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SUMMARY

We have undertaken to characterize the role of cytoplasmic 5’-
nucleotidase (EC 3.1.3.5) in the phosphorylation of the anti-
herpes simplex virus and anti-human cytomegalovirus agent
ganciclovir (GCV) in MOLT-4 cells, a human T cell line adapted
to grow in suspension culture. The rate of formation of GCV
triphosphate was found to be approximately doubled by prein-
cubation of nontransfected MOLT-4 cells with agents that cause
the accumulation of IMP, such as ribavirin (20 um) and myco-
phenolic acid (1 um), and the reaction rate was found to be
unaffected by high levels of thymidine (100 um). With herpes
simplex virus-1 thymidine kinase (HStk) gene-transduced MOLT-
4 cells, the rate of GCV phosphorylation was approximately 40-
fold faster than that in uninfected cells and, in marked contrast

to uninfected cells, the reaction was significantly inhibited both
by IMP dehydrogenase inhibitors and by thymidine. These latter
effects appear to be the result of 1) the accumulation of high
levels of dTTP in IMP dehydrogenase inhibitor-treated cells, with
consequent feedback inhibition of HStk, and 2) direct competitive
substrate inhibition by thymidine of the HStk-catalyzed phos-
phorylation of GCV. Thus, agents that enhance 5’-nucleotidase-
catalyzed phosphorylation of GCV in uninfected cells do not play
a similar role in HStk-transfected cells, a consequence of the
quantitative predominance of the viral thymidine kinase-catalyzed
reaction over that attributable to endogenous cytoplasmic 5’-
nucleotidase.

The initial phosphorylation of the antiviral nucleoside ana-
logues ACV [9-(2-hydroxyethoxymethyl)guanine] and GCV [9-
((1,3-dihydroxy-2-propoxy)methyl)guanine] (Fig. 1) in HSV-
infected cells is catalyzed by a virus-encoded thymidine kinase
(1-5). Phosphorylation of these two agents is also detectable,
although to a much lesser degree, in uninfected mammalian
cells lacking the virus-encoded enzyme. In 1985, Keller et al
(6) reported that a highly purified cytoplasmic 5’-nucleotidase
(EC 3.1.3.5), present in uninfected rat liver cells and acting as
a phosphotransferase, could catalyze the phosphorylation of
ACV, GCV, and other guanosine derivatives. The rate of phos-
phorylation of these nucleoside analogues by the 5’-nucleotid-
ase was slow, compared with that seen with the natural acceptor
substrate inosine (approximately 1-2%), but, in the case of
ACYV, appeared to be sufficient to account for the low level of
ACV-phosphorylating activity present in uninfected mamma-
lian cells. The phosphorylation of GCV by this 5’-nucleotidase
appears not to have been further explored.

Our interest in the substrate specificity of cytosolic 5’-nucle-
otidase arose from the observation that this enzyme was in

large part responsible for the initial 5'-phosphorylation of a
number of purine dideoxynucleoside anti-human immunodefi-
ciency virus compounds, including 2’,3’-dideoxyguanosine and
2’,3’-dideoxyinosine (7-9). Furthermore, because the preferred
phosphate donor in phosphorylations catalyzed by this enzyme
was IMP, exposure to agents that increased the intracellular
levels of the latter nucleotide (e.g., the IMPD inhibitors riba-
virin, tiazofurin, and mycophenolic acid) enhanced both the
phosphorylation and the antiviral activity of these compounds.
The increase in the rate of 5’-monophosphorylation consequent
to IMPD inhibition varied considerably among these nucleo-
sides, ranging from approximately 2-fold in the case of 2°,3'-
dideoxyinosine (8, 9) to >20-fold in the case of the fluorinated
analogue 2’-8-fluoro-2’,3’ -dideoxyadenosine (10).

Because GCV, like ACV, is also subject to low but readily
detectable 5’-nucleotidase-catalyzed phosphorylation in unin-
fected cells (6), we have undertaken studies to determine
whether this reaction, like that observed for purine 2’,3’-
dideoxynucleosides, is similarly enhanced by agents that in-
crease intracellular IMP. In addition, in view of the reports of

ABBREVIATIONS: ACV, acyclovir; GCV, ganciclovir; IMPD, IMP dehydrogenase; HPLC, high performance liquid chromatography; HStk, herpes
simplex thymidine kinase; HSV, herpes simplex virus; AZT, 3'-azido-3'-deoxythymidine.
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Fig. 1. Structures of ganciclovir (A) and acyclovir (B).

the cytostatic effects (and thus potential antitumor activity) of
GCV in HSV-transfected cell lines in vitro (11-14) and in vivo
(13, 15) and the current interest in GCV treatment of HSV-
transfected brain tumors (16, 17), we have extended the scope
of the study to include determination of the effects of IMPD
inhibitors on GCV phosphorylation in human (MOLT-4) cells
before and after transfection with the HSV-encoded thymidine
kinase gene.

Materials and Methods

Chemicals. Ribavirin (NSC-163039) and mycophenolic acid (NSC-
129185) were supplied by Dr. Karl Flora, Pharmaceutical Resources
Branch, Developmental Therapeutics Program, National Cancer Insti-
tute, National Institutes of Health. GCV was purchased from Syntex
Laboratories, Inc. (Palo Alto, CA). [*H]GCV (22 Ci/mmol; radiochem-
ical purity, >99%), labeled in the 8-position of the purine base, was
obtained from Moravek Biochemicals (Brea, CA). Other nucleoside
standards were purchased from Sigma Chemical Co. (St. Louis, MO).

Cells. Studies of the metabolism of GCV were carried out using
exponentially growing MOLT-4 cells. Cells were grown in RPMI 1640
medium, supplemented with 10% heat-inactivated (56° for 60 min)
fetal bovine serum, 44 ug/ml gentamicin, and 4 mM L-glutamine, at 37°
in a humidified atmosphere of 95% air/5% CO,. For some experiments,
proliferating MOLT-4 cells were transduced with the retroviral vector
STK, containing the cDNA for the HStk gene promoted by the simian
virus 40 promoter as well as the cDNA for the neomycin phosphotrans-
ferase (Neo®) gene promoted by the retroviral long terminal repeat
(15). Cells in logarithmic growth were exposed for 16 hr to the vector
supernatants supplemented with protamine (5 ug/ml) (18). They were
then selected for gene transduction by growth for 4 weeks in the
presence of the neomycin analogue G418 (0.6 mg/ml; GIBCO, Grand
Island, NY).

Metabolism studies. Ten-milliliter aliquots of a MOLT-4 cell
suspension (2.5 X 10° cells/ml) were incubated with radiolabeled GCV
(5 or 10 uM, 5 uCi/ml) in the presence or absence of IMPD inhibitors
or other modulators. After a 5-hr incubation, the cells were recovered
by centrifugation and the pellets were extracted with 0.4 ml of 60%
methanol. Extracts were heated for 2 min at 95° and, after centrifuga-
tion, the supernatant was evaporated under vacuum and redissolved in
250 ul of water; a 200-ul aliquot of the reconstituted samples was
subjected to chomatography on a Partisphere 5-SAX column (buffer
A, 0.002 M ammonium phosphate, pH 3.5; buffer B, 0.7 M ammonium
phosphate, pH 3.5). The following elution program was used: 0-10 min,
linear gradient to 4% buffer B; 10-20 min, linear gradient to 25% buffer
B; 20-45 min, linear gradient to 90% buffer B; 45-50 min, isocratic
elution with 90% buffer B; 50-55 min, linear gradient to 100% buffer
A; 55-70 min, reequilibration with buffer A before the next injection.
The flow rate was 2 ml/min. One-minute fractions were collected and
radioactivity was determined by liquid scintillation counting. Intracel-
lular GTP and IMP pool sizes were determined from the areas under
the elution peaks for these nucleotides, using a column precalibrated
with IMP and GTP reference standards; these nucleotides eluted at 7
+ 1 and 39 + 1 min, respectively.

Phosphorylation of tritiated thymidine in MOLT-4 cells and

HStk-transfected MOLT-4 cells. Five-milliliter aliquots of suspen-
sions of untransfected and HStk gene-transfected MOLT-4 cells (2.5
X 10° cells/ml) were incubated for 5 hr in the presence or absence of
ribavirin (20 uM) or mycophenolic acid (1 uM). The cells were then
pulse-labeled with [*H]thymidine (2 xCi/ml; specific activity, 20 Ci/
mmol) and the incubation was continued for another 15 min. Cells
were harvested and extracted as described above. Cell extracts were
then subjected to HPLC analysis of [*H]thymidine nucleotides using a
Partisil 10-SAX column and the following elution scheme: 0-5 min,
isocratic elution with 100% buffer A (0.02 M ammonium phosphate,
native pH); 5-20 min, linear gradient to 25% buffer B (0.7 M ammonium
phosphate plus 10% methanol, native pH); 20-35 min, linear gradient
to 100% buffer B; 35-40 min, linear gradient to 100% buffer A; 40-55
min, equilibration with buffer A. Eluted radiolabeled nucleotides were
monitored with an in-line radioactivity flow detector. The times of
elution of [*H]thymidine, [*HJdTMP, [*H]dTDP, and [*H]dTTP were
3, 10, 20, and 27 min, respectively.

Determination of deoxyribonucleoside triphosphate concen-
trations. Deoxyribonucleoside-5’-triphosphate concentrations in
MOLT-4 cell extracts were determined by a modification of the method
of Garrett and Santi (19), as described previously (8).

Results

Chromatographic separation of nucleotides arising
from GCV. We initially determined whether, under the con-
ditions of this study, the phosphorylated metabolites of GCV
could be detected chomatographically in extracts of nontrans-
fected MOLT-4 cells incubated with the radiolabeled drug. A
typical HPLC tracing of the anabolites arising from GCV and
separated by ion exchange chromatography is shown in Fig. 2;
it can be seen that the principal radiolabeled metabolites eluted
at 8, 24, and 42 min.

To aid in the identification of these nucleotides, a methanolic
extract from MOLT-4 cells incubated for 5 hr with 5 um [*H]
GCV was applied to a C-18 reverse phase column, which was
eluted with 0.003 M NaCl. The GCV phosphates eluted at 2
min in this system; these were collected, lyophilized, and in-
cubated with alkaline phosphatase (0.1 unit/ml, at pH 9) for 5
hr at 37°. The samples so treated were then chromatographed
again on a C-18 column equilibrated and eluted isocratically
with 0.1 M formic acid; the greater part of the radioactivity
(>99%) was found to coelute with authentic GCV (data not
shown).

Effects of IMPD inhibitors on phosphorylation of GCV
in nontransfected MOLT-4 cells. The addition of ribavirin
(20 uM) together with *H-labeled GCV resulted in an approxi-
mately 2-fold increase in the formation of the di- and triphos-
phates of the latter (Fig. 2); a lesser increase in accumulation
(approximately 40%) was noted at the monophosphate level.

In an attempt to determine the level of ribavirin capable of
exerting maximal stimulation of phosphorylation, a range of
ribavirin concentrations from 5 to 20 uM was explored. As
shown in Fig. 3, accumulation of GCV di- and triphosphates
continued to increase up to the highest concentration studied
(20 uM); ribavirin levels in excess of this amount exerted a
cytostatic effect in MOLT-4 cells and were not further studied.

The ability of the IMPD inhibitor mycophenolic acid to
stimulate phosphorylation was also determined. The potency
of the latter compound was greater than that of ribavirin, with
increases in GCV nucleotides at a concentration of 1 uM that
were equivalent to those seen with 20 uM ribavirin (Fig. 4,
upper, A-C).

Relative effectiveness of other modulators. In view of
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Fig. 3. Effect of ribavirin concentration on GCV nucleotide formation from
PHIGCV. Nontransfected MOLT-4 celis in i (2.5 x 10°
celis/mi at time 0) were incubated for 5 hr with 5 um [PHJGCV (5 xCi/ml)
and varying concentrations of ribavirin. Methanolic cell extracts were
analyzed as described in Materials and Methods. Each value represents
the average of duplicate determinations, with the individual values ob-
tained varying by <10%. Ordinate, intraceiular GCV nuclectide concen-
tration (pmol/10° celts). GCVMP, GCV monophosphate; GCVDP, GCV
diphosphate; GCVTP, GCV triphosphate.

the marked enhancement of IMP pools and thus of GCV
phosphorylation seen with ribavirin and mycophenolic acid, we
felt it would be of interest to determine whether high concen-
trations of inosine (10 and 100 uM) in the medium might also
be effective in increasing IMP and thus GCV phosphorylation.
As shown in Table 1, however, inosine in the absence of
ribavirin was only very slightly effective in increasing either
IMP levels or GCV phosphate formation; this lack of enhance-
ment of phosphorylation by inosine was previously observed in
studies of the phosphorylation of 2’,3’-dideoxyadenosine and
2’,3’-dideoxyinosine (8).

The effects of the purine nucleosides guanosine and 2’-
deoxyguanosine on the ribavirin stimulatory effect were next
determined. As previously seen also with 2’,3’-dideoxyinosine
(9), these nucleosides effectively reversed the ribavirin en-
hancement of GCV phosphorylation, most likely by restoring
GTP to normal or supranormal levels (Table 1) and thus
permitting resumption of preferential utilization of IMP in the
adenylosuccinate synthetase/lyase-catalyzed synthesis of AMP
(9), the first step of which is a GTP-requiring reaction.

GCVTP

Fig. 2. Separation of *H-labeled metabolites aris-
ing from [8-*H]GCV. Nontransfected MOLT-4
celis (2.5 x 10° celis/mi) were incubated with *H-
labeled GCV (5 um; 5 uCi/mi) for 5 hr. Methanolic
cell extracts of 20 x 10° cells were subjected to
ion exchange HPLC (Partisphere 5-SAX), using
the elution program described in Materials and
Methods. chromatograms are
shown (four e ). O, Control; O, pius
ribavirin (20 um). GCVMP, GCV monophosphate;
GCVDP, GCV diphosphate; GCVTP, GCV triphos-
phate.

Thymidine, even at high concentrations (10 and 100 uM),
had no effect on GCV phosphorylation in this system (Table
1), providing additional evidence that autochthonous thymidine
kinase does not play a detectable role in this reaction in
nontransfected MOLT-4 cells.

Effects of IMPD inhibitors on phosphorylation of GCV
in MOLT-4 cells after HStk gene transfection. As is well
known, mammalian cells infected with HSV, or transfected
with a HStk vector, elaborate a thymidine kinase enzyme that
differs in many of its properties from the cytoplasmic thymidine
kinase of uninfected cells (1, 2). Among these properties is the
ability to monophosphorylate the guanosine analogues ACV
and GCV (1-5), which is the rate-limiting reaction in the
formation of the pharmacologically active ACV and GCV tri-
phosphates. We thus determined whether agents that affected
the phosphorylation of GCV by 5’-nucleotidase in nontrans-
fected cells would exert any effect on the phosphorylation of
this agent in MOLT-4 cells transfected with viral thymidine
kinase. As shown in Fig. 4, lower, A-C, and Table 2, the rate of
formation of GCV triphosphate was increased almost 40-fold
in HStk-transfected MOLT-4 cells, compared with the rate
seen in nontransfected cells. In marked contrast, however, to
the situation in nontransfected cells, ribavirin and mycophen-
olic acid, rather than enhancing the phosphorylation of GCV,
inhibited the formation of GCV phosphates to levels even below
those seen in control cells. Guanosine and 2’-deoxyguanosine
also lost their capacities to nullify the increased phosphoryla-
tion that is seen in nontransfected MOLT-4 cells incubated
with ribavirin. Most importantly, thymidine, which was with-
out effect on the GCV phosphorylation reaction in nontrans-
fected cells, was a highly potent inhibitor of such phosphoryl-
ation in the HStk-transfected cells (Table 2).

Effects of IMPD inhibitors on dTTP pools and on [*H]
thymidine phosphorylation in HStk-transfected MOLT-
4 cells. The inhibition of GCV phosphorylation by ribavirin
and mycophenolic acid in HStk gene-transfected cells (Fig. 4,
lower, A-C) can most readily be explained by the well known
ability of these agents to increase dT'TP levels (20), the latter
nucleotide being a feedback inhibitor of both native thymidine
kinase and HStk (21, 22). We thus determined the levels of
dTTP after exposure of transfected cells to these compounds.
Both ribavirin and mycophenolic acid were highly effective in
increasing dTTP levels in these cells (Fig. 4, lower, D). The
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Fig. 4. Effects of ribavirin and mycophenolic
acid on [*H]GCV nucleotide formation from [*H)
GCV and on dTTP pools in nontransfected and
HStk-transfected cells. MOLT-4 cells (2.5 x
10° cells/mli at time 0) were incubated for 5 hr
with 10 um [*H]GCV (5 xCi/ml) in the absence
| (C, control) or presence of 20 um ribavirin (RB)
or 1 um mycophenolic acid (MA). Each value
represents the average of duplicate determi-
nations, with the individual values obtained
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TABLE 1

varying by <10%. Methanolic cell extracts
were analyzed as described in Materials and
Methods. A, [*H]JGCV monophosphate; B, [°H]
GCV diphosphate; C, [*H]JGCV triphosphate;
D, dTTP. Upper, nontransfected cells; lower,
HStk-transfected cells. Ordinate, intracellular
nucleotide (GCV or dTTP) concentration (pmol/
108 cells).

Effect of selected nucleosides on the ribavirin enhancement of GCV phosphorylation in nontransfected cells

MOLT-4 cells (2.5 x 10° cells/ml) were incubated for 5 hr with 5 um GCV (5 xCi/ml) in the presence of nucleosides and ribavirin (20 um), as shown. Methanolic cell
extracts were analyzed by ion exchange HPLC as described in Materials and Methods. Results are the average of two separate experiments, with the individual values
varying by <10%. Values in parentheses are percentage of control (rate of GCV triphosphate formation in the absence of added nucleosides).

GCV triphosphate IMP GTP
Addition o +Ribavirin Ribavirin +Ribavirin Ribavirin +Ribavirin
Filetin onied (20 ) onited (20 ) onited (20 b
pmoi/10° cells pmol/10° cells pmol/10° cels

None 0.079 (100%) 0.188 (238%) <10 267 520 120
Inosine, 100 um 0.075 (95%) 0.214 (271%) 36 258 574 156
Guanosine, 10 um 0.084 (106%) 0.098 (124%) <10 <10 534 370
Deoxyguanosine, 10 um 0.047 (59%) 0.062 (78%) <10 <10 524 643
Thymidine, 10 um 0.068 (86%) 0.173 (219%) <10 376 496 145
Thymidine, 100 um 0.075 (95%) 0.150 (190%) <10 150 361 137

TABLE 2

Effect of selected nucleosides on the phosphorylation of GCV in HStk-transfected celis
HStk-transfected MOLT-4 cells (2 x 10° cells/ml) were incubated for 5 hr with 10 um GCV (2 Ci/mi) in the presence of nucleosides and ribavirin (20 um), as shown.
Methods

Methanolic cell extracts were analyzed by ion exchange HPLC, as described in Materials and

. Results are the average of two separate experiments, with the

individual values varying by <10%. Values in parentheses are percentage of control (rate of GCV triphosphate formation in the absence of added nucleosides).

GCV triphosphate IMP GTP
Addtion Ribavicn omitted +Ribavirin Ribavirin +Ribavirin Ribavirin +Ribaviin
(20 um) omitted (20 um) omitted (20 uw)
pmol[10° celis pmol10° cells pmol/10° celis

None 10.2 (100%) 5.6 (55%) 40 221 600 118

Guanosine, 10 um 11.2 (110%) 17.2 (169%) 18 19 800 1284

Deoxyguanosine, 10 um 11.2 (110%) 9.3 (91%) 13 12 960 1378

Inosine, 10 um 12.2 (120%) 6.4 (63%) 21 186 709 139

Thymidine, 10 um 1.4 (14%) 2.7 (26%) <10 196 546 186

data for a range of concentrations of ribavirin are shown in
Fig. 5; Fig. 5 also illustrates the substantial depression of dGTP
produced in these cells as a consequence of inhibition of IMPD
by ribavirin.

As shown previously by Drach et al. (23, 24), in uninfected
cells treated with ribavirin the ribavirin-induced increase in
dTTP pools leads to decreased radiolabeling of dTTP and other
thymidine nucleotides after pulse-labeling with [*H]thymidine,
both because of the feedback inhibition of the enzyme by
elevated dT'TP and because of the isotope dilution effect re-

sulting from the increase in total dTTP. To determine whether
a similar effect was demonstrable with HStk-transfected cells,
we pulse-labeled HStk-transfected MOLT-4 cells with [*H]
thymidine and determined the formation of tritiated thymidine
nucleotides with HPLC. As shown in Fig. 6, lower, decreased
radiolabeling was seen, with mycophenolic acid (1 M) being
slightly more potent in this respect than ribavirin (20 uM).
Effect of dTTP on GCV phosphorylation by lysates
from HStk-transfected MOLT-4 cells. To confirm directly
the inhibitory action of increased dTTP on GCV phosphoryl-
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Fig. 5. Effect of ribavirin on deoxynucleoside-5'-triphosphate concentra-
tions in HStk-transfected MOLT-4 cells. Transfected MOLT-4 cells (2.5
x 107 cells, at a density of 2.5 x 10° cells/ml) were incubated at 37° for
5 hr with varying concentrations of ribavirin. Deoxyribonucleotide con-
centrations were determined as described in Materials and Methods.
Each value represents the average of duplicate determinations, with the
individual values varying by <10%. Control values (no ribavirin) were as
follows: dCTP, 18.3; dTTP, 43.3; dATP, 34.8; and dGTP, 18.2 pmol/10°®
cells.

ation, we then determined the effect of the addition of exoge-
nous dT'TP on the formation of GCV monophosphate by lysates
of HStk-transfected MOLT-4 cells; as shown in Table 3, dTTP
was an effective inhibitor of GCV monophosphate formation
by cell lysates, at levels equivalent to those formed in whole
cells after ribavirin or mycophenolic acid treatment (i.e., 50—
250 uM).

Discussion

Keller et al. (6) reported that, in uninfected cells from rat
liver, much of the phosphorylating activity for the similar
compounds GCV and ACV in the cytosolic fraction could be
accounted for by the 5’'-nucleotidase operative in the experi-
ments described here. The present observations, however, sup-

[*H] dThd [FH)dTMP  [3H] dTDP

Modulators of GCV Phosphorylation 781

port the contentions that 1) the process responsible for the
monophosphorylation of GCV in HStk-transfected T cells dif-
fers substantially from that seen in nontransfected cells and 2)
5’-nucleotidase plays a quantitatively minor role in this process
in transfected cells, with the HStk playing the major role.
Supporting this interpretation are the observations that GCV
phosphorylation in HStk-transfected cells is inhibited rather
than stimulated by IMPD inhibitors and that thymidine, which
had no effect on GCV phosphorylation in nontransfected cells,
is a potent inhibitor of this reaction in HStk-transfected cells.

The inhibition by thymidine of GCV phosphorylation in
HStk gene-transfected cells can be readily explained as a con-
sequence of substrate inhibition, i.e., competition between GCV
and thymidine for phosphorylation by the same HSV vector-
encoded thymidine kinase. The fact that the thymidine inhi-
bition effect is not seen in nontransfected cells (Table 1) is a
reflection of the inability of autochthonous thymidine kinase
to utilize GCV as a substrate. The mechanism of inhibition of
GCV phosphorylation by IMPD inhibitors appears, however,
to be more complex than the mechanism of inhibition by
thymidine. It has long been known that both ribavirin and
mycophenolic acid bring about significant increases in dTTP
pools (20) and also that dT'TP is a feedback inhibitor of both
native thymidine kinase and HStk (21, 22). This increased
dTTP (see Figs. 4, lower, D, and 5) could therefore account for
the decrease in GCV phosphorylation. To test this point di-
rectly, we examined the ability of dTTP to inhibit the formation
of GCV monophosphate by lysates of HStk-transfected MOLT-
4 cells, and we found significant inhibition at dTTP levels
equimolar to those produced in ribavirin- or mycophenolic acid-
treated cells (Table 3). The basis for the increase in dT'TP after
treatment of cells with IMPD inhibitors is still, however, not
fully established. Lowe et al. (20) postulated that the drop in
GTP levels consequent to IMPD inhibition (see Tables 1 and
2) results in a compensatory increase in phosphoribosylpyro-
phosphate synthesis and that, as a consequence of the latter,
the synthesis of pyrimidine ribonucleotides (including UTP) is
greatly increased, an effect we have also observed in the present
study (data not shown). The increased uridine ribonucleotide

[BH] dTTP

Fig. 6. Effects of IMPD inhibitors on phosphorylation of
tritiated thymidine by MOLT-4 cells and HStk-transfected
MOLT-4 celis. Untransfected and HStk gene-transfected
MOLT-4 cells (2.5 x 10° cells/ml) were pulse-labeled with
[*H]thymidine (2 xCi/ml), as described in Materials and
Methods, and *H-labeled thymidine nucleotides were sep-
arated by HPLC. Upper, untransfected MOLT-4 cells;
lower, HStk gene-transfected MOLT-4 cells. C, control

(no inhibitor); RB, plus ribavirin (20 um); MA, plus myco-
phenolic acid (1 um). Control (100%) values for [*H]
thymudme ([*H]dThd), [*HIITMP, [*H}dTDP, and [*H]

were as follows: untransfected cells:
5122 1168 1586, and 3931 dpm/10° cells, respectively;
HStk gene-transfected celis, 6576, 594, 2217, and 4970

dpm/10°® cells, respectively.
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TABLE 3

Inhibition by dTTP of the rate of phosphorylation of GCV by lysates
of HStk-transfected MOLT-4 celis

Exponentially growing HStk-transfected MOLT-4 cells were collected by centrifu-
gation for 10 min at 1000 X g (4°), resuspended in 0.05 m Tris buffer with 2 mm
dithiothreitol, pH 7.8, and ruptured by sonication. The reaction mixture consisted
of 5 mm ATP, 5 mm MgClz, 10 um [PHJGCV (220 »Ci/mi), inhibitor (dTTP) at the
concentration indicated, and buffered cell lysate (40 ug of protein), in a total volume
of 45 1. GCV-monophosphate formation was allowed to proceed for 60 min at 37°
and the reaction was terminated by heating at 95° for 2 min. Product formation
was determined by ion exchange HPLC as described previously (26), with an
elution time for GCV monophosphate of 16.6 min. Values shown are means +
standard errors from three separate determinations.

TP Rate of GCV monophosphate
concsntration formation nhbition
uM pmol/mg of protein/min %
0 273+0.18
50 212+ 0.05 22
100 1.02 + 0.04 63
250 0.96 = 0.03 65

levels then lead, by well established biosynthetic pathways, to
increased formation of uridine deoxyribonucleotides, including
dUMP, which in turn is the precursor (via thymidylate synthe-
tase) of increased dTMP and thus of increased dTTP.

Irrespective of the mechanism, the resulting inhibition of
GCV phosphorylation in HStk-transfected cells by the IMPD
inhibitors ribavirin and mycophenolic acid is analogous to the
reversal of the phosphorylation and antiviral activity of AZT
by ribavirin (25), which is similarly attributable to dTTP
feedback inhibition of the thymidine kinase-catalyzed phos-
phorylation of AZT, although in this case it is the endogenous
thymidine kinase of the cell, rather than a virus-encoded en-
zyme, that is operative. In the case of AZT and ribavirin, this
partial antagonism would appear to be a contraindication to
the use of combinations of these two agents in antiviral therapy
(25). The situation is less clear, however, with respect to guan-
osine analogues such as GCV and ACV; ribavirin and other
IMPD inhibitors, in addition to increasing intracellular dTTP,
effectively deplete GTP and dGTP levels (see Tables 1 and 2
and Fig. 5), thus lessening the ability of these physiological
nucleotides to compete with GCV triphosphate or ACV tri-
phosphate inhibition of HSV replication or of HStk-transfected
neoplastic cell replication. The net therapeutic result thus
cannot be predicted on biochemical grounds alone.
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