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ABSTRACT: The physiological role of human deoxycytidine kinase (dCK) is to phosphorylate deoxynucleo-
sides required for DNA synthesis, with the exception of thymidine. Previous structural analysis of dCK
implicated steric factors, specifically the thymine methyl group at the 5-position, that prevent thymidine
phosphorylation by dCK. This hypothesis is supported by the observation that mutations that enlarge
the active site cavity in proximity to the nucleoside 5-position endow dCK with the ability to phosphory-
late thymidine. However, in conflict with this hypothesis was our discovery that the cytidine analogue
5-methyldeoxycytidine (5-Me-dC), an isostere of thymidine, can indeed be phosphorylated by wild-type (WT)
dCK. To reconcile this seemingly contradicting observation, and to better understand the determinants
preventing thymidine phosphorylation by WT dCK, we solved the crystal structure of dCK in complex with
5-Me-dC. The structure reveals the active site adjustments required to accommodate the methyl group at the
5-position. Combination of kinetic, mutagenesis, and structural data suggested that it is in fact residue Asp133
of dCK that is most responsible for discriminating against the thymine base. dCK variants in which Asp133 is
replaced by an alanine and Arg104 by select hydrophobic residues attain significantly improved activity with
5-substituted deoxycytidine and thymidine analogues. Importantly, the ability of the designer enzymes to
activate 5-substitued pyrimidines makes it possible to utilize such nucleoside analogues in suicide gene therapy
or protein therapy applications that target cancer cells.

Human deoxycytidine kinase (dCK)' is responsible for con-
verting the pyrimidine deoxycytidine (dC) and the purines
deoxyadenosine (dA) and deoxyguanosine (dG) into their mono-
phosphate forms (/). In addition to its purine—pyrimidine
promiscuity, dCK is endowed with the ability to phosphorylate
nucleoside analogues with modifications in the base, sugar, or
both moieties (2, 3). It is this characteristic that has made dCK a
critical enzyme required for the pharmacological activity of
numerous nucleoside analogues that are used to treat viral
infections (4) and cancer (5). Yet, dCK does not phosphorylate
thymidine; the role of phosphorylating this nucleoside is carried
out in the cytoplasm by human thymidine kinase 1 (TK 1) and in
the mitochondria by human thymidine kinase 2 (TK2) (6). It is
worth mentioning that, in contrast to mammals, the fruit fly
contains a single nucleoside kinase that phosphorylates any type
of nucleoside (7).

We are developing a targeted approach against cancer that is
based on delivering a nucleoside kinase with unique activities to
the cancer cells. To attain such a unique kinase, we have selected
to engineer human dCK (dCK®™) (8). The concept is to deliver
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the gene, or the gene product, of dCK*N in a specific manner to
cancer cells. Subsequent administration of nucleoside analogues
that are not substrates for the endogenous nucleoside kinases, but
that are substrates of the delivered dCK®™, would result in the
activation of the nucleoside analogues only in cells that accumu-
lated dCKEN. This will lead to selective killing of the targeted
cells.

We reasoned that dCK engineered to acquire thymidine kinase
activity might provide an enzyme with a unique activity profile
for combined treatment with thymidine analogue prodrugs. Our
goal is to design variants of dCK that can phosphorylate
thymidine analogues that are not substrates of either TK1 or
TK2 (9). We favored modifying dCK to become a thymidine
kinase over the alternative choice of expanding the substrate
repertoire of one of the two human thymidine kinases for the
following reasons: in the case of the cytosolic thymidine TK1, it is
known that this relatively substrate-specific kinase uses main-
chain atoms to bind the nucleoside (/0), which significantly
complicates the enzyme engineering process. In the case of the
mitochondrial TK2 (/7), the essential structure information
needed to guide protein engineering is not available.

As mentioned previously, the enzyme dCK currently plays a
critical role in the activation of important nucleoside analogues
used for the treatment of different cancer types (12) (e.g., cytara-
bine, gemcitabine, cladribine, and fludarabine) and viral infec-
tions (/3) (e.g., lamivudine and emtricitabine). If the concept is to
improve the activation of established nucleoside analogues to
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eradicate the cancer by delivering a nucleoside analogue acti-
vating kinase to cancer cells, why not simply deliver wild-type
(WT) dCK to the targeted tumor cells? The problem with such an
approach is that most cells constitutively express dCK at some
level, the enzyme not being cell cycle regulated, in contrast to
TK1. In fact, the clinical use of these compounds is hampered by
toxic side effects on nontumor cells (/4). Therefore, delivery of
additional WT dCK to tumor cells, for the purpose of promoting
the phosphorylation of any of the above nucleoside analogues,
would still be complicated by systemic activation of these
compounds through endogenous dCK. To avoid prodrug activa-
tion in nontargeted cells, it is imperative to identify a nucleoside
analogue that is not phosphorylated by any human kinase, yet is
a substrate of the delivered engineered enzyme.

Toward endowing dCK with thymidine kinase activity, we
performed structural studies of the enzyme in complex with
pyrimidine and purine substrates (3, 8, 15—19). This work
suggested a mechanism of steric exclusion of the 5-methyl group
of the thymine base by the active site residues Glu53 and Argl04
as the cause for the very poor thymidine kinase activity of
WT dCK (20). Circumventing this steric problem by repla-
cing Glu53 with a smaller residue was not an option since this
carboxylic acid is essential for catalytic activity. Therefore,
we focused on exchanging Argl04, whose positive charge
has no role in catalysis, to a residue with a smaller side
chain. We simultaneously replaced Argl04 with the slightly
shorter methionine and Asp133 with an alanine, since Asp133
directly interacts with the guanidinium group of Argl04. And
indeed, this double mutant (R104M-D133A) attained thymi-
dine kinase activity (20).

However, if steric reasons were the sole factor behind the lack
of thymidine kinase activity of dCK, then the isostere of
thymidine, the dC analogue 5-methyldeoxycytidine (5-Me-dC),
should also be excluded by dCK. Here we report the unexpected
observation that 5-Me-dC yet is a substrate of WT dCK. To
understand how WT dCK accommodates 5-Me-dC, we solved
the crystal structure of the enzyme in complex with 5-Me-dC at
the nucleoside acceptor site and ADP at the phosphoryl donor site.
The structure exposes the precise active site adjustments needed to
accept this S-modified deoxycytidine analogue by WT dCK. Impor-
tantly, it also prompted us to modify our previous explanation for
the exclusion of thymidine by dCK to include both steric and
electrostatic factors. From electrostatic considerations, the presence
of an aspartic residue at position 133 acts to favor pyrimidines with
a cytosine base and exclude those with a thymine/uracil base. Size
remains a major factor in discriminating against S-substituted
pyrimidines. Increasing the cavity size in proximity of the base
5-position by varying the residue at position 104, concomitant with
the D133A mutation, resulted in dCK variants with increased
activity toward 5-substituted dC and thymidine analogues.

MATERIALS AND METHODS

Materials. General laboratory reagents were purchased from
Fisher (Pittsburgh, PA) and Sigma Aldrich (St. Louis, MO).
Enzymes were purchased from New England BioLabs (Ipswich,
MA) unless indicated otherwise. DNA samples were purified using
the EndoFree plasmid maxi kit (Qiagen, Valencia, CA) according
to the manufacturer’s protocols. Primers were purchased from
Sigma. 1-dU, 1-dT, and the 5-substitued dC analogues were
purchased from ChemGenes Corp., Wilmington, MA. All other
nucleosides and nucleotides were obtained from Sigma.
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Site-Directed Mutagenesis. Point mutations were gene-
rated using the QuikChange site-directed mutagenesis kit
(Stratagene, La Jolla, CA). Gene sequences were confirmed by
DNA sequencing.

Protein Expression and Purification. C41 (DE3) Escheri-
chia coli was transformed with the wild-type (WT) dCK or the
dCK R104-D133 double mutants in the pET14b vector, grown in
2YT media, and induced with 0.1 mM IPTG over 4 h at 37 °C.
Cells were harvested, and the pellet was lysed by sonication.
Lysates were cleared by centrifugation at 30000g for 1 h at
4 °C and subjected to purification with HisTrap HP (GE
Healthcare) following the supplier’s protocol. After elution with
250 mM imidazole, the protein was further purified by gel
filtration using an S-200 column. Protein fractions were pooled,
concentrated, aliquoted, frozen in liquid nitrogen, and stored
until use at —80 °C.

Human TK2 was cloned into a pET14b vector by PCR using a
commercial brain cDNA library. For improved expression, we
truncated the seven N-terminal residues, substituted cysteine
222 with a glycine, and expressed TK2 as a fusion protein
with SUMO. This version of TK2 (pET14b-SUMO-TK2[ATN;
C222@G]) was purified using a HisTrap HP column, with the
eluted protein subject to SUMO-tag cleavage by SUMO pro-
tease. TK2 was further purified by gel filtration, concentrated to
10 mg/mL, and kept frozen until use.

Kinetic Assay. The activities of WT dCK and mutants and of
TK2 were determined using an NADH-dependent enzyme-
coupled assay and a Cary UV spectrophotometer (8, 217). All
measurements were performed in triplicate at 37 °C in a buffer
containing 100 mM Tris, pH 7.5, 100 mM KCI, 10 mM MgCl,,
and 1 mM ATP. For data in which k., is given, a single
nucleoside concentration of 200 uM was used. The enzyme
concentration was 0.33 uM. For data in which K, and kg,
values are given, the nucleoside concentration was varied with all
other components being fixed. Data were fit to the Michaelis—
Menten equation using SigmaPlot.

Crystallization, X-ray Data Collection, and Refinement.
Crystals of WT dCK complexed with 5-Me-dC + ADP were
grown at room temperature using the vapor diffusion method
from hanging drops (1 uL of protein at 8§ mg/mL, 5 mM
5-Me-dC, and 5 mM ADP mixed with 1 uL of reservoir buffer)
using a reservoir solution that contained 0.9—1.5 M trisodium
citrate dihydrate and 100 mM Tris, pH 7.5. Crystals were
cryoprotected with mineral oil, and diffraction data were col-
lected from a single frozen crystal using a RAXIS-IV** detector
mount on a Rigaku RH-200 rotating anode X-ray generator.
Data were processed with XDS (22). The structure was solved by
molecular replacement using the program MOLREP (23) and the
dCK structure 1P5Z as search model. Refinement was carried out
with REFMAC (24). Data collection and refinement statistics are
presented in Table 2. Arginine 128 is the sole residue in the
disallowed region of the Ramachandran plot, a feature constant
in all human dCK structures.

RESULTS AND DISCUSSION

Endowing dCK with Thymidine Kinase Activity. Pre-
viously we reported that the dCK double mutant R104M-
D133A acquired thymidine kinase activity (20), with both the
physiological p-form of dT and its enantiomeric r-form; see
Table 1, section A. This finding is congruent with our earlier
observations on the structural features that allow dCK to
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Table 1: Observed Rate (kops) of WT dCK, R104X-D133A Double Mutants, and Human TK2 (s~")

section nucleoside WT dCK R104M-D133A R104L-D133A R1041-D133A R104Q-D133A TK2

A p-dC 0.040+0.001° 1.84 +£0.04¢ 0.214+0.09¢ 0.06+0.01° 0.08£0.01° 0.44+£0.02
p-dT 0.008 £0.001¢ 1.15+£0.01¢ 2.86 £0.09¢ 0.40 £ 0.01° 0.10 £0.06° 0.70 £0.04
L-dT 0.017 +0.002¢ 1.95+0.09¢ 1.07 £0.09¢ 0.19 £0.02¢ 0.15 £0.02¢ 1.50£0.02
p-dU 0.021 £0.002 0.370 4 0.005 1.84 4 0.08 0.55£0.07 0.100 £0.005 0.57+0.01
L-dU 0.02740.001 0.59+ 0.02 2.38+0.13 0.51+0.06 0.140 £ 0.001 0.90£0.02

B 5-Me-dC 0.080 £ 0.004 0.280£0.013 0.180£0.014 0.027 £0.001 0.110£0.022 0.260£0.014
5-bromo-dC 0.050 £0.001 0.25040.001 0.076 £0.017 0.01240.005 0.060 £ 0.004 0.25040.010
5-iodo-dC 0.03140.007 0.16040.013 0.086 4 0.002 0.02340.001 0.070 £ 0.003 0.14540.209
5-propynyl-dC 0.01440.002 0.380 +0.001 0.11540.006 0.023 £0.002 0.027 4 0.002 0.093 £ 0.009

C BVdU 0.010£0.001 0.57+0.06 1.16 £0.08 0.190 £ 0.040 0.100 £ 0.020 0.180£0.013

“kops are for a nucleoside concentration of 200 uM, plus | mM ATP. bStandard deviation. ‘Data from Hazra et al. (20).

phosphorylate both the p- and 1-form of nucleosides (3, 15). We
next examined which other dCK modifications at position 104
would be consistent with thymidine kinase activity. On the basis
of size and environment considerations, we tested select large
hydrophobic and noncharged residues (Table 1). The best double
mutant for this purpose, R104L-D133A, acquired an observed
rate (kop) of ~2.9 s~ with D-dT as substrate, a 350-fold increase
over the thymidine kinase rate of WT dCK (ks is the rate
observed at 200 uM nucleoside, 1 mM ATP, 37 °C). This
thymidine kinase rate is 4-fold higher than that measured with
TK2 (Table 1, section A) and comparable to the rate with
TK1 (10).

If steric reasons were the sole factors behind the exclusion
of thymidine by WT dCK, it would be predicted that 5-methyl-
deoxycytidine (5-Me-dC) would also not be a substrate of dCK
(5-Me-dC is isosteric with dT). Conversely, deoxyuridine (dU)
would be predicted to be a good substrate since it lacks the
5-methyl group present on thymidine (dU is isosteric with dC).
Both of those predictions were incorrect, as shown by the kinetic
data with WT dCK (Table 1). In fact, under the conditions tested,
5-Me-dC was phosphorylated by WT dCK at a &, 2-fold faster,
and dU was phosphorylated at a ks 2-fold slower, than dC.
These results revealed that steric factors alone do not account for
the very low thymidine phosphorylation rate of WT dCK. The
chemical structures of these and other nucleosides discussed in
this report are presented in Figure 1.

Structure of WT dCK in Complex with 5-Me-dC and
ADP. Why, in contrast to thymidine, is 5-Me-dC a substrate of
WT dCK? To address this question, we solved the crystal
structure of WT dCK in complex with 5-Me-dC at the nucleoside
binding site and ADP at the nucleotide binding site. Data
collection and refinement statistics for this complex are provided
in Table 2. The overall structure of WT dCK in complex with
5-Me-dC 4 ADP is almost identical to that observed with other
pyrimidine nucleosides (rmsd to the p-dC + ADP complex (PDB
ID 1P5Z) is 0.56 A over 226 atoms). The electron density at the
nucleoside binding site clearly shows the presence of the methyl
group at the 5 position of 5-Me-dC (Figure 1B). 5-Me-dC is
bound in the anti conformation, thereby conserving the orienta-
tion seen with dC (8). Overlay of the 5-Me-dC + ADP and dC +
ADP structures reveals that, in order to accommodate the
5-methyl group, there is slight adjustment in the position of the
nucleoside in combination with repositioning of side chains of
Argl04 and of Glu53 (Figure 2A). For comparison, the position
of 5-Me-dC modeled as if it were to bind at the exact position of
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FIGURE 1: (A) Chemical structure of the nucleoside analogues ex-
amined. In the case of dT and dU, both the physiological p-form and
nonphysiological L-form were tested. (B) Electron density map (blue)
for 5-Me-dC, shown as ball-and-stick representation.

dC is shown in Figure 2B. To minimize steric hindrance with
Glu53 and Argl04, the base of 5-Me-dC shifts ~0.2 A relative to
the position observed with p-dC (Figure 2C). In a counter
movement, the side chains of Glu53 and Argl04 adjust their
position. The combination of these slight, 0.2—0.6 A, changes in
positions suffices to make room for the methyl group at the
S-position. We realize that the conformational change of the
nucleoside is close to the coordinate error at our resolution.
However, we note that since the change in nucleoside position
encompasses the whole molecule and not a single atom, this slight
shift seems to be real. The changes in conformation of the enzyme
side chains in response to 5-Me-dC binding are >0.5 A, so those
changes are well resolved in our structures.
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Table 2: Summary of Data Collection and Refinement Statistics for the
WT dCK 5-Me-dC + ADP Complex

data collection statistics
X-ray source

rotating anode

wavelength (A) 1.54 (Cu anode)
temperature (K) 100
resolution range (A) 1.96—30.0
reflections

observed 210295

unique 39888
completeness (%)” 99.0 (95.5)
Ry (%) 4.6 (35.7)
1jo(1) 23.0 (4.1)
space group 222,
unit cell (A)

a 52.74

b 132.95

¢ 156.89
molecules per au 2

refinement statistics

Reryst (%) 19.34
Riree (%) 23.90
number of atoms

protein 3862

nucleoside 34

ADP 54

water 257
rms deviation

bond length (A) 0.013

bond angle (deg) 1.501
average B-factors (A?)

overall chain A 29.38

main chain A 28.72

side chain A 30.01

overall chain B 26.32

main chain B 25.66

side chain B 26.97

ADP 20.90

nucleoside 20.90

waters 34.22
Ramachandran plot (residues in)

most favored region (%) 923

additionally allowed regions (%) 6.6

generously allowed regions (%) 0.7

disallowed regions (%) 0.4

“Values for the highest resolution shell are in parentheses.

In a previous study of the binding of L-dT to the R104M-
D133A dCK double mutant (20), we observed that the nucleoside
binds more deeply in the active site relative to the positioning of
dCbound to WT dCK (Figure 3). The deeper positioning of L-dT
is made possible by the space generated due to the double
mutations. The need to limit steric repulsion between the
S-methyl group of dT and the side chain of GluS3 provides
the driving force for this deeper positioning. However, in the
case of 5-Me-dC complexed with the WT enzyme, a similar
shift by the nucleoside is not possible. In this case, we observe
that 5-Me-dC binds in a similar position as dC, and it is
predominantly the enzyme that compensates for the presence
of the 5-methyl group by repositioning the side chains of Glu53
and Argl04 (Figure 2). An overlay of 5-Me-dC, dC, and 1-dT
shows the relative positioning of the three nucleosides (Figure 3,
panels B and C).

This analysis of the structure of WT dCK in complex with
5-Me-dC + ADP revealed that some positional flexibility of the
Glu53 and Argl04 side chains is tolerated. This was not obvious
previously, since GluS3 requires precise positioning for dCK
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activity. Glu53 functions to catalyze phosphoryl transfer by
promoting the deprotonation of the nucleoside 5'-OH group
(mutation of Glu53 to either an alanine or glutamine abolishes
activity; data not shown). This deprotonation increases the
nucleophilicity of the nucleoside, thereby promoting its reaction
with the nucleotide y-phosphate. To retain activity, any reposi-
tioning of Glu53, due to the presence of a substituent at the
5-position of a cytosine base, must maintain its ability to fulfill its
catalytic role. The enzyme being able to tolerate a methyl group,
we asked what other 5-position substituents would be tolerated
by dCK. Halogens such as bromine or iodine at this position
were still compatible with dCK activity (Table 1, section B). Sur-
prisingly, even the larger propynyl group (—C=C—CHj;) is
accepted, albeit with a penalty in rate, compared to compounds
with a smaller substituent. These results reveal the unexpected
and surprising adaptability of WT dCK to dC analogues with
substituents at the 5-position.

We also determined the observed rates of 5-Me-dC and that of
its isostere thymidine with the dCK double mutants that we
generated. The highest ks were seen with the mutants that had
either a methionine or a leucine at position 104. As expected, the
increased space due to these smaller residues (relative to arginine
in WT dCK) in proximity to the S5-position resulted in an
increased phosphorylation rate with the double mutants in
comparison to that attained by WT dCK. For 5-Me-dC, the
enzyme variant with the highest observed phosphorylation rate
had the methionine at position 104 (Table 1, B). In contrast, for
the isosteric D-dT, the highest ks was seen for the enzyme that
had a leucine at position 104. Interestingly, while in both cases the
phosphorylation rates of the p-dT and 5-Me-dC were much
improved by the mutant enzymes compared to the rates with WT
dCK, the observed rate of 5-Me-dC was 10-fold lower than that
with D-dT. As p-dT and 5-Me-dC are isosteres, this suggests that
while the size of the cavity plays a role in determining the rate of
phosphorylation, other factors are also important.

The kinetic data in Table 1 were obtained at a fixed nucleoside
concentration of 200 M. Since phosphorylation efficiency is a
function of both rate and K, values, we also performed a full
kinetic analysis for many of the nucleosides discussed here with
WT and mutant dCK; see Supporting Information Table S1.
When comparing the catalytic rate (k.,,) and K, values for the
isosteric nucleosides p-dT and 5-Me-dC, measured with the
methionine-containing double mutant, we observe a lower Ay
with 5-Me-dC (0.36 versus 1.74 s~ ') that is compensated by a
much lower K, value (4 versus 144 uM). Thus, in terms of
catalytic efficiency (1.e., keai/Km), S-Me-dC is ~7-fold better than
p-dT. We note that a common feature observed with dCK is the
correlation between a low K, value and a low phosphorylation
rate (8).

Rationalizing the Lack of Thymidine Kinase Activity by
WT dCK. The observation that even bulky substituents at the
cytosine base S-position are accepted as substrates by WT dCK
begs the questions: What impedes dT from being phosphory-
lated, and why is dU, with only a hydrogen at the 5-position, such
a poor substrate? Re-examining all available kinetic and struc-
tural data suggested that the answer lies in the nature of the
residue at position 133. In WT dCK, this residue is an aspartic
acid. When dC binds at the active site, its 4-amino group forms an
attractive interaction with the side chain of Asp133 (Figure 2A).
The same would apply for 5-Me-dC. However, in the case of dT
or dU, which have a carbonyl group at position 4, a repulsive
interaction occurs, which discriminates against their productive
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FIGURE 2: A slight shift in position of the nucleoside, plus adjustment of the side chains of Glu53 and Argl04, allows WT dCK to
accommodate the additional methyl group present in 5-Me-dC versus dC. (A) Superposition of the WT dCK p-dC + ADP complex (green;
PDB ID 1P5Z) on the WT dCK 5-Me-dC 4+ ADP complex (gray). 5-Me-dC is positioned slightly further from Argl04. (B) A theoretical
model of 5-Me-dC (yellow) were it to bind at the same position as p-dC. Such a binding mode would produce unfavorable close contacts
with Glu53 (2.6 A) and Argl04 (2.8 A). (C) The adjustments made by the active site residues due to the methyl group of 5-Me-dC include a
shift of the side chain of Glu53 by 0.6 A, Argl04 by 0.5 A, and the nucleoside itself by 0.2 A. The shift of Glu53 increases the distance to the

methyl group from otherwise 2.8 to 3.4 A.

binding at the active site of WT dCK. In the case of the double
dCK mutants that are described here, Asp133 is replaced by an
alanine. This eliminates the repulsive interaction, allowing effi-
cient phosphorylation of both dT and dU (Table I, section A).

The conclusion of these studies is that the main factor that
prevents WT dCK from being a thymidine kinase is the negative
interaction between Aspl133 and dT’s carbonyl group at the
4-position. In the absence of this conflict, as the structure of WT
dCK in complex with 5-Me-dC demonstrates, the methyl group
at the 5-position could be accommodated by repositioning of the
Glu53 and Argl04 side chains. Does this suggest that the single
mutation of D133A would suffice to convert human dCK to a
thymidine kinase? Previously, using a thymidine kinase-deficient
E. coli strain, it was observed that dCK harboring the single
D133A mutation could not complement for the deficiency (25).
This suggests that the DI133A variant is either devoid of
thymidine kinase activity, is unstable, or both. We favor the
latter explanation, since, in the context of the single mutation
D133A, the arginine at position 104 is left without its charge-
stabilizing partner. Thus, to add thymidine kinase activity to
dCK, both Asp133 and Argl04 need to be changed.

Our structural analysis of WT dCK in complex with 5-Me-dC
explains how a dC analogue with a S-subsituent can be accom-
modated as a substrate. Not surprisingly, as the substituent size is
increased, the observed rate decreases. For example, with the
small methyl group at the 5-position (i.e., 5-Me-dC), the kqps
is 0.08 5!, whereas with the larger S-propynyl group at this
position, the rate is reduced to 0.014 s~ (Table 1, section B). In
contrast, with the R104M-D133A variant of dCK, where the
cavity near the 5-substituent is enlarged, bulkier substituents
can be accepted without penalty (Table 1, section B). Thus, in the
case of this dCK variant, 5-propynyl-dC has a rate of 0.38 s
(a 27-fold increase over WT dCK), whereas 5-Me-dC has a rate
0f 0.28 s ' (only a 3.5-fold increase over WT dCK).

Identifying Thymidine Analogues That Are Phosphory-
lated Efficiently by the Engineered dCK Variants. The
potential translational aspect of this work is to employ the
engineered dCK variants to activate 5-modified pyrimidine
analogues, in the context of suicide gene therapy or protein
therapy strategies. The desired properties of such analogues are
that they are not, or only poor, substrates for human nucleoside
kinases, yet efficiently phosphorylated by dCK*™. In comparison
to WT dCK, the R104M-D133A dCK variant exhibits a modest
2-fold increased catalytic efficiency with AraC but an ~2-fold
decrease with gemcitabine (Supporting Information Table S1).
Since these dC analogues compete with dC, the ideal mutant
dCK enzyme would have negligible dC efficiency. This is not
the case for the R104M-D133A dCK variant. In fact, the effi-
ciency for dC increased by ~25-fold in the mutant (Supporting
Information Table S2). As a result, the ratio between the
efficiency for the physiological substrate dC versus that for the
dC analogues has actually increased for the mutant enzyme.
This suggests that the R104M-D133A dCK variant is not
promising for the enhancement of dC analogue activation. Of
note, the increased K, value for the substrates dA and dG
increased considerably for the mutant dCK, thus significantly
reducing competition of purine analogues with these natural
dCK substrates.

In contrast, BVdU and the L-nucleoside analogues L-dT and
L-dU appear to be prospective compounds for this ap-
proach. Foremost, WT dCK has very low efficiency with these
compounds, whereas the mutant has good catalytic efficiency
(Table 1, section C). Additionally, the advantage of L-nucleo-
sides is that they are not phosphorylated by human TK1 since
this enzyme is enantioselective for the p-form (26). On the
other hand, both compounds have a considerable rate with
human TK2 (Table 1, section A). In fact, the L-enantiomers of
dT and dU are phosphorylated at an ~2-fold higher ks than
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133
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F1GURE 3: Comparison of the binding of the nucleosides L-dT (blue),
5-Me-dC (gray), and p-dC (green) to dCK. (A) The L-dT complex
was solved with the R104M-D133A variant of dCK. The substitution
of Argl04 by a methionine and of Asp133 by alanine increases the
active site cavity. Exploiting the increased cavity, L-dT binds deeper
into the active site. This repositioning of the nucleoside increases the
distance between the 5-methyl group of L-dT and the side chain of
Glu53, thereby eliminating an unfavorable interaction. An analo-
gous movement deeper into the active site is not possible for 5-Me-
dC in the context of WT dCK. (B) Overlay of the nucleosides as
observed in the structure reported here of WT dCK with 5-Me-dC
+ ADP (gray), WT dCK with p-dC + ADP (green; PDB ID
1P5Z), and R104M-D133A dCK with .-dT + ADP (blue; PDB
ID 3HPI1). 1-dT binds deeper in the active site due to the larger
cavity generated by the R104M-D133A mutations. 5-Me-dC binds
slightly lower in this perspective in order to minimize the negative
interaction between the 5-methyl group and the side chains of
Glu53 and Argl04. (C) View parallel to the face of the base. The
base in L-dT is tilted relative to the base as seen in b-dC and 5-Me-
dC. Such base tilting is observed whenever dCK binds nucleosides
of the L-chirality.

their p-counterpart. Yet 1-dT (telbivudine) is already used
clinically to treat hepatitis B infection (27). The low reported
toxicity of L-dT (28) suggests that this TK2-mediated phos-
phorylation does ultimately not provide sufficient activated
L-dT to kill mammalian cells.

An additional candidate thymidine analogue is (E)-5-(2-bro-
movinyl)-2'-deoxyuridine (BVdU, brivudine). Due to the steric
and charge reasons discussed above, it is not surprising that
BVdU is a very poor substrate for WT dCK (Table 1, section C).
However, since the dCK double mutants lack the repulsion to a
thymine base caused by Asp133 and have increased space near
the 5-position, we predicted that BVdU can be phosphorylated
by these variants. This prediction was confirmed, with ks for
BVdU phosphorylation being 0.57 and 1.16 s~ ' for the R104M-
D133A and R104L-D133A variants, respectively (Table 1, sec-
tion C). The latter rateis > 6-fold higher than that measured with
TK2 (Table 1, section C).
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CONCLUSION

Structural analysis of human dCK in complex with various
pyrimidine derivatives reveals the reasons that prevent the en-
zyme from phosphorylating thymidine: a combination of charge
repulsion and steric constraints. The fact that 5-Me-dC is a
substrate of WT dCK suggests that the main reason preventing
thymidine, a 5-Me-dC isostere, from being a substrate is the
repulsive interaction between the side chain of Asp133 and the
carbonyl group at the 4-position of the thymine base. The size of
the cavity near the 5-position, a function of the nature of the
residue at position 104, also influences the phosphorylation rate.
However, the relationship between cavity size and catalytic rate is
not a simple one: For example, for 5-Me-dC, the optimal rate is
achieved with a methionine at position 104, but for p-dT the
leucine substitution is preferred. This implies that the nature of
the residue at this position affects not only the size of the cavity
near the nucleoside 5-position but also some rate-limiting con-
formational change of the enzyme and that this conformational
change is nucleoside-dependent. By pairing a 5-subsitutued
pyrimidine analogue with the appropriate dCK double mutant,
it may now be possible to ascertain the pharmacological effect of
these compounds on the proliferation of human cells.

SUPPORTING INFORMATION AVAILABLE

Kinetic data (k.,; and K, values) for several of the discussed
nucleosides measured with WT dCK and the R104M-D133A
double mutant. This material is available free of charge via the
Internet at http://pubs.acs.org.
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