
FOR THE RECORD

Characterization of Herpes Simplex Virus type 1 thymidine
kinase mutants engineered for improved ganciclovir or
acyclovir activity

MARK S. KOKORIS2
AND MARGARET E. BLACK1,2

1Department of Pharmaceutical Sciences, Washington State University, Pullman, Washington 99164-6534, USA
2Chiroscience R&D, Inc., Bothell, Washington 98021, USA

Abstract

Herpes Simplex Virus type 1 (HSV-1) thymidine kinase (TK) is currently the most widely used suicide
agent for gene therapy of cancer. Tumor cells that express HSV-1 thymidine kinase are rendered sensitive
to prodrugs due to preferential phosphorylation by this enzyme. Although ganciclovir (GCV) is the prodrug
of choice for use with TK, this approach is limited in part by the toxicity of this prodrug. From a random
mutagenesis library, seven thymidine kinase variants containing multiple amino acid substitutions were
identified on the basis of activity towards ganciclovir and acyclovir based on negative selection in Esch-
erichia coli. Using a novel affinity chromatography column, three mutant enzymes and the wild-type TK
were purified to homogeneity and their kinetic parameters for thymidine, ganciclovir, and acyclovir deter-
mined. With ganciclovir as the substrate, one mutant (mutant SR39) demonstrated a 14-fold decrease in Km

compared to the wild-type enzyme. The most dramatic change is displayed by mutant SR26, with a 124-fold
decrease in Km with acyclovir as the substrate. Such new “prodrug kinases” could provide benefit to ablative
gene therapy by now making it feasible to use the relatively nontoxic acyclovir at nanomolar concentrations
or ganciclovir at lower, less immunosuppressive doses.
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Thymidine kinase (EC 2.7.1.21) is the key enzyme in the
pyrimidine salvage pathway catalyzing the transfer of the
�-phosphate from ATP to thymidine to produce dTMP. Un-
like the cellular thymidine kinase, Herpes Simplex Virus
type 1 (HSV-1) thymidine kinase (TK) has a very broad
substrate specificity including pyrimidines and pyrimidine
analogs (thymidine, deoxycytidine, and AZT) as well as
purine (guanosine) analogs (acyclovir, ganciclovir, buciclo-
vir, and penciclovir) (Chen et al. 1979a, 1979b; Field et al.
1983; Furman et al. 1984; Gentry 1992; Balzarini et al.
1993). Once phosphorylated, these nucleoside analogs are

further phosphorylated by cellular kinases to the corre-
sponding nucleoside triphosphates that inhibit DNA synthe-
sis after incorporation into nascent DNA (Miller and Miller
1980; Boehme 1984; Reardon 1989). As such, HSV-1 TK
can provide unique activities to cells that express it, and
offers the prospect of rendering those cells susceptible to
nucleoside prodrugs. HSV-1 TK has been used successfully
in gene therapy in a wide variety of animal tumor models,
and is currently in clinical trials for human cancers (Mool-
ten and Wells 1990; Culver et al. 1992; Caruso et al. 1993).
Some problems associated with high ganciclovir (GCV)
doses used to achieve tumor cell killing include immuno-
suppression as well as other toxic side effects (Ram et al.
1993; Osaki et al. 1994; Scholz et al. 1994). It has been
shown that not all cells need to express TK to be susceptible
to prodrug-mediated killing. Known as the bystander effect,
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this phenomenon is thought to be due to several factors:
transportation of activated prodrug through gap junctions
formed by cell–cell contact, or via apoptotic vesicles and an
immunologically mediated clearance mechanism (Bi et al.
1993; Freeman et al. 1993; Tapscott et al. 1994; Colombo et
al. 1995). Because of the immunosuppressive action of
GCV, this latter aspect of the bystander effect may not be
fully realized. Another guanosine analog used as an anti-
herpetic drug is acyclovir (ACV). Although acyclovir is
relatively nontoxic even at high doses, HSV-1 TK displays
a very high Km towards ACV that precludes its application
in gene therapy clinical settings. Novel HSV-1 thymidine
kinases with increased specificity for phosphorylating GCV
or ACV could benefit tumor ablation by enhancing cell
killing and by reducing prodrug-mediated toxicity.

As a means to overcome the toxic side effects of GCV
and the poor activity displayed towards ACV, we created a
library of multiple amino acid containing-HSV-1 TK mu-
tants that were screened for improved prodrug activities
(Black et al. 2001). This is a second-generation library with
restricted randomization (semirandom) at codons encoding
substitutions that yielded desired traits in the first-genera-
tion library (Black et al. 1996a). From 512 possible substi-
tution combinations, 71 clones were active. Sequence analy-
sis revealed that all functional mutants contained three to
five amino acid substitutions. Of these, seven were identi-
fied to have increased activity towards GCV and/or ACV in
a negative selection system in E. coli. Based on direct en-
zyme assays, three mutants were identified for further
analysis in vitro and for kinetic studies. Glioma cells ex-
pressing any of these three mutants, conferred substantial
increased sensitivity to both GCV and ACV when compared
to IC50 values of wild-type HSV-1 TK expressing transfec-
tants (Black et al. 2001). In this report we describe the
purification of wild-type and three semirandom mutant
HSV-1 thymidine kinases using 3�-aminothymidine sepha-
rose chromatography and kinetic evaluation with respect to
thymidine, GCV, and ACV.

Results and Discussion

Through molecular evolution we sought to create new thy-
midine kinases with increased specificities towards ganci-
clovir and/or acyclovir (see Fig. 1 for substrate structures).
This is particularly relevant when considering the limita-
tions of pairing wild-type TK and GCV in current ablative
gene therapy applications. The high Km wild-type TK dis-
plays towards GCV (47 �M) in conjunction with the im-
munosuppressive side effects associated with high GCV ad-
ministration doses is indicative of a less than optimal en-
zyme–prodrug combination. Furthermore, the reduced
immune response caused by the immunosuppressive action
of high GCV dosages may well impede the immune com-
ponent of the bystander effect (Tapscott et al. 1994; Co-
lombo et al. 1995; Dilber et al. 1997). One way to overcome
these limitations is to alter the enzyme to increase its speci-
ficity towards GCV. This would allow administration of a
lower and less toxic drug dose to provide similar levels of
tumor ablation. Alternatively, a change in the substrate
specificity to allow the use of a different, relatively nontoxic
drug such as acyclovir would be advantageous. Acyclovir is
presently not used in gene therapy as a prodrug due to the
extremely high Km value that the wild-type thymidine ki-
nase displays towards it (319 �M). Mutant thymidine ki-
nases with increased specificity and activity towards GCV
or ACV could greatly improve the efficacy and safety of the
enzyme prodrug approach for suicide gene therapy.

Previously, we described a library of HSV-1 TK mutants
created by the insertion of semirandomized sequences
(Black et al. 2001). In designing the oligonucleotides used
to generate the semirandom library, substitutions identified
in mutants from an earlier library that demonstrated en-
hanced sensitivity to the prodrugs were used as a template.
The earlier library encompassed 64 × 106 possible amino
acid substitution combinations (Black et al. 1996a). Only
one million mutants from that library were screened. As a
means to exploit the diversity of that library, we constructed

Fig. 1. Chemical structures of thymidine, ganciclovir (GCV) and acyclovir (ACV).
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the semirandom library based on the sequence of the best
mutants identified from the large library. It was anticipated
that this second-generation library would yield different
combinations of substitutions with even greater abilities to
ablate neoplastic cells than those identified in the first-gen-
eration library.

Mutants from the semirandom library were initially se-
lected for enzyme function with thymidine and then sub-
jected to a negative screen to identify mutants with en-
hanced sensitivity to GCV or ACV in E. coli (Black et al.
2001). Evaluation of three semirandom mutants for in-
creased sensitivity to GCV or ACV in rat C6 glioma cells
revealed that all three mutants conferred a substantially en-
hanced ability to kill cells compared to the wild-type TK
(Black et al. 2001). IC50 values of cells transfected with
mutants were >3- to 294-fold lower than those of wild-type
TK expressing cells.

To understand the biochemical nature of the changes in
substrate specificities conferred by the multiple amino acid
changes found in the three semirandom mutants (Fig. 2),
SR11, SR26, SR39, and the wild-type TK were purified to
near homogeneity using a novel single-step affinity chro-
matography procedure described in Materials and Methods,
and their kinetic parameters determined (Table 1). This pu-

rification protocol differs from the thymidylyl-sepharose
columns that have been used previously (Tung et al. 1996;
Kokoris et al. 1999). The precursor reagents (CNBr sepha-
rose and amidothymidine) are readily available and require
minimal manipulation to create a high-affinity column suit-
able for purifying large amounts of thymidine kinase. All
enzymes (wild-type, SR11, SR26, and SR39) displayed Mi-
chaelis-Menten kinetics throughout the concentration
ranges used for each substrate, and no substrate inhibition or
activation was observed. The Km values were determined
from Lineweaver Burk plots (data not shown), and are
shown in Table 1. The Michaelis constants (Km) of wild-
type HSV-1 TK for the substrates thymidine, GCV, and
ACV of 0.38, 47.6, and 417 �M, respectively, are in close
agreement with previously reported values (Munir et al.
1992; Balzarini et al. 1993; Black et al. 1996b; Kokoris et
al. 1999).

Compared to the wild-type TK Km values, all mutants
display poorer Kms for thymidine ranging from 2.5- to al-
most sevenfold higher values. When the Kms for the pro-
drugs are considered, major differences are observed be-
tween the wild-type TK and all three semirandom mutants.
The Km values (GCV) for mutants SR11, SR26, and SR39
are 7.4-, 2.7-, and 14.3-fold lower, respectively, than that
displayed by the wild-type TK. Most striking are the Km

values for ACV for all mutants with respect to wild-type TK
values. Mutant Km values for ACV (SR11, SR26, and
SR39) are 43-, 75-, and 124-fold lower than that displayed
by the wild-type enzyme (Table 1).

Although the change in Km values of the mutants indi-
cates a positive change in substrate affinity towards the
prodrugs, the kcat values suggest that catalysis is negatively
impacted. The turnover numbers (kcat) for SR11, SR26, and
SR39 were substantially reduced from that of the wild-type
on all substrates tested; thymidine (65-, 73-, and 27-fold
less, respectively), GCV (18-, 11.5-, and 29-fold less, re-
spectively), and ACV (32-, 54-, and 35-fold less, respec-
tively).

The specificity constant, which reflects both kcat and Km

(kcat/Km), for all mutants are orders of magnitude lower
(164–190 fold) than the wild-type enzyme for thymidine.
The specificity constants for the mutants are only two- to

Table 1. Kinetic parameters of mutant and wild-type thymidine kinases

Km (�M) kcat
a (sec−1) kcat/Km(sec−1/�M)

Thymidine GCV ACV Thymidine GCV ACV Thymidine GCV ACV

HSVTK 0.38 47.6 417 0.46 0.10 1.5 × 10−2 1.2 2.1 × 10−3 3.6 × 10−5

SR11 0.95 6.41 5.60 7.0 × 10−3 5.6 × 10−3 4.7 × 10−4 7.3 × 10−3 8.7 × 10−4 8.3 × 10−5

SR26 1.3 17.55 3.37 6.2 × 10−3 8.9 × 10−3 2.8 × 10−4 4.8 × 10−3 5.1 × 10−5 8.3 × 10−5

SR39 2.64 3.33 9.79 1.7 × 10−2 3.5 × 10−3 4.3 × 10−4 6.3 × 10−3 1.1 × 10−3 4.4 × 10−5

a The kcat values were calculated using the equation Vmax � kcat � [E] where E � total enzyme concentration and is based on one active site/monomer.
Assay conditions are described in Materials and Methods.

Fig. 2. Deduced amino acid sequence of three HSV-1 TK mutants derived
from the semirandom library. The top line shows the amino acid sequence
of the wild-type HSV-1 thymidine kinase (residues 158–174) with the
deduced amino acid substitutions of mutants SR11, SR26, and SR39 shown
underneath. The underlined residues represent the codons that were ran-
domized in the creation of the library. All Herpeviridae thymidine kinases
contain six highly conserved motifs; two such motifs are boxed (Balsu-
bramaniam et al. 1990). All mutants were identified on the basis of in-
creased sensitivity to GCV and/or ACV. Standard single letter amino acid
nomenclature is used. The (-) denotes identity with the wild-type amino
acid sequence.

HSV-1 thymidine kinase mutants
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fourfold lower on GCV compared to the wild-type TK
value. With respect to ACV, the kcat/Km for all three mutants
was the same as wild-type TK or improved approximately
twofold. From a comparison of the specificity constants
between wild-type and mutant enzymes for GCV and ACV,
one might not predict that the mutants would elicit hugely
enhanced prodrug sensitivity to cells. However, because en-
dogenous thymidine within the cell competes with the pro-
drug for the active site, it is important to consider the ratio
of specificity constants for prodrug and thymidine. We used
the equation [kcat/Km(prodrug)]/[kcat/Km(thymidine) + kcat/
Km(prodrug)] to take this into account. With GCV as the
prodrug, mutants SR11, SR26, and SR39 display values 60-,
54-, and 80-fold higher, respectively, than the wild-type
enzyme. With ACV as the prodrug, mutants SR11, SR26,
and SR39 display 375-, 567-, and 239-fold higher values,
respectively, compared to the wild-type enzyme. Clearly,
when competition for the active site is considered, all three
mutant enzymes reveal an enormous kinetic advantage for
both prodrugs over the wild-type enzyme.

The goal for creating the semirandom library was to cre-
ate better suicide genes than those previously identified.
Two mutants, mutant 30 and 75, derived from the first-
generation library, were shown to improve GCV- and ACV-
mediated cell killing in mammalian cells (Kokoris et al.
1999; Black et al. 2001). To compare the kinetics of mutants
from both the first- and second-generation libraries, we used
the equation given above. With GCV or ACV as the pro-
drug, all mutants displayed values much higher than that of
the wild-type HSV-1 TK. Compared to the wild-type en-
zyme on GCV, mutants 30, 75, SR11, SR26, and SR39
display values 66-, 11-, 60-, 54-, and 80-fold higher, respec-
tively. When ACV values are compared to the wild-type
TK, mutants 30, 75, SR11, SR26, and SR39 display 333-,
70-, 375-, 567-, and 239-fold higher values, respectively.
Others have created mutants based on molecular modeling
studies as a means to improve prodrug activity (Hinds et al.
2000). Kinetic comparison of their best site directed mutant,
Q125N, with GCV revealed only a 2.3-fold higher value
than the wild-type TK (Hinds et al. 2000). In light of these
comparisons, mutants derived from the semirandom library
demonstrate significant improvements over previous mu-
tants. From a kinetic standpoint, SR39 is the best enzyme
with GCV, and mutant SR26 displays the best kinetic ad-
vantage with ACV.

The semirandom mutants contain three to five amino acid
substitutions located within or near the active site (Fig. 2).
All the substitution combinations are unique and novel. We
intentionally mutated codons that represent amino acids that
are not conserved in alignments of Herpesviridae family
thymidine kinases (Balasubramaniam et al. 1990) and were
found in earlier random mutagenesis studies to accept a
variety of different amino acid substitutions with mainte-
nance of TK activity. Interestingly, all three semirandom

mutants contain a phenylalanine at position 160 (I160F) and
a phenylalanine at position 168 (A168F). Molecular mod-
eling of a six residue substituted mutant (mutant 30) derived
from the first-generation library led us to suggest that the
presence of tyrosine at alanine 168 (A168Y) caused neigh-
boring side chains to be displaced and thereby enlarge the
active site (Kokoris et al. 1999). Presumably, the more open
active site can better accommodate access by the larger
guanosine analogs such as GCV. The phenylalanine substi-
tution at position 168 found in the semirandom mutants
might achieve the same expansion of the active site as the
A168Y-containing mutant.

Because isoleucine 160 lies outside the active site on a
beta strand the influence of the I160F substitution is less
clear. From sequence alignment of Herpesviridae family
thymidine kinases there is a conservation of hydrophobic
residues at that position with valine, leucine, or methionine
at the corresponding position in other herpes thymidine ki-
nases. However, in the first-generation library two of the 10
multiple amino acid substitution mutants with improved ac-
tivities encode a phenylalanine at position 160 (Black et al.
1996a). Because I160 apparently displays no direct role in
substrate binding by itself, the action of I160F is likely to be
secondary in nature, possibly manifested by the presence of
one or more additional substitutions. Evaluation of a single
substituted I160F may facilitate elucidation of its role.

We have selected and identified new mutant HSV-1 thy-
midine kinase enzymes containing multiple amino acid
changes at or near the active site. These mutants confer
increased prodrug sensitivity to mammalian cells and dis-
play enzyme kinetics more related to “prodrug kinases” than
to thymidine kinases. As such, these new enzymes could
provide benefit to ablative gene therapy protocols in two
important ways: by now making it feasible to use the rela-
tively nontoxic ACV at clinically relevant doses, and by
achieving tumor ablation using lower, less toxic doses of
GCV.

Materials and methods

Materials

Radioisotopes for kinetic assays: [methyl-3H] thymidine (specific
activity, 85 Ci/mmole) was purchased from Amersham and [8-3H]-
acyclovir (specific activity, 16.9 Ci/mmole) and [8-3H]-ganciclo-
vir (specific activity, 17.6 Ci/mmole) were purchased from
Moravek Biochemicals. All other chemicals used were purchased
from Sigma.

Bacterial strain and expression vector

The E. coli strain BL21(DE3) tdk− (F- ompT hsdSB(rB-mB-)
gal dcm tdk (DE3), a gift from Dr. William Summers (Yale Uni-
versity, New Haven, CT; F− ompT[lon]hsdSb(rB

−mB
−)), was used

as a recipient for overexpression procedures. pET23d:HSVTK-
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Dummy is a derivative of pET23d:HSVTK that contains a non-
functional DNA fragment between the SacI and KpnI sites of the
HSV-1 tk open reading frame (Black et al. 1996a). The semiran-
dom library was constructed by replacement of the SacI/KpnI frag-
ment of pET23d:HSVTK-Dummy with a pool of semi-randomized
SacI/KpnI fragments as described in Black et al. (2001). Overex-
pression of wild-type HSV-1 TK and mutant thymidine kinases
was done using pET23d:HSVTK, pET23d:SR11, pET23d:SR26,
or pET23d:SR39 in BL21(DE3) tdk−.

AMT-sepharose affinity resin

A modified protocol for a thymidine kinase affinity matrix was
made based on the description by Tung et al. (1996). The Tung et
al. protocol (1996) was shortened and simplified by starting with
3�-aminothymidine rather than derivatizing it from azidothymidine
and by altering the coupling reaction of the ligand to the resin as
follows. Five grams of CH-Sepharose 4B were rehydrated in 30
mL of 1mM HCl for 10 min and transferred to a sintered glass
funnel. The gel was then washed with 2 L of 1 mM HCl. In 30 mL
of Coupling Buffer (100mM NaHCO3, pH8/500 mM NaCl) 50mg
of 3�-aminothymidine (Sigma) was solubolized. The washed resin
was added to the 3�-aminothymidine (AMT) and shaken gently at
room temperature for 2 h. A 1:2 ratio of resin volume to Coupling
Buffer was sufficient for binding. Excess ligand was removed by
rinsing the resin with 5 gel volumes of Coupling Buffer. All re-
maining activated groups were blocked by rinsing the resin with 50
mL 100mM Tris, pH8. An alternating series of four 50-mL washes
of high pH buffer (100 mM Tris, pH8/500 mM NaCl) and low pH
buffer (100 mM acetate, pH4/500 mM NaCl) was performed. The
resin is stored in 50 mM Tris, pH7.5, and 0.004% sodium azide
at 4°C.

Protein overexpression and purification

Induction of TK expression from pET23d:HSVTK (BL21 (DE3)
tdk−) using IPTG was as previously reported (Black et al. 1996b).
Cells from a 1-L induced culture were pelleted by centrifugation
and the supernatant removed. The pellets were lysed and a cleared
lysate prepared as described in Black et al. (1996b).

Purification of wild-type and mutant TKs was performed by
affinity chromatography on the AMT-Sepharose resin. All chro-
matography steps were done at 4°C. The 5-mL bed volume column
was prepared by passing 10 mL of Absorption Buffer (50 mM Tris,
pH7.5/10% sucrose/2 mM DTT/25 mM MgCl2/10 mM ATP/1
mM PMSF) over the column. Prior to loading the lysate on the
column, 1/1000 volume 1 M MgCl2 and 1/200 volume 0.1 M ATP
were added to the cleared lysate and the mixture filtered through a
0.45-�m low-protein binding filter to remove any material that
might clog the resin. The filtered lysate was passed over the col-
umn two to three times and the flow-through material collected.
The column was washed with 2–15 mL aliquots of Buffer 1 (50
mM Tris, pH7.5/10% sucrose/2 mM DTT/1 mM PMSF) contain-
ing 1 M NaCl (wash fractions 1–2). Lower concentrations of NaCl
were needed to purify mutant TK enzymes with poorer binding
affinities. Thymidine kinase was eluted with 4–5 mL aliquots of
Thymidine Buffer (300 mM Tris, pH7.5/10% sucrose/2 mM DTT/
50 mM KCl/600 �M thymidine) (elution fractions 1–4). The col-
umn was washed with 10 mL High Salt Buffer (50 mM Tris,
pH7.5/10% sucrose/2 mM DTT/500 mM KCl) and stored in Buffer
1 containing 0.004% sodium azide. Elution fractions were exten-
sively dialyzed against Buffer 1 without PMSF at 4°C to remove
thymidine. Protein concentrations were determined using the Bio-

Rad Protein Assay Dye reagent according to the manufacturer�s
instructions. BSA supplied with the reagent was used as the protein
standard.

Enzyme assays and kinetics

Thymidine kinase activity assays were carried out as previously
described with varying substrate concentrations (Black et al.
1996b; Kokoris et al. 1999). Given the large variance in enzyme
activities for the substrates assayed, a broad range of substrate
concentrations (0.1 to 10 �M) and incubation times (15 to 120
min) were necessary to achieve enough product formation for
analysis. All assays were performed in covered 96-well microtiter
plates at 37°C. Phosphorylation of the nucleosides, [methyl-3H]-
thymidine, [8-3H]-ACV, and [8-3H]-GCV, was detected by a filter
binding assay as described by Hruby and Ball (1981) with the
exception that all washes were done at room temperature. All
assays were performed in triplicate with water controls for each
substrate concentration. The filter bound [3H]-nucleoside mono-
phosphate was quantified using a Wallac 1409 liquid scintillation
counter.

Data was plotted as the double reciprocal of velocity (min/
�Mole × 104) versus substrate concentration �M−1 (Lineweaver
Burk) and the intercept values used to determine the Km for each
substrate. A conversion factor was established for each [3H]-
nucleotide monophosphate by measuring the cpms for a known
number of moles of each [3H]-nucleoside. The ratio of cpm to
pmole nucleoside was used to determine the number of nucleotide
monophosphate pmoles formed. These values were used to calcu-
late the kcat from the double reciprocal plot data as per active site
(one active site per monomer).

Acknowledgments

This work was supported in part by a grant from the National
Institutes of Health (CA85939 to M.E.B.).

The publication costs of this article were defrayed in part by
payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 USC section 1734
solely to indicate this fact.

References

Balasubramaniam, N.K., Veerisetty, V., and Gentry, G.A. 1990. Herpesviral
deoxythymidine kinases contain a site analogous to the phosphoryl-binding
arginine-rich region of porcine adenylate kinase; Comparison of secondary
structure predictions and conservation. J. Gen. Virol. 71: 2979–2987.

Balzarini, J., Bohman, C., and De Clerq, E. 1993. Differential mechanism of
cytostatic effect of (E)-5-(2-bromovinyl)-2�-deoxyuridine, 9-(1,3-dihy-
droxy-2-propoxymethyl)guanine, and other antiherpetic drugs on tumor
cells transfected by the thymidine kinase gene of herpes simplex virus type
1 or type 2. J. Biol. Chem. 268: 6332–6337.

Bi, W.L., Parysek, L.M., Warnick, R., and Stambrook, P.J. 1993. In vitro
evidence that metabolic cooperation is responsible for the bystander effect
observed with HSV tk retroviral gene therapy. Hum. Gene Ther. 4: 725–
731.

Black, M.E., Kokoris, M.S., and Sabo, P.S. 2001. HSV-1 thymidine kinase
mutants created by semi-random sequence mutagenesis improve prodrug-
mediated tumor cell killing. Cancer Res. 61: 3022–3026.

Black, M.E., Newcomb, T.G., Wilson, H.-M. P., and Loeb, L.A. 1996a. Cre-
ation of drug specific HSV-1 thymidine kinase mutants for gene therapy.
Proc. Natl. Acad. Sci. 93: 3525–3529.

Black, M.E., Rechtin, T.M., and Drake, R.R. 1996b. Effect on substrate binding
of an alteration at the conserved aspartic acid-162 in Herpes Simplex Virus
Type 1 thymidine kinase. J. Gen. Virol. 77: 1521–1527.

Boehme, R.E. 1984. Phosphorylation of the antiviral precursor 9-(1,3-dihy-

HSV-1 thymidine kinase mutants

www.proteinscience.org 2271



droxy-2-propoxymethyl)guanine monophosphate by guanylate kinase iso-
zymes. J. Biol. Chem. 259: 12346–12349.

Caruso, M., Panis, Y., Gagandeep, S., Houssin, D., Salzmann, J.-L., and Klatz-
mann, D. 1993. Regression of established macroscopic liver metastases after
in situ transduction of a suicide gene. Proc. Natl. Acad. Sci. 90: 7024–7028.

Chen, M.S., Summers, W.P., Walker, J., Summers, W.C., and Prusoff, W.H.
1979a. Characterization of pyrimidine deoxyribonucleoside kinase (thymi-
dine kinase) and thymidylate kinase as a multifunctional enzyme in cells
transformed by herpes simplex virus type 1 and in cells infected with mutant
strains of herpes simplex virus. J. Virol. 30: 942–945.

Chen, M.S., Walker, J., and Prusoff, W.H. 1979b. Kinetic studies of herpes
simplex virus type 1-encoded thymidine and thymidylate kinase, a multi-
functional enzyme. J. Biol. Chem. 254: 10747–10753.

Colombo, B.M., Benedetti, S., Ottolenghi, S., Mora, M., Pollo, B., Poli, G., and
Finocchiaro, G. 1995. The “bystander effect”: Association of U-87 cell
death with ganciclovir-mediated apoptosis of nearby cells and lack of effect
in athymic mice. Hum. Gene Ther. 6: 763–772.

Culver, K.W., Ram, Z., Wallbridge, S., Ishii, H., Oldfield, E.H., and Blaese,
R.M. 1992. In vivo gene transfer with retroviral vector-producing cells for
treatment of experimental brain tumors. Science 256: 9575–9579.

Dilber, M.S., Abedi, M.R., Christensson, B., Bjorkstrand, B., Kidder, G.M.,
Naus, C.C.G, Gahrton, G., and Smith, C.I.E. 1997. Gap junctions promote
the bystander effect of herpes simplex virus thymidine kinase in vivo. Can-
cer Res. 57: 1523–1528.

Field, A.K., Davies, M.E., DeWitt, C., Perry, H.C., Liou, R., Germershausen, J.,
Karkas, J.D., Ashton, W.T., Johnston, D.B.R., and Tolman, R.L. 1983.
9-([2-hydroxy-1-(hydroxymethyl)ethoxy]methyl)guanine: A selective in-
hibitor of herpes group virus replication. Proc. Natl. Acad. Sci. 80: 4139–
4143.

Freeman, S.M., Abboud, C.N., Whartenbuy, K.A., Packman, C.H., Koeplin,
C.S., Moolten, F.L., and Abraham, G.N. 1993. The “bystander effect”:
Tumor regression when a fraction of the tumor mass is genetically modified.
9-([2-Hydroxy-1-(hydroxymethyl)ethoxy]methyl)guanine: A selective in-
hibitor of herpes group virus replication. Cancer Res. 53: 5274–5283.

Furman, P.A., St. Clair, M.H., and Spector, T. 1984. Acyclovir triphosphate is
a suicide inactivator of the herpes simplex virus DNA polymerase. J. Biol.
Chem. 259: 9575–9579.

Gentry, G.A. 1992. Viral thymidine kinases and their relatives. Pharmacol.
Ther. 54: 319–355.

Hinds, T.A., Compadre, C., Hurlburt, B.K., and Drake, R.R. 2000. Conservative
mutations of glutamine-125 in herpes simplex virus type 1 thymidine kinase
result in a ganciclovir kinase with minimal deoxypyrimidine kinase activi-
ties. Biochemistry 39: 4105–4222.

Hruby, D.E. and Ball, L.A. 1981. Cell-free synthesis of enzymatically active
vaccinia virus thymidine kinase. Virology 113: 594–601.

Kokoris, M.S., Sabo, P., Adman E.T., and Black, M.E. 1999. Enhancement of
tumor ablation by a selected HSV-1 thymidine kinase mutant. Gene Ther. 6:
1415–1426.

Miller, W.H. and Miller, R.L. 1980. Phosphorylation of acyclovir (acyclogua-
nosine) monophosphate by GMP kinase. J. Biol. Chem. 255: 7204–7207.

Moolten, F. and Wells, J.M. 1990. Curability of tumors bearing herpes thymi-
dine kinase genes transferred by retroviral vectors. J. Natl. Cancer Inst. 82:
297–300.

Munir, K.M., French, D.C., Dube, D.K., and Loeb, L.A. 1992. Permissible
amino acid substitutions within the putative nucleoside binding site of her-
pes simplex virus type 1 encoded thymidine kinase established by random
sequence mutagenesis. J. Biol. Chem. 267: 6584– 6589.

Osaki, T., Tanio, Y., Tachibana, I., Hosoe, S., Kumagai, T., Kawase, I., Oikawa,
S., and Kishimoto, T. 1994. Gene therapy for carcinoembryonic antigen-
producing human lung cancer cells by cell type-specific expression of her-
pes simplex virus thymidine kinase gene. Cancer Res. 54: 5258–5261.

Ram, Z., Culver, K.W., Wallbridge, S. Jr., Blaese, R.M., and Oldfield, E.H.
1993. Toxicity studies of retroviral-mediated gene transfer for the treatment
of brain tumors. Cancer Res. 53: 83–88.

Reardon, J.E. 1989. Herpes simplex virus type 1 and DNA polymerase inter-
actions with 2�-deoxyguanosine 5�-triphosphate analogs. Kinetics of incor-
poration into DNA and induction of inhibition. J. Biol. Chem. 264: 19039–
19044.

Scholz, D., Arndt, R., and Meyer, T. 1994. Evidence for an immunosuppressive
activity of ganciclovir. Transplant Proc. 26: 3253–3254.

Tapscott, S.J., Miller, A.D., Olson, J.M., Berger, M.S., Groudine, M., and
Spence, A.M. 1994. Gene therapy of rat 9L gliosarcoma tumors by trans-
duction with selectable genes does not require drug selection. Proc. Natl.
Acad. Sci. 91: 8185–8189.

Tung, P.P., Respass, J., and Summers, W.C. 1996. 3�-Amino thymidine affinity
matrix for the purification of herpes simplex virus thymidine kinase. Yale J.
Biol. Med. 69: 495–503.

Kokoris and Black

2272 Protein Science, vol. 11


