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Varicella-zoster virus (VZV) encodes a thymidine kinase (EC 2.7.2.21) which phosphorylates several
antiviral nucleoside analogs, including acyclovir (ACV). A mutation in the VZV thymidine kinase coding
sequence, resulting in an arginine-to-glutamine substitution at amino acid residue 130 (R130Q), is associated
with clinical resistance to ACY. We have expressed the wild-type and the mutant enzymes in bacteria and have
studied the kinetic characteristics of the purified enzymes. The arginine-to-glutamine substitution resulted in
decreased catalytic activity and altered substrate specificity. The most striking effect was a decrease in the rates
of nucleoside phosphorylation to less than 2% of the rates with the wild-type enzyme. This was accompanied
by increased apparent Km values for thymidine and deoxycytidine. ACV was not detectably phosphorylated by
the R130Q enzyme but still competed with thymidine for the enzyme. The inability of the R130Q enzyme to
catalyze the phosphorylation of ACV correlates with resistance to ACV noted with a clinical isolate of VZV.

Varicella-zoster virus (VZV), a member of the herpesvirus
family, encodes a thymidine kinase (TK) similar in sequence

homology and molecular weight to the kinases encoded by
herpes simplex virus types 1 and 2. These enzymes are
necessary for the antiviral activity of acyclovir (ACV). The
VZV TK, like the herpes simplex virus nucleoside kinases,
catalyzes the phosphorylation of ACV (15) in the initial step
of ACV activation to ACV triphosphate (6). ACV-resistant
strains of VZV have been isolated in vitro (7, 39). Most
laboratory isolates either encode a TK with altered activity
or do not express a functional TK. More rarely, resistance to
ACV has been attributed to alterations in the virus DNA
polymerase (7). ACV-resistant strains of VZV have also
been isolated from patients who became unresponsive to
ACV therapy (19, 31). Molecular analysis of the TK gene of
a plaque-purified variant (7-1-3) from one of these clinical
isolates revealed a single G-to-A substitution at nucleotide
389 that resulted in an arginine-to-glutamine amino acid
change at amino acid residue 130 (R130Q) (35). Arginine 130
is in the proposed deoxythymidine (dThd)-binding region of
TK and is a conserved amino acid in the sequence of TKs
from 12 herpesviruses (4, 22). In this report, we describe the
expression in Escherichia coli of wild-type VZV TK and the
R130Q mutant enzyme and the purification of these en-
zymes. Kinetic analyses revealed that the arginine-to-glu-
tamine substitution altered the substrate specificity for the
mutant nucleoside kinase. More significantly, the R130Q
alteration produced a mutant TK which had a drastically
reduced turnover number. This correlates with resistance
found in the clinical isolate (31).

MATERIALS AND METHODS
Genetic manipulations. Plasmid pUC8vztk from J. Ostrove

(35) was the source of the wild-type VZV TK gene. This
plasmid was digested with BamHI and EcoRI (New England
Biolabs, Beverly, Mass.); the unique 2.2-kb DNA fragment
with the VZV TK gene was isolated and inserted into the
multiple cloning site region of M13mpl9 (29). An NdeI
restriction endonuclease site was created at the TK start
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codon by site-directed mutagenesis (kit RPN.1523; Amer-
sham, Arlington Heights, Ill.). The gene encoding the R130Q
TK was also the product of in vitro mutagenesis. The
arginine 130 CGA codon of the wild-type TK gene was
changed to a glutamine 130 CAG codon. The glutamine
codon introduced into the TK gene for bacterial expression
was selected on the basis of E. coli codon usage (1) and was

not the glutamine CAA codon identified upon sequencing the
TK gene from the 7-1-3 TK variant (35) purified from an
ACV-resistant clinical isolate. The VZV TK was expressed
in E. coli in a T7 promoter-based system (33). Expression
plasmids pRG05 and pRG08 contained wild-type and R130Q
VZV TK genes, respectively. The host bacterium for the T7
expression system was E. coli BL21(DE3) (33).
Each altered gene was completely sequenced to verify that

the expected change was the only alteration in the TK coding
sequence. Dideoxy-chain termination sequencing (34) was

performed with [oa-355]dATP (1,300 Ci/mmol; New England
Nuclear Research Products, Boston, Mass.) and Sequenase
version 2.0 (United States Biochemical Corp., Cleveland,
Ohio). Samples from the sequencing reactions were electro-
phoresed through 8% polyacrylamide-8 M urea exponential
wedge gels which were maintained at 55°C with a thermo-
static plate. Molecular cloning operations were performed
according to standard protocols as described by Maniatis et
al. (28).
Enzyme purification. The bacteria with wild-type and

R130Q VZV TK genes were grown in 2x TY medium (28)
containing 0.4% glycerol and 50 ,ug of kanamycin per ml at
370C to a final optical density of approximately 12. The cell
pellets were suspended in 20 mM Tris (pH 7.5)-i mM
dithiothreitol-10% glycerol (Tris buffer A) at 1 g of cells per
ml of buffer, broken by passage through a French press
(SLM Instruments, Urbana, Ill.) at 12,000 lb/in2, and centri-
fuged at 12,000 x g for 10 min. All subsequent steps were
conducted on ice or at 4°C except Mono Q column chroma-
tography, which was done at room temperature (22°C). The
bacterially expressed VZV TK in the supernatant was par-
tially purified by streptomycin sulfate treatment and ammo-
nium sulfate precipitation as described previously (10). The
protein that precipitated with ammonium sulfate (310 mg/ml
of supernatant) was dissolved in Tris buffer A and dialyzed
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against the same buffer. A portion of the preparation (50 mg
of protein in 1.3 ml of Tris buffer A for the wild type; 40 mg
of protein in 1.7 ml of buffer for the R130Q enzyme) was
filtered (0.2-,um-pore-size filter) and loaded at a flow rate of
1.27 ml min-' cm-2 (1 ml/min) onto an HR10/10 Mono Q
FPLC column (Pharmacia, Uppsala, Sweden) equilibrated
with Tris buffer A. The Mono Q column was washed with 25
ml of the same buffer, and protein was eluted with a 0 to 1.0
M NaCl gradient in 145 ml of the equilibration buffer at a
flow rate of 3.82 ml min-' cm-2 (3 ml/min). Fractions (5 ml)
were collected into tubes on ice.
The fractions containing the majority of the viral TK

activity (eluted in approximately 85 mM NaCl) were dia-
lyzed for 2 h against 20 mM piperazine-N,N'-bis(2-ethane-
sulfonic acid) (PIPES; pH 6.5)-i mM dithiothreitol-10%
glycerol and loaded at a rate of 400 RI min-' cm-2 onto a
400-pI dThd-agarose column (26) which had been equili-
brated with the same buffer at 4°C. The column was washed
with 3 column volumes each of equilibration buffer and Tris
buffer A containing 1 M NaCl. Enzyme was eluted with 8
column volumes of 600 puM dThd-1 mM ATP-1 M NaCl in
Tris buffer A. The column was washed with 4 column
volumes of 1.2 mM dThd-2 mM ATP-1 M NaCl in Tris
buffer A to ensure all enzyme had been eluted. Portions of
each fraction were set aside for protein determinations and
analyses by sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE). Bovine serum albumin (BSA;
essentially fatty acid free; Sigma, St. Louis, Mo.) was added
to the remainder of each fraction to 0.5 mg/ml to stabilize the
viral TK.
The purified enzyme was stored at -70°C. Prior to use in

enzyme assays, the purified VZV TK was dialyzed against
Tris buffer A, or the buffer was exchanged with Tris buffer A
by exclusion chromatography. No detectable loss of enzyme
activity in the desalted preparation was observed after 3
months of storage at -70°C.

Production and analysis of anti-VZV TK antibody. Anti-
body to wild-type VZV TK was raised in two New Zealand
rabbits (Hazleton, Lenexa, Kans.) by injecting 100 pLg of
purified TK in Freund's complete adjuvant. Two weeks after
the initial immunization, the rabbits were injected with
enzyme in complete adjuvant, and 2 weeks later they were
injected with enzyme in incomplete Freund's adjuvant. The
rabbits were bled prior to the onset of the immunization
regime (preimmune serum) and 7, 14, and 21 days following
injection of enzyme in incomplete Freund's adjuvant.

Pre- and postimmune sera were tested for reactivity to
purified VZV TK by the Ouchterlony double-immunodiffu-
sion technique. Postimmune serum samples showing precip-
itin bands were pooled and purified by ammonium sulfate
precipitation. The final ammonium sulfate-precipitated
gamma globulin fraction was dissolved in phosphate-buff-
ered saline with 0.1% NaN3 and dialyzed extensively against
the same buffer. Aliquots of the gamma globulin fraction
were stored at -70°C.
Enzyme assays. To measure VZV TK activity at different

stages of purification, the rates of [2-`4C]dThd (56 Ci/mol;
Moravek Biochemicals, Brea, Calif.) or [8-14C]6-methoxy-
purine arabinoside (ara-M, 48 Ci/mol; Wellcome Research
Laboratories) (8) phosphorylation were determined by the
DEAE-paper procedure (3). Reaction mixtures (40 plA) con-
tained 100 ,uM labeled nucleoside, 100 mM Tris-HCl (pH
7.5), 5 mM MgATP, 0.5 mM dithiothreitol, 5% (vol/vol)
glycerol, and 0.2 to 0.6 mg of BSA per ml. Reactions were
started by addition of enzyme and were incubated at 37°C.
At timed intervals (a minimum of three points), 10-pL ali-

quots of the reaction mixture were spotted onto DEAE
squares. The squares were washed, and the radioactivity
remaining on the paper was counted.

Phosphorylating activities (dThd, TMP, and ara-M phos-
phorylation) in the chromatography fractions were based on
single time point determinations. Because bacterial TK
activity is stimulated by dCTP (30), dThd phosphorylation
was measured with and without 70 ,uM dCTP in the reaction
mixtures to distinguish between the viral and bacterial TK
activities.
The rate of [14C]TMP (56 Ci/mol; Moravek) phosphoryla-

tion was determined by polyethyleneimine thin-layer chro-
matography as previously described (16).

Relative substrate velocities were determined by measur-
ing the rate of transfer of radiolabeled phosphate from
[y-32P]ATP (27 Ci/mmol; New England Nuclear Research
Products) to dThd, deoxycytidine (dCyd), ACV, or ara-M at
1 mM MgATP and 1 mM nucleoside substrate (3). Phosphor-
ylation rates were normalized to the rate with dThd (dThd
rate = 100).
Apparent Km (Kin') and Ki (Ki') values were determined as

described previously (3) except as noted; Km' values (at 2
mM MgATP) for dThd, dCyd, and ara-M were determined
from the phosphorylation rates of [methyl-3H]dThd (53 Ci/
mmol; Moravek; 0.02 to 2 pFM with wild-type TK; 0.15 to 15
puM with R130Q TK), [2-14C]dCyd (56 Ci/mmol; Moravek; 2
to 10 ,uM, wild type), or [8-14C]ara-M (33 to 1,050 ,uM, wild
type). Ki' values for dCyd and ACV were determined from
the degree of inhibition of [methyl-3H]dThd phosphorylation
(0.03 to 0.5 p.M with wild-type TK; 0.1 to 2.5 p.M with
R130Q) at six concentrations of [methyl-3H]dThd and three
concentrations of inhibitor. The velocities were analyzed by
weighted least-square fits of the data to hyperbolae and then
fit to a competitive inhibition model (11). dCyd and ACV
were competitive alternate substrate inhibitors; therefore,
Km' = Ki' (36, 40). Less than 10% substrate or inhibitor was
consumed during the reaction. Initial velocities were based
on the linear portion of the reactions. The relative maximal
velocities were calculated from the relative substrate veloc-
ities (v) at 1 mM nucleoside substrate (above) and the
measured K ' or Ki' values [relative Vmax = v(s + Km')IsI.
PAGE. Samples from different stages of purification were

analyzed by SDS-PAGE (12% resolving gel) as described by
Laemmli (25) and stained with Coomassie blue. Purified
wild-type VZV TK was also electrophoresed through non-
denaturing 5% polyacrylamide gels prepared by standard
Bio-Rad protocols with modifications described by Hack-
stadt and Mallavia (18). SDS was omitted from all solutions,
and dThd and glycerol were added to the gels (10 puM and
10%, respectively) to stabilize the enzyme. dThd (10 puM)
was added to the sample treatment buffer, and the concen-
tration of 2-mercaptoethanol was reduced to 10 mM. The
Tris concentration in the running buffer was 25 mM. Gels
were prerun at 200 V for 15 min at 4°C. ATP was added to
the upper buffer to a final concentration of 2.5 mM, 3 pig of
purified wild-type VZV TK was loaded per lane, and the
samples were electrophoresed for 2 h at 200 V. After
electrophoresis, one gel was stained with Coomassie blue
and the other was cut into slices of 10 by 2 by 1 mm. The gel
slices were incubated in 100 pu1 of [2-14C]dThd phosphoryla-
tion reaction mixture (final concentrations as described for
standard conditions) at 37°C for 30 min, and the amount of
[2-14C]TMP formation was measured by the DEAE-paper
procedure (3).

Protein determinations. Protein concentrations were deter-
mined by the Coomassie blue dye method (Pierce reagent;

J. VIROL.



ENZYME KINETICS OF A MUTANT VZV THYMIDINE KINASE 6409

kDa

97

66 _ --

43

31 _

21 _

1 2 3 4 5 6 7 8 9 10 11 12 13

FIG. 1. PAGE analysis of wild-type VZV TK at different stages
of purification. Lanes: 1, molecular weight standards; 2, soluble
bacterial extract with VZV TK; 3, protein precipitated by 50%
ammonium sulfate; 4, proteins remaining after chromatography with
a Mono Q column; 5 and 6, proteins in the effluent during loading
and washing of the dThd-agarose affinity column; 7 to 13, VZV TK
eluted from the dThd-agarose by high NaCl, dThd, and ATP.

Pierce Chemical Co., Rockford, Ill.), with BSA as the
protein standard.

RESULTS

Purification of wild-type and R130Q VZV TKs. The bacte-
rially expressed wild-type and R130Q VZV TKs were puri-
fied to near homogeneity. Figure 1 shows the SDS-PAGE
protein profile of samples from various steps in the purifica-
tion of wild-type VZV TK. The nucleoside-phosphorylating
activities of the wild-type and R130Q enzymes at each step
of purification are presented in Table 1. Ara-M, a selective
substrate for the wild-type VZV TK (3), was used to assess
the activity of the enzyme. In contrast, ara-M was not a
substrate for the R130Q TK. Therefore, [14C]dThd phos-
phorylation rates were determined for the mutant enzyme.
To assure equal recoveries of the viral TK activities, the

wild-type and R130Q enzymes were purified under identical
conditions. For both enzymes, the specific activity (pico-
moles of ara-M monophosphate or dTMP formed per minute
per microgram of protein) in the redissolved ammonium
sulfate pellet was increased twofold. As determined from
ara-M phosphorylation, 90% of the original wild-type VZV

TK activity was recovered. Recovery of the R130Q enzyme
was difficult to assess because a unique substrate for the
mutant enzyme was not available; use of dThd as the
substrate did not permit a quantitative differentiation be-
tween the viral and the bacterial TK activities.
The wild-type VZV TK was purified greater than 20-fold

by chromatography on a Mono Q column (Table 1 and Fig.
1, lane 4). To identify and characterize the fractions which
contained the VZV TK, each was assayed for dThd (with
and without dCTP)-, ara-M-, and dTMP-phosphorylating
activities (Fig. 2A). The VZV TK has an associated dTMP
kinase activity (16), while E. coli has separate TK (dCTP-
stimulated [30]) and dTMP kinase activities. Fractions that
catalyzed the phosphorylation of ara-M also catalyzed the
phosphorylation of dThd and dTMP, three rather different
substrates, at a constant ratio of 2:1:1 (ara-M:dThd:TMP).
These results indicated the three activities were associated
with a single enzyme, the VZV TK. Most of the VZV TK
eluted in fractions 15 and 16 (Fig. 2A), although some eluted
immediately before and after the major peak of viral TK
activity and in fractions 31 to 33 and fraction 35. Use of
protease inhibitors and a variety of expression and extrac-
tion conditions did not significantly change the elution
profile. Similar heterogeneity was also observed with native
VZV TK purified from virus-infected cells. When the pooled
activities of fractions 15 and 16 were dialyzed and rechro-
matographed on the Mono Q column, the bacterially ex-
pressed viral TK eluted in a single peak and in the same
NaCl concentration (data not shown).

Close examination of the data revealed that the bacterial
TK and dTMP kinase eluted in fractions 28 to 30 and 30 to
33, respectively; the relative rate of TK activity in the
presence of dCTP increased in fractions 28 to 30, indicating
the presence of bacterial TK, and the relative rate of dTMP
to dThd phosphorylation was elevated slightly in fractions 30
to 33. To verify that these activities were of E. coli origin,
bacterial extract prepared from the control strain lacking the
VZV TK gene was subjected to Mono Q chromatography
and assayed for dCTP-stimulated TK and for dTMP-phos-
phorylating activities (Fig. 2B). E. coli TK eluted in fractions
23 to 32, and the bacterial dTMP kinase activity was recov-
ered in fractions 26 to 34, demonstrating that the bacterially
expressed VZV TK was well separated from both the E. coli
TK and dTMP kinase. This result simplified the subsequent

TABLE 1. Purification of VZV TK

Purification stage Vol (ml) Protein (mg/ml) Sp act' (pmol min-' p.g-') Purification (fold) Recovery (%)

Wild-type TK (ara-M phosphorylation)
Extract 3.4 40 39 1 100b
(NH4)2SO4 1.3 39 94 2 90
Mono Q 9.5 0.07 2,040 53 26
dThd-agarose 1.2 0.33 2,720 70 20

R130Q TK (dThd phosphorylation)
Extract 6.2 27 1.6 1 100
(NH4)2SO4 1.7 24 2.6 2 38
Mono Q 9.0 0.083 15.4' 9C 4.2c
dThd-agarose 1.6 0.20 20.4 12 2.4

a [8-14C]ara-M (100 pLM) was the virus-specific TK substrate with preparations containing wild-type enzyme. Extracts of control bacteria without the VZV TK
gene did not catalyze the phosphorylation of ara-M (<0.02 pmol min-' pug of protein-'). Since the R130Q enzyme did not catalyze the phosphorylation of ara-M,
[methyl-3H]dThd was used as the substrate for this enzyme.

b Recoveries of wild-type VZV TK as determined from dThd phosphorylation were very similar to recoveries of ara-M phosphorylation (e.g., final recovery
of dThd phosphorylating was 17%).

c The low recovery ofTK activity and the small increase of specific activity with the R130Q enzyme reflected the removal of large amounts of bacterial enzyme
relative to the viral enzyme.
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FIG. 2. Elution profile of phosphorylating activities from Mono
Q column chromatography. The column was eluted with an NaCl
gradient. Fractions (5 ml) were assayed for dThd-, dTMP-, and
ara-M-phosphorylating activities as described in Materials and
Methods. Sources of the chromatographed ammonium sulfate frac-
tions were bacteria expressing the wild-type VZV TK (A), control
bacteria lacking the VZV TK gene (B), and bacteria expressing the
R130Q VZV TK (C).

affinity chromatography step, since the only species of TK
left to bind to the dThd-agarose was the viral enzyme.
The R130Q TK was also well separated from the bacterial

TK by Mono Q chromatography (Fig. 2C). The R130Q
activity eluted in about 70 mM NaCl (fractions 12 and 13),
which was lower than the salt concentration necessary to
elute the wild-type enzyme (85 mM). This difference was

consistently observed, but when the R130Q TK was rechro-
matographed on the Mono Q column, activity eluted in 85
mM NaCl. Therefore, it is unlikely that the chromatographic
differences were due to the single amino acid change in the
TK, but rather were due to the different complex mixtures
added to the column. The specific activity for the R130Q TK
was increased fourfold by this chromatographic step (Table
1). Of the total TK activity applied to the Mono Q column,
only 11% was recovered as the R130Q TK, while 44% was E.
coli TK. Thus, recovery of R130Q TK activity was at least
20% (11% as R130Q/[100% TK -44% as E. coli]), which was

similar to recovery of wild-type TK (29%). The dThd-
phosphorylating activity of the R130Q TK after Mono Q
purification (Table 1) was only 1.4% of that of the wild-type
TK (1,100 pmol ofTMP formed min-' Lg of protein-'). This
is consistent with the low specific activity of the purified
R130Q TK (see below).

dThd-agarose affinity chromatography yielded nearly ho-
mogeneous wild-type VZV TK (Fig. 1, lanes 7 to 13). As

judged from densitometry scans (LKB 2202 Ultrascan laser
densitometer) of the stained gels, the wild-type and R130Q
enzymes were purified to greater than 95 and 85% homoge-
neity, respectively, by affinity chromatography. Their elec-
trophoretic mobilities through SDS-polyacrylamide gels in-
dicated that each viral TK expressed in E. coli had a subunit
relative molecular mass of 37,000. This Mr is identical to the
Mr calculated from the VZV TK polypeptide sequence (13)
and to the value for VZV TK purified from virus-infected
cells (38). When the purified wild-type VZV TK was elec-
trophoresed through nondenaturing gels, the dThd-phos-
phorylating activity in the gel slices corresponded with the
Coomassie blue-stained protein band (Fig. 3).

Immunological analysis of anti-VZV TK antibody. The
polyclonal antiserum from rabbits immunized with purified
wild-type VZV TK was analyzed for reactivity with both
wild-type and R130Q kinases. Analysis by the Ouchterlony
technique showed no reactivity of the preimmune serum
with purified TK, whereas all postimmune sera produced a
single, strong precipitin band when tested with the wild-type
VZV TK. The gamma globulin fraction of postimmune sera
was equally reactive toward wild-type and R130Q enzymes
by Western immunoblot analysis and correlated to the
Coomassie blue-stained protein band (32). Moreover, this
antiserum raised against the bacterially expressed VZV TK
precipitated both wild-type and mutant VZV TKs from
virus-infected cells (41). In other systems, this polyclonal,
anti-VZV TK antiserum effectively detected VZV TK in
virus-infected human fetal cell cultures enriched for astro-
cytes, Schwann cells, or dorsal root ganglia neurons (2) as
well as enzyme translated in vitro in a rabbit reticulocyte
system (27). Taken collectively, these data indicated that the
bacterially expressed VZV TKs are immunologically equiv-
alent to virally expressed VZV TK.
Enzyme kinetics. The most notable effect of the R130Q

substitution was the decrease in turnover number (Table 2).
The catalytic rate for dThd with the R130Q enzyme was only
1.4% of that with the wild-type enzyme. This, coupled with
an increased Ki' value for the R130Q enzyme, decreased
the phosphorylation efficiency (relative VmaxlKm') with dThd
to 0.45% of that for the wild-type TK.

With the other substrates, parallel differences were noted.

A
107-_ _ _ _ _ _ __ _ _ _ _ _ _ _

B

0 6
E
D. -5

4-

3-.
>2 I

I 5 9 13 17 21 25 29 '33 137 41' 45

Distance Migrated (mm)
B

FIG. 3. VZV TK activity in nondenaturing polyacrylamide gels.
dThd-phosphorylating activities were analyzed in slices from one gel
(A), while the other gel was stained with Coomassie blue (B).
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TABLE 2. Kinetic constants for the VZV TKs

Substrate specificity
TK Turnover no.'(min-') Kin' or K,' Relative V b Efficiency (relative

GjM) maelativeK,Va'
Wild type
dThd 107 0.16 100 625
dCyd 5.3 590 110
ACV 830c 37 0.044
Ara-M 200 670 3.35

R130Q
dThd 1.5 0.5 1.4 2.8
dCyd 720C 4.1 0.006
ACV 340c <. d e
Ara-M NDf <0.15d ND

a Based on velocities at 100 jiM dThd under standard conditions and on the
relative molecular weight of the dimer of 75,600.

b Calculated from relative substrate velocity (v) and Kt' or Ki' values [v(s
+ Km')Is]. Velocities at 1 mM phosphate acceptor substrate were normalized
to the rate with dThd for each enzyme and then to the relative turnover
number of the two enzymes (wild-type relative substrate velocity for dThd =
100).

C Determined as Ki' values by measuring the inhibition of [3H]dThd
phosphorylation by three concentrations of inhibitor.
dVelocity at 1 mM ACV or ara-M relative to the velocity of dThd

phosphorylation at 1 mM by wild-type VZV TK.
e Efficiency value was not calculated because relative substrate velocity

was below detection limit.
f ND, not determined.

The relative Vmax with dCyd as a substrate for the wild-type
enzyme was approximately sixfold greater than that ob-
tained with dThd, but the K,,1' value was also 33-fold higher,
resulting in an overall decrease in efficiency of dCyd phos-
phorylation relative to dThd phosphorylation. The compar-
isons between dThd and dCyd also held true with the R130Q
TK. The difference in substrate efficiency was even more
accentuated for the R130Q enzyme as a result of both higher
Km' and lower relative Vmax values for dCyd.
ACV, like other purine nucleoside analogs, is a relatively

inefficient substrate for the VZV TK (23) because of a low
relative V1max and a high K,,m' value (Table 2). Although ACV
was not detectably phosphorylated by the R130Q TK, it was
a stronger competitive inhibitor of [3H]dThd phosphoryla-
tion with the R130Q enzyme than with the wild-type en-
zyme. Ara-M, a high-velocity substrate for the wild-type
VZV TK, was not detectably phosphorylated by the R130Q
enzyme.

DISCUSSION

The TK encoded by gene 36 of VZV plays a critical role in
the selective activation of antiviral nucleoside analogs (3, 9,
20, 21, 23, 42). Expression of the VZV TK gene in E. coli has
enabled us to circumvent the problems that arise from the
cell-associated nature of the VZV infection (nonsynchro-
nous and incomplete cell infection) and thereby to produce
and purify enzymatically active wild-type and mutant VZV
TK in quantities sufficient for kinetic characterization. The
direct comparison of purified wild-type and mutant VZV
TKs revealed the biochemical consequences of the mutation
and thus provides an enzymatic basis for the ACV resistance
displayed by the 7-1-3 variant.

It is clear from kinetic studies with the two nucleoside
kinases that the activity of the R130Q enzyme has been
significantly altered such that this enzyme has a narrower
substrate specificity. The most dramatic difference, how-

ever, was in the turnover numbers for each enzyme. dThd
phosphorylation, under saturating conditions, was reduced
70-fold, and ACV phosphorylation was not detectable with
the R130Q enzyme. IfACV were, in fact, phosphorylated by
the mutant enzyme at a rate below the detection limit, then
the relative Vmax would be less than 0.20 and the efficiency
of the phosphorylation reaction would be less than 0.0006, or
less than 1.4% of the efficiency of ACV phosphorylation by
the wild-type enzyme.
A strong correlation exists between the susceptibility of

wild-type and resistant strains of herpesviruses to antiviral
nucleosides and the ability of the virally encoded TK to
effectively utilize those compounds as substrates (7, 12, 14,
24, 35, 37). This study extends the correlation for VZV to a
clinically relevant example ofACV resistance. VZV isolated
from a patient who had become unresponsive to ACV
therapy was less sensitive to ACV than was wild-type VZV
by a factor of 30 (31). The 7-1-3 TK variant plaque purified
from this clinical isolate expressed the R130Q TK (35) and
showed an even higher degree of ACV resistance. This
variant did not possess the DNA polymerase mutation
phenotype (i.e., resistance to adenosine arabinoside and
phosphonoformic acid [5]), and the polymerase gene con-
tained only wild-type sequence (17), identical to that pub-
lished by Davison and Scott (13). Because the only known
mutations that confer ACV resistance occur in the viral TK
and DNA polymerase genes, these observations, coupled
with the lack of detectable ACV phosphorylation by the
purified R130Q TK in this study, strongly suggest that the
altered activity of the R130Q enzyme contributed substan-
tially to ACV resistance in the clinical isolate.
The R130Q substitution in the mutant enzyme is located in

a region of the VZV TK that is proposed to be involved in
nucleoside binding (4, 22). Although there is no direct
biochemical evidence for nucleoside binding at the proposed
site, amino acid substitutions mapping to this region of the
herpes simplex virus type 1 TK protein resulted in altered
Km' or Ki' values for dThd and 5-bromovinyl-2'-deoxyuri-
dine without significantly changing the Kin' for ATP (12).
Kinetic analysis of the R130Q VZV TK presented in this
report demonstrated that the R130Q substitution decreased
the turnover number for dThd 70-fold. The kinetic analysis
for ATP binding was complex, but the apparent K,, value for
ATP (32) was well below the concentration used for these
analyses and thus does not affect these considerations. The
results of the kinetic analyses are consistent with the pro-
posal that the region of the VZV TK encompassing residues
129 to 146 is important for efficient interaction of nucleoside
substrates with this enzyme. Moreover, the fact that the
R130Q substitution has a greater effect on the turnover
number than on the Km' for dThd suggests that the arginine
at residue 130 is involved in a chemical step of the reaction.
One such speculation would be that the positively charged
arginine helps position the 3-phosphate group of ATP to
facilitate transfer of the y-phosphoryl group to the nucleo-
side 5'-OH and at the same time stabilizes some of the
electron density of the transition state intermediate. That the
amino acid substitution affected the chemical step more than
the binding step was further exemplified by the effect on
ACV as a substrate. In this case, apparent binding was not
impaired, but the chemical step (phosphoryl transfer) was no
longer detectable. This model is obviously simplified and
does not directly account for the additional large K,,' effect
with dCyd. Alternatively, it is quite possible that arginine
130 is not located in or near the catalytic site but is necessary
for the correct protein conformation to allow residues at the
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active site to function for catalysis. Whether arginine 130
functions in either of these possible roles must await tertiary
structural information on the wild-type and R130Q VZV
TKs.
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