, 46, 48) pro-
duced promising results. They significantly reduced the viability of
CDA_EH- and CDA _Lsp-expressing MCF7 cell lines when treated with 5
pM, with similar effects observed for 2'-deoxyuridines 42 and 48 in
HCT116 cell lines. A pronounced decrease in the viability of CDA-
expressing cells was also noted after exposure to 100 pM concentra-
tions of 42 and 44, whereas the viability of control cells remained un-
affected. In summary, the results highlighted several compounds for
further evaluation, demonstrating their potential for prodrug develop-
ment based on their chemical stability and effectiveness in reducing the
viability of cancer cells. The varying substrate preferences of different
CDAs were also observed, facilitating the selection of the most

appropriate enzyme-prodrug pair for specific applications.

2.5. CDA _Lsp activates N*/O*-substituted fluorinated nucleosides in
U87MG human glioblastoma cell line

Several compounds that effectively reduced the viability of CDA-
expressing HCT116 and MCF7 cells were selected for further analysis.
The human glioblastoma U87MG cell line was chosen to evaluate the
versatility of the CDA-modified 5-fluoropyrimidine enzyme-prodrug
system. The gene encoding human codon-optimized CDA _Lsp was inte-
grated into the genome of U87MG cells. The expression of CDA _Lsp in
the generated cell line was confirmed through Western blot analysis
(SM, Fig. S89 in Section S5). Next, the ability of CDA_Lsp to activate
prodrugs within U87MG cells was investigated. For this purpose, N*-
propyl- and N*-pentyl-5-fluorocytidines (19, 21), and acetylated 4-
butoxy-5-fluorouridine 30, which exhibited high efficacy in earlier ex-
periments, were selected. The CDA _Lsp-expressing US87MG cells were
treated with 19, 21, and 30 for 72 h, after which cell viability was
assessed using the MTT assay (Fig. 8).

The results demonstrated a significant decrease in the viability of
CDA Lsp-expressing US87MG cells following exposure to all tested pro-
drugs. While the compounds exhibited toxicity to control cells at 100
pM, pronounced differences between control and CDA_Lsp-expressing
cells were evident at prodrug concentrations of 5 pM and 10 pM,
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exposure to $*/N*/0%substituted 5-fluoropyrimidines. The cell lines were transduced with vectors encoding human-optimized CDA variants: pBABE-CDA_EH
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thereby obviating the necessity for higher doses. These results confirm
the efficacy of the CDA Lsp-19/21/30 enzyme-prodrug systems in
reducing the viability of U87MG cancer cells and highlight the system’s
versatility across various cancer cell lines.

3. Discussion

In this study, we explored the ability of CDAs to activate prodrugs
based on modified 5-fluoropyrimidine nucleosides. Three CDAs were
selected for this investigation: CDA_EH and CDA_F14, which were
identified in previous research through the analysis of metagenomic li-
braries, and CDA_Lsp, which was detected in the intestinal microbiota
[31]. Due to its ability to catalyze the conversion of a broad spectrum of
substrates, CDA_EH, CDA_F14, and CDA_Lsp were considered as prom-
ising candidates for prodrug activation studies. Notably, these enzymes
catalyze the conversion of S*/N*/0*substituted pyrimidine nucleosides
to uridine derivatives. We demonstrated that the substrate specificity of
these CDAs can be significantly extended to include 5-fluoropyrimidine

nucleosides with different modifications at the S*/N*/0* positions. This
enzymatic activity offers potential applications in therapies that rely on
forming toxic 5-FU or its nucleoside derivatives [32]. Several
enzyme-prodrug therapies have been developed utilizing human CDA.
For instance, the prodrug capecitabine is converted into 5-FU via a
three-enzyme cascade, which includes human CDA [29]. Another
example is the enzyme-prodrug system involving amidohydrolases and
acylated 5-fluorocytidines, developed in our previous study, which
produces 5-fluorocytidine [25]. This compound is then converted to the
toxic 5-fluorouridine within cells, a process also reliant on human CDA.
While these systems have demonstrated promising results, it is well
known that the activity of human CDA can vary among individuals,
reducing the general applicability of these therapies [26,33]. Addi-
tionally, the substrate specificity of human CDA is restricted, limiting
the range of prodrugs that can be utilized [34]. In contrast, the CDAs
examined in this study can directly convert modified 5-fluorocytidines
into 5-fluorouridines, bypassing the need for additional enzymes, such
as esterases or human CDA, in the prodrug activation process.
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A range of modified 5-fluoropyrimidine nucleosides were evaluated
as potential prodrugs, including N*-acyl-5-fluorocytidines (4-7), 4-
alkylthio-5-fluorouridines (8—17), N4-alky1-5-ﬂuorocytidines (18-24),
4-alkoxy- and 4-aryloxy-5-fluorouridines (25-41), and 4-alkoxy-5-flu-
oro-2'-deoxyuridines (42-49). The broad selection of substrates was
driven by the hypothesis that some might be activated by the investi-
gated CDAs. Our results demonstrate that all analyzed nucleoside ana-
logs, except for their acetylated forms, were converted to 5-
fluorouridine or 5-fluoro-2'-deoxyuridine by CDA_EH, CDA _F14, and
CDA_Lsp in vitro, with the exceptions of CDA_EH, which exhibited
minimal activity toward 5-fluoro-N*-methylcytidine (18), and CDA F14
which showed no activity toward 5-fluoro-4-octylthiouridine (17).
These findings suggest the potential for further expansion of the com-
pound library, allowing for additional modifications at S*/N*/0* posi-
tions and variations between ribonucleosides and deoxyribonucleosides.
Prior studies have examined collections of pyrimidine analogs with
various modifications, assessing their potential for anti-cancer activity
[35-37]. In contrast, our study provides a platform for screening
modified nucleoside-based prodrugs using enzymes known to activate
them. This approach establishes a systematic framework for evaluating
new modified pyrimidine nucleosides as potential prodrug candidates.

We further demonstrated that the investigated compounds can be
activated in cancer cell lines expressing bacterial CDA_EH, CDA _F14,
and CDA Lsp. Activation of N*-acyl-5-fluorocytidines was successfully
observed in the CDA_Lsp-expressing HCT116 cell line. In contrast, no
significant differences between control and CDA_Lsp-expressing MCF7
cells were detected. These results align with the data from our previous
study in which N*-acyl-5-fluorocytidines were activated in HCT116, but
not in MCF?7 cell lines expressing bacterial amidohydrolases, suggesting
cell type-specific response to N*-acyl-5-fluorocytidines [25]. Further-
more, issues related to the chemical stability of N*-acyl-5--
fluorocytidines were noted during the experiments. Since prodrug
strategies rely on the chemical stability of compounds [38], it was
essential to continue research to identify compounds with more favor-
able prodrug properties. In this context, 4-alkylthio-5-fluorouridines
exhibited greater chemical stability than N*-acyl-5-fluorocytidines,
though cell-specific responses were still observed. While no significant

effects on MCF7 cell viability were noted, 4-alkylthio-5-fluorouridines
significantly reduced the viability of bacterial CDA-expressing
HCT116 cells, but only at the highest concentrations tested. This
observation raises concerns for future studies, as anticancer agents are
typically utilized at lower concentrations within the therapeutic window
to avoid off-target toxicity [39]. Among the compounds tested,
N*alkyl-5-fluorocytidines and 4-alkoxy-5-fluorouridines demonstrated
the most significant potential as prodrugs. These compounds exhibited
non-toxic effects on control cells even at higher concentrations and
effectively reduced the viability of CDA-expressing cells at lower con-
centrations. However, each compound must be evaluated individually
when analyzing the viability of bacterial CDA-expressing cells.

We established that the prodrugs were activated with varying effi-
ciencies across different bacterial CDA-expressing cell lines. This vari-
ability can be attributed to the hypothesis that the synthesis of bacterial
enzymes in eukaryotic cells is hindered by differences in codon usage
and tRNA abundance between organisms [40]. The expression of re-
combinant bacterial enzymes in mammalian cells can be enhanced
through codon optimization, which resolves the expression limitations
associated with codon usage and maximizes protein expression [41,42].
Consequently, human codon-optimized variants of CDA_EH, CDA F14,
and CDA_Lsp were generated and integrated into the genomes of
HCT116 and MCF7 cancer cell lines. The results indicated that codon
optimization not only preserved the activity of the enzymes but also
improved the prodrug conversion efficiency. However, differences in
cell viability among the CDA_EH, CDA _F14, and CDA_Lsp-expressing cell
lines after prodrug treatment remained, indicating that CDAs from
different bacterial sources exhibit distinct substrate preferences.
Nevertheless, the platform established in this study provides an efficient
method for selecting the most suitable enzyme for activating specific
prodrugs while also allowing for the integration of additional CDAs into
the assays as necessary.

Potential activation of 23 modified 5-fluoropyrimidine nucleosides
in HCT116 and MCF7 cancer cell lines expressing human-optimized
CDA variants was investigated. All prodrugs tested demonstrated
greater efficacy in cell lines expressing human-optimized CDAs than in
those expressing bacterial CDAs. The previously observed tendency,
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wherein N*-alkyl-5-fluorocytidines and  4-alkoxy-5-fluorouridines
exhibit greater potential as prodrugs than 4-alkylthio-5-fluorouridines,
was also evident in these experimental conditions. This outcome can
be attributed to two possible factors. First, CDA_EH, CDA_F14, and
CDA_Lsp activate 5-fluoropyrimidines with different modifications at
varying efficiencies [31], leading to differences in the formation of toxic
metabolites within the cells. Second, nucleoside analogs are transported
across the cell membrane with varying efficiencies [43], which may
limit the entry of specific prodrugs, thus restricting their conversion to
toxic metabolites. The analysis of acetylated and deacetylated variants
of modified 5-fluoropyrimidines revealed notable differences in efficacy
and toxicity to control cells. Acetylated 5-fluoropyrimidines at the 2!, 3',
and 5' positions were better tolerated at higher concentrations than their
deacetylated analogs. This increased tolerance may be attributed to the
stability of the compounds, as the presence of additional acetyl groups
limits spontaneous transformation into toxic metabolites. The conver-
sion of acetylated prodrugs to 5-fluorouridine or 5-fluo-
ro-2'-deoxyuridine in cells expressing CDAs requires the involvement of
intracellular esterases [44], enhancing the precision of the activation
mechanism. When comparing free nucleosides 31 and 41 with their
acetylated counterparts 30 and 40, exposure to low concentrations of
deacetylated analogs resulted in a more significant decrease in cell
viability of CDA-expressing cells, likely due to the more rapid conversion
to toxic metabolites. However, the relative non-toxicity of acetylated
prodrugs to control cells makes them more promising candidates for
further studies. Acetylated prodrugs are also preferred over their
deacetylated counterparts because acetylation often enhances the
bioavailability and transport of nucleosides across cell membranes,
increasing their therapeutic potential [45]. Additionally, we found
decreased cell viability in CDA-expressing cells upon exposure to
4-alkoxy-5-fluoro-2'-deoxyuridines tested. Given the distinct mecha-
nisms of toxicity associated with 5-fluorouridine and 5-fluo-
ro-2-deoxyuridine [46], our findings suggest a possibility to expand the
range of prodrugs tested by synthesizing both modified ribonucleoside
and deoxyribonucleoside variants. This approach offers a significant
advantage in addressing cellular resistance to anticancer agents, as once
resistance to a specific ribonucleoside analog is observed, the platform
facilitates the rapid selection and testing of its deoxyribonucleoside
analog, or vice versa.

Finally, we evaluated the versatility of potential enzyme-prodrug
combinations in other systems. Several compounds that demonstrated
the most effective decrease in viability of CDA-expressing HCT116 and
MCF7 cell lines were subsequently tested in the CDA _Lsp-expressing
U87MG human glioblastoma cell line. Glioblastoma, known for its
aggressive nature and resistance to many conventional chemothera-
peutic agents, presents a significant challenge in cancer treatment [47].
The successful application of the enzyme-prodrug systems investigated
in this study within glioblastoma cells would offer new opportunities for
difficult-to-treat cancer research. The results indicated that exposure of
N4—propy1—5—ﬂu0r0cytidine 19), N4—pentyl—5—ﬂuorocytidine (21), and
acetylated 4-butoxy-5-fluorouridine (30) to CDA_Lsp-expressing
U87MG cells effectively reduced cell viability. This finding highlights
the efficacy of the CDA _Lsp-19/21/30 combinations across different cell
line origins. Ultimately, this platform could be translated into clinical
settings through targeted gene delivery strategies, enabling
tumor-specific expression of selected CDAs to locally activate 5-fluoro-
pyrimidine prodrugs and reduce systemic toxicity. However, further
studies are required to validate the broader applicability of these stra-
tegies, including testing in additional cancer cell lines and more complex
experimental models.

In conclusion, this study introduced a platform designed to effi-
ciently screen modified 5-fluoropyrimidine nucleosides as potential
prodrugs, utilizing CDAs of bacterial origin. We identified several
enzyme-prodrug combinations that effectively reduced cancer cell
viability. Additionally, we demonstrated the potential of N*-alkyl-5-
fluorocytidines and 4-alkoxy-5-fluorouridines as prodrugs. Finally, our
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platform supports a wide range of 5-fluoropyrimidine analogs and
diverse activating enzymes, making it a flexible and effective tool for
rapidly identifying and evaluating new targets for further studies.

4. Experimental section
4.1. Chemicals

5-Fluorouridine (1) was purchased from Thermo Fisher Scientific
(Lithuania), while 5-fluoro-2-deoxyuridine (3) was obtained from
Apollo Scientific (UK). Compounds 4, 5, 6, 7 [25], as well as 2, 8, 9, 25,
30, 31, 40, 41 [31], were synthesized as described previously. The
synthesis of 3',5-di-O-acetyl-5-fluoro-2-deoxyuridine and 2',3',5-tri--
O-acetyl-5-fluoro-4-thiouridine was performed according to previously
reported procedure [31]. Detailed synthesis of the remaining com-
pounds is provided below in this section. 'H NMR, '3C NMR, and '°F
NMR spectra (SM, Fig. S1-S63 in Section S1) were recorded in CDCl3 or
DMSO-dg on Bruker Ascend 400 spectrometer, at 400 MHz for 1H NMR,
101 MHz for '3C NMR and 376 MHz for '°F NMR. Chemical shifts are
reported in parts per million (ppm) relative to solvent resonance signal.
Coupling constants are reported in Hz. All compounds are >95 % pure
by HPLC (SM, Table S2 and Fig. S64-S85 in Section S2).

High-resolution mass spectra were acquired using Agilent 6224 A
TOF LC-MS system equipped with Agilent 1260 Infinity HPLC and pos-
itive electrospray ionization (ESI+). Separations were carried out on Dr.
Maisch ReproSil-Pur Basic-C18 100 x 2.1 mm, 1.9 pm column. The
mobile phase A was 0.1 % formic acid in deionised water (v/v), while
mobile phase B was 0.1 % formic acid in acetonitrile (v/v). Column was
maintained at 50 °C, with a flow rate of 0.4 mL/min. A 10 min linear
gradient from 5 % B to 100 % B was used followed by 2 min isocratic
hold at 100 % B. The following parameters were used for MS analysis:
gas temperature: 300 °C; gas flow: 8 mL/min; nebulizer: 30 psig;
capillary: 3000 V; fragmentor: 125 V.

General synthesis scheme

General procedure for the synthesis of 2, 3,5 -tri-O-acetyl-5-fluoro-4-
alkylthiouridines (10, 12, 14, 16), 2,3,5-tri-O-acetyl-5-fluoro-4-
alkoxyuridines (26, 28, 32, 34, 36), 2,3 ,5-tri-O-acetyl-5-fluoro-4-
phenoxyuridine (38), and 3,5-di-O-acetyl-5-fluoro-4-alkoxy-2'-
deoxyuridines (42, 44, 46, 48)

POCl3 (2.2 eq) was added dropwise to a suspension of 1,2,4-triazole
(10 eq.) in MeCN (1 M) at —5 °C, followed by the dropwise addition of
triethylamine (10 eq.). Reaction was stirred in the ice bath for 1 h, then
solution of 2/,3',5-tri-O-acetyl-5-fluorouridine (2) or 3',5'-di-O-acetyl-5-
fluoro-2'-deoxyuridine (1 eq.) in MeCN (0.1 M) was added and reaction
was left to stir and slowly warm up to room temperature overnight. After
TLC analysis (DCM:MeOH:acetone 30:1:1) confirmed full consumption
of starting material, reaction mixture was diluted with water and
product was extracted with DCM ( x 3). Combined organic phases were
washed with brine ( x 1), dried over NaySQy, filtered, and concentrated.
Crude mixture was redissolved in MeCN (0.3 M) and corresponding
alcohol, thiol or phenol (1.2 eq.) was added to it at room temperature,
followed by the addition of DIPEA (1.2 eq.). After the intermediate tri-
azolyl adduct was fully consumed (TLC, DCM:MeOH:acetone 50:1:1),
reaction mix was diluted with water and product was extracted with
DCM ( x 4). Combined organic phases were washed once with brine,
then dried over NaySO,, filtered and concentrated. Products from
2/,3',5"-tri-O-acetyl-5-fluorouridine were purified with column chroma-
tography using mixture of DCM:MeOH:acetone as eluent (200:1:1 to
50:1:1). Products from 3',5-di-O-acetyl-5-fluoro-2'-deoxyuridine were
purified with column chromatography using mixture of DCM:MeOH:
acetone as eluent (400:1:1 to 100:1:1).
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2,3, 5-tri-O-acetyl-5-fluoro-4-butylthiouridine (10)

The compound 10 was isolated as a colorless glassy oil (95 mg) 53 %
yield over 2 steps from 0.4 mmol of 2',3',5-tri-O-acetyl-5-fluorouridine
(2), and 1-buthanethiol. Ry = 0.25 [DCM:MeOH:acetone (100:1:1)]; B3
NMR (400 MHz, CDCl3) & 7.69 (d, J = 5.1 Hz, 1H), 6.08 (d, J = 3.9 Hz,
1H), 5.41-5.34 (m, 1H), 5.28 (t, J = 5.6 Hz, 1H), 4.45-4.35 (m, 3H),
3.24 (t,J =7.3 Hz, 2H), 2.16 (s, 3H), 2.12 (s, 3H), 2.09 (s, 3H), 1.69 (p, J
=7.4Hz, 2H), 1.46 (h,J = 7.3 Hz, 2H), 0.94 (t, J = 7.3 Hz, 3H); '*C NMR
(101 MHz, CDCl3) 6 171.2 (d, J = 17.3 Hz), 170.1, 169.7, 169.5, 151.9,
143.8 (d, J = 243.7 Hz), 123.2 (d, J = 34.6 Hz), 88.8, 79.9, 73.9, 69.5,
62.6, 30.6, 29.1 (d, J = 1.7 Hz), 22.1, 20.8, 20.6, 20.6, 13.7; '°F NMR
(376 MHz, CDClg) & —155.4 (d, J = 5.0 Hz); HRMS (ESI) caled for
C19H2508N,SF: 460.13156; found 460.13052.

2,3, 5-tri-O-acetyl-5-fluoro-4-isobutylthiouridine (12)

The compound 12 was isolated as a colorless glassy oil (45 mg) 25 %
yield over 2 steps from 0.4 mmol of 2/,3',5-tri-O-acetyl-5-fluorouridine
(2), and 2-methylpropane-1-thiol. Ry = 0.3 [DCM:MeOH:acetone
(100:1:1)1; 'H NMR (400 MHz, CDCl3) & 7.69 (d, J = 5.1 Hz, 1H), 6.07
(d, J = 3.9 Hz, 1H), 5.40-5.33 (m, 1H), 5.31-5.24 (m, 1H), 4.44-4.35
(m, 3H), 3.16 (d, J = 6.8 Hz, 2H), 2.15 (s, 3H), 2.11 (s, 3H), 2.08 (s, 3H),
1.99 (hept, J = 6.7 Hz, 1H), 1.04 (d, J = 6.7 Hz, 6H); 13C NMR (101 MHz,
CDCl3) § 171.2 (d, J = 17.1 Hz), 170.1, 169.6, 169.5, 151.8, 143.9 (d, J
=243.7 Hz),123.2(d, J = 34.6 Hz), 88.8, 79.9, 73.9, 69.5, 62.6, 37.5 (d,
J = 1.5 Hz), 28.0, 22.0, 22.0, 20.8, 20.6; '°F NMR (376 MHz, CDCl;) &
—155.3 (d, J = 4.9 Hz); HRMS (ESI) caled for C;9H350gN5SF:
460.13156; found 460.13041.

2,3, 5-tri-O-acetyl-5-fluoro-4-hexylthiouridine (14)

The compound 14 was isolated as a colorless glassy oil (110 mg) 54
% yield over 2 steps from 0.4 mmol of 2',3',5-tri-O-acetyl-5-fluorour-
idine (2), and 1-hexanethiol. Ry = 0.6 [DCM:MeOH:acetone (50:1:1)];
1H NMR (400 MHz, CDCl3) § 7.69 (dd, J = 5.2, 1.0 Hz, 1H), 6.07 (d, J =
4.0 Hz, 1H), 5.37 (dd, J = 5.3, 4.0 Hz, 1H), 5.28 (t, J = 5.6 Hz, 1H),
4.44-4.35 (m, 3H), 3.23 (t, J = 7.3 Hz, 2H), 2.15 (s, 3H), 2.11 (s, 3H),
2.08 (s, 3H), 1.70 (p, J = 7.6 Hz, 2H), 1.42 (p, J = 7.1 Hz, 2H), 1.36-1.23
(m, 4H), 0.87 (t, J = 6.5 Hz, 3H); '3C NMR (101 MHz, CDCl3) § 171.2 (d,
J=17.3Hz),170.1, 169.6, 169.5, 151.9, 143.8 (d, J = 243.6 Hz), 123.2
(d, J = 34.7 Hz), 88.8, 79.9, 73.9, 69.5, 62.6, 31.4, 29.4 (d, J = 1.7 Hz),
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28.6, 28.4, 22.6, 20.8, 20.6, 20.6, 14.1; 1°F NMR (376 MHz, CDCl3) &
~155.3 (d, J = 5.2 Hz); HRMS (ESI) caled for Cao3HagOgNoSF:
488.16286; found 488.16189.

2,3, 5-tri-O-acetyl-5-fluoro-4-octylthiouridine (16)

The compound 16 was isolated as a colorless glassy oil (130 mg) 53
% yield over 2 steps from 0.4 mmol of 2',3',5-tri-O-acetyl-5-fluorour-
idine (2), and 1-octanethiol. Rf= 0.6 [DCM:MeOH:acetone (50:1:1)]; H
NMR (400 MHz, CDCl3) & 7.69 (d, J = 5.1 Hz, 1H), 6.07 (d, J = 3.5 Hz,
1H), 5.37 (dd, J = 5.4, 3.9 Hz, 1H), 5.28 (t, J = 5.7 Hz, 1H), 4.45-4.35
(m, 3H), 3.22 (t, J = 7.2 Hz, 2H), 2.15 (s, 3H), 2.11 (s, 3H), 2.08 (s, 3H),
1.69 (p, J = 7.5 Hz, 2H), 1.41 (p, J = 7.6 Hz, 2H), 1.35-1.20 (m, 8H),
0.90-0.82 (m, 3H); '3C NMR (101 MHz, CDCl3) §171.2 (d, J = 17.3 Hz),
170.1, 169.6, 169.5, 151.9, 143.8 (d, J = 243.6 Hz), 123.2 (d, J = 34.7
Hz), 88.8, 79.9, 73.9, 69.5, 62.6, 31.9, 29.4 (d, J = 1.6 Hz), 29.2, 29.2,
28.9, 28.5, 22.7, 20.8, 20.6, 20.6, 14.2; 1°F NMR (376 MHz, CDCl3) &
—155.3 (d, J = 4.3 Hz); HRMS (ESI) caled for Ci3H330gN,SF:
516.19416; found 516.19322.

2,3, 5'-tri-O-acetyl-5-fluoro-4-ethoxyuridine (26)

The compound 26 was isolated as a colorless glassy oil (78 mg) 72 %
yield over 2 steps from 0.26 mmol of 2',3',5-tri-O-acetyl-5-fluorouridine
(2), and ethanol. Ry = 0.35 [DCM:MeOH:acetone (50:1:1)]; 'H NMR
(400 MHz, CDCl3) 6 7.79 (d, J = 5.8 Hz, 1H), 6.14 (dd, J = 4.3, 1.5 Hz,
1H), 5.34 (dd, J = 5.4, 4.3 Hz, 1H), 5.27 (t, J = 5.3 Hz, 1H), 4.52 (qd, J
=7.1,1.4 Hz, 2H), 4.42-4.30 (m, 3H), 2.15 (s, 3H), 2.10 (s, 3H), 2.08 (s,
3H), 1.41 (t,J = 7.1 Hz, 3H); >*CNMR (101 MHz, CDCl3) § 170.1, 169.7,
169.6,162.8 (d, J = 12.9 Hz), 153.4,137.2 (d, J = 248.9 Hz), 126.3 (d, J
= 32.2 Hz), 88.3,79.9, 73.7, 69.7, 64.7, 62.7, 20.8, 20.6, 14.2; 1°F NMR
(376 MHz, CDCl3) & —167.3 (d, J = 5.5 Hz); HRMS (ESI) calcd for
C17H2109NoF: 416.12311; found 416.12184.

2,3, 5"-tri-O-acetyl-5-fluoro-4-propoxyuridine (28)

The compound 28 was isolated as a colorless glassy oil (343 mg) 80
% yield over 2 steps from 1 mmol of 2',3',5-tri-O-acetyl-5-fluorouridine
(2), and 1-propanol. Ry = 0.45 [DCM:MeOH:acetone (50:1:1)1; ' NMR
(400 MHz, CDCl3) 8 7.8 (d, J = 5.7 Hz, 1H), 6.2 (d, J = 4.3 Hz, 1H), 5.3
(t, J = 4.9 Hz, 1H), 5.3 (t, J = 5.3 Hz, 1H), 4.4-4.3 (m, 5H), 2.2 (s, 3H),
2.1 (s, 3H), 2.1 (s, 3H), 1.8 (h, J = 7.1 Hz, 2H), 1.0 (t, J = 7.4 Hz, 3H);
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13¢ NMR (101 MHz, CDCls3) & 170.2, 169.7, 169.6, 162.9 (d, J = 13.0
Hz), 153.5, 137.2 (d, J = 248.8 Hz), 126.3 (d, J = 32.0 Hz), 88.2, 79.8,
73.7,70.2,69.7, 62.7, 21.9, 20.9, 20.6, 10.3; 1°F NMR (376 MHz, CDCl3)
5 —167.2 (d, J = 6.1 HZ); HRMS (ESI) caled for C18H2309N2F2
430.13876; found 430.13786.

2,3, 5"-tri-O-acetyl-5-fluoro-4-pentoxyuridine (32)

The compound 32 was isolated as a colorless glassy oil (444 mg) 71
% yield over 2 steps from 1.37 mmol of 2,3',5'-tri-O-acetyl-5-fluorour-
idine (2), and 1-pentanol. Ry = 0.45 [DCM:MeOH:acetone (50:1:1)]; g
NMR (400 MHz, CDCl3) 6 7.80 (d, J = 5.8 Hz, 1H), 6.15 (dd, J = 4.4, 1.5
Hz, 1H), 5.34 (t, J = 4.9 Hz, 1H), 5.32-5.24 (m, 1H), 4.44 (td, J = 6.8,
2.0 Hz, 2H), 4.42-4.35 (m, 3H), 2.16 (s, 3H), 2.11 (s, 3H), 2.09 (s, 3H),
1.79 (p, J = 7.1 Hz, 2H), 1.45-1.28 (m, 4H), 0.91 (t, J = 6.9 Hz, 3H); 13C
NMR (101 MHz, CDCl3) § 170.2, 169.7, 169.6, 162.9 (d, J = 12.9 Hz),
153.5,137.2 (d, J = 248.9 Hz), 126.2 (d, J = 32.3 Hz), 88.2, 79.8, 73.7,
69.6, 68.9,62.7,28.1, 27.9, 20.9, 20.6, 14.1; 19F NMR (376 MHz, CDCl3)
8§ —167.2 (d, J = 5.6 Hz); HRMS (ESI) calcd for CooHoyO9NoF:
458.17006; found 458.16921.

2,3, 5-tri-O-acetyl-5-fluoro-4-hexoxyuridine (34)

The compound 34 was isolated as a colorless glassy oil (407 mg) 63
% yield over 2 steps from 1.37 mmol of 2,3',5'-tri-O-acetyl-5-fluorour-
idine (2), and 1-hexanol. Ry = 0.4 [DCM:MeOH:acetone (50:1:1)]; H
NMR (400 MHz, CDCl3) 6 7.80 (d, J = 5.7 Hz, 1H), 6.15 (dd, J = 4.4, 1.5
Hz, 1H), 5.34 (t, J = 4.9 Hz, 1H), 5.32-5.24 (m, 1H), 4.44 (td, J = 6.8,
2.0 Hz, 2H), 4.42-4.34 (m, 3H), 2.16 (s, 3H), 2.11 (s, 3H), 2.09 (s, 3H),
1.78 (p, J = 6.9 Hz, 2H), 1.46-1.34 (m, 2H), 1.35-1.28 (m, 4H), 0.88 (t,
J = 6.8 Hz, 3H); 13C NMR (101 MHz, CDCls) & 170.2, 169.7, 169.6,
162.9 (d, J = 13.0 Hz), 153.5, 137.2 (d, J = 248.8 Hz), 126.2 (d, J =
32.2 Hz), 88.2,79.8, 73.7, 69.6, 68.9, 62.7, 31.5, 28.4, 25.5, 22.6, 20.9,
20.6, 14.1; 19F NMR (376 MHz, CDCl3) § —167.2 (d, J = 5.7 Hz); HRMS
(ESI) caled for C21Ho9O9NoF: 472.18571; found 472.18466.

2,3, 5"-tri-O-acetyl-5-fluoro-4-propargyloxyuridine (36)

The compound 36 was isolated as a colorless glassy oil (513 mg) 80
% yield over 2 steps from 1.5 mmol of 2',3',5-tri-O-acetyl-5-fluorour-
idine (2), and propargyl alcohol. Ry = 0.45 [DCM:MeOH:acetone
(50:1:1)]; 'H NMR (400 MHz, CDCl3) & 7.89 (d, J = 5.6 Hz, 1H), 6.12
(dd, J = 4.2, 1.5 Hz, 1H), 5.39-5.32 (m, 1H), 5.32-5.24 (m, 1H),
4.45-4.31 (m, 3H), 2.59 (t, J = 2.4 Hz, 1H), 2.16 (s, 3H), 2.11 (s, 3H),
2.09 (s, 3H); 13CNMR (101 MHz, CDCl3) 6170.1,169.7,169.6,161.6 (d,
J =13.2 Hz), 152.9, 136.7 (d, J = 249.3 Hz), 127.3 (d, J = 31.7 Hz),
88.4,79.9, 76.7, 76.5, 73.8, 69.5, 62.6, 55.7, 20.9, 20.6; °F NMR (376
MHz, CDCl3) & -167.2 (d, J = 5.6 Hz); HRMS (ESI) calcd for
C18H1909N,F: 426.10746; found 426.10645.

2,3, 5"-tri-O-acetyl-5-fluoro-4-phenoxyuridine (38)

The compound 38 was isolated as a colorless glassy oil (58 mg) 48 %
yield over 2 steps from 0.26 mmol of 2/,3,5-tri-O-acetyl-5-fluorouridine
(2), and phenol. Rf = 0.45 [DCM:MeOH:acetone (50:1:1)]; Iy NMR
(400 MHz, CDCl3) 6 7.98 (d, J = 5.6 Hz, 1H), 7.40 (t, J = 7.9 Hz, 2H),
7.30-7.21 (m, 1H), 7.22-7.16 (m, 2H), 6.11 (dd, J = 4.2, 1.5 Hz, 1H),
5.36 (dd, J = 5.4, 4.1 Hz, 1H), 5.29 (t, J = 5.4 Hz, 1H), 4.45-4.33 (m,
3H), 2.19 (s, 3H), 2.10 (s, 3H), 2.09 (s, 3H); '3C NMR (101 MHz, CDCl3)
5170.1, 169.7, 169.5, 162.3 (d, J = 12.8 Hz), 152.8, 151.0, 136.8 (d, J
= 249.6 Hz), 129.8, 127.9 (d, J = 31.9 Hz), 126.6, 121.6, 88.6, 80.0,
73.8, 69.6, 62.6, 20.9, 20.6; 19F NMR (376 MHz, CDCl3) § —166.6 (d, J
= 5.9 Hz); HRMS (ESI) calcd for CoiHy1O9NoF: 464.12311; found
464.12190.

3,5"-di-O-acetyl-5-fluoro-4-butoxy-2-deoxyuridine (42)

The compound 42 was isolated as a colorless glassy oil (521 mg) 90
% yield over 2 steps from 1.5 mmol of 3',5-di-O-acetyl-5-fluoro-2'-
deoxyuridine, and 1-butanol. Ry = 0.75 [DCM:MeOH:acetone (50:1:1)];
'H NMR (400 MHz, CDCl3) 6 7.81 (d, J = 5.9 Hz, 1H), 6.26 (ddd, J = 7.5,
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5.6, 1.7 Hz, 1H), 5.18 (dt, J = 6.6, 2.6 Hz, 1H), 4.44 (t, J = 6.7 Hz, 2H),
4.39-4.27 (m, 3H), 2.70 (ddd, J = 14.3, 5.7, 2.6 Hz, 1H), 2.14-2.02 (m,
7H), 1.82-1.70 (m, 2H), 1.50-1.36 (m, 2H), 0.94 (t, J = 7.4 Hz, 3H); 13¢
NMR (101 MHz, CDCl3) 6 170.5, 170.3, 162.7 (d, J = 12.8 Hz), 153.4,
137.0 (d, J = 247.8 Hz), 126.2 (d, J = 32.0 Hz), 86.8, 82.7, 73.9, 68.4,
63.7, 38.8, 30.5, 21.0, 20.9, 19.1, 13.8; 19 NMR (376 MHz, CDCl3) &
—167.9 (d, J = 5.4 Hz); HRMS (ESI) calcd for C;7H307NoF: 386.14893;
found 386.14815.

3,5'-di-O-acetyl-5-fluoro-4-hexyloxy-2-deoxyuridine (44)

The compound 44 was isolated as slightly yellow glassy oil (603 mg)
97 % yield over 2 steps from 1.5 mmol of 3',5-di-O-acetyl-5-fluoro-2-
deoxyuridine and 1-hexanol. R = 0.7 [DCM:MeOH:acetone (50:1:1)];
'H NMR (400 MHz, CDCl3) 5 7.81 (d, J = 5.9 Hz, 1H), 6.26 (ddd, J = 7.5,
5.6, 1.7 Hz, 1H), 5.19 (dt, J = 6.1, 2.7 Hz, 1H), 4.44 (t, J = 6.8 Hz, 2H),
4.40-4.33 (m, 2H), 4.33-4.26 (m, 1H), 2.71 (ddd, J = 14.3, 5.7, 2.6 Hz,
1H), 2.14-2.03 (m, 7H), 1.78 (p, J = 6.9 Hz, 2H), 1.50-1.35 (m, 2H),
1.37-1.26 (m, 4H), 0.93-0.83 (m, 3H); 13¢ NMR (101 MHz, CDClg) &
170.5, 170.3, 162.7 (d, J = 12.7 Hz), 153.4, 137.0 (d, J = 247.9 Hz),
126.2 (d, J = 32.0 Hz), 86.8, 82.8, 73.9, 68.8, 63.7, 38.8, 31.5, 28.4,
25.5, 22.6, 21.0, 20.9, 14.1; 1°F NMR (376 MHz, CDCl3) 5 —167.91 (d, J
= 5.2 Hz); HRMS (ESI) caled for Ci9H3;07NoF: 414.18023; found
414.17935.

3,5'-di-O-acetyl-5-fluoro-4-propargyloxy-2'-deoxyuridine (46)

The compound 46 was isolated as a colorless glassy oil (432 mg) 78
% yield over 2 steps from 1.5 mmol of 3',5-di-O-acetyl-5-fluoro-2'-
deoxyuridine, and propargyl alcohol. Ry = 0.7 [DCM:MeOH:acetone
(50:1:1)]; 'H NMR (400 MHz, CDCl3) & 7.90 (d, J = 5.6 Hz, 1H),
6.28-6.19 (m, 1H), 5.19 (dt, J = 6.1, 2.7 Hz, 1H), 5.10-5.00 (m, 2H),
4.38 (dd, J = 12.8, 4.2 Hz, 1H), 4.35-4.29 (m, 2H), 2.73 (ddd, J = 14.3,
5.6, 2.6 Hz, 1H), 2.57 (t, J = 2.4 Hz, 1H), 2.15-2.04 (m, 7H); 13¢ NMR
(101 MHz, CDCl3) 6 170.5, 170.2, 161.3 (d, J = 13.1 Hz), 152.8, 136.5
(d, J = 248.3 Hz), 127.2 (d, J = 31.6 Hz), 87.0, 82.9, 76.6, 76.6, 73.8,
63.7, 55.6, 38.8, 21.0, 20.9; 19 NMR (376 MHz, CDCl3) & —167.8 (d, J
= 5.4 Hz); HRMS (ESI) caled for Ci¢Hy707NoF: 368.10198; found
368.10127.

3,5'-di-O-acetyl-5-fluoro-4-benzyloxy-2-deoxyuridine (48)

The compound 48 was isolated as a colorless glassy oil (540 mg) 86
% yield over 2 steps from 1.5 mmol of 3',5-di-O-acetyl-5-fluoro-2-
deoxyuridine, and benzyl alcohol. Ry = 0.7 [DCM:MeOH:acetone
(50:1:1)]; 'H NMR (400 MHz, CDCl3) 6 7.86 (d, J = 5.7 Hz, 1H),
7.51-7.42 (m, 2H), 7.42-7.33 (m, 3H), 6.27 (ddd, J = 7.4, 5.6, 1.6 Hz,
1H), 5.55-5.43 (m, 2H), 5.19 (dt, J = 6.6, 2.7 Hz, 1H), 4.42-4.27 (m,
3H), 2.73 (ddd, J = 14.3, 5.7, 2.6 Hz, 1H), 2.18-2.03 (m, 7H); 13¢ NMR
(101 MHz, CDCl3) 6 170.5, 170.2, 162.3 (d, J = 12.9 Hz), 153.2, 136.8
(d, J = 248.0 Hz), 134.7, 128.8, 128.8, 128.7, 126.7 (d, J = 31.9 Hz),
86.9, 82.8,73.9,69.8,63.7, 38.8, 21.0, 20.8; 19F NMR (376 MHz, CDCl3)
5 —167.64 (dd, J = 59, 1.9 HZ); HRMS (ESI) caled for C20H2107N2FZ
420.13328; found 420.13239.

General procedure for the deacetylation of 2’,3’,5'-tri-O-acetyl-
5-fluoro-4-alkoxyuridines (27, 29, 33, 35).

Acetylated derivatives 26, 28, 32, and 34 were deacetylated to yield
compounds 27, 29, 33, and 35, respectively, as follows: the corre-
sponding acylated compounds (prepared as 100 mM stock solutions in
methanol) were added in portions to reaction mixtures containing 50
mM potassium phosphate buffer (pH 7.5) and 0.5 mg/mL of esterase
Grul (GenBank accession no. MH423265) [48]. The final concentration
of each substrate in the reaction mixture was 5-10 mM. Reactions were
incubated at 37 °C for up to 4 h with shaking. The deacetylation process
was monitored by TLC using chloroform:methanol (5:1) as the mobile
phase. Reaction products were purified using a FlashPure Select C18
column (30 pm spherical, 20 g) with a water/methanol gradient
(95:5—0:100). Fractions containing the desired compounds were
pooled and concentrated using a rotary evaporator. Compounds were
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synthesized on 5-20 mmol scale and were used in further experiments
without additional characterization.

General procedure for synthesis of 5-fluoro-N*-alkylcytidines (18-24)

NayCOs (3.2 eq, 0.32 mmol) and RNHj;, (1 eq, 0.1 mmol) were added
to a 0.6 M solution of 5-ﬂuoro-S4-methy1thiouridine (8 eq, 0.3 mmol) in
water at room temperature. After 48 h, the reaction mixture was
concentrated under reduced pressure. Products were purified by flash
chromatography (FlashPure Select C18 20 g column, H30:MeOH 95:5 to
0:100).

5-Fluoro-N*-methylcytidine (18)

The compound 18 was isolated as white amorphous solid (20 mg, 24
%). R = 0.3 [CHCl3:MeOH (5:1)]; 'H NMR (400 MHz, DMSO-dg) & 8.18
(d, J=7.6 Hz, 1H), 8.00 (s, 1H), 5.71 (dd, J = 3.8, 1.9 Hz, 1H), 5.25 (s,
3H), 3.93 (dd, J = 15.4, 4.9 Hz, 2H), 3.82 (dt, J = 5.6, 2.8 Hz), 3.69 (dd,
J=12.1,2.9 Hz, 1H), 3.56 (dd, J = 12.1, 2.8 Hz), 2.80 (s, 3H); 13C NMR
(101 MHz, DMSO-dg) & 155.4 (d, J = 13.3 Hz), 153.5, 136.5 (d, J =
240.3 Hz), 124.3 (d, J = 32.2 Hz), 89.2, 83.9, 74.2, 68.9, 60.1, 26.9; 19g
NMR (376 MHz, DMSO-dg) & - 169.48 (d, J = 6.5 Hz); HRMS (ESI) calcd
for C190H1405N3F: 275.09175; found 275.09100.

5-Fluoro-N*-propylcytidine (19)

The compound 19 was isolated as white amorphous solid (34 mg, 37
%). Ry = 0.4 [CHCl3:MeOH (5:1)]; 'H NMR (400 MHz, DMSO-dg) & 8.18
(d, J="7.5Hz, 1H), 8.05 (s, 1H), 5.71 (dd, J = 3.8, 1.9 Hz, 1H), 5.24 (s,
3H), 3.93 (dq, J = 8.8, 4.8 Hz, 2H), 3.82 (dt, J = 5.5, 2.8 Hz, 1H), 3.69
(dd, J =12.1, 3.0 Hz, 1H), 3.56 (dd, J = 12.1, 2.8 Hz, 1H), 3.25 (t, J =
7.3 Hz, 2H), 1.53 (h, J = 7.4 Hz, 2H), 0.84 (t, J = 7.4 Hz, 3H); 13C NMR
(101 MHz, DMSO-dg) & 155.0 (d, J = 13.2 Hz), 153.6, 136.3 (d, J =
240.6 Hz), 124.5 (d, J = 32.5 Hz), 89.2, 83.9, 74.2, 69.0, 60.1, 41.4,
21.7, 11.3; 19F NMR (376 MHz, DMSO-dg) 6 —168.92 (d, J = 6.6 Hz);
HRMS (ESI) caled for C12H1805N3F: 303.12305; found 303.12227.

5-Fluoro-N* -butylcytidine (20)

The compound 20 was isolated as white amorphous solid (20 mg, 21
%). Ry = 0.45 [CHCl3:MeOH (5:1)]; 'H NMR (400 MHz, DMSO-dg)
8.17 (d,J=7.5Hz, 1H), 8.03 (s, 1H), 5.71 (dd, J = 3.8, 1.9 Hz, 1H), 5.21
(s, 3H), 3.93 (dq, J = 8.7, 4.8 Hz, 2H), 3.82 (dt, J = 5.5, 2.8 Hz, 1H), 3.69
(dd, J =12.1, 2.9 Hz, 1H), 3.56 (dd, J = 12.2, 2.8 Hz, 1H), 3.29 (t, J =
7.3 Hz, 2H), 1.50 (p, J = 7.3 Hz, 2H), 1.28 (hept, J = 7.5 Hz, 2H), 0.88 (t,
J=7.3Hz, 3H); 13C NMR (101 MHz, DMSO-dg) 6 155.4 (d, J = 13.2 Hz),
154.0, 136.8 (d, J = 241.0 Hz), 124.9 (d, J = 32.4 Hz), 89.6, 84.4, 74.6,
69.4, 60.6, 39.8, 31.0, 20.1, 14.2; 19F NMR (376 MHz, DMSO-dg) &
-168.91 (d, J = 7.3 Hz); HRMS (ESI) caled for C;3H20OsNsF:
317.13870; found 317.13789.

5-Fluoro-N*-pentylcytidine (21)

The compound 21 was isolated as white amorphous solid (46 mg, 46
%). Ry = 0.5 [CHCl3:MeOH (5:1)]; 'H NMR (400 MHz, DMSO-ds) 5 8.18
(d, J = 7.5 Hz, 1H), 8.04 (s, 1H), 5.71 (dd, J = 3.8, 1.9 Hz, 1H), 5.24 (s,
3H), 3.94 (dq, J = 8.7, 4.8 Hz, 2H), 3.82 (dt, J = 5.5, 2.8 Hz, 1H), 3.69
(dd, J = 12.1, 2.9 Hz, 1H), 3.57 (dd, J = 12.1, 2.8 Hz, 1H), 3.29 (t, J =
7.3 Hz, 2H), 1.52 (p, J = 7.3 Hz, 2H), 1.38-1.20 (m, 4H), 0.87 (t, J = 6.8
Hz, 3H); 3C NMR (101 MHz, DMSO-dg) & 154.9 (d, J = 13.0 Hz), 154.0,
136.8 (d, J = 240.9 Hz), 124.9 (d, J = 32.6 Hz), 89.6, 84.4, 74.6, 69.5,
60.6, 40.1, 29.0, 28.6, 22.4, 14.4; °F NMR (376 MHz, DMSO-ds) &
~168.93 (d, J = 6.5 Hz); HRMS (ESI) caled for C;4H;305NsF:
331.15435; found 331.15338.

5-Fluoro-N* -hexylcytidine (22)

The compound 22 was isolated as white amorphous solid (44 mg, 39
%). Ry = 0.5 [CHCl3:MeOH (5:1)]; 'H NMR (400 MHz, DMSO-dg) & 8.17
(d, J = 7.6 Hz, 1H), 8.04 (s, 1H), 5.70 (dd, J = 3.8, 1.9 Hz, 1H),
5.15-5.31 (m, 3H), 3.95 (t, J = 5.1 Hz, 1H), 3.91 (t, J = 4.4 Hz, 1H), 3.82
(dt, J = 5.5, 2.8 Hz, 1H), 3.69 (dd, J = 12.1, 2.9 Hz, 1H), 3.56 (dd, J =
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12.2,2.8 Hz, 1H), 3.28 (t, J = 7.3 Hz, 2H), 1.50 (p, J = 6.8 Hz, 2H), 1.25
(s, 6H), 0.82-0.88 (m, 3H); '3C NMR (101 MHz, DMSO-dg) & 154.8 (d, J
=13.2 Hz), 153.7, 136.4 (d, J = 240.7 Hz), 124.6 (d, J = 32.4 Hz), 89.2,
84.0, 74.3, 69.0, 60.2, 39.8, 31.1, 28.5, 26.2, 22.2, 14.0; °F NMR (376
MHz, DMSO-de) & —168.83 (d, J = 7.5 Hz); HRMS (ESI) caled for
C15H2405N3F: 345.17000; found 345.16925.

5-Fluoro-N*-propargylcytidine (23)

The compound 23 was isolated as white amorphous solid (74 mg, 90
%). Ry = 0.35 [CHClI3:MeOH (5:1)D]; 'H NMR (400 MHz, DMSO-dg) &
8.47 (t,J = 5.8 Hz, 1H), 8.28 (d, J = 7.4 Hz, 1H), 5.70 (dd, J = 3.5, 1.9
Hz, 1H), 5.44 (s, 1H), 5.27 (s, 1H), 5.05 (s, 1H), 4.09 (dt, J = 5.8, 2.8 Hz,
2H), 3.94-3.99 (m, 1H), 3.92 (t, J = 4.2 Hz, 1H), 3.83 (dt, J = 5.6, 2.8
Hz, 1H), 3.70 (dd, J = 12.2, 2.9 Hz, 1H), 3.57 (dd, 12.2, 2.7 Hz, 1H),
2.07 (s, 1H); 13C NMR (101 MHz, DMSO-dg) 6 154.7 (d, J = 13.6 Hz),
153.3,136.2 (d, J = 240.5 Hz), 125.4 (d, J = 32.3 Hz), 89.4, 84.0, 80.7,
74.4, 68.9, 60.0, 29.0; 19F NMR (376 MHz, DMSO-dg) § —169.13 (d, J =
7.4 Hz); HRMS (ESI) caled for CioH1405Ns3F: 299.09175; found
299.09108.

5-Fluoro-N* -benzylcytidine (24)

The compound 24 was isolated as white amorphous solid (68 mg, 65
%).

Rf=0.5 [CHCl3:MeOH (5:1)]; 'H NMR (400 MHz, DMSO-dg) & 8.57
(s, 1H), 8.24 (d, J = 7.5 Hz, 1H), 7.35-7.31 (m, 2H), 7.31-7.28 (m, 2H),
7.27-7.21 (m, 1H), 5.71 (dd, J = 3.7, 1.9 Hz, 1H), 5.28 (s, 3H), 4.55 (s,
2H), 3.99-3.95 (m, 1H), 3.93 (dd, J = 4.9, 3.7 Hz, 1H), 3.83 (dt, J = 5.4,
2.8 Hz, 1H), 3.70 (dd, J = 12.1, 2.9 Hz, 1H), 3.57 (dd, J = 12.2, 2.8 Hz,
1H); 3C NMR (101 MHz, DMSO-dg) & 155.0 (d, J = 13.3 Hz), 153.5,
138.8,136.3 (d, J = 240.7 Hz), 128.3 (2C), 127.2 (2C), 126.9, 125.0 (d,
J = 32.5 Hz), 89.3, 84.0, 74.2, 69.0, 60.1, 42.7; '°F NMR (376 MHz,
DMSO-ds) & —169.48 (s); HRMS (ESI) caled for CjqHig0sNsF:
351.12305; found 351.12228.

4.2. Enzymatic activity measurements

The procedures for cloning, expression, and purification of recom-
binant CDA_EH, CDA F14, and CDA Lsp enzymes, as well as the enzy-
matic activity with particular compounds, were described previously
[31]. For all other compounds, enzymatic reactions were carried out in a
reaction buffer consisting of 10 mM Tris-HCl (pH 7.5). Substrates
(10-24, 26-29, 32-39, 42-49) were prepared at a final concentration of
200 pM. The reactions included the enzymes CDA_EH, CDA _F14, and
CDA Lsp, each at a final concentration of 2 pM. When de-acetylation was
required, Grul esterase [48] was added to the reaction mixture to
achieve a final concentration of 10 pM. All reactions were incubated at
37 °C for 1 h. To terminate the reactions, the mixtures were combined
with an equal volume of acetonitrile, centrifuged at 30000 x g for 10 min,
and 0.5-1 pL of the supernatant was analyzed using liquid
chromatography-tandem mass spectrometry (LC-MS). The analysis was
conducted on a Nexera X2 UHPLC system coupled with an LCMS-8050
mass spectrometer (Shimadzu, Japan), equipped with an electrospray
ionization (ESI) source operating in both negative and positive ioniza-
tion modes. Chromatographic separation was performed using a 3 X
150 mm YMC-Triart C18 column with a particle size of 3 pm (YMC,
Japan) at 40 °C. The mobile phase consisted of 0.1 % formic acid (sol-
vent A) and acetonitrile (solvent B), delivered in gradient elution mode
at a flow rate of 0.45 mL/min. The following gradient program was used:
0-1 min, 5 % solvent B; 1-5 min, 95 % solvent B; 5-7 min, 95 % solvent
B; 7-8 min, 5 % solvent B; 8-12 min, 5 % solvent B. Mass scans were
recorded from m/z 50 to m/z 750, with an interface temperature of
300 °C and a desolvation line temperature of 250 °C. Nitrogen (N2) was
used as the nebulizing gas at 3 1/min and drying gas at 10 1/min, while
dry air was used as the heating gas at 10 I/min. Data analysis was per-
formed using LabSolutions LCMS software (Shimadzu).
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4.3. Plasmid constructs

The DNA fragment, encoding His-tagged deaminase CDA_EH,
CDA _F14, or CDA Lsp flanked by the unique restriction sites BamHI and
Eco1051, was cloned into vector pBABE-Puro (Cell Biolabs, Inc., USA)
using BamHI and Ecol05I restriction sites. Genes encoding CDA_EH,
CDA F14, and CDA Lsp (the sequences of cda eh, cda f14, and cda lsp
genes were described in a previous publication [31]) were
PCR-amplified using 2 x Phusion Polymerase Master Mix (Thermo
Fisher Scientific, Lithuania) and the following pairs of primers:
EH_BamHI FW  (5-TGACGGATCCATGAAGGAAACACTTTG-3) and
Cdd_Eco105I RV (5-TGACTACGTATTAGCCGTGGTGGTGATG-3") for
cda_eh, F14_BamHI_FW (5'- TGACGGATCCATGAACAAGGAAGATTT-3")
and Cdd_Eco1051 RV for cda f14, Lsp_BamHI_FW (5-
TGACGGATCCATGCGTGACAAACTGA-3) and Cdd_Ecol05IRV for
cda lsp. The PCR products were digested with BamHI and Ecol05I
(Thermo Fisher Scientific, Lithuania) and ligated to pBABE-Puro using
T4 DNA Ligase (Thermo Fisher Scientific, Lithuania) according to the
manufacturer’s instructions. Constructs were sequence-verified by
Azenta (Germany). The DNA fragments, encoding C-terminally
FLAG-tagged human codon-optimized version of deaminase sequences,
were synthesized and subcloned into pMA-RQ by GeneArt service
(Thermo Fisher Scientific, Lithuania). The resulting sequences were
subcloned into the pBABE-Puro vector via flanking restriction sites
BamHI and Ecol1051. The expression vector pTO/Lsp was generated by
subcloning the BamHI — Notl DNA fragment from pMA-RQ/Lsp into
vector pcDNA4/TO (Invitrogen) using BamHI and Notl restriction sites.

4.4. Cell culturing

All procedures were performed under aseptic conditions, adhering to
biological safety requirements. The human embryonal kidney-derived
cell line 293FT was obtained from Invitrogen, USA (catalog No.
R70007). The human colon cancer cell line HCT116 (ATCC CCL-247,
Thermo Fisher Scientific, catalog No. 50-238-3906) and the human
breast cancer cell line MCF7 (ATCC HTB-22, Thermo Fisher Scientific,
catalog No. 50-238-4386) were a gift from Dr. Daiva Baltriukiené (Life
Sciences Center, Vilnius University, Vilnius, Lithuania). The human
glioblastoma cell line U87MG was obtained from the European Collec-
tion of Cell Cultures (ECACC, catalog No. 89081402). 293FT cells were
cultured in Dulbecco’s Modified Eagle’s Medium (DMEM; Gibco, USA)
supplemented with 10 % fetal bovine serum (FBS, Gibco, USA), 0.1 mM
MEM Non-Essential Amino Acids (NEAA, Gibco, USA), 6 mM I-gluta-
mine (Gibco, USA), 1 mM MEM sodium pyruvate (Gibco, USA), 100 U/
mL penicillin, 0.1 mg/mL streptomycin (Gibco, USA), and 0.5 mg/mL
geneticin (Gibco, USA). HCT116, MCF7, and U87MG cells were
routinely propagated in DMEM supplemented with 10 % FBS, 100 U/mL
penicillin, and 0.1 mg/mL streptomycin. Cells were incubated at 37 °C in
a humidified atmosphere of 95 % air and 5 % CO». For passaging, cells
were detached using trypsin/EDTA (Gibco, USA) at 37 °C.

4.5. Generation of cell lines

HCT116 and MCF7 cell lines expressing CDA_EH, CDA _F14, and
CDA_Lsp deaminases were generated following the protocol described
previously [25]. U87-CDA_Lsp cell line, which stably expressed
CDA _Lsp, was generated by transfecting U87MG cells with linearized
(Scal restriction) vector pTO/CDA_Lsp and performing multiple rounds
of selection of cells that were resistant to zeocin (500 pg/mL; Gibco,
USA). At the final selection stage, cells were propagated and examined
for the expression of CDA_Lsp by Western blot analysis, as described
below in this section.

4.6. Expression analysis of mRNA

Total RNA was extracted from transduced HCT116 and MCF7 cell
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lines using TRIzol Reagent (Thermo Fisher Scientific, Vilnius,
Lithuania), and the cDNA synthesis was performed with Maxima H
Minus First Strand ¢cDNA Synthesis Kit with dsDNase (Thermo Fisher
Scientific, Vilnius, Lithuania), according to the manufacturer’s in-
structions. The mRNA expressions of cda eh, cda f14, and cda Isp were
analyzed by Real-Time Quantitative PCR (RT-qPCR) using Luminaris
Color HiGreen High ROX kit (Thermo Fisher Scientific, Lithuania). The
primers for the bacterial genes included: EH_gqPCR_FW (5-ATGCC-
TACTGCCCGTATTCC-3"), EH_qPCRRV (5-CTTAAAGATGGCCGTC
CGCT-3) for cdaeh (137 bp amplicon size), F14.qPCR_FW (5-
GCCTATGCCCCGTATTCCAA-3), F14_gqPCR RV (5-TGCAGC-
GAAAATGGCACTTC-3) for cdaf14 (138 bp amplicon size), and
Lsp_qPCR_FW (5-GGTGCGGACGGTGTTATCTA-3), Lsp_.gqPCR RV (5-
TTACCGTTGCAAACAACCGC-3") for cda_Isp (146 bp amplicon size). The
primers for human-optimized genes were wused as follows:
EH_Hopt_qPCR FW (5-GCTGCAACATCGAGAACACC-3), EH_Hopt_gP
CR_RV (5-AAGGGGCACCATCAGCTTC-3) for cda_eh (138 bp amplicon
size), F14_Hopt qPCR_ FW (5-CCGATGATATCGAGGCCCTG-3), F14_
Hopt_gqPCR RV (5-CAGTGTCTCTTTGCCGTTGC-3") for cda f14 (137 bp
amplicon size), and Lsp_Hopt_gPCR_FW (5-CCTGTGGGAGCTGCTGT-
TAT-3'), Lsp_Hopt qPCR RV (5-GTATAGGTCTGGCAGCCGTG-3") for
cda_lsp (140 bp amplicon size). In each set of RT-qPCR analyses, two
negative controls were used: nuclease-free water and cells expressing
“empty” control vector pBABE-Puro. Amplification parameters for all
the cda_eh, cda f14, and cda_lsp were those offered by the manufacturer.

4.7. Whole-cell extract preparation and Western blot analysis

Whole-cell extracts of HCT116 and MCF7 cell lines expressing
CDA_EH, CDA _F14 or CDA _Lsp deaminases were prepared by resus-
pending the cell pellet in RIPA lysis buffer (50 mM TRIS-HCl; 1.5 M
NaCl, pH 7.6; 1 % Triton X-100; 5 mM sodium dodecyl sulfate; 25 mM
sodium deoxycholate; 1 % phenylmethylsulfonyl fluoride, 0.2 % apro-
tinin, 0.2 % sodium orthovanadate). The extracts were cleared by
centrifugation for 15 min at 12000 x g at 4 °C. Subsequently, total extract
proteins were fractionated by 14 % SDS-PAGE and transferred onto the
0.2 pm polyvinylidene fluoride (PVDF) membrane (PVDF Western
Blotting Membranes 0.2 pm, Merck). After the blocking for 1 h in 2 %
bovine serum albumin dissolved in Tris-buffered saline (TBS), the
immobilized proteins were incubated overnight at 4 °C with the primary
mouse monoclonal antibody against 6 x His Tag (Thermo Scientific™;
catalog No. MA1-21315, dilution 1:1000) or the primary rabbit mono-
clonal antibody against FLAG epitope Tag (DYKDDDDK Tag, Thermo
Scientific™; catalog No. 701629, dilution 1:250) in blocking solution.
After extensive washing in TBS-T buffer (TBS supplemented with 0.05 %
Tween-20), membranes were incubated with the horseradish peroxi-
dase- (HRP-) conjugated anti-mouse (Carl Roth, Germany; catalog No.
4759, dilution 1:10000) or anti-rabbit (Elabscience, USA; catalog No. E-
AB-1003, dilution 1:10000) secondary antibody for 1 h at 22 °C.
Immunocomplexes were visualized using an enhanced chem-
iluminescence substrate (Pierce ECL Western Blotting Substrate, Thermo
Scientific™) and documented by the Uvitec Alliance imaging system
(Uvitec Cambridge, United Kingdom).

Whole-cell extracts of U87MG cells (negative control) and U87-
CDA _Lsp cells expressing FLAG-tagged protein CDA_Lsp were routinely
prepared by resuspending the cell pellet in modified RIPA lysis buffer
(50 mM Tris-HC, pH 7.5, 150 mM NacCl, 1 % Igepal CA-630, 0.5 % so-
dium deoxycholate, 0.1 % SDS) supplemented with a protease inhibitor
cocktail (Sigma-Aldrich). Subsequently, the extracts were cleared by
centrifugation for 30 min at 13000xg at 4 °C. 60 pg of the total extract
protein was fractionated by 15 % SDS-PAGE and transferred onto the
0.1 pm nitrocellulose membrane (Amersham Protran Sandwich 0.1 pm,
Merck). After the blocking overnight in 5 % nonfat milk dissolved in
phosphate-buffered saline (PBS), the immobilized proteins were incu-
bated for 3 h at 25 °C with the primary rabbit monoclonal antibody
against FLAG epitope tag, diluted as 1:500 in blocking solution. After
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extensive washing in PBS-T buffer (PBS supplemented with 0.5 %
Tween-20), membranes were incubated with the horseradish peroxi-
dase- (HRP-) conjugated anti-rabbit secondary antibody (Invitrogen,
catalog No. 65-6120, dilution 1:2000) for 40 min at 25 °C. Immuno-
complexes were visualized using a chromogenic substrate 3,3°,5,5 -tet-
ramethylbenzidine (TMB, Sigma-Aldrich) and documented by an image
scanner.

4.8. MTT assays

The viability of cells treated with different compounds in 96 well
plates was examined by a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-
H-tetrazolium bromide (MTT) assay. Solutions of all tested compounds
were prepared fresh for each experiment in DMSO diluted in the com-
plete culture medium and added to HCT116, MCF7, or US7MG cells to a
final concentration of 1-100 pM. The concentration of DMSO in the
assay never exceeded 0.02 % and had no influence on cell growth. The
MTT assay for HCT116 and MCF?7 cells was performed according to the
previously described protocol [25]. The MTT assay for U87 cells was
performed as described next: U87MG (control) and U87-Lsp cells were
seeded onto 96-well plates (2500 cells per well). The next day, cell
culture media was replaced with media containing different concen-
trations of chemicals or DMSO as vehicle control. After 72 h of incu-
bation, cells were washed with PBS, and 80 pL of the MTT/cell medium
mixture (0.5 pg/mL of the final MTT reagent concentration) was added
to each well. After 3 h of incubation at 37 °C, this mixture was replaced
by 100 pL DMSO. The intensity (absorbance) of the colored formazan
product was measured at 550 and 620 nm by Multiskan GO Microplate
Spectrophotometer (Thermo Fisher Scientific). Prior to performing the
statistical analysis, the obtained data was processed in two steps: first,
the 620 nm measurements (background) were subtracted from indi-
vidual 550 nm measurements; next, the data obtained from cell sample
groups treated with different test reagents was normalized against the
sample group treated with DMSO.

4.9. Statistical analysis

All grouped MTT analysis data was presented as mean with a 95 %
confidence interval. Comparisons between groups were made by the
one-tailed Welch’s t-test for independent samples. The Shapiro-Wilk test
was performed to evaluate deviation from normality. The significance
level was chosen at o« = 0.05 for all criteria used. Data were plotted, and
statistical analysis was performed using RStudio version March 1, 1073.
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