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Cytidine deaminases (CDAs) catalyze the hydrolytic deamination of cytidine and 2'-deoxycytidine to uridine and License 4.0 (CC BY).
2'-deoxyuridine. Here, we report that prokaryotic homo-tetrameric CDAs catalyze the nucleophilic substitution

at the fourth position of N*-acyl-cytidines, N*-alkyl-cytidines, and N*-alkyloxycarbonyl-cytidines, and $*-alkylth-

io-uridines and O*-alkyl-uridines, converting them to uridine and corresponding amide, amine, carbamate,

thiol, or alcohol as leaving groups. The x-ray structure of a metagenomic CDA_F14 and the molecular modeling

of the CDAs used in this study show a relationship between the bulkiness of a leaving group and the volume of

the binding pocket, which is partly determined by the flexible 3a3 loop of CDAs. We propose that CDAs that are

active toward a wide range of substrates participate in salvage and/or catabolism of variously modified pyrim-

idine nucleosides. This identified promiscuity of CDAs expands the knowledge about the cellular turnover of

cytidine derivatives, including the pharmacokinetics of pyrimidine-based prodrugs.

INTRODUCTION

More than 150 noncanonical nucleosides have been identified in the
structures of RNA and DNA (I, 2). Variously modified purines and
pyrimidines play important roles in the regulation and structure
formation of RNA and DNA molecules, which, in turn, alters
their stability and turnover dynamics, transport, and localization
(3). Numerous enzymes with known and unknown activities are in-
volved in the synthesis of these modifications (I, 4). As de novo syn-
thesis of nucleosides is energetically and nutritionally costly to the
cells, the abundant salvage pathways have evolved (5). The common
enzymes found in these pathways are deaminases, which catalyze
deamination of heterocyclic bases, nucleosides, nucleotides, and
nucleic acids (6). The cytosine deaminases, cytidine deaminases
(CDAs), and deoxycytidylate monophosphate deaminases are pri-
marily involved in the salvage of pyrimidines or in their catabolism
in prokaryotes and eukaryotes, as well as in bacteriophages. Several
enzymes of this group can catalyze deamination of the cytosine
moiety of the peptidyl nucleosides such as blasticidin S, hence con-
ferring resistance toward nucleoside antibiotics (7, 8). Another im-
portant group of deaminases, APOBEC, catalyze the in situ
deamination of bases in both RNA and DNA (9, 10).

Two types of CDAs (EC 3.5.4.5) participating in salvage/catab-
olism of cytidine and deoxycytidine have been found in nature. The
first one consists of homodimeric proteins (D-CDA), for example,
CDAs from Escherichia coli (11), Arabidopsis thaliana (12), and
Klebsiella pneumoniae (13). The second one is formed by the
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homotetrameric enzymes (T-CDA) such as CDAs from Homo
sapiens (14) and Bacillus subtilis (15). Both classes of CDAs
contain one catalytic zinc ion per subunit.

In addition to deamination of the primary substrate cytidine or
2'-deoxycytidine, CDAs are involved in the metabolism of nucleo-
side analogs that are used widely as anticancer (pro)drugs (16). To-
gether with carboxylesterase, human CDA converts capecitabine
(17) into an active compound. However, both human and bacterial
CDAs deactivate gemcitabine, cytarabine, azacytidine, and decita-
bine, hence lowering the efficiency of the drugs. CDA encoded by
cdd gene from E. coli has been shown to catalyze the nucleophilic
substitution in bioconversion of N*-methylcytidine (18) and N*-hy-
droxycytidine (19) to uridine. Analogous reactions are known to be
catalyzed by cytokinin deaminase (belongs to amidohydrolase
superfamily) on variously N°-substituted derivatives of adenine
(20). However, the capabilities of CDAs to catalyze nucleophilic
substitution at the fourth position of diversely substituted pyrimi-
dine nucleosides have not yet been thoroughly investigated.

In this study, a functional metagenomic mining using comple-
mentation of uridine auxotrophy and N*-benzoyl-2'-deoxycytidine
(25) as a source of uridine (21) has led to the successful isolation of
several CDA homologs. Here, we show that CDAs convert different
N*-acyl-arylpyrimidine, N*-/S$*-/O*-alkyl-arylpyrimidine, and N*-/
§*-/O*-arylpyrimidine nucleosides, including capecitabine, directly
into derivatives of uridine. The solved crystal structure of metage-
nomic CDA suggests the possible binding mode for bulky modified
pyrimidine nucleosides. Bioinformatics and structure-guided mu-
tagenesis allowed identification of the key residues and structural
motifs that determine the substrate specificity of CDAs. Collective-
ly, these results suggest a possible involvement of CDAs in various
previously unidentified catabolic pathways of modified pyrimidine
nucleosides, including the therapeutic ones (22).
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RESULTS

Selection of metagenomic CDAs

Three metagenomic clones (EH, F14, and F18) were selected using a
previously described method with uridine auxotrophic E. coli
DH10B ApyrFEC:Km (23) cells and N*-benzoyl-2'-deoxycytidine
(25) as a 2'-deoxyuridine (1) source (21). Unexpectedly, the se-
quence analysis of the DNA fragments from these clones failed to
identify any of the typical amidohydrolase-encoding genes but
showed the presence of open reading frames (ORFs) with high 69
to 85% sequence identity to CDAs found in the National Center for
Biotechnology Information GenBank database (table S1) (24). The
individual genes from metagenomic clones EH, F14, and F18 were
cloned and recombinantly expressed in E. coli HMS174 ApyrFAcdd
cells, and purified enzymes were used to elucidate the catalytic
properties of CDAs. All three enzymes (CDA_EH, CDA_F14, and
CDA_F18) were active with cytidine (2) and 2'-deoxycytidine (1), in
addition to converting N*-benzoyl-2'-deoxycytidine (25) into 2'-
deoxyuridine (1) (Fig. 1, A and B, and figs. S1 and S2A). The gas
chromatography—mass spectrometry (GC-MS) analysis allowed
the identification of benzamide as the leaving group in reactions cat-
alyzed by all three enzymes (Fig. 1C and fig. S2B). Encouraged by
these results, we additionally tested several substrates such as S*-
benzylthiouridine (42), 4-benzyloxy-5-fluoro-uridine (45), and ca-
pecitabine (5'-deoxy-5-fluoro-N*-pentyloxycarbonylcytidine) (61)
and observed that all of them were fully converted by the selected
CDAs (Fig. 1, D, E, G, H, ], and K, and figs. S3A to S5A). Moreover,
benzyl mercaptan, benzyl alcohol, and pentyl carbamate were de-
tected as products of hydrolysis catalyzed by CDA_EH,
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CDA_F14, and CDA_F18 (Fig. 1, F, I, and L, and figs. S3B to
S5B). An analysis of kinetic parameters of CDA_F14 showed that
both N*-benzoyl-2'-deoxycytidine (25) [The Michaelis-Menten
constant ( Ky)(1.15 £ 0.16) x 107* M, ke, (5.04 + 0.4) x 107! s71,
and ke, /Ky (4.36 £ 3.61) x 10> M™! s7'] and 2'-deoxycytidine (1)
[(Ky 195+ 0.36) x 1074 M, ko (24.4 £ 1.71) x 10~ 571, and k_,/ Ky
(1.25 £ 0.12) x 10* M~! s7!] were hydrolyzed with a similar efficien-
cy, and values of Ky, kcop, and ke, /Ky were within a similar range of
previously reported kinetic parameters for other CDAs when 2'-de-
oxycytidine (1) was used as a substrate (25). On the basis of these
results, it was decided to expand functional mining of metagenomic
CDAs using S*-methylthio-uridine (37), S*-ethylthio-uridine (38),
and S*-benzylthio-uridine (42) as substrates instead of N*-benzoyl-
2'-deoxycytidine (25). In total, 27 CDAs (table S1) from 20 metage-
nomic DNA libraries (table S2) were successfully selected using
these compounds.

Substrate scope of the CDAs

For the activity analysis, 30 purified recombinant CDAs were
chosen: 19 of the most diverse representatives from our selection
experiments and 11 homologs from microorganisms found in intes-
tine microbiota (CDA_Hfi, CDA_Lsp, CDA_Smo, CDA_Dfa,
CDA_Pco, and CDA_Eco) or in environmental samples
(CDA_Ppo, CDA_Bsu, CDA_Pin, CDA_Mtu, and CDA_Tar)
(table S1 and fig. S6). The enzymatic activity of remaining 11 meta-
genomic CDAs (V2, V7, V66, V94, V107, V114, V116, V123, V125,
V135, and V157) was determined in vivo only. The substrate pref-
erences of the recombinant enzymes were qualitatively evaluated by
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Fig. 1. A diversity of reactions catalyzed by CDAs. The conversion of N*-benzoyl-2'-deoxycytidine (25) (A), S*-benzylthiouridine (42) (D), 4-benzyloxy-5-fluoro-uridine
(50) (G), and capecitabine (61) (5'-deoxy-5-fluoro-N*-pentyloxycarbonylcytidine) (J) are shown. High-performance liquid chromatography-mass spectrometry chroma-
tography spectra (254 nm) of reaction products: 2'-deoxyuridine (2'dU) (B), uridine (U) (E), 5-fluoro-uridine (5FU) (H), and 5-fluoro-5'deoxyuridine (545'dU) (K), and typical
GC-MS chromatography spectra outtakes of extracted reaction products: benzamide (C), benzyl mercaptan (F), benzyl alcohol (I), and penthyl carbamate (L) are shown

after the reaction schemes, respectively. m/z, mass/charge ratio.
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thin-layer chromatography (TLC), high-performance liquid chro-
matography—mass spectrometry (HPLC-MS), and GC-MS using
66 different substrates, including various N*-unsubstituted cyti-
dines (1 to 18, 62, and 76), N*-acyl-pyrimidine (19 to 36), N*-
alkyl-pyrimidine (51 to 60), 4-alkylthio-pyrimidine (37 to 46),
and 4-alkoxy-pyrimidine (47 to 50) nucleosides, as well as cytosine
(73) and its derivatives (74 and 75) (Fig. 2 and fig. S7). In addition,
the specific activity of CDA_F14 toward different substrates was de-
termined (Fig. 2). All 42 CDAs were active with cytidine (2) and 2'-
deoxycytidine (1). Moreover, all tested CDAs deaminated unnatural
2'-deoxy-L-cytidine (18) [containing 2-deoxy-L-ribofuranose
instead of 2-deoxy-p-ribofuranose in (1)]. Analysis of the specific
activity of CDA_F14 revealed that derivatives of 2'-deoxycytidine
(1, 12, 22, and 25) were hydrolyzed slightly more efficiently than
the corresponding ribonucleosides (2, 13, 19, and 20) (Fig. 2).
Some modifications on ribose [such as 3'-amino-3'-deoxy- (5) or
2'-O-methyl- (7)] were moderately accepted by only a few
enzymes. However, the presence of azido group (36), an acylation
of ribose of 4-acyl/alkyl (2'-deoxy)-cytidines (32 to 35 and 49) or
phosphorylation of cytidine (62) had detrimental effect on activity
of all CDAs. The enzymes well tolerated various substituents at the
fifth position of the heterocyclic base including N*-unsubstituted
(6, 8, and 11 to 15) and N*-substituted substrates (21, 43 to 48,
50, and 56); however, only few of the CDAs (CDA_Bsu,
CDA_M1, and CDA_V52) deaminated 2-thiocytidine (16) effi-
ciently. However, it should be noted that alkyl groups at the fifth
position of heterocyclic bases reduced the activity of the enzyme
CDA_F14 quite strongly. None of the CDA's tested catalyzed the
hydrolytic deamination of cytosine (73) or N*-substituted cytosine
(74 and 75) analogs, N°-methyl-2'-deoxycytidine (76), and isocyti-
dine (9). However, pseudoisocytidine (10) was a substrate for many
of tested deaminases (16 of the tested 22 CDAs). On the basis of
activity profiles with substrates containing different substituents
at the fourth position of pyrimidine ring, CDAs distributed into
two groups: The first group consisted of the enzymes CDA_Mtu,
CDA_Hsa, CDA_Eco, CDA_Pco, CDA_Pin, and CDA_Dfa,
which only used methylated O-, S-, and N-derivatives (37, 43, 47,
and 51), while the second group consisted of CDAs active with both
methylated and bulky aliphatic or aromatic substituents harboring
nucleosides (19 to 61). The substrate specificity of the individual
CDAs from the second group was highly variable. CDA_Lsp,
CDA_F14, and CDA_EH exhibited the widest range of substrates
converting 49 (82%), 49 (79%), and 43 (72%) of 66 tested com-
pounds, respectively. CDA_V47 converted 19 compounds of 27
tested compounds (73%) with bulky substituents at the fourth po-
sition. CDA_Bsu and CDA_F18 enzymes were next in order of sub-
strate recognition, converted 35 of 53 (66%) and 31 of 57 (54%)
derivatives, respectively. Furthermore, CDA_Lsp, CDA_F14, and
CDA_EH enzymes showed a regioselectivity toward N*-(acetyl-
benzoyl)-/N*-benzoyl-benzoyl-/-2'-deoxycytidine (27 to 31)
isomers (Fig. 2). A comparison of specific activities of CDA_F14
toward 4-unsubstituted and 4-substituted pyrimidine nucleosides
revealed that latter cytidine derivatives were converted less efficient-
ly (1,2, 8,17, and 18). Moreover, the specific activity decreased with
increasing the 4-substituent group. The nature of heteroatom at the
fourth position had only a moderate impact on the activity of CDAs
(37, 43, 47, and 51).

Urbeliené et al.,, Sci. Adv. 9, eade4361 (2023) 3 February 2023

Prevalence of substrate promiscuity in CDAs

A phylogenetic analysis of selected CDAs was conducted to assess a
possible relationship between specificity toward substrates and
amino acid sequences (Fig. 2). The sequences were split into three
branches but did not show grouping according to the specificity for
the 4-substituted nucleosides. In addition, the sequences were com-
pared to each other in the context of close CDA homolog sequence
space. The homologous CDA sequences were collected by searching
the tested variants against the UniRef100 (26) database. The result-
ing CDA hits were filtered to include only closer homologs (>50%
sequence identity) and clustered at 70% sequence identity threshold
to obtain 1708 clusters. The cluster representative sequence dissim-
ilarity matrix was embedded into a two-dimensional (2D) graph
using t-distributed stochastic neighbor embedding (t-SNE) (27).
However, the embedding observed in the t-SNE plot did not
explain the specificity profiles of different CDA homologs, as
their distances in the embedding did not correspond to differences
in specificity (Fig. 3).

The multiple sequence alignment of the selected CDAs (fig. S8)
confirmed four conservative regions (15). The conservative VGA
site (region I) in the N terminus was found in most of the analyzed
CDAs. However, other variations including VAC, VSC, IGA, and
VAA could be detected in this region (15). Only CDA_V20 from
the examined CDAs contained VGCA region characteristic for Sac-
charomyces cerevisiae CDA (15) and CDA_MI1 contained the VGV
region characteristic for Mycobacterium leprae (15). The NXEN(S)
motif (region II) in the N terminus was also identified in all studied
proteins. The NXES sequence found in CDA_V66 and CDA_V116
sequences was characteristic for CDA from a parasitic roundworm
Brugia pahangi (15). Other variations including NXEC or NXEXX
also could be detected in this region (15). Both of the mentioned N
terminus motifs proposedly support the tetrameric structure of the
enzyme. The motif C(A/G)E(R/C/T)X [X, polar uncharged amino
acids (Ser, Thr, and Asn) or small hydrophobic amino acid (Ala and
Val)] (region 1II) included the zinc-coordinating residue Cys>?
(here and in the rest of this article, a numeration was according
the CDA_F14) and Glu® that is essential for catalysis. Three
CDAs (CDA_E5, CDA_Mtu, and CDA_V86) instead of a conser-
vative Arg®® contained His, Cys, and Thr, respectively. The fourth
conserved region consisted of the sequence PCXXCRQ (region IV),
including two cysteines Cys® and Cys®! (with the exception in the
case of CDA_E10, where PCXXCLQ was found), which coordinate
the zinc atom. The highly conservative Glu/Asp®’, Pro'%, and
Phe!?® were found in the C termini of CDAs. The overall pairwise
identity of 42 tested CDAs sequences was 35%. The visible differ-
ence between the sequences was a slightly prolonged N terminus in
several CDA: Pin, Pco, E5, M2, M3, E9, E12, V2, V30, V123, and
V125. Exclusively, CDA_V86 had a prolonged middle part of the
protein uncharacteristic for other CDAs. However, the functional
relevance of these regions remains unclear.

Crystal structure and molecular modeling of CDAs

CDA_F14 was chosen as the crystallization object because of its
wide substrate specificity. The crystal structure of CDA_F14
[Protein Data Bank (PDB) 7ZOB] was resolved at 1.2-A resolution
(table S3). Asymmetric unit contained eight CDA_F14 subunits
forming tetramers (Fig. 4A). Each subunit of the CDA_F14 tetra-
mer consisted of a core of five B strands (B1 to p5) sandwiched by
five a helices (al to a5) and exhibited a fold characteristic of the
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Fig. 2. The clustering of the substrate ranges of the CDAs. The list of the tested substrates is shown on the left side (fig. S7). The ID code representing each CDA is given
on the top. The phylogenetic tree was added above the ID code at the top of the figure. The phylogenetic analysis of CDAs was conducted using the neighbor-joining tree
routine of MEGA X software. The alignment was performed using ClustalW. The activity of enzymes is defined as follows: 2, activity is observed after 3 hours of the
incubation at RT; 1, activity is observed after overnight incubation (weakly active); 0, inactive toward the substrate; N/A, not analyzed. The specific activity of
CDA_F14 (nanomole per min per milligram) is shown on the right side. Blue color intensity reflects activity. The SD of measurement is shown in the datafile S1.
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Fig. 3. t-SNE representation of the CDA close homolog sequence space. Coordinates of t-SNE embedding of 1708 cluster representatives were used for plotting. The
size of a given dot was visualized on the basis of the cluster size it represents and coral orange color with label if the cluster contained a tested CDA variant.

CDA family (Fig. 4, A and B). Structural comparison of CDA_F14
with CDA_Bsu, CDA_Hsa, and CDA_Mmu showed that all pro-
teins had a similar core of o/p/a deaminase domain (Fig. 4C). As
described earlier (10), three subunits were involved in the formation
of the active center. In the crystal structure, the active site was oc-
cupied by two molecules of 2-methyl-2,4-pentanediol, which was
used as a crystallization agent (Fig. 4D). Multiple attempts to
obtain a crystal structure of substrate-bound CDA_F14 were unsuc-
cessful. Therefore, amino acid residues, which are in close contact
with substrate, were identified using molecular docking program
Autodock Vina (28). N*-benzoyl-2'-deoxycytidine (25) was
docked into the determined structure of CDA_F14, and the follow-
ing interacting residues of amino acids were found: Glu>>, Asn*?,
Glu**, Gly**, Cys®®, Tyr*%, Ala**(D), and Tyr*¥(D) (Fig. 4, F and
G, and table S4). All these amino acids were highly conserved
between CDAs (fig. S8). The substrate binding was mediated by
the hydrogen bonds between oxygen atoms at 3'- and 5'-positions
of ribose ring and Asn*?, Glu**, Ala**(D), and Tyr*3(D); among C2
position of the heterocyclic base and Gly>*; and one at N*-acyl
group and Tyr?*. The hydrophobic substrate binding pocket area
of CDA_F14 (distance to the docked substrate shorter than 3.9 A)
was formed by Val?®, Ile’’, Thr”®, Gly®>, Ala®*¢, Pro®, Leu'?”,
Phe'?(B), and Leu'*!(B) (Fig. 4, F and G). Phe'?® is a highly con-
servative amino acid in CDAs and is important for arrangement of
the active site (15). The amino acids supporting the tetrameric
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structure by the formation of hydrogen bonds are presented in
fig. S9.

The catalytic zinc ion in CDA_F14 was coordinated by three cys-
teine residues located in a helices a2 (Cys®?) and a3 (Cys’! and
Cys®®). While in the dimeric CDA_Eco Zn?* is coordinated by
two Cys and one His residue. Accordingly, mono-Cys/His
(F14_C53H_R56Q), double-Cys/His (F14_C88H_C91H), and
triple-Cys/His (F14_HQHH) mutants were constructed to test the
interchangeability of these cysteines. The amino acid residue Arg®®
in mono-Cys/His and triple-Cys/His mutants was changed to Gln
by the analogy to CDA_Eco. Activity analysis showed that the
double- and triple-Cys mutants were completely inactive and only
the mono-Cys/His (F14_C53H_R56Q) mutant retained some activ-
ity toward 2'-deoxycytidine (1) (fig. S10). In addition, CDA_F14
was completely inactive in the presence of 10 mM EDTA. To
assess the influence of other amino acid residues on CDA activity,
the f3a3 loop, C-terminal amino acids (amino acids 126 to 130),
Thr’!, and Arg®® were selected for mutagenesis.

Influence of amino acids in the 3a3 loop on CDA selectivity

We hypothesized that the size of the substrate binding pocket
should determine activity toward the substrates with bulky
N(O,S)*-substituents. To that end, we compared the published
crystal structures of CDAs (PDB IDs 2FR6, 2FR5, 1ZAB, 1R5T,
1IMQO, 3IJF, and 1JTK) and CDA_F14. The 3a3 loop (amino
acids 79 to 88) of CDA_F14, connecting the third P strand to the
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Fig. 4. The crystal structure of CDA_F14. (A) Homotetramer of CDA_F14 with subunits colored in gray, gold, blue, and violet. (B) Subunit of CDA_F14 consisted of a core
of five f strands (31 to p5) sandwiched by five a helices (a1 to a5), and n1 and n2 symbols indicate 3;4-helix; zinc atom (blue sphere) is coordinated by three cysteine
residues located in a helices a2 (Cys®3) and a3 (Cys®' and Cys®®). (C) Comparison of CDA domain structures from different organisms: CDA_F14 is colored in blue,
CDA_Mmu (PDB 2FR6) in gold, CDA_Bsu (PDB 1JTK) in coral, and CDA_Hsa (PDB 1MQO) in violet. (D) Active site of CDA_F14 occupied by two molecules of crystallization
agent 2-methyl-2,4-pentanediol (in purple); water molecules are shown as blue spheres. (E) Comparison of substrate binding pocket in CDA_F14 (blue) and in CDA_Mmu
(gold); N*-benzoyl-2'-deoxycytidine and 2'-deoxycytidine are fitted in the active center, and the B3a3 loop is shown in front. (F and G) 2D and 3D schematic view of the
active site of crystalized CDA_F14 with fitted N*-benzoyl-2'-deoxycytidine. The bond lengths are given in angstroms. The bond length between zinc and 4-hydroxyl group
was 1.94 A. Hydrogen and coordination bonds are shown as dotted lines. 2D view generated using LigPlot+ program (62), other views with Chimera1.16 (53).
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fourth a helix, was identified as most likely to influence the space for
binding of N*-substituted nucleosides. The comparison of f3a3
loops in CDA_F14 and CDA_Mmu (PDB ID 2FR6) showed that
the aliphatic 1le”® and Leu®! residues in CDA_Mmu restricted the
space near the catalytic amino residues. The CDA_F14 had Gly®!
and Gly® at the corresponding positions (Fig. 4E); consequently,
the binding pocket of CDA_F14 was larger than that in
CDA_Mmu (Fig. 4E). The conservative Phe'?® (from other
subunit) restricted space in the binding pocket from opposite side
of B3a3 loop. Hence, the distance between Gly**(C) and
Phe!?°(CE1) was 7.24 A in CDA_F14. The interspace between
the corresponding position in CDA_Bsu and CDA_Mmu was
shorter: 4.45 A [Phe'?® (CE1) — Val®3(CG2)] and to 3.73 A
[Phe!’(CE1) — 11e”(CD1)], respectively. The distance (8.55 A)
between Phe'?® and Gly®! was also the longest in CDA_F14 com-
pared to 4.55 A in CDA_Bsu [Phe!'?*(CE1) — Thr’?(CG2)] and
5.69 A in CDA_Mmu [Phe'*’(CE1) — Leu®'(CD2)]. In particular,
the distance between C4 on benzoyl residue and C4 on cytidine py-
rimidine ring is equal 6.55 A in the N*-benzoyl-2'-deoxycytidine
(25). So, the length of the N*-acyl in this substrate exceeded the
gap between aforementioned amino acids in CDA_Bsu and
CDA_Mmu. Moreover, according to the created model, the
benzoyl group should be bend by ~39° with respect to the pyrimi-
dine ring (Fig. 4E). In this configuration, the C4 atom of pyrimidine
ring is arranged at the required distance from Glu®” that acts as a
proton shuttle. The Glu®® transfers proton to N, which promotes
hydroxide attack on C4 position, forming tetrahedral intermediate
(29). The proper configuration becomes impossible when positions
81 and 85 contain long aliphatic amino acids. Reviewing amino acid
sequences in tested CDAs, various combinations of the amino acid
residues were observed in Pf3a3 loop (fig. S8), but the motif
81GXXXG(A)85 was dominating in CDAs that were active toward
cytidine with bulky substituents (CDA: F14, V47, Hfi, Lsp, and
Smo) (fig. S8).

In addition, the binding pocket volumes were calculated and
Pearson correlation between the binding pocket solvent-accessible
surface area (SASA), and the substrate volume was examined (fig.
S11). To evaluate a relationship between the geometry of active
site of CDAs and substrate specificity, the 3D structures of CDAs
were predicted by using two modeling methods: AlphaFold2 (30)
(except CDA_F14 and CDA_Bsu, for which the PDB data were
used) (fig. S11A) and HHpred bioinformatics (31) toolkit MODEL-
LER by using CDA_F14 crystal structure as a template (fig. S11B).
Comparison of 12 different CDAs showed that CDA_F14 had the
largest binding pocket among them, but no direct correlation
between the calculated substrate volume and the binding pocket
size of CDAs was found.

The mismatch between structure and functional activity could be
explained by the mobility of the f3a3 loop. Molecular dynamics
simulation data (Figs. 5 and 6) and B factor of the crystal structure
indicated the mobility of the f3a3 loop fragment formed by the 80th
to 85th amino acids. The overall average B factor of CDA_F14 was
about 17.57, while B factor of the 80-to-83 site was 25.38. In addi-
tion, the fluctuations of this region during MD simulations of the
CDA from Mycobacterium tuberculosis was described (32), but the
impact of this region to substrate binding was not previously
analyzed.

Mutagenesis of the amino acids in the f3a3 loop of CDA_F14
revealed the following results: The G81L mutation reduced the
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kea/ Ky values for N*-benzoyl-2'-deoxycitidine (25) by about five-
fold, the G85L mutation by 20-fold, and the double-F14_G81LG85I
mutation by more than 50-fold (table S5 and fig. S12). Deletion of
the 83-to-85 site (F14_del83-85) almost completely inactivated the
enzyme; the activity toward cytidine was observed only after a pro-
longed incubation. However, analysis of the activity of the F14_SML
(83to 85) and F14_HSL (83 to 85) mutants showed that leucine at
the 85th position did not alter the selectivity for cytidine nucleo-
sides with aromatic substitutes at N* position (kinetic parameters
were not evaluated).

The effect of mutations in the f3a3 loop on enzyme selectivity
was tested with other CDAs. As a consequence, the Lsp_A82I
mutant lost activity toward several N*-substituted cytidines with
bulky acyl and aryl residues (26 to 27, 31, 43 to 47, 55, and 59)
(fig. S10). In contrast, the Tar_I85A mutant became active toward
5-fluoro-4-(4-morpholinyl)-2'-deoxyuridine (56) and N*-[(1H-
indol-6-yl)methyl]-2'-deoxycytidine (60) (fig. S10). However, the
Pco_I108A mutant remained inactive toward N4-substituted cyti-
dine (19 to 36), whereas the activity of the Ppo_V82L mutant was
not substantially changed (fig. S10).

Impact of the C-terminal amino acids to selectivity of CDAs
The function of C-terminal amino acids was evaluated by mutagen-
esis of the conservative Phe!?® (F14_F126A and F126W mutants)
and the deletion (F14_del127-130) or random changing
(F14_HSSG and F14_CLYR) amino acids at positions 127 to 130.
Compared to the wild-type CDA_F14, the Ky of both Phe'?¢
mutants increased approximately twofold (table S5). The F126A
mutation had a slightly stronger effect on substrate binding com-
pared to F126W [Ky (2.59 + 0.73) x 107* M and
(2.11 £ 0.38) x 10™* M, respectively]. This may be related to the
loss of m-m stacking. Deletion of amino acids at positions 127 to
130 (F14_del127-130) did not substantially affect the Ky; and sub-
strate profiles (fig. S10) but markedly reduced k,/Ky; (table S5). In
addition, changes in the C-terminal amino acids of CDA_F14 re-
sulted in activity toward 5'-monophosphorylated nucleotides.
Hence, the mutants F14 dell127-130, F14 F126A, and
F14_F126W began to use CMP as a substrate; however,
F14_HSSG and F14_CLYR retained their wild-type specificity
(fig. S10). It should be noted that the activity toward CMP nucleo-
tide was extremely low, and a partial hydrolysis was only observed
after a prolonged incubation [>18 hours, at room tempera-
ture (RT)].

Impact of the Thr>' and Arg>® on selectivity of CDAs
On the basis of simulation data, the Thr’! position may affect the
binding of the ribose ring. The kinetic parameters of the
F14_T51G mutant were not qualitatively evaluated, because of a
lower rate of the catalyzed reaction and higher Ky required sub-
strate concentrations that were outside the solubility range and/or
a linear range of the spectrophotometer (fig. S12). The substrate
scope analysis indicated that T51G mutation affects selectivity.
The F14_T51G mutant lost activity toward compounds 3, 25, 27
to 28, 42, 55, 59, and 61 (fig. S12). However, a new weak activity
toward CMP (62) was observed. Notably, activity toward CMP
was also observed for the mutant Ppo_C50T but not for
Pco_G70T (fig. S12).

The change of arginine to leucine at the 56th position affected a
catalytic efficiency of the constructed mutant F14_R56L: Ky
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Fig. 5. The flexibility of amino acids residues in CDA_F14: N*-benzoyl-2'-de-
oxycytidine complex. Root mean square fluctuation value (RMSF) measurements
represent individual residue flexibility during a 100-ns simulation. The loop 80-to-
86 region is highlighted in gray, and the several conformations for the loop are
shown. The molecular dynamics trajectories were generated by using CPPTRAJ
program from the AmberTools package.

constant changed slightly compare to wild-type CDA_F14, but
kinetic efficiency (k.,/Ky) of the enzyme decreased almost 50-
fold (table S5).

DISCUSSION

The noncanonical nucleobases [for example, 4-methylthiouridine
(33), N*-methyl cytosine in DNA (4), and N*-acetylcytosine in
RNA (I)] occur as a result of a variety of epigenetic events, transfer
RNA (tRNA) modifications, stress responses, or mutagenic expo-
sures (Fig. 7). However, the subsequent fate of the modified nucle-
otides, especially after breakdown of nucleic acids, is not yet fully
understood.

This research shows that various CDAs can catalyze the nucleo-
philic substitution at the fourth position of the heterocyclic ring of
N*-acyl-cytidines (19 to 36), N*-alkyl-cytidines (51 to 60), N*-alky-
loxycarbonyl-cytidines (61), S*-alkylthio-uridine (37 to 46), and
O*-alkyl-uridine (47 to 50) derivatives subsequently leading to
the formation of uridine and respective amide, amine, carbamate,
thiol, or alcohol. Hence, the catabolism of 4-methylthiouridine,
which is present in small amounts in cells under stress (34), can pos-
sibly be attributed to the activity of CDAs determined in this study.
Moreover, CDAs can be involved in the degradation of N*-acetylcy-
tidine, a nucleotide found in tRNAs, mRNAs, and ribosomal RNAs
(1). Recently, the amidohydrolase YqfB from E. coli has been iden-
tified, which is active toward N*-acetylcytidine (35). It can be spec-
ulated that in some organisms, CDAs act individually or in concert
with YqfB-like enzymes to salvage these nucleosides. Catabolism of
O*-alkyl derivatives of pyrimidines, which can be formed by react-
ing with mutagens (36), is also an incomplete story. O*-alkyl lesions
in DNA can be repaired by O%-alkylguanine DNA alkyltransferases
(AGTs). AGTs perform a direct covalent transfer of an alkyl group
from the damaged base to a nucleophilic cysteine residue present in
the active site of the enzyme, inactivating AGT and restoring DNA.
AGTs are specialized to repair the alkylation occurring at the O°-
position of 2'-deoxyguanosine and, to a variable extent, the O*-

Urbeliené et al.,, Sci. Adv. 9, eade4361 (2023) 3 February 2023

position of thymidine (37). However, enzymes active toward O-al-
kylated ribonucleotides are unknown. On the basis of the results of
this study, it can be proposed that CDAs could take part in a catab-
olism of O-alkylated pyrimidines converting them into uridines.

In addition to natural nucleosides, a plethora of 5-fluoropyrimi-
dines, used for cancer treatment, interacts with the human micro-
biota. Capecitabine, a prodrug for 5-fluorouracil (17), is an oral
antimetabolite chemotherapeutic agent, which can be metabolized
by gut microbiota (38). It is known that microorganisms participate
in the late stages of catabolism of capecitabine (61), for example, in
deglycosylation of 5'-deoxy-5-fluorouridine (39). Our study shows
that prokaryotic CDAs can convert capecitabine directly to 5'-
deoxy-5-fluorouridine (Fig. 1, J to L, and fig. S5) without the in-
volvement of any human esterase, as generally assumed. This
“off-target” formation of active drug in the intestine, which can
affect the composition of intestinal microbiota, plays a role in
cancer outcomes and anticancer response (39). The further research
of CDAs and its effects on antimetabolite drugs could help to per-
sonalize a treatment and to improve the favorable clinical outcomes.

According to the results of this study, the selectivity of the CDAs
toward cytidines can be very diverse. The profiles of activity toward
substrates with different substitutes at fourth position of pyrimidine
ring show that CDAs are distributed into two groups: The first one
includes enzymes, which used methylated O-, S-, and N-derivatives
only, and the second one consisted of CDAs active toward both
methylated and bulky aliphatic or aromatic substituents harboring
nucleosides. In addition, the N, S, or O heteroatoms at the fourth
position have only a moderate impact on the activity of CDAs.
Tested CDAs does not deaminate isocytidine and N*-methyl-2'-de-
oxycytidine, and this is explained by the described reaction mech-
anism (29). The double and triple mutants of catalytic cysteine were
completely inactive. This result confirms that the reaction of nucle-
ophilic substitution is catalyzed exactly by the enzyme, and artifacts
of the system can be excluded.

Analysis of the available 3D structures of CDAs revealed that the
enzyme specificity depends mostly on the volume of the binding
pocket. After comparing CDA_F14 and CDA_Bsu, CDA_Hsa,
and CDA_Mmu structures, it can be seen that the p3a3 loop
(amino acids 81 to 85) formed by amino acids from the 79th to
the 88th position in CDA_F14 is more distant from the substrate
binding site, and this factor may predetermine the binding of
N(O,S)*-substituted nucleosides, especially with a bulky groups at
this site. Moreover, the variable region of the f3a3 loop increases
or decreases the binding pocket volume depending on the sequence:
The hydrophobic amino acid residues, such as isoleucine or phenyl-
alanine, restrict the space near the active center (CDA_Hsa and
CDA_Mmu) contrarily to glycine or alanine (CDA_F14,
CDA_Lsp, CDA_V47, CDA_Smo, and CDA_Hfi). Even more,
the mobility of B3a3 loop influences an entering of substrate to
the binding site. Determined kinetic parameters indicated that mu-
tations in B3a3 loop region and the Phe'?® residue mutants F126A
and F126W substantially increase Ky, and the deletion of the 83-to-
85 site almost completely inactivates CDA_F14 enzyme. The specif-
icity of the enzymes also depends, in part, on the composition of
amino acids of this region.

Hence, this study thus opens up new avenues of research into
enzymes that act on a wider set of nucleosides and their derivatives.
These enzymes could be a part of repair and defense systems in
living organisms. The data gathered on the diversity of CDA
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Fig. 6. 2DRMSD plots for the protein structure during a 100 ns simulation of the CDA_F14: N4-benzoyl-2'-deoxycytidine complex. (A) 2D root mean squared
deviation (2DRMSD) plot for the whole protein structure and (B) 2DRMSD plot only for the loop 80-to-86 atoms. Two conformations during the simulation can be ob-

served for the whole protein, especially for the 80-to-86 loop region.

substrates should open new insights into the in vivo turnover of the
modified nucleosides and into development of novel antiviral and
antitumor prodrug-based therapies.

MATERIALS AND METHODS

Commercial nucleoside derivatives

Capecitabine, cytidine, cytosine, N*-acetylcytosine, and cytosine 3-
p-arabinofuranoside were obtained from Sigma-Aldrich
(Germany). N*-acetyl-2'-deoxy-5'-O-DMT-cytidine, N*-benzoyl-
cytidine, N*-benzoyl-5-methylcytidine, 2'-deoxy-5-hydroxycyti-
dine, 2'-deoxy-5-hydroxymethylcytidine, 5-
hydroxymethylcytidine, 2'-deoxy-5-propynylcytidine, pseudoiso-
cytidine, isocytidine, 5-fluorocytidine, 2-thiocytidine, 2'-deoxy-5-
methylcytidine, 2',5'-dideoxycytidine, 2',3'-dideoxycytidine, 2'-O-
methylcytidine, 3'-azido-N*-benzoyl-2',3'-dideoxycytidine, and
N3-methyl-2'-deoxy cytidine were purchased from Carbosynth
(UK); 3'-O-levulinoyl-N*-benzoyl-2'-deoxycytidine, 5'-O-levulino-
yl-N*-benzoyl-2'-deoxycytidine, 3'-O-acetyl-N*-benzoyl-2'-deoxy-
cytidine,  S*-n-propylthiouridine-5'-triphosphate, ~ S$*-iso-
propylthiouridine-5'-triphosphate, and S*-iso-butylthiouridine-5'-
triphosphate were obtained from Jena Bioscience. $*-n-propylth-
iouridine-5'-triphosphate, S*-iso-propylthiouridine-5'-triphos-
phate, and  S*-iso-butylthiouridine-5'-triphosphate ~ were
dephosphorylated using FastAP alkaline phosphatase (Thermo
Fisher Scientific) before treatment with CDAs. N*-acetylcytidine,
N*-acetyl-2'-deoxycytidine, N*-benzoyl-2'-deoxycytidine, and N*-
isobutyryl-2'-deoxycytidine were purchased from Combi-Blocks
(USA), and N*-benzoylcytosine was purchased from Bide Pharma-
tech Ltd.

Comercial enzyme
Recombinant human CDA (CDA_Hsa) was obtained from
Sigma-Aldrich.

Synthetic nucleoside derivatives

N*-hexanoyl-2'-deoxycytidine, N*-nicotinoyl-2'-deoxycytidine,
N*-(3-acetyl)-benzoyl-2'-deoxycytidine, N*-(4-acetyl)-benzoyl-2'-
deoxycytidine, N*-(2-benzoyl)-benzoyl-2'-deoxycytidine, N*-(3-
benzoyl)-benzoyl-2'-deoxycytidine, and N*-(4-benzoyl)-benzoyl-

Urbeliené et al.,, Sci. Adv. 9, eade4361 (2023) 3 February 2023

2'-deoxycytidine were synthesized as described previously (40). Re-
maining compounds used in this study were synthesized by adapted
or modified procedures. Synthetic approach, schemes, and detailed
synthetic procedures are provided in the Supplementary Materials.

Functional screening of metagenomic libraries
Metagenomic libraries were constructed from soil and sediment
samples using pUC19 plasmid vector as described earlier (41).
The list of used libraries is described in the table S2. The selection
of CDAs was performed in uridine auxotrophic E. coli DH10B
ApyrFEC::Km (23) cells by using the published protocol (41).
False-positive hits were eliminated by the restreaking on M9
medium without uridine or uridine derivative (fig. SI1).

DNA sequencing and gene annotation

Nucleotide sequences were determined at Macrogen Europe, Neth-
erlands using the following sequencing primers: M13F-pUC (5'-
GTTTTCCCAGTCACGAC-3'), MI13R-pUC (5'-CAGGAAA-
CAGCTATGAC-3"), T7 promoter (5-TAATACGACTCACTA-
TAGGG-3'), and LIC reverse sequencing primer, 24-nucleotide
oligomer (5-GAGCGGATAACAATTTCACACAGG-3'). ORFs
were analyzed using Benchling (Biology Software), 2020, retrieved
from https://benchling.com. Homology search was conducted
using the Blast server (www.ncbi.nlm.nih.gov/BLAST). Phylogenet-
ic analysis was conducted using the neighbor-joining tree routine of
MEGA X software (version 10.0.5) (42). The sequence alignment
was performed using ClustalW in MEGA X.

Cloning, overexpression, and purification of CDAs

Metagenomic CDAs encoding genes, the genes of CDAs from E.
coli DH10B (CDA_Eco), and B. subtilis laboratory strain 35
(CDA_Bsu) genes were amplified with Phusion DNA polymerase
using primers listed in the table S6. Other CDA genes were synthe-
sized at Twist Bioscience, USA, South San Francisco. The cloning,
overexpression, and purification procedures were performed as de-
scribed previously (41). CDA_F14 for crystallization was addition-
ally purified by gel filtration on Superdex 200 (Cytiva).
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stress responses, or during action of mutagens. This research shows that various CDAs can catalyze the nucleophilic substitution at the fourth position of the heterocyclic
ring of N*-acyl-cytidines, N*-alkyl-cytidines, S*-alkylthio-uridine, and O*-alkyl-uridine derivatives subsequently, leading to the formation of uridine and respective amide,

amine, carbamate, thiol, or alcohol.

Construction of E. coli HMS174 ApyrFAcdd strain

E. coli strain BW25113 JW1273 from Keio collection (43) served as
the genetic source for the pyrF::FRT-kan®-FRT deletion cassette;
JW2131 strain for cdd::FRT-kan®-FRT deletion cassette. The dele-
tion cassettes were amplified using dpyrFF (5'-CTTCAGCGT-
CATCCGACCAT-3") and dpyrFR (5'-
CGCCTGCGAGTTTTACCTTC-3"), dCddF (5'-ACATTGCT-
TAATGCGATGCGT-3'), and dCddR (5'-GGGGAGATCCTG-
CAATTCGT-3") DNA primers. Chromosomal in-frame gene
deletions in E. coli and subsequent kan® marker removal were ac-
complished via a Quick & Easy E. coli gene deletion kit (Gene
Bridges GmbH).

Site-directed and random mutagenesis

Mutations in the CDAs genes were introduced by using the protocol
“Phusion Site-Directed Mutagenesis Kit" (Thermo Fisher Scien-
tific). Primer pairs used for specific mutagenesis listed in the table
S7. The primers were phosphorylated before polymerase chain re-
action (PCR). The mutant HQHH was prepared by using
C53HR56Q mutant as template DNA for PCR. A two-step muta-
genesis was used for random mutagenesis of selected regions. In
the first step, a pair of primes surrounding the region that will be
randomized, but not including it, was used to create a deletion of
the region of interest (primers F14_del83-85). In the second
round, one of the original primers was modified by adding a
random nucleotide overhang that fills the deleted region to its 5'
end, and the other primer was left unmodified (F14_mutdel83-
85). PCR fragments were ligated at 4°C for 18 hours, and after
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incubation, DNA plasmids of site-directed mutants were trans-
formed into DH5a E. coli cells and plated on LB agar plates supple-
mented with ampicillin (100 pg/ml). The functional screening of
active random mutants was selected by using E. coli HMS174
ApyrFAcdd strain and N*-benzoyl-2'-deoxycytidine as a 2'-deoxy-
uridine source (21). Isopropyl-p-p-thiogalactopyranoside (1 mM)
was added to a selective medium for induction of gene expression.

Test of substrate scope of hydrolases

A hydrolytic activity of enzymes was analyzed by TLC, HPLC-MS,
and GC-MS methods. Nucleosides (substrates) and hydrolysis reac-
tion products were tested by TLC and HPLC-MS method. Other
reaction products (amide, amine, thiol, and carbamate) were detect-
ed by GC-MS. TLC was conducted on the Merck silica gel 60 Fys,
plates using chloroform and methanol (5:1) mixture as eluent.
HPLC-MS analyses were performed using a HPLC system (Shimad-
zu, Japan) and a mass spectrometer (LCMS-2020, Shimadzu, Japan)
equipped with an electrospray ionization source. The chromato-
graphic separation was conducted using a Hydrosphere CI8
column. The data were analyzed using the LabSolutions LCMS
software.

The substrate scope of the CDAs was assayed in reaction mixture
containing 45 mM potassium phosphate buffer (pH 7.5), 1 pl of
enzyme (0.1 to 4.6 ug per reaction), and 4 mM substrate. The
total reaction mix volume was 20 pl. Reaction mixtures were incu-
bated at 30°C temperature up to 3 hours and at RT overnight.

The specific activity of CDA_F14 was assayed in reaction
mixture containing 45 mM potassium phosphate buffer (pH 7.5),
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2.15 or 21.5 ug of enzyme, and 4 mM substrate in a total reaction
volume equal to 50 pl. After incubation (2 min to 19 hours, 22° to
23°C), the reaction was stopped by adding 50 pl of acetonitrile. The
exact time of hydrolysis, the amount of enzyme in reactions, and the
calibration curves of quantification with different substrates are pro-
vided in datafile S1. The quantity of reaction product was analyzed
by HPLC at the ultraviolet 254-nm wavelength. The activity units
were calculated from the calibration curve of quantitative standards.
GC-MS analysis of hydrolysis reaction products

GC-MS analyses were performed with a Shimadzu GCMS-QP2010
Ultra Plus (Kyoto, Japan). Chromatographic separation was
achieved on a Rxi-5ms column (30 m x 0.25 mm internal diameter,
0.25 pm film thickness, Restek, USA) using helium as a carrier gas at
40 cm/s in a constant linear velocity mode (temperature program,
50°C (1 min), 50°C — 250°C (25°C/min); total run time, 15 min).
The temperature of injector, interface, and ion source were 250°C.
Detection was operated by selected ion monitoring mode [Electron
Tonization (EI) mode], data were collected and analyzed using the
GC-MS solution, version 2.71 (Kyoto, Japan). For GC-MS analysis,
the reaction mixture consisted of 45 mM potassium phosphate
buffer (pH 7.5), 2.4 mM substrate (from 50 to 100 mM stock in di-
methyl sulfoxide), and protein (0.5 to 1 mg/ml). The total reaction
mix volume was 1000 pl. The hydrolysis reaction products were ex-
tracted with ethyl acetate (3 x 400 pl).

Kinetic experiments

The deamination of N*-benzoyl-2'-deoxycytidine and 2'-deoxycyti-
dine was monitored by the decrease of absorbance at 310 nm
(Ae = cytidine 11,000 M~! cm™) or 290 nm (Ae = deoxycytidine
1600 M~ cm™?), respectively, using cuvettes maintained at 22° to
23°C. The reaction was started by adding an appropriate amount of
protein to potassium phosphate buffer (pH 7.5; 25°C) supplement-
ed with 0.3, 0.15, 0.1, 0.075, 0.05, 0.0375, 0.025, and 0.0125 mM N*-
benzoyl-2'-deoxycytidine or 1, 0.8, 0.5, 0.4, 0.25, 0.2, 0.1, and 0.05
mM 2'-deoxycytidine. In these experiments, the experimental error
in the measurements of the enzymatic activity has been determined
by performing repeated assays at least three times. Kinetic parame-
ters were calculated using Imfit-py 1.0.2 software, fitting the exper-
imental data to a simple Michaelis-Menten kinetics scheme.

t-SNE plot generation

The tested CDAs sequences were aligned by Clustal Omega (44).
The alignment was used as a query profile for search against
UniRef100 (26) using HHblits (45) sequence search tool. Sequences
were then clustered together with tested CDA variants using
MMseqs2 (46) easy cluster and 50% minimal sequence identity.
Clusters containing the tested sequences were pooled and reclus-
tered at 70% minimal sequence identity to obtain 1708 cluster rep-
resentatives. The distance matrix from the sequences was generated
using Clustal Omega. 2D embedding was calculated from the dis-
tance matrix using scikit-learn t-SNE module (27) with default set-
tings (early exaggeration, 12; learning rate, 200; and maximum
number of iterations, 1000), except that the embedding generation
perplexity was set to 7.

Protein crystallization and structure determination

The crystals of CDA_F14 were obtained by sitting drop vapor dif-
fusion method at 19°C by mixing 0.75 pl of CDA_F14 [16 mg/mlin
20 mM tris-HCI (pH 7.6; 25°C) and 100 mM NaCl buffer] with 0.75
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ul of the crystallization solution containing 28% 2-methyl-2,4-pen-
tanediol, 0.02 M magnesium acetate, and 0.1 M Na-MES (pH 4.6).
The crystals were flash-cooled for data collection at 100 K without
additional cryoprotection. The x-ray diffraction dataset was collect-
ed at the EMBL/DESY Petra III P13 beamline (Germany) at 100
K. XDS (47), SCALA, and TRUNCATE (48) were used for data pro-
cessing. The data collection and refinement statistics are presented
in table S5. The homology model of CDA_F14 prepared by SWISS-
MODEL server (https://swissmodel.expasy.org/) (49), using B. sub-
tilis CDA (PDB ID 1JTK chain A) as a template, was used for mo-
lecular replacement in Phaser (50). Manual rebuilding of the models
was performed in COOT (51), and the structure was refined with
phenix.refine (52). All molecular scale representations were pre-
pared using Chimera 1.16 (53).

Protein structure modeling

CDA_F14 homology modeling was carried out using either the Bi-
oinformatics Toolkit available at the Max Planck Institute for Devel-
opmental Biology (Tiibingen, Germany; https://toolkit.tuebingen.
mpg.de) (31, 54), Robetta available at https://robetta.bakerlab.org/
(55, 56), or AlphaFold2 API notebook available at https://colab.
research.google.com/github/sokrypton/ColabFold/blob/main/
AlphaFold2.ipynb (30). Modeling with the Bioinformatics Toolkit
homologous templates were found using HHpred (30). Good struc-
tures (probability of >95%, identity of >40%, and resolution of <2.5
A) were selected for homology modeling using MODELLER. The
default parameters were used for modeling with Robetta or Alpha-
Fold2. The best model overall was selected by comparing the quality
of models produced by different methods using VoroMQA (avail-
able at https://bioinformatics.It/wtsam/voromqa) (57, 58) and
checking for model agreement with known structures.

Molecular docking

Molecular docking was performed using Autodock Vina (28). Sub-
strates were docked into CDA_F14 poses obtained from molecular
dynamics simulations every 0.5 ns. Protein structures were prepared
for docking using USCF Chimera DockPrep software. Substrate
structures were prepared using Avogadro software, minimized
using GAFF force field, and protonated to pH 7.5. Molecular
docking was performed into each CDA active site separately.
Binding boxes were centered on Zn** ions found in the active
site, and their dimensions were determined by the size of the sub-
strate. Parameters used for docking were as follows: exhaustive-
ness = 50, num_modes = 20, and energy_range = 15. Docked
structures were selected according to distances between the sub-
strate and the residues relevant for the enzyme-substrate interac-
tions in CDAs. These selected structures were then used for
molecular dynamics simulations. The plot for embedding was gen-
erated using the 2D graphics package Matplotlib (59).

Molecular dynamics

Molecular dynamics were performed using AMBER16 software.
Protein structures were prepared using TLEAP, and substrates
were prepared using ANTECHAMBER. The protein structures
were parameterized using the ff14sb force field and substrates
were parametrized using the GAFF force field. The enzyme-sub-
strate complex was solvated using TIP3P molecular water in a box
with a distance of 35 A from the enzyme to the box boundary. The
system was neutralized by adding the needed number of Na* or Cl~
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ions. The simulation had five steps. First, the system was minimized
with sander and then heated to 300 K over 1 ns, then the system
pressure was equilibrated to 1 bar over 2 ns, and then the system
was equilibrated for a further 2 ns. The production simulation
was run for 100 ns. Simulations were performed in constant
volume periodic boundary conditions with isotropic pressure
scaling. For heating, equilibration, and production simulations,
the nonbonded cutoff was set to 12 A, the temperature was main-
tained using Langevin dynamics with a collision frequency of 2
ps™!, and the pressure was maintained using the Berendsen barostat.
The trajectory was integrated every 2 fs with the SHAKE algorithm
for bond length control. Analysis of trajectories was performed
using CPPTRAJ.

Assessing enzyme binding pocket SASA relationship with
substrate selectivity

Enzyme binding pocket SASA relationship to substrate selectivity
was checked for CDA enzymes modeled using AlphaFold2 and
CDA enzymes modeled with modeler software using the deter-
mined CDA_F14 crystal structure as a template. The modeled
monomers of CDA (CDA_EH, CDA_Lsp, CDA_Ppo, CDA_Pin,
CDA_Pco, CDA_Smo, CDA_Tar, CDA_Dfa, CDA_Hfi, and
CDA_Mtu) and crystal structures [CDA_F14 and CDA_Bsu
(PDB 1JTK)] were superimposed onto each other. Mouse CDA
monomer with bound cytidine (PDB 2FR6) was also superimposed
onto the structures. Atoms that were within 5 A of the cytidine in
mouse CDA were considered to belong to the binding pocket. Per-
atom SASA was calculated using the Shrake-Rupley algorithm (60)
implemented in the Biopython package version 1.79 (https://
biopython.org/) (61). Binding pocket SASA was determined by
summing SASA of atoms that were considered to belong to the
binding pocket. Substrate volume was calculated using RDKit
version 2022.03.1 (www.rdkit.org/). The Pearson correlation
between the binding pocket SASA and substrate volume was deter-
mined using NumPy version 1.22.3 (https://numpy.org/doc/stable/
index.html).
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