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A uridine-cytidine kinase (UCK) catalyzes the phosphor-
ylation of uridine (Urd) and cytidine (Cyd) and plays a
significant role in the pyrimidine-nucleotide salvage path-
way. Unlike ordinary ones, UCK from Thermus thermo-
philus HBS8 (ttCK) loses catalytic activity on Urd due to
lack of a substrate binding ability and possesses an un-
usual amino acid, i.e. tyrosine 93 (Tyr93) at the binding
site, whereas histidine (His) is located in the other UCKs.
Mutagenesis experiments revealed that a replacement
of Tyr93 by His or glutamine (Gln) recovered catalytic
activity on Urd. However, the detailed molecular mecha-
nism of the substrate specificity has remained unclear.
In the present study, we performed molecular dynamics
simulations on the wild-type ttCK, two mutant ttCKs,
and a human UCK bound to Cyd and three protonation
forms of Urd to elucidate their substrate specificity. We
found three residues, Tyr88, Tyr/His/GIn93 and Argl52
in ttCKs, are important for recognizing the substrates.
Argl52 contributes to induce a closed form of the bind-
ing site to retain the substrate, and the N3 atom of Urd
needed to be deprotonated. Although Tyr88 tightly bound
Cyd, it did not sufficiently bind Urd because of lack of
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the hydrogen bonding. His/GIn93 complemented the
interaction of Tyr88 and raised the affinity of ttCK to
Urd. The crucial distinction between Tyr and His or GIn
was a role in the hydrogen-bonding network. Therefore,
the ability to form both hydrogen-bonding donor and
accepter is required to bind both Urd and Cyd.
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Introduction

Nucleoside triphosphates (NTPs) are essential for orga-
nisms as energy sources and biosynthetic materials for nucle-
otides such as RNA and DNA. Since their complete biosyn-
theses from small molecules require a relatively high energy,
the organisms recycle bases and nucleosides through a sal-
vage pathway after consuming the NTPs. Uridine-cytidine
kinase (UCK) is one of rate-limiting enzymes in the salvage
pathway [1] and catalyzes the phosphorylation of two sub-
strates, i.e., uridine (Urd) and cytidine (Cyd). UCK transfers
the y-phosphate groups in the adenosine triphosphate (ATP)
to Urd or Cyd, and produces uridine monophosphate (UMP)
or cytidine monophosphate (CMP), respectively. Subse-
quently, UMP and CMP are further phosphorylated by other
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enzymes into uridine triphosphate (UTP) and cytidine tri-
phosphate (CTP).

UCK has also attracted attention in a cancer treatment,
because analogues of Urd and Cyd can act as its antimetab-
olite and suppress the growth of cancer cells by inhibiting
the RNA synthesis. It was shown that the analogues must be
triphosphorylated for the antimetabolic effect, and UCK cat-
alyzes the initial phosphorylation of this process [2]. In this
sense, UCK is recognized as a target protein for anti-cancer
agents. Therefore, elucidating the substrate-binding mecha-
nism of UCK is critically relevant not only for molecular
biology, but also for cancer treatment.

Substrate-free and substrate analogue-bound structures of
a human UCK were determined by X-ray experiments in
2004 [3]. In the latter structure, the substrate analogue is
buried in a groove between the lid and  hairpin domains and
forms a complex with UCK. In order to form the substrate-
bound structure (closed form), two domains come close to
each other to capture the substrate, and the substrate is then
placed in a suitable position for the phosphorylation.

Unlike other UCKs, UCK taken from Thermus thermo-
philus HB8 (Thermus thermophilus UCK: ttCK) cannot act
on Urd, but only on Cyd [4]. In the substrate-binding site of
ttCK, tyrosine 93 (Tyr93), is located (see Fig. 1) in place of
a histidine (His) commonly found in other UCKs. When the
Tyr93 residue was replaced by His (Y93H) or glutamine
(Y93Q), the catalytic activities of these mutants on both Urd
and Cyd were recovered [4]. However, the molecular mech-
anism, i.e., why the 93rd amino acid residue highly influ-
ences the substrate specificity, is not clear at all.

For the bound Urd states, three different forms; the keto
(k), enol (e) and deprotonated/enolate (d) states, were exam-
ined in the present study. Hereafter we abbreviated them as

Tyr88

cytidine

Arg152

Tyr93

k-Urd, e-Urd, and d-Urd, respectively, for simplicity. Inter-
actions between side chains of amino acids located in the
binding site of WT ttCK and Cyd, k-Urd, e-Urd or d-Urd are
schematically illustrated in Figure 2. When hydrogen atoms
are attached to heavy elements in the crystal structure of the
UTP-bound human UCK (PDBID: 1UEI) [3], a hydrogen
atom on the N3 atom of k-Urd sterically conflicts with the
side chain of Argl76. The same conflict was observed in k-
Urd-bound ttCK (Fig. 2B). Therefore, Urd bound to UCK may
be in other forms, i.e., e-Urd (Fig. 2C) or d-Urd (Fig. 2D),
which have no hydrogen atoms on the N3 atom. The tauto-
merization energy of k-Urd into e-Urd in an aqueous solu-
tion is estimated to be 11.76 kcal mol™ [5], and the deproton-
ation energy of k-Urd is approximated as 3.02 kcal mol™
judging from the pK =9.2 of uridine. Thus, compared to the
highly unstable e-Urd, d-Urd is slightly unstable compared
to k-Urd in aqueous solutions.

In order to investigate the detailed molecular mechanism
of the substrate specificity of the UCKs, we performed molec-
ular dynamics (MD) simulations on the wild-type (WT) ttCK,
two different ttCK mutants, and the human UCK with Urd
and Cyd. For determining the binding free energy, the MM-
PBSA approach was employed [6]. Based on these structural
and energetic analyses, the substrate specificity of UCK and
the roles of several amino acid residues including Tyr93
were elucidated. In the following section, the computational
details are first given. The numerical results and discussion
are then summarized in Sec. 2. Finally, the conclusions are
listed in Sec. 3.

1. Materials and Methods
The starting structure of the WT ttCK with Cyd was taken

Figure 1 A structure of the binding site (left) and overall structure (right) of the WT ttCK binding cytidine (Cyd). The proteins are shown as
ribbon models and Cyd, Tyr88, Tyr93, and Argl52 are shown as stick models. Each subunit of the dimer of ttCK is colored cyan and yellow. Cyd is
colored green on its carbon atoms. The lid and B hairpin domains are colored orange and purple, respectively. All the structural images in this article

are produced by VMD [15].
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Figure 2 Interactions between the side chains of Tyr88, Tyr93, and Arg152 in WT ttCK and the base moiety of Cyd (A), k-Urd (B), e-Urd (C)

or d-Urd (D). Hydrogen bonds are indicated by dotted lines.

from the crystal structure of the CMP-bound WT ttCK
(PDBID: 3ASZ) [4] by deleting the phosphate group from
CMP. The structures of the Y93H and Y93Q mutant ttCKs
were manually constructed from the WT-ttCK model. The
starting structure of the human UCK was obtained from the
crystal structure of a human Cyd-bound UCK 2 (PDBID:
1UEJ) [3], and the six undetermined residues were provided
using FREAD [7]. Side chains of His were set to be unpro-
tonated in accordance with the pH=8.0 environment of the
enzyme assay experiments [4]. The substrates examined in
this study were Cyd and the three protonation states (k-, e-,
and d-) of Urd. For these substrates, the General Amber
Force Field (GAFF) parameters were adopted [8], in which
the atomic charges of the substrates were determined by
performing the B3LYP/6-31G(d) level calculation using the
Gaussian09 program package [9] and by converting their
charge density distributions to the RESP atomic charges
using the Antechamber program in Amber 14 [10-12]. On
the other hand, for the proteins, a general-purpose AMBER
force field (ff14SB) was adopted. All the MD calculations
were performed using the GROMACS 4.6 package [13]. We
utilized the ACPYPE program [14] to convert the Amber
input files to the GROMACS format. All the molecular
images in this article were created by VMD [15].

The protein was initially placed in a periodic box of
95 Ax91 Ax93 A size for the WT and mutant ttCKs or
82 Ax109 Ax94 A size for the human UCK solvated with
~20000 TIP3P water molecules. Six or eight Cl™ ions were
added to neutralize the net charge for the systems with d-Urd
or other substrates, respectively. The particle-mesh Ewald
(PME) method [16] with a 10 A short range cut-off was
employed. First, only the hydrogen atoms were optimized
with constraints on the heavy atoms. The constant pressure
ensemble (NPT) simulations at P=1 (bar), 7=300 (K), and
At=21fs were then performed for 50ns. Since the MD
simulations were initiated on the substrate-binding crystal
structures of UCKs, the systems reached steady structure
based on RMSD values within 50ns (see Supplementary
Figure S1). The substrates came off the UCKs by 30ns at
latest when the complex structures were unstable. Thus, we

regarded the 50-ns long MD simulations as enough to sample
the complex structures. From the 10-50ns MD trajectory
data, the binding free energies (AG) were calculated by the
MM-PBSA method using the MMPBSA.py program [6] in
the AmberTools of Amberl4. In the actual calculations, one
subunit in the dimer of the UCK-substrate complex was used,
and a continuous Poisson-Boltzmann model was adopted
to take into account the solvation effects [17]. The entropy
term was calculated by normal mode analysis and the con-
tributions to the AG, were evaluated by TAS. In order to
investigate fluctuations of the substrate in the binding site,
AGy was calculated from each 0.5ns trajectory. For the
detailed interaction analysis of AG, between UCK and the
substrates, a short-time trajectory (length of 4.8 ns from an
arbitrary time point) was used. We checked that in the short-
time trajectories, the substrates stayed in the binding site of
UCK, so that the root mean square deviations (RMSDs)
measured from the initial structures were not significantly
changed. The averaged AG, of the short-time trajectory was
calculated every 20 ps. For the AG; calculation of Urd, the
tautomerization (AE=11.76 kcal mol™") and the deprotona-
tion energy corrections (AE,=3.02 kcal mol™") were added to
AG, for e-Urd and d-Urd, respectively.

2. Results and Discussion

2.1 Binding free energy and contribution of each residue

Depending on the substrates and UCKs, some substrates
highly migrated from the initial binding site and the calcu-
lated AG,, fluctuated during the MD simulations. In order to
show the intrinsic substrate binding feature and the distribu-
tions, scatter plots of AG,, vs. the substrate RMSD are shown
in Figure 3, where AG,, was calculated using the MM-PBSA
approach every 0.5ns. Cyd was bound to all four types of
UCKs with a low AG, (-16 to 20kcal mol™), and the sub-
strate distributions were localized nearby its original binding
position found in the crystal structure (RMSD=0.5-1.5 A)
(Fig. 3A). On the other hand, k-Urd had a relatively high
AG, for all the types of UCKs. Urd sometimes left the bind-
ing site of UCK and moved at most RMSD=9 A from its



80 Biophysics and Physicobiology Vol. 13

cytidine
60 T T T T T T T T
50 | WTt#CK  + ]
YO93H ttCK ~ x
40 - Y93Q tHCK  * 7]
30 human UCK i

binding free energy [kcal/mol]
n
o
T

RMSD [A]

enol uridine

binding free energy [kcal/mol]

RMSD [A]

4 5 6 7 8 9

keto uridine

binding free energy [kcal/mol]
N
o
T

_30 I | | I | | | |
0 1 2 3 4 5 6 7 8 9
RMSD [A]
deprotonated uridine
%‘ 60 T T
E 50 -
S 40 .
=,
> 30+ .
§ 20 .
o 10 B
¢ o -
© -10 .
£
i -20 | ]
a8 -30 [ | 1 1 | | 1
0 1 2 3 4 5 6 7 8 9
RMSD [A]

Figure 3 The binding free energy distributions of four types of UCK binding Cyd (A), k-Urd (B), e-Urd (C) and d-Urd (D) vs. RMSD of the
substrates from its crystal structure. Both the energy and the RMSD were calculated at each 0.5 ns in the MD simulation and on each subunit of the

dimer.

original position (Fig. 3B). The RMSD values nearly reached
5 A, showing that k-Urd was not stable in all the UCKs. AG,
of e-Urd were comparable to that of Cyd (Fig. 3C). The
RMSD values of e-Urd were mostly less than 3 A. Based on
these analyses, it is possible that the WT ttCK forms a stable
complex with e-Urd, though this result is not consistent with
the experimental results that the WT ttCK does not exhibit a
catalytic activity on Urd [4]. Therefore, once e-Urd is formed
in aqueous phase or in the catalytic pocket, it might be stabi-
lized by WT ttCK. However, these reactions may not occur
due to high potential barriers. For d-Urd, large distributions
over AGy=-15 to 15 kcal mol"' and RMSD=1-3 A (Fig. 3D)
was observed. For human UCK, the binding energy of d-Urd
is lower than those of k- and e-Urd. This result indicates
that Urd is bound to UCKSs in the d-Urd form. Note here that
for the WT ttCK, the distribution around RMSD=4-5 A were
frequently observed and their AG, values were low enough
(=20 to Okcalmol™), which suggested that d-Urd could
form a stable complex with the WT ttCK, but their binding
states were not proper in the catalytic process. On the other
hand, both for Y93H and Y93Q the distribution around
RMSD=1-3 A with low AG, (-20 to Okcalmol™') were
often observed, though another remarkable distribution is
found around RMSD=4-5 A with higher binding energy.
This result suggests that Y93H and Y93Q bind to d-Urd.

The binding free energies, AG,, between the UCKs and
these substrates are summarized in Table 1, where the AG, is
defined as AG,=G (complex)—(G (substrate)+G (protein)).
These AG, values were calculated using the short-time trajec-
tories over 4.8 ns simulations when the substrates remained
in the binding sites of UCK, even if the substrates were not
tightly bound to UCKs. Judging from AG, ranging from
—4.82 to —0.52 kcal mol™!, Cyd can bind to the four types of
UCKs. Among ttCKs, the Y93H and Y93Q mutant ttCKs
have higher binding affinities to Cyd than the WT does by
1.14 and 0.85 kcal mol™!, respectively. In contrast, k-Urd

Table 1 Calculated binding free energy (AG, in kcalmol™) for the
substrates in the binding sites of UCKs. For the calculation, the time
regions with a relatively small fluctuation and distortion of the sub-
strates were selected

Cviidi Uridine (Urd)
tidine
UCK ”
(Cyd) enol deprotonated
keto (k) () (dy
WT -0.52 1.53 13.57 8.57
ttCK  Y93H -1.66 2.87 11.46 0.15
Y93Q -1.37 7.67 10.80 -5.92
human UCK —4.82 3.07 14.60 -2.75

2 Correction for the tautomerization energy = 11.76 kcal mol™! is included.
b Correction for the deprotonation energy = 3.02 kcal mol™ is included.



showed low binding affinities with the four types of UCKs
(AG4=1.53 to 7.67 kcal mol ™). Furthermore, k-Urd was not
stably bound to the human UCK (AG,=3.07 kcal mol™),
which has a natural activity toward Urd. The positive AG, of
e-Urd for all cases indicates that the Urd does not take e-Urd
form. We found that d-Urd substantially increased its affini-
ties with the Y93H, Y93Q mutant ttCK and the human UCK
compared to the WT ttCK (by 8.42, 14.49 and 11.32 kcal mol™',
respectively). These results are consistent with the experi-
ments that human UCK and mutant ttCKs can bind Urd.
Because d-Urd is negatively charged and UCKs possesses
some positively charged amino acid residues (Lys19, Arg142,
Argl4s, Argl50, and Argl52 in ttCK) near the active site,
AG, of d-Urd tended to be low due to the attractive electro-
static interaction between the negatively charged substrate
and the positively charged amino acid residues. On the
other hand, AG, of d-Urd with the WT ttCK is still high
(AG,=8.57kcal mol™) compared to AG, of that with the
mutant ttCKs and the human UCK. Thus, it can be consid-
ered that the mutations from Tyr93 to His or Gln play an
important role in the substrate binding affinity. Thus we
should further analyze the mutational effects on the structure
and energetics in more detail.

In order to quantitatively evaluate the contribution of each
amino acid residue to AG,, we performed energy decompo-
sition analyses on the results obtained by the MM-PBSA
calculations [18]. It was found that eight amino acid residues
mainly contributed to stabilizing the substrates (Figs. 4 and
5). In the Y93H mutant ttCK, Tyr59 and Phe90 interact with
the substrate to form n-m stackings, and Ile113 interacts with
the substrate via a hydrophobic interaction. Asp60 and
Argl42 formed direct hydrogen bonds to the ribose moiety
of the substrate, and Tyr88, His93, and Arg152 formed hydro-
gen bonds to the base moiety of the substrate. It is note-
worthy that Argl152 (Argl76 in the human UCK) showed a
positive AG,, to the k-Urd (Fig. 5B). Tyr88 (Tyrl12 in the
human UCK) also showed a negative AG,, to Cyd in the four
types of UCKs. However, Tyr88 (Tyr112) reduced the con-
tribution to the three types of Urds in some UCKs, i.e., k-Urd
in the human UCK, e-Urd in the Y93H and Y93Q mutant
ttCKs, and d-Urd in the Y93Q mutant ttCK (Fig. 5B, C, D).
Therefore, we regarded Argl52 and Tyr88 (Argl76 and
Tyr112 in human UCK) as key amino acid residues in the
substrate specificity of UCK. The roles of these residues and
Tyr/His/GIn93 (His117 in human UCK) are discussed below.

2.2 Roles of Argl52 in ttCK

The k-Urd showed a low affinity with the four types of
UCKSs (Table 1), and the repulsive interactions with Argl152
(or Argl76 in the human UCK) were significantly observed
(Fig. 5B). Thus, Arg152 is the major reason for the low affin-
ity of k-Urd, which has the H atom bound to the N3 atom in
its base moiety. This H atom repels the side chain of Arg152.
In the MD simulations, when the repulsive interaction exists,
UCK could not keep the closed-form structure capturing

Tanaka et al.: Uridine-cytidine kinase 81

Figure 4 The amino acid orientations at the binding site of the
Cyd-binding Y93H ttCK obtained from the MD simulation. Tyr59 and
Phe90 form n-n stackings and CH-xt interaction with Cyd, and Ile113
interacts with Cyd via a hydrophobic interaction. Tyr88, His93, and
Arg152 form hydrogen bonds with the Cyd base moiety, and Asp60 and
Arg142 anchor the ribose moiety.

Urd (Fig. 6). The distance between the lid and the B hairpin
domains increased roughly from 5 to 10-15 A during the
simulation, and Urd left the binding site of UCK. Therefore,
an attractive interaction between Argl52 (or Argl76) and a
substrate is crucial for the substrate binding of UCK. In the
crystal structure of the human UCK binding UTP (PDBID:
1UE]) [3], the position of the H atom bound to N3 is too
close to the side chain of Argl176. Because the pK, values of
Arg and Urd are 12.1 and 9.2, respectively, Urd was consid-
ered to be in the deprotonated form.

2.3 The role of His/GIn93 complementing the interaction
between Tyr88 and the substrate

Tyr88 can form a hydrogen bond with the amino group on
the C4 atom of Cyd (see Fig. 2) or the carbonyl group of Urd
as an acceptor or a donor, respectively. During the simula-
tions, Tyr88 sufficiently stabilized the Cyd, but could not
sufficiently bind k- and e-Urds to keep it in the active site. In
the case of d-Urd, the direction of the hydroxyl group in
Tyr88 frequently changed (Fig. 7). This means that the hydro-
gen bond was not continuously formed with the substrates.
There was another carbonyl group of the Lys44 backbone
in the opposite direction from the substrate (Fig. 8). When
Tyr88 made a hydrogen bond with Lys44, Tyr88 could not
make a hydrogen bond with d-Urd (Fig. 8C), but could with
Cyd (Fig. 8A), because both the carbonyl group of the Lys44
backbone and d-Urd were hydrogen-bond acceptors (Fig. 8B
and C). Consequently, d-Urd lost its attractive interactions
with the binding site and moved away from the binding site
in the case of WT ttCK.

To keep Urd at the binding site, it is necessary for another
interaction to hold Urd. Although Tyr93 was located at the
proper position in the WT ttCK, its side chain was too large
and could bind neither Cyd nor Urd (Fig. 9A and B). On the
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Figure 5 The binding free energy contributions from the dominant eight amino acids in the UCKs. Note that residue indexes are given for WT
and mutant ttCKs/human UCK. The residue indexes with a superscript (a) indicate for WT ttCK/Y93H ttCK/Y93Q ttCK/human UCK.

other hand, His93 was also located at the proper position in
the Y93H ttCK mutant (Fig. 4) and had a side chain with a
suitable size. This could be used as both a hydrogen-bond
acceptor and donor by transferring its H atom between the
&- and d-positions (Fig. 9C and D) or rotating its side chain.
The same mechanism was true for His117 in the human
UCK [3]. GIn93 in the Y93Q ttCK mutant also played a
key role in serving as a hydrogen-bond acceptor or donor,
because it contained both a carbonyl group and an amino
group (Fig. 9E and F). Due to the positions of its carbonyl
and amino groups, GIn93 also could form hydrogen bonds
with Tyr88 and d-Urd at the same time (Fig. 9F). Since
His/GIn93 could simultaneously bind Cyd with Tyr88, the
Y93H and Y93Q ttCK mutants further gain a higher affinity

to Cyd than the WT even if the WT already had a certain
affinity to Cyd. Therefore, to bind both substrates, i.e., Cyd
and Urd, UCK needs a key amino acid residue having the
following two characteristics: (1) the proper small size of its
side chain, and (2) a geminal hydrogen-bonding ability to
behave both as a hydrogen-bond acceptor and donor. Both
His and Gln satisfy these requirements.

3. Conclusion

The detailed molecular mechanisms of the substrate spec-
ificity of UCK were investigated by MD simulations and
binding free energy analyses. Based on these analyses, Urd
was bound to ttCK in the deprotonated form in the present



Figure 6 The distance between lid and B hairpin domains of ttCK
increased when binding the k-Urd. The initial structure and the final
structure of the 50 ns MD simulation are colored cyan and pink, respec-
tively.
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Figure 7 The angle of O (hydroxyl group of Tyr88)—H (hydroxyl
group of Tyr88)—N (amino group of cytidine) or O (carbonyl group of
uridine). An angle of around 30 or 180 degrees indicates that Tyr88
serves as a hydrogen-bond acceptor or donor, respectively. While
Tyr88 kept the hydrogen bond with Cyd mostly over the simulation
(purple), it frequently lost the bond with Urd (green).

Figure 8 A backbone carbonyl group of Lys44 located near Tyr88 which binds both the carbonyl group and Cyd (A). In the case with Urd,

Tyr88 binds either Urd (B) or the carbonyl group of Lys44 (C).

study, though the natural form of Urd in the aqueous phase is
the keto form. Three amino acid residues in ttCK, Tyr88,
Tyr/His/GIn93 and Argl52, were found to be crucial for
recognition of the substrates. Argl52 bound and enveloped
the substrate by keeping the lid and B domains closed to
form a stable complex. Tyr88 could stably bind the amino
group on the C4 atom of Cyd as a hydrogen-bond acceptor.
However, it could not bind the carbonyl group of d-Urd as a
donor, because another carbonyl group of Lys44 exists near
the hydroxyl group of Tyr88 to form the hydrogen bond.
Since the carbonyl group of d-Urd was held only by Tyr88 in
the WT ttCK, d-Urd easily lost its hydrogen-bonding inter-
action with the WT ttCK. Indeed, d-Urd was released in the
MD simulation. By replacing Tyr93 with His or Gln, the
residue can interact with d-Urd and recover the binding
ability due to forming hydrogen bonds. Since His93 and
GIn93 exhibited the abilities to behave both as an acceptor
and a donor, they could bind both Cyd and Urd.
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Figure 9 The interactions of Tyr88 and Tyr93 with Cyd (A) or Urd (B); His93 with Cyd (C) or Urd (D); GIn93 with Cyd (E) or Urd (F). Tyr93
completely lost the hydrogen-bonding interaction with the substrates. His/GIn93 simultaneously bound the substrates with Tyr88.
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