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The low toxicity of acyclovir (ACV) is mainly due to the fact that human nucleoside kinases have
undetectable phosphorylation rates with this acyclic guanine analogue. In contrast, herpes virus
thymidine kinase (HSV1-TK) readily activates ACV. We wanted to understand why human deoxycy-
tidine kinase (dCK), which is related to HSV1-TK and phosphorylates deoxyguanosine, does not accept
acyclic guanine analogues as substrates. Therefore, we crystallized dCK in complex with ACV at the
nucleoside phosphoryl acceptor site and UDP at the phosphoryl donor site. The structure reveals that
while ACV does bind at the dCK active site, it does so adopting a nonproductive conformation. Despite
binding ACV, the enzyme remains in the open, inactive state. In comparison to ACV binding to HSV1-
TK, in dCK, the nucleoside base adopts a different orientation related by about a 60° rotation. Our
analysis suggests that dCK would phosphorylate acyclic guanine analogues if they can induce a similar

rotation.

Introduction

Human deoxycytidine kinase (dACK“) demonstrates intrin-
sically high substrate promiscuity. Its role in the nucleotide
salvage pathway is to phosphorylate the pyrimidine nucleo-
side deoxycytidine (dC) as well as the purine nucleosides
deoxyadenosine (dA) and deoxyguanosine (dG).! Modifica-
tions of these physiological substrates in both the base and
sugar moieties are largely tolerated by the dCK active site.>
This has made dCK an essential enzyme for the activation of
myriad nucleoside analogues used to treat both cancers™> and
viral infections.®” Examples of tolerated substitutions include
the addition of a halogen at the base (e.g., cladribine®), sugar
(e.g., gemcitabine’), or at both locations (e.g., clofarabine'),
and of hydroxyl group in the sugar part (e.g., AraC and fluda-
rabine'""'?). Nucleosides of the nonphysiological L-form'* are
also efficiently phosphorylated by dCK (e.g., L-dC, L-dA>!%).
Remarkably, analogues of deoxycytidine in its L-form are
tolerated even when the ribose moiety is replaced by a di-
oxolane (as in the case of troxacitabine) or oxathiolane (as in
lamivudine) ring.

In contrast, the guanosine analogues acyclovir (ACV,
2-amino-9-((2-hydroxyethoxy)methyl)- 1 H-purin-6(9 H)-one)
and ganciclovir (GCV, 2-amino-9-{[(1,3-dihydroxypropan-2-
yl)oxy]methyl}-6,9-dihydro-3 H-purin-6-one)'> are not phos-
phorylated by dCK. ACV and GCV (for a schematic of the
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these compounds, see Figure 1A) are used to treat herpes
infections. These compounds owe much of their lack of
toxicity to the fact that human nucleoside kinases do not
convert them into their monophosphate form. Thus, only in
cells that possess a viral kinase such as the herpes virus
thymidine kinase type 1 (HSV1-TK) do these compounds
become activated. Because human dCK phosphorylates
dG'® and possesses an active site that tolerates diverse
modifications of the nucleoside, it is surprising that it does
not activate ACV or GCV. In comparison to the parent
compound dG, these antiviral compounds simply lack
atoms in the sugar moiety, so steric exclusion cannot be
the reason for their lack of acceptance by dCK. To under-
stand the factors that prevent ACV or GCV from being
phosphorylated by dCK, we solved the crystal structure of
the enzyme in complex with ACV. The crystallographic
asymmetric unit contains four monomers of dCK, and we
observe different binding modes of ACV in the dCK active
sites. Notably, all the binding modes represent a nonpro-
ductive binding conformation. Comparison of the dCK+
ACYV complex structure with the dCK complex structures in
which dG or dA are bound'®!'” provide an explanation for
the lack of phosphorylation activity with ACV. We extend
this analysis to rationalize the ability of HSVI-TK to
phosphorylate ACV/GCYV, while only marginally accepting
dG asa substrate.'® This molecular-level understanding can
guide the design of novel acyclic nucleoside analogues that
are accepted by human dCK, or alternatively, the design of
dCK variants that have been endowed with the ability to
phosphorylate acyclic nucleoside analogues such as ACV.
Such engineered enzymes could play a role in suicide gene
therapy application.

©2010 American Chemical Society
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Figure 1. Binding of ACV to human dCK. (A) Chemical structure of dG and its acyclic analogues GCV and ACV. (B) Parallel and
perpendicular views of ACV as bound in monA of the dCK+ACV+UDP structure. The terminal hydroxyl group in ACV that corresponds to
the ribose 5'-hydroxyl is labeled. (C) Analogous views of ACV from monB. (D) Analogous views of ACV from monD. (E) Similar to the
situation observed in the dCK+ACV complex structure, in the HSVI-TK+ACV complex structure, ACV adopts multiple conformations.
Shown are the parallel and perpendicular views of ACV in conformation 1. (F) Analogous views of ACV in conformation 2. (G) For reference,
shown are the analogous views of dG from the dCK+dG+UDP structure.

Results

Crystallization, Data Collection, and Structure Solution of
the dCK+ACV+UDP Complex. Human dCK catalyzes
phosphoryl transfer to the nucleoside acceptor using either
ATP or UTP as phosphoryl donors.'?*° We obtained crys-
tals of dCK in the presence of the nucleoside ACV at the
acceptor site and the nucleotide UDP at the donor site. This
complex mimics a dead-end complex and allows us to ob-
serve a state very similar to the one expected for the sub-
strates complex. Data to 2.1 A resolution were collected
using a home X-ray source. The structure was solved using
molecular replacement with PDB entry 2716 (dCK in com-
plex with dA and UDP) as the search model. Inspection of
the data revealed that the crystals were twinned. The struc-
ture was solved in the P4, space group with four molecules in
the asymmetric unit. Data collection and refinement statis-
tics are presented in Supporting Information Table S1.

Binding of ACV to Human dCK. Inspection of the nucleo-
side-binding sites (one in each of the four monomers in the
asymmetric unit) revealed electron density consistent with a
purine base. The electron density for the guanine portion of
ACYV was clearest in monomers A (monA) and B (monB), of
lower quality in monomer D (monD), and too weak for
confident modeling in monomer C (monC). In the mono-
mers for which we modeled ACV, the guanine moiety of the
nucleoside occupied similar positions. In contrast, the acyc-
lic sugar moiety took alternate conformations between the
four monomers (Figure 1B—D). The presence of multiple

conformations for the acyclic portion of ACV was also
observed in the crystal structure of HSV1-TK?' (Figure 1E.F).
This suggests that flexibility of the acyclic sugar moiety of ACV
is an inherent feature of this class of nucleoside analogues, even
when bound to the active site of enzymes. In our dCK structure
in complex with ACV, the most easily interpretable electron
density was observed for ACV bound to monB, and conse-
quently we will focus the analysis to this mode of ACV binding
to dCK. In contrast to the diversity in binding mode observed
for ACV at the nucleoside binding site, all four monomers had
identical electron density for UDP at the nucleotide binding site.
The structure was refined to a final crystallographic R-factors of
24.7%"°™ 28 9%,

Glutamine 97 is a critical residue in the dCK active site that
is observed to recapitulate Watson—Crick type interactions
with the nucleoside base.?” The ability of the glutamine side
chain to rotate and appropriately place its hydrogen bond
donor and acceptor moieties correctly explains the ability of
dCK to bind nucleosides with contrasting hydrogen bond
patterns (e.g., dA versus dG).'® In all previous structures of
dCK in complex with various nucleosides, GIn97 makes use
of both the hydrogen bonding donor (—NH, group) and
acceptor (—C=0 group) moieties to bind the base of the
nucleoside. In contrast, the ACV complex structure reveals
that the guanine base presents two hydrogen accepting
moieties to the side chain of GIn97: the carbonyl group at
position 6 and the nitrogen atom at position 7 (Figure 2A,B).
We modeled the side chain of GIn97 such that its amino
group interacts with the base carbonyl group. However, this



5794  Journal of Medicinal Chemistry, 2010, Vol. 53, No. 15

A \
R104 D133
ES2 F96 j
®
Qo7
R126 F137
ACV
Y
Y86

Hazra et al.

R104,

OH
R128"

\

/204

Figure 2. Ball-and-stick representation (A) and a schematic representation (B) of ACV binding to monB. Note the 4.4 A distance between the
side chain of Glu53 and the terminal hydroxyl group of ACV. Such a long distance precludes the activation of the nucleoside to attack the

phosphoryl donor.

constellation places the side chain’s carbonyl group in proxi-
mity (2.5 A) to the base’s N7 atom, which are both hydrogen
bond acceptors. The alternative GIn97 conformation, achie-
ved by rotating the side chain by 180°, would also result in
only a single favorable hydrogen bond interaction, with the
other being an unfavorable interaction. The fact that ACV
fails to build dual favorable hydrogen bond interactions with
GIn97 may explain the inability of this nucleoside analogue to
inhibit the dG phosphorylation rate of dCK (data not shown).

We asked what promotes ACV’s guanine moiety to bind in
this seemingly unfavorable state. The reason lies in the
nature of the interaction between ACV and the side chain
of Glu53. In our structure, we observe that the Glu53 side
chain interacts favorably (distance of 2.1 A) with the base
2-amino group (Figure 2B). Thus, it seems that this positive
interaction with Glu53 compensates for the nonoptimal
interactions between the base and GIn97. Additional polar
interactions between ACV and dCK involve the terminal
hydroxyl group of the acyclic moiety and the side chain of
Argl28. In terms of hydrophobic interactions between the
nucleoside and enzyme, the guanine base is sandwiched by
phenyl residues 96 and 137.

In summary, ACV is observed to bind in a mode not seen
before with complexes of dCK and nucleosides, in which
only one of the GIn97 side chain functional groups can build
a favorable hydrogen bonding interaction with the nucleo-
side. In terms of function, the conformation of ACV adopted
in the dCK active site is nonproductive because the terminal
hydroxyl group of the acyclic moiety is too far (> 4.4 A) from
the side chain of Glu53 (Figure 2B, red squiggly line). For
productive binding to occur, the carboxylic group of Glu53
must be able to activate the nucleoside’s hydroxyl group for a
nucleophilic attack on the y-phosphate of the phosphoryl
group donor (in the case of dCK, this being either ATP or
UTP).

Discussion

The goal of this work is to decipher the reasons that prevent
the guanine analogue ACV (and its homologue GCV) from

being phosphorylated by human dCK. The crystallographic
studies clearly demonstrate that ACV does bind at the nucleo-
side-binding site of the enzyme. So why does this dG-analogue
not become phosphorylated, whereas dG is a relatively good
dCK substrate?'® To address this question, we compared the
ACV binding modes observed in the dCK+ACV+UDP
complex to that of earlier dCK complexes observed with the
purines dG and dA, which were also solved in the presence of
UDP at the phosphoryl donor site.'®!”

ACY Binds to dCK with Nonproductive Conformations and
Fails to Elicit a Transition into the Closed and Active State of
the Enzyme. Our previous studies of dCK in complex with
the purines dG and dA revealed that the purine must bind
in the anti conformation for correct positioning.'®!” This
also applies to pyrimidine binding to dCK.*!*?>23 Binding
in the anti conformation places the sugar’s 5'-hydroxyl
group in proximity of Glu53. The putative role of this con-
served carboxylic acid is to supply the catalytic base that
activates the nucleoside 5'-hydroxyl group for nucleophilic
attack on ATP/UTP. Such a role for Glu53 is sup-
ported by the fact that mutation of Glu53 abrogates
activity (data not shown), as also seen when the analogous
glutamic acid of dNK (Glu52) is mutated.’* For a sequence
alignment between dCK and the other human nucleoside
kinases, the Drosophila nucleoside kinase (dNK), and
HSVI1-TK, see Figure 3. Thus, for productive nucleoside
binding to occur, the substrate must be so positioned that
its 5'-hydroxyl group can directly interact with the side-
chain of Glu53.

In the case of the dCK+dG+UDP ternary complex
structure (PDB ID 2Z17),'¢ the distance between the dG 5'-
hydroxyl group and Glu53 is 2.2 A. Therefore, this corre-
sponds to a productive binding mode. In contrast, in the case
of ACV binding to dCK, the corresponding distance is 4.4 A
at the conformation seen in monB (Figure 2) and larger for
the other monomers (ACV does not possess a ribose sugar;
hence the distance is measured from the ACV terminal
hydroxyl group that corresponds to a nucleoside’s 5'-hydro-
xyl group). On the basis of this criterion, it is clear that ACV
binds in a nonproductive fashion.
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Figure 3. Structure-based sequence alignment of human nucleoside kinases of the same family (deoxycytidine kinase (hdCK), deoxyguanosine
kinase (hdGK), mitochondrial thymidine kinase 2 (hTK?2)), drosophila nucleoside kinase (dNK) that is able to phosphorylate all four
nucleosides, and thymidine kinase from herpes virus, type I (HSV1-TK). Color scheme: orange for residues conserved in all five sequences,
yellow when at least 3 of the 5 residues are identical, the nonidentical residues in such cases are also colored yellow if homologous. The P-loop
and insert regions are indicated, as are select critical residues based on the dCK numbering. E53, acts to activate the 5'-hydroxyl group; W58
and Y86, indicators of the open and closed enzyme states; Q97, binds the base of the nucleoside; R104 and D133 are residues we have identified
to be responsible for the lack of thymidine kinase activity by dCK; R128, a part of the ERS motif, activates E53; R188, involved in binding the
nucleotide donor; R192/R194, in the Lid region, play a role in stabilizing the transition state; E197, seems to play a role in stabilizing the closed

state by directly interacting with the 3’-hydroxyl group of the nucleoside.

In addition to mispositioning of its hydroxyl group, ACV
binding fails to elicit a transition in dCK to its closed state. In
most known ligand-associated structures of dCK, the en-
zyme adopts a so-called “closed” conformation. An example
for the closed state would be the complex with dG at the
nucleoside site and UDP at the acceptor site.'® Recently, in
the structure of dCK in complex with the purine dA at the
acceptor site and UDP at the donor site, we observed a more
open enzyme conformation (PDB ID 2Z16).!” This “open”
conformation is not consistent with catalysis, requiring an
additional enzyme conformation step to bring the acceptor
nucleoside and donor nucleotide within interaction distance.
The superpositions of monB of the ACV+UDP complex
structure on that of the dA+UDP complex (representing the

open state) and on that of the dG+UDP complex (representing
the closed state) are shown in Figure 4. Whereas the super-
position with the open dA-containing complex structure shows
a very good fit (see arrows Figure 4A), clear differences are
seen with the closed dG-containing complex structure
(arrows, Figure 4B). The conformation adopted by dCK
when bound to ACV is similar within the four monomers in
the asymmetric unit (Supporting Information Figure S1
shows an overlay of the three monomers for which ACV was
modeled). The conclusion is that ACV fails to induce the
closed and active enzyme state.

Note that despite the fact that the dA+UDP complex was
observed in the open inactive state, dA can be phosphory-
lated by dCK using UTP as phosphoryl donor. Thus, the
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Figure 4. ACV binds to dCK but does not elicit the transition to the closed enzyme state. (A) Overlay of dCK in complex with ACV mon
B (light green) and dA (blue; PDB ID 2Z16). The nucleosides are at the center of the image, UDP at the right. The good fit between the structures
shows that ACV binds to the same open enzyme state as observed previously in the complex structure of dCK with dA+UDP. For visual clarity
only a single monomer of the dimeric dCK is shown. (B) Overlay of dCK in complex with ACV mon B (light green) and dG (light blue; PDB ID
2717). In the dCK complex with dG4+UDP, the enzyme adopts the closed state. Arrows point to regions where the differences in enzyme
conformation are most apparent. (C) A close-up of the overlay of ACV monB (light green) and dG (light blue). Note the different conformation
of Trp58 and Tyr86, which are indicators of the enzyme conformation “open” in the case of the ACV complex, “closed” in the dG complex.
Zoom on the nucleosides (right side) demonstrates the difference of guanine base orientation between the two complexes. To aid in seeing this
difference, a gray sphere highlights the guanine amino group at the 2-position. Note how the bases are related by a relative rotation of ~180°.

mere fact that we observed the enzyme in its inactive state
does not denote that the particular nucleoside in the complex
isnot a dCK substrate. It does, however, imply that a further
conformational change must occur before dCK can phos-
phorylate the nucleoside. The fact that there is no measur-
able phosphorylation activity with ACV (data not shown)
implies that this nucleoside gets trapped in an inactive dCK
state, which is likely to be very similar to the one we observe
in our structure.

The positions of Trp58 and Tyr86 act as differentiators
between the open and closed enzyme states (Figure 4C).
Trp58 is situated just prior, and Tyr86 just following, the
insert region (Figure 3). In the closed state, Trp58 is adjacent
to the base of the nucleoside, but it swings away in the open
state. The change of Tyr86 position is also significant
between the open and closed state. Notably, Tyr86 maintains
the interaction to the nucleoside 3'-OH group, as the change
in nucleoside position tracks the change in the position of
Tyr86 between the two states. Interestingly, Trp58 and Tyr86
are conserved among the human nucleoside kinases family
that includes dCK, dGK, and TK2 (TK1 forms its own dis-
tinct family), in the Drosophila nucleoside kinase (ANK), and
in HSVI-TK (Figure 3). Thus, it seems likely that this family
of nucleoside kinases uses these conserved residues to facil-
itate the transition to the closed and active state in response
to nucleoside binding.

Insight into the Ability of HSV1-TK to Phosphorylate
ACV. What structural feature of the nucleoside ACV pre-
vents it from binding in a productive conformation to dCK
and in inducing the closed enzyme conformation? It cannot

simply be the lack of a 3’-hydroxyl group because dideoxy-
cytidine and the cytidine analogues lamivudine and troxaci-
tabine are phosphorylated by dCK despite lacking a 3'-
hydroxyl.*'* Toward this understanding, we first analyzed
the productive binding of ACV to HSV1-TK.

The Achilles heel of the herpes virus is its kinase HSV1-
TK. This nucleoside kinase is highly promiscuous being able
to activate ACV and other acyclic nucleoside analogues such
as GCV. This fact is exploited for achieving selective ACV
activation in virally infected cells, which leads to chain
termination during viral replication. Why does this kinase,
a homologue of dCK (Figure 3 and Supporting Information
Figure S2), have the ability to phosphorylate ACV whereas
dCK does not? The crystal structures of HSV1-TK in com-
plex with thymidine (dT; PDB ID 1KIM) and with ACV
have been reported (PDB ID 2K15).2! The overlay of HSV1-
TK active site residues from the dT and ACV complex
structures is depicted in Figure 5. Analogous to our observa-
tion with dCK, the acyclic portion of ACV binds to HSV1-
TK in multiple conformations. Critically, in one of the con-
formations (labeled ACV conf 1 in Figure 5), the hydroxyl
group in ACV that would act to attack ATP is only 3.3 A
away from the side chain of Glu83. This carboxylic acid
corresponds to Glu53 in dCK (Figure 3). Thus, in the HSV1-
TK complex, an active conformation is attained that brings
the nucleoside hydroxyl group to the correct position for
being activated by the carboxylic acid. This explains why
ACVisasubstrate for HSVI-TK. Remember that in the case
of dCK, the corresponding distance from the ACV hydroxyl
group to the side chain of Glu53is 4.4 A or greater depending
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Figure 5. Upon binding to HSVI-TK, ACV achieves the critical
close contact between the terminal hydroxyl group and the activat-
ing glutamic acid. Shown is an overlay of HSV1-TK in complex with
thymidine (red; PDB ID 1KIM) and ACV (yellow; PDB ID 2KI5).
ACYV binds in two conformations, labeled conf1 (orange) and conf2
(yellow). Gray spheres indicate the positions of the hydroxyls that
would become phosphorylated. Note that both in the case of dT and
ACV-confl binding, a close contact is achieved between the termi-
nal hydroxyl group and the side chain of Glu83. Therefore, the
carboxylic acid can activate either nucleoside to attack the
y-phosphate of the phosphoryl donor. Inset: side view parallel to
the base of the nucleosides. While the position of the guanine base is
similar to that of the thymine base, they are not totally parallel.

on the ACV binding mode. These distances preclude activa-
tion of ACV by Glu53. An additional point made apparent
by this superposition is that ACV adopts a quasi-syn con-
formation when binding to HSV1-TK. In contrast, dT binds
in the anti conformation.

We next wanted to understand the reasons that make dG a
very poor HSVI-TK substrate (5% of the thymidine phos-
phorylation rate'®), whereas it is a good dCK substrate.'®
Because there is no crystal structure of HSVI1-TK in complex
with dG, we modeled its binding. One option to model dG
binding to HSV1-TK assumes that the common guanine base
present in ACV and dG will occupy the same position. As the
nucleoside conformation for dG, we used the one observed in
the dCK+dG complex structure and overlaid the guanine
moiety between ACV and dG (Figure 6A). This superposition
reveals that ACV in fact binds to HSV1-TK upside-down in
comparison to the way dG binds to dCK. This overlay re-
capitulates the previous observation that ACV is in the quasi-
syn conformation, in contrast to the anti conformation of dG.
From this modeling study, it follows that, were dG to bind to
HSVI-TK and keep the same base position for the guanine
moiety as seen with ACV, its sugar group would point the 5'-
hydroxyl group away from the catalytic Glu§3, and would in
fact clash with Tyr101 (Figure 6A, red arrow). Thus, this
mode of binding of dG to HSV1-TK does not occur. In other
words, the residual activity observed with dG for the enzyme
HSVI-TK means that dG must bind in a different mode than
the dG-analogue ACV.
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An alternative approach to model dG binding to HSV1-
TK is to assume that it would bind in an analogous fashion to
dT binding to HSV1-TK, or for that matter, in a similar way
as dG binds to dCK. To address this possibility, we overlaid
the HSV1-TK structure in complex with dT with that of dCK
in complex with dG (Figure 6B). This overlay reveals the
factors that disfavor dG from binding in this manner. Most
important would be the presence of a repulsive interaction
between the side chain of Argl76 and the amino group
present in the guanine base (Figure 6B, red arrow). An
additional factor may be the lack of a positive interaction
that takes place in dCK, where the side chain of Argl04
interacts with the guanine carbonyl group (Figure 6B, green
arrow). HSVI1-TK lacks this arginine residue and has a
tyrosine in its place. The favorable role of an arginine at this
position for dG phosphorylation is supported by the fact that
in dGK, which phosphorylates both dG and dA, does indeed
contain an arginine at this position, whereas TK2, which
does not phosphorylate dG, has a methionine at this position
(Figure 3). However, the lack in HSVI-TK of an arginine
residue at this position may be a secondary reason for dG not
being a good substrate, because dNK, which also lacks an
argiglsine at the analogous position, can still phosphorylate
dG.

In conclusion to this section, HSVI-TK binds the purine
ACV in a productive fashion, but this is achieved by turning
the base upside-down as compared to a physiological nucleo-
side. Moreover, the acyclic nucleoside analogue adopts a
quasi-syn conformation, in contrast to the anti conformation
adopted by deoxyribose-containing nucleosides when bound
to nucleoside kinases. The same explanation would apply to
the similar guanine analogue GCV. In fact, the two con-
formations seen for ACV in the HSV1-TK complex structure
mimic the structure of GCV. Note that HSVI-TK binds dT
in the right-side-up mode (Figure 5), and hence, it is a
substrate. It is the acyclic nature of the ACV/GCV sugar
moiety that permits the upside-down mode of binding to
HSVI1-TK. Lacking this conformational flexibility in the
sugar moiety, dG cannot bind in an analogous manner as
ACV. Thus, the only way dG can bind to HSV1-TK is to
adopt a binding mode similar to that seen with dT. Such
binding has to overcome several disfavorable interactions,
and this clarifies the very low rate of dG phosphorylation by
HSVI-TK.

Insight into the Inability of dCK to Phosphorylate ACV. In
complete reversal with HSV1-TK, dCK can phosphorylate
dG well but ACV not at all. Yet, it is a trivial undertaking to
fit ACV in place of dG at the dCK active site, as the only
difference between the two nucleosides is the lack of C2’ and
C3’in ACV (see Figure 1). So, why does ACV not adopt such
a conformation when bound to dCK? We suggest that the
presence of a rigid sugar ring is required to place dG correctly
in the dCK active site, and its absence in ACV results in the
mispositioned binding we observed. Supporting this hypoth-
esis is the result of modeling dG binding to dCK in the same
position as ACV (Supporting Information Figure S3). This
analysis reveals that steric hindrance between the deoxyri-
bose ring of dG and Met85 and Tyr86 would prevent dG
binding in the same position as we observe ACV binding to
dCK.

What are the unique features in HSVI-TK compared to
dCK that allow the viral enzyme to phosphorylate ACV? To
address this question, we overlaid the ACV complex struc-
tures of HSVI-TK (representing the active state) and dCK
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Figure 6. Modeling dG binding to HSV1-TK. (A) We superimposed a dG molecule (light blue) on the ACV molecule based on the common
guanine base, using the HSV1-TK ACV structure (yellow). ACV makes positive interactions with Glu83 and Argl78 (green arrows). Were dG to
bind in the same position, the ribose ring would be too close to Tyr101 (red arrow). Hence, dG cannot bind to HSV1-TK in a similar fashion as
ACYV. (B) Overlay of the HSV1-TK structure in complex with dT (red) on the dCK structure in complex with dG (light blue). Argl76 would act to
repel dG due to the unfavorable interactions with the guanine amino group (red arrow), and would also lack the positive interaction present in dCK
between Argl04 and the guanine carbonyl group (green arrow). These factors suggest the reasons that make dG a very poor HSV1-TK substrate.
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Figure 7. Contrasting ACV binding to dCK (light green) and HSV1-TK (yellow). For clarity, only the ACV conformation that brings the terminal
hydroxyl group closer to the catalytic glutamic acid is shown. In both enzymes, the guanine base is in the same location, but different by a relative
rotation of ~60°. The bidentate interaction between Argl76 of HSVI-TK and ACV cannot be made by dCK, where the homologous residue is
Leul41. The relative rotation of the nucleoside in HSV1-TK positions the terminal hydroxyl group within 3.3 A to Glu83. Lacking this interaction in
dCK, the terminal hydroxylis 4.4 A from Glu53. Thus, Glu53 is too far to be able to activate the hydroxyl group for attack on the phosphoryl donor,
revealing why ACV is not phosphorylated by dCK. Inset: the plane of the guanine base is slightly offset between its position in dCK and in HSV1-TK.

(representing the inactive state). Because ACV binds to the analysis to the ACV conformation that brought its 5'-
HSVI-TK and dCK with multiple conformations, we limited hydroxyl-equivalent nearest to the catalytic glutamic acid
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(Figure 7). This comparison reveals that the guanine moiety
of ACV binds at approximately the same plane (Figure 7,
inset) but at a different angle between the two enzymes.
Despite high conservation of active site residues between
dCK and HSVI-TK, the ACV in dCK is ~60° rotated versus
that in HSVI-TK (Figure 7). The consequence is a longer
distance, 4.4 versus 3.3 A, between the terminal hydroxyl
group and the activating carboxylic acid (Glu53 in dCK,
Glu83 in HSVI1-TK). This difference in orientation seems to
be due to the interaction between ACV and Argl76in HSV1-
TK. Argl76 makes a bidentate interaction with the guanine
base. As a result of the Argl76-guanine base interaction, the
nucleoside adopts a different orientation relative to that
adopted when bound to dCK. In dCK, the residue at the
equivalent position to Argl76 is a leucine, so this interaction
cannot be recapitulated. Note that the difference in position
of Tyr86 (dCK) and Tyr101 (HSVI-TK) is due to the fact
that dCK is in the open conformation. In the closed dCK
enzyme state, Tyr86 overlays perfectly on Tyr101.

Conclusion

Nucleoside analogues with an acyclic sugar moiety such as
ACYV and GCV have become important antiviral agents. The
pharmacological action of this class of compounds is depen-
dent on their initial activation by a viral kinase such as the
HSVI1-TK. In contrast, no human nucleoside kinase activates
these prodrugs to a significant extent and, in particular,
human dCK, while a highly promiscuous enzyme, does not
phosphorylate these guanine analogues. The structure of dCK
in complex with ACV presented here, and the comparison
with the dCK structure in complex with dG, exposed the
unexpected finding that guanine-containing nucleosides have
two potential modes of binding. If a cyclic sugar moiety is
present, such asin dG, only one of these modes of binding is an
option. In this case, the nucleoside is in the anti conformation.
However, if an acyclic sugar moiety is present, as in ACV, an
alternative mode of binding, where the nucleoside is in a quasi-
syn conformation, is preferred. This analysis pertains to both
dCK and HSVI1-TK. The difference though is that only in
HSVI-TK does this alternative mode of binding resultin ACV
positioning that is consistent with catalysis. Comparison of
our structure to that of HSVI-TK with ACV revealed the
difference in active sites that enables HSV1-TK to phosphory-
late ACV. Residue Argl76 of HSVI1-TK positions ACV so
that its terminal hydroxyl group is at interaction distance to
the catalytic Glu83. Because dCK has a leucine residue at the
analogous position, such positioning of the nucleoside does
not take place. This understanding can guide the development
of novel acyclic nucleosides that are phosphorylated by hu-
man dCK. The criteria for such compounds would be the
inclusion of functional groups that promote an orientation as
seen in HSV1-TK.

Experimental Section

All laboratory reagents were purchased from Fisher and
Sigma. Human dCK was expressed and purified as described
carlier.’ We used the C,4S variant (a mutant in which cysteines 9,
45, 59, and 146 were exchanged with serines) of dCK because this
variant is more amenable for crystallization and has been shown
to be a good mimic of wild-type dCK.> Crystals of dCK (at 20 mg/
mL) in complex with ACV and UDP (both at 5 mM) were
obtained by vapor diffusion from hanging drops (1 uL of
protein/nucleoside/nucleotide mix plus 1 uL reservoir) using a
reservoir solution that contained 0.90—1.5 M trisodium citrate
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dihydrate and 100 mM HEPES, pH 7.5. The crystals were grown
at 12 °C. X-ray data on a frozen crystal cryoprotected with
mineral oil were collected at UIC using a RAXIS-IV*? detector
mount on a Rigaku RH-200 rotating anode X-ray generator.
Data were processed using XDS.?® The crystal structure was
solved by molecular replacement, using the program MOLREP?’
and dCK structure 2716 as search model. Refinement of the
structure was done by using REFMAC?® and model rebuilding
accomplished with the graphics program O.* Figures were
prepared using MOLSCRIPT?® and RASTER3D.*! The coordi-
nates and structure factors were deposited at the RCSB under
accession code 3MJR.
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