
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY,
0066-4804/99/$04.0010

Aug. 1999, p. 1941–1946 Vol. 43, No. 8

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Acyclovir Is Phosphorylated by the Human Cytomegalovirus
UL97 Protein

CHRISTINE L. TALARICO,1* THIMYSTA C. BURNETTE,2 WAYNE H. MILLER,3 SHEILA L. SMITH,1

MICHELLE G. DAVIS,1 SYLVIA C. STANAT,1 TERESA I. NG,4† ZUWEN HE,5

DONALD M. COEN,5 BERNARD ROIZMAN,4 AND KAREN K. BIRON1

Department of Virology,1 Division of Bioanalysis and Drug Metabolism,2 and Department of Biochemistry,3 Glaxo
Wellcome, Inc., Research Triangle Park, North Carolina 27709; The Marjorie B. Kovler Viral Oncology

Laboratories, University of Chicago, Chicago, Illinois 60637;4 and Department of Biological
Chemistry and Molecular Pharmacology, Harvard Medical School,

Boston, Massachusetts 021155

Received 4 November 1998/Returned for modification 16 March 1999/Accepted 24 May 1999

Acyclovir (ACV) has shown efficacy in the prophylactic suppression of human cytomegalovirus (HCMV)
reactivation in immunocompromised renal transplant patients without the toxicity associated with ganciclovir
(GCV). The HCMV UL97 gene product, a protein kinase, is responsible for the phosphorylation of GCV in
HCMV-infected cells. This report provides evidence for the phosphorylation of ACV by UL97. Anabolism
studies with the HCMV wild-type strain AD169 and with recombinant mutants derived from marker transfer
experiments performed by using mutant UL97 DNA from both clinical isolates and a laboratory-derived strain
resistant to GCV showed that mutations in the UL97 gene cripple the ability of recombinant virus-infected cells
to anabolize both GCV and ACV. These mutant UL97 recombinant viruses were less susceptible to both GCV
and ACV than was the wild-type strain. A recombinant herpes simplex virus type 1 strain, in which the
thymidine kinase gene is deleted and the UL13 gene is replaced with the HCMV UL97 gene, was able to induce
the phosphorylation of ACV in infected cells. Finally, purified UL97 phosphorylated both GCV and ACV to
their monophosphates. Our results indicate that UL97 promotes the selective activity of ACV against HCMV.

Human cytomegalovirus (HCMV)-associated disease is a
major concern in the immunocompromised patient population.
In AIDS patients, HCMV infections can lead to retinitis that
can cause blindness (12). HCMV infection in bone marrow and
solid organ transplant recipients can produce life-threatening
infections, the most common being HCMV pneumonitis (40)
and gastrointestinal hemorrhage (22), and is associated with
20% of renal graft failures that occur in the first 6 months after
transplantation (33). Ganciclovir (GCV) is widely used to treat
HCMV infections but has been associated with significant leu-
kopenia and thrombocytopenia in some patients. Its closely
related nucleoside analog, acyclovir (ACV), has been used
intravenously for prophylaxis of HCMV infection. ACV is ef-
fective in suppression of both HCMV infection and HCMV-
associated disease in bone marrow and renal transplant pa-
tients (3, 36, 39) as well as HCMV-associated disease in heart
transplant patients (15). Suppression of HCMV-caused retini-
tis in some AIDS patients using ACV prophylaxis has also
been demonstrated (41).

Valaciclovir, a valine ester prodrug of ACV, is currently
approved for treatment of genital herpes and varicella-zoster
virus (VZV) infections and is rapidly and almost completely
converted to ACV after oral administration. Plasma ACV lev-
els that are comparable to those achieved by intravenous ad-
ministration of ACV are found after valaciclovir administra-
tion (28). Valaciclovir significantly reduces the risk of HCMV
disease and has shown activity, both as a preemptive agent and
as a prophylactic agent, for HCMV-associated disease in AIDS

patients (17, 23). However, better-tolerated doses of valaciclo-
vir for treatment of HCMV disease need to be determined,
since significantly higher mortality rates were observed in
AIDS patients administered 8 g of valaciclovir/day than in
AIDS patients administered 3.2 or 0.8 g of ACV/day (17).

In herpes simplex virus (HSV)- and VZV-infected cells, the
viral thymidine kinase (TK) is responsible for phosphorylating
both ACV and GCV to their monophosphates (MPs) (14, 21).
After monophosphorylation, host cellular kinases convert the
drug MP to its triphosphate (TP), which then selectively inhib-
its the viral DNA polymerase activity (8, 14). Incorporation of
ACV-MP into the nascent viral DNA chain results in prema-
ture chain termination (8, 34). GCV-MP is also incorporated
into the growing viral DNA chain but is not an absolute chain
terminator (24).

HCMV does not encode a TK, but phosphorylation of ACV
and GCV is enhanced in cells infected with HCMV (4). The
product of the HCMV UL97 open reading frame controls the
phosphorylation of GCV in infected cells (46). HCMV mu-
tants which contain UL97 mutations are deficient in their abil-
ity to induce the intracellular phosphorylation of GCV. This
correlates with reduced GCV susceptibility of these viruses (1,
2, 9, 25, 46). UL97 induces GCV phosphorylation in heterol-
ogous systems, suggesting that no other HCMV proteins are
required for GCV phosphorylation (27, 30, 35, 37).

The UL97 protein is a protein kinase that phosphorylates
itself and certain histone proteins (26, 27). Homologues of
UL97 exist in all of the human herpesviruses that have been
sequenced to date. The UL97 protein shares partial amino acid
homology to the HSV type 1 (HSV-1) UL13, particularly in
conserved regions thought to be responsible for protein kinase
activity (7). UL97 can partially compensate for some functions
of the HSV UL13 and also mediate the phosphorylation of
GCV in recombinant HSV-1-infected Vero cells (38).
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In this study the role of HCMV UL97 in both the intracel-
lular and extracellular activation of ACV was examined. Sen-
sitivity to ACV and intracellular phosphorylation of ACV by
UL97 mutant viruses and the wild-type laboratory strain
AD169 were determined. The role of UL97 in the intracellular
activation of ACV in recombinant HSV-1-infected cells was
also examined. Finally, using a purified UL97 assay system, the
phosphorylation of GCV and ACV was observed in the ab-
sence of contaminating cellular activity. To our knowledge, this
is the first report indicating that purified UL97 directly phos-
phorylates either GCV or ACV.

MATERIALS AND METHODS

Virus strains. Strain AD169 was obtained from the American Type Culture
Collection (Manassas, Va.). The GCV-resistant mutant 759rD100 was derived by
serial passage of strain AD169 in increasing concentrations of GCV (5). The
laboratory recombinant strain, XbaF 4-3-1, was obtained in marker transfer
experiments in which GCV resistance was transferred to AD169 by the XbaF
fragment of the 759rD100 genome (46). Other recombinant strains were ob-
tained by recombination of PCR-amplified UL97 DNA fragments from GCV-
resistant clinical isolates and full-length AD169 DNA (1, 9, 25). These were
plaque purified three times in MRC-5 cells by using cell-free virus. Construction
of the HSV-1 recombinant strains, R4970 (UL132, UL971, TK2) and R7355
(UL132, UL972, TK2), was described previously (38). Construction of baculo-
viruses expressing glutathione S-transferase (GST)-UL97 fusion proteins was
described previously (27). BVUL97 expresses wild-type UL97, while
BVUL97K355Q expresses UL97 containing an amino acid substitution of lysine
with glutamine at position 355.

Chemicals. [8-3H]GCV (14.9 Ci/mmol) and [8-3H]ACV (16.9 Ci/mmol) were
obtained from Moravek Biochemicals (Brea, Calif.). The MPs, diphosphates
(DPs), and TPs of GCV and ACV were synthesized by methods described
previously (16, 19). All other chemicals were from outside sources and were of
reagent grade or better.

Anti-HCMV drug susceptibility assays. Susceptibilities to antiviral compounds
were determined by plaque reduction assays (4) in MRC-5 cells. Medium over-
lays containing seven drug concentrations and a drug-free control were tested in
triplicate. Data for 50% inhibitory concentration (IC50) were analyzed by a linear
regression analysis program (SAS Probit; SAS Institute, Cary, N.C.).

HSV-1 plaque reduction assays. HSV-1 plaque reduction assays were per-
formed as described previously (38). Briefly, Vero cells infected with wild-type
HSV-1 strain F(F) or recombinant HSV-1 strains were overlaid with 199-O
media containing 0, 5, 15, 40, or 60 mM of ACV. Infected cells were incubated
at 37°C for 2 days and were then fixed and stained with Giemsa stain.

Analysis of intracellular metabolites (HPLC). Confluent MRC-5 cells in 25-
cm2 flasks were infected with AD169 or XbaF 4-3-1 at a multiplicity of infection
(MOI) of 0.8 or were mock infected. Three days postinfection the cells were
pulsed with either [8-3H]ACV (200 mM) or [8-3H]GCV (20 mM) for 18 h. Vero
cells, plated in 60-mm-diameter dishes, were infected with HSV-1 (F), R4970
(UL132, UL971, TK2), or R7355 (UL132, UL972, TK2) at an MOI of 10 or
were mock infected. At 8 h postinfection these cells were pulsed with [8-3H]ACV
(200 mM) for 15 h. After pulse labeling, cells were washed with cold phosphate-
buffered saline and extracted with ice-cold 80% acetonitrile. The cellular extracts
were clarified by centrifugation (770 3 g, 15 min, 4°C), and the resulting super-
natants were evaporated to dryness and then reconstituted in high-performance
liquid chromatography (HPLC)-grade water to an equivalent of 106 cells per 120
ml. Intracellular ACV and GCV phosphates were quantitated by an anion-
exchange HPLC method described previously (38).

UL97 enzyme assay. The expression and purification of the wild-type and the
K355Q mutant GST-UL97 fusion proteins were described previously (27). UL97
phosphorylation reaction mixtures contained 5 mM ATP, 5 mM MgCl2, 50 mM
sodium HEPES (pH 7.5), 1.2 mM [8-3H]ACV or 1.14 mM [8-3H]GCV (16
mCi/mmol), and UL97 at 0.028 mg/ml in a final volume of 0.5 ml. Blank reaction
mixtures were identical but contained 0.1 mg of bovine serum albumin (BSA) per
ml instead of UL97 protein. Reaction mixtures were incubated for up to 8 h at
37°C. The mixtures were placed on ice and carriers and/or internal standards
were added as follows: 5 ml each of 2 mM AMP, GMP, ADP, ATP, and GTP, 5
ml of either 2 mM ACV or 2 mM GCV, 5 ml of 2 mM ACV-MP or GCV-MP, and
100 ml of 10 mM ammonium phosphate. Anion-exchange HPLC was performed
on a Whatman Partisil 10 SAX column (100 by 4.6 mm) with a gradient of 10 mM
ammonium phosphate (pH 5.5)–5% methanol to 800 mM ammonium phosphate
(pH 5.5)–5% methanol. The flow rate was 1 ml/min, with 5-min flow of the 10
mM buffer, followed by 25-min flow of the linear gradient to 800 mM buffer.
Fractions were collected, and radioactivity was determined by liquid scintillation
counting in Wallac Optiphase Supermix scintillation cocktail in a Beckman
LS6000TA counter. Rates of phosphorylation were based on percent conversion
of protein to MP (up to approximately 2%).

RESULTS

Susceptibility of HCMV UL97 mutant recombinants to
ACV. To test the effects of UL97 mutations on ACV suscep-
tibility, we examined a panel of recombinant viruses each con-
tributing, by recombination with AD169, a UL97 mutation that
confers resistance to GCV. The UL97 mutations present in the
GCV-resistant, recombinant strains were representative of a
cross section of UL97 mutations found in clinical and labora-
tory strains to date (Table 1). ACV susceptibilities of both
clinical and laboratory-derived UL97 mutant HCMV strains
were determined by plaque reduction assays as described in the
Materials and Methods section. The plaque reduction assay
measures the ability of the virus to form plaques in the pres-
ence of drug. As previously shown the UL97 mutant viruses
showed GCV IC50s elevated from four- to sevenfold compared
to AD169 IC50s (Table 1). The ACV IC50s for the UL97
mutant viruses ranged from 2.5- to 4-fold higher than the
AD169 ACV IC50s.

Anabolism of ACV in UL97 mutant HCMV-infected cells.
Stanat et al. (44) determined that there is a relationship be-
tween GCV resistance and reduced intracellular levels of GCV
phosphates in HCMV-infected cells. To determine if the re-
duced ACV susceptibility of the UL97 mutant recombinant
virus, XbaF 4-3-1, correlated with reduced intracellular levels
of phosphorylated ACV in cells infected with XbaF 4-3-1,
intracellular anabolism studies were performed.

Cells infected with XbaF 4-3-1 or AD169 or mock-infected
cells were pulsed with either 20 mM [14C]GCV or 200 mM
[14C]ACV and then analyzed by HPLC. This allowed us to
determine the effect of the four-amino-acid deletion in UL97
on the intracellular phosphorylation of ACV. As shown previ-
ously, total GCV phosphate levels from XbaF 4-3-1-infected
cells were ninefold lower than the levels found in AD169-
infected cells but were sixfold higher than those in uninfected
cells (Table 2). The levels of total ACV phosphates in XbaF
4-3-1-infected cells were 5-fold lower than the levels in AD169-
infected cells but were 3.5-fold higher than those in mock-
infected cells. The proportions of individual GCV and ACV
anabolites (MP, DP, and TP) showed a similar pattern. The
decreased levels of GCV and ACV phosphates in XbaF 4-3-
1-infected cells, compared to the levels found in AD169-in-
fected cells, correlated with the increased GCV and ACV
IC50s for these viruses. Compared with AD169-infected cells
XbaF 4-3-1-infected cells showed a ninefold decrease in the
total GCV phosphate level which correlated with a sevenfold
increase in the GCV IC50 and, similarly, a fivefold reduction in
the total ACV phosphate level correlated with a fourfold rise
in the ACV IC50. Extracts from cells infected with HCMV
recombinants containing a variety of UL97 mutations were
also analyzed for total GCV and ACV phosphate levels. Re-

TABLE 1. In Vitro GCV and ACV susceptibility of HCMV
recombinant viruses

Virus Amino acid change Reference

Plaque reduction
(IC50, mM)a

GCV ACV

AD169 Wild type 5.1 6 0.1 77 6 2.1
XbaF 4-3-1 AACR590-593 deletion 47 34 6 1.4 270 6 63
8702rec 2-1-2 A594V 9 36 6 9.8 250 6 43
8704rec 8-1-2 L595S 9 35 6 3.5 220 6 14
8805rec 1-1-1 M460V 9 21 6 2.9 200 6 23
9219rec 7-1-1 L595 deletion 1 34 6 9.8 190 6 15
9330rec 5-1-1 H520Q 26 28 6 4.9 280 6 4.0

a Values are the means 6 standard deviations of three separate experiments.
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duced levels of GCV and ACV total phosphates were also
observed in these UL97 mutant-infected cells compared to
levels seen in AD169-infected cells (data not shown).

Susceptibility of recombinant HSV-1 strains to ACV. Ng et
al. (38) constructed an HSV-1 recombinant strain (R4970) in
which the HSV UL13 gene was replaced by the HCMV UL97
gene, and in addition, the TK gene was deleted. To determine
the role of UL97 in the ACV susceptibilities of wild-type
HSV-1 (F), R4970 (TK2, UL132, UL971), and R7355 (TK2,
UL132, UL972), plaque reduction assays were performed. As
expected, HSV-1 (F) was susceptible to ACV, with an IC50 of
,1 mM. R4970 had intermediate sensitivity to ACV, with an
IC50 of 19 mM, and R7355 had an ACV IC50 of 51 mM (Table
3).

Anabolism of ACV in recombinant HSV-1-infected cells.
The UL971 recombinant virus, R4970, has been reported to
induce GCV phosphorylation in infected Vero cells (38). To
determine if ACV is also phosphorylated in R4970-infected
cells, Vero cells were infected with either R4970, HSV-1 (F)
(wild-type), or R7355 (UL132, UL972, TK2) or mock infected
and then pulsed with [8-3H]ACV. Levels of ACV phosphates
were determined by HPLC analyses (Table 3). Cells infected
with HSV-1 (F) efficiently induced ACV phosphorylation.
Vero cells infected with R4970 contained ACV phosphate
levels that were 2-fold higher than those found in R7355-
infected cells and 13-fold higher than those in mock-infected
cells. However, it should be noted that the ACV-TP levels may
have been overestimated due to the presence of a small inter-
fering peak detected in the Vero cell extracts (data not shown).
Attempts to resolve the TP and interfering peaks by modifica-
tion of the HPLC method were unsuccessful.

Purified UL97 phosphorylation of ACV and GCV. To show
that the HCMV UL97 phosphotransferase is capable of di-
rectly phosphorylating ACV and GCV, substrate studies with
purified UL97 were performed. Wild-type and K355Q mutant
GST-UL97 fusion proteins expressed from baculovirus were
purified and determined to be greater than 90% pure. Wild-
type or K355Q mutant UL97 protein was added to a reaction
mixture containing either approximately 1 mM [8-3H]GCV or

approximately 1 mM [8-3H]ACV and allowed to react for 8 h at
37°C. Following addition of millimolar concentrations of un-
labeled drug phosphates, the radioactive products were ana-
lyzed by HPLC. When wild-type GST-UL97 fusion protein was
used, the peaks of radioactivity corresponded to the authentic
standards of GCV-MP or ACV-MP (Fig. 1A and B). When
mutant K355Q GST-UL97 protein or BSA was used, no GCV-
or ACV-MPs were detected.

Wild-type UL97 enzyme phosphorylated both GCV and
ACV to their MPs at rates of 2.2 pmol/min/mg of protein and
1.2 pmol/min/mg of protein, respectively. The rate of forma-
tion of MP was linear over time for 8 h (time points were at 1.7,
4, and 8 h). The MP peak counts per minute obtained from
wild-type UL97 were approximately 40-fold higher than back-
ground levels observed in a blank reaction mixture incubated
with BSA.

DISCUSSION

The direct role of the HCMV UL97 protein in the phos-
phorylation of ACV in HCMV-infected cells was demon-
strated in this report. We previously determined that ACV
phosphorylation in cells was enhanced following HCMV infec-
tion, in the absence of a TK homologue encoded by the
HCMV genome (4). Cytoplasmic 59-nucleotidase, which is a
mammalian cell enzyme that recognizes ACV as a substrate,
likely accounts for the levels of ACV-MP formed in uninfected
cells (29). However, neither cytoplasmic 59-nucleotidase nor
acid 59-nucleotidase levels are induced by HCMV infection
(5). Furthermore, ACV is not a substrate for mammalian de-
oxyguanosine kinase, which is induced after HCMV infection
(5). As demonstrated here and as shown previously, even with
the lack of a TK, AD169-infected cells induced the phosphor-
ylation of ACV and AD169 virus showed some sensitivity to
ACV in plaque reduction assays (4, 45).

Mutations present in UL97 are responsible for decreased
GCV phosphorylation in infected cells and ultimately for GCV
resistance (1, 9, 25, 46). These mutations also appear to be
responsible for a decrease in the in vitro ACV susceptibility of

TABLE 2. Phosphorylation of GCV and ACV in HCMV-infected MRC-5 cellsa

Virus or cell

Anabolites (pmol/106 cells)b of:

GCV ACV

MP DP TP Total MP DP TP Total

AD169 0.7 6 0.05 7.4 6 0.6 80 6 4.6 88 6.0 6 0.5 2.7 6 0.8 35 6 6.3 44
XbaF 4-3-1 0.2 6 0.04 1.9 6 0.2 7.6 6 0.5 9.6 1.3 6 0.1 0.7 6 0.1 6.2 6 1.1 8.2
Mock-infected cells 0.02 6 0.01 0.2 6 0.05 1.4 6 0.1 1.6 0.2 6 0.06 0.3 6 0.03 1.9 6 0.06 2.4

a Three days postinfection, cells were pulsed with [8-3H]ACV (200 mM) or [8-3H]GCV (20 mM) for 18 h. Intracellular anabolites were measured by anion-exchange
HPLC.

b Values are the means 6 standard deviations for three samples.

TABLE 3. In vitro susceptibility and phosphorylation of ACV in recombinant HSV-1-infected Vero cellsa

Virus (phenotype) or cell IC50
(mM)

ACV anabolites (pmol/106 cells)b

ACV-MP ACV-DP ACV-TP Total

HSV-1 (F) (TK1, UL131, UL971) ,1 7.8 6 0.04 3.0 6 0.01 46 6 2.6 56.8
R4970 (TK2, UL132, UL971) 19 6 0.6 2.0 6 0.07 1.1 6 0.5 18 6 7.4 21.1
R7355 (TK2, UL132, UL972) 51 6 4.2 0.9 6 0.5 0.3 6 0.05 9.8 6 1.1 11.0
Mock-infected Vero cells 0.04 6 0.05 0.07 6 0.01 1.5 6 0.2 1.6

a Eight hours postinfection, cells were pulsed with [8-3H]ACV (200 mM) for 15 h. Intracellular anabolites of ACV were measured by anion-exchange HPLC.
b Values are the means 6 standard deviations for two samples.
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these UL97 mutants. Elevated GCV and ACV IC50s were
observed for the UL97 mutants compared to GCV and ACV
IC50s for AD169. Lurain et al. (31) also reported that ACV
sensitivity is decreased in a GCV-resistant HCMV strain con-
taining a UL97 mutation different from those included in this
study. Therefore, UL97 is important not only for GCV suscep-
tibility but also for ACV susceptibility of HCMV in infected
cells.

Reduced susceptibility of HCMV to GCV has been strongly
correlated to reduced levels of GCV phosphates in infected
cells (44). In this report, total ACV phosphate levels, as well as
GCV phosphate levels, were reduced in UL97 mutant-infected
cells compared to levels induced in AD169-infected cells. The
reduced ACV and GCV phosphate levels in UL97 mutant-
infected cells correlated with reductions in viral susceptibility
to these antivirals. Therefore, mutations in UL97 that affect
GCV phosphorylation also affect ACV phosphorylation.

A recombinant HSV-1 virus, R4970, in which the HSV-1

UL13 gene is replaced with the HCMV UL97 gene and the TK
gene is deleted, has been constructed (38). In Vero cells in-
fected with this recombinant virus, UL97 partially compen-
sated for some of the functions of the HSV-1 UL13 and also
contributed to GCV susceptibility and GCV phosphorylation
(38). This virus allowed us to observe the role of UL97 in ACV
susceptibility and phosphorylation outside the context of
HCMV infection. In this study, the UL97-positive recombinant
virus had intermediate susceptibility to ACV compared to
ACV susceptibility levels of the wild-type HSV-1 strain and the
UL97-negative recombinant virus. Therefore, UL97 plays a
role in the in vitro susceptibility of ACV in R4970-infected
cells.

Levels of ACV phosphates in cells infected with the UL97-
positive recombinant HSV-1 were elevated compared to levels
found in cells infected with R7355 (UL132, UL972, TK2). It
was puzzling that R7355 induced ACV phosphorylation at a
level approximately 6.5-fold over that by mock-infected cells
since HSV-1 infection does not stimulate accumulation of
ACV in infected cells or stimulate cellular kinases that may
phosphorylate ACV in infected cells. Ng et al. also observed
that the levels of GCV phosphates were threefold higher in
R7355-infected Vero cells than in mock-infected cells. The
higher degree of increase in ACV phosphates in R7355-in-
fected cells than in mock-infected cells seen in this study is
possibly due to the higher concentration of ACV (200 mM)
used compared to the concentration of GCV (20 mM) used in
the study of Ng et al. (38). The increase in ACV phosphate
levels in R4970-infected cells over those in R7355-infected
cells provides additional evidence that UL97 is important in
the intracellular phosphorylation of ACV.

We demonstrated here that ACV and GCV were phosphor-
ylated in vitro by wild-type UL97 enzyme. The K355Q mutant
UL97 enzyme that contained the catalytic lysine substitution
did not phosphorylate GCV or ACV. As was shown previously,
this mutated enzyme was incapable of autophosphorylation
(27). Thus, the catalytic lysine is likely required for both the
protein kinase function and the nucleotide phosphorylation
function of the enzyme. No contaminating kinases capable of
phosphorylating ACV or GCV were present in our baculovirus
preparations, as evidenced by the lack of ACV and GCV
phosphorylation manifested by the K355Q mutant UL97 en-
zyme, which was purified in a manner identical to the wild-type
UL97 enzyme.

ACV was phosphorylated less efficiently than GCV by
UL97, which corresponds to the observation that HCMV is
more susceptible to GCV than ACV in vitro (18, 32, 42).
However, the relative ability of the HCMV UL97 to mono-
phosphorylate ACV and GCV is not the sole determinant of
the antiviral potencies of these two drugs. It is important to
note that the intracellular half-life of ACV-TP is only 1 to 2 h
whereas that of GCV-TP is 15 to 25 h (4, 20). Another factor
significant to relative potency of these two drugs involves the
second phosphorylation step in cells; cellular GMP kinase
has Km for ACV-MP three- to fivefold higher than that for
GCV-MP (6). Importantly, ACV-TP is a more potent alterna-
tive substrate inhibitor of the HCMV DNA polymerase than is
GCV-TP (5- to 10-fold) (44). Furthermore, ACV is an obligate
chain terminator (8, 34), whereas GCV does not completely
block viral DNA synthesis (24).

The function of UL97 in phosphorylating naturally occurring
nucleosides, as well as GCV, ACV, and penciclovir (PCV) has
also been studied in cells infected with a vaccinia virus strain
expressing UL97. No increase in nucleotide metabolism of
naturally occurring nucleosides was seen in cells infected with
vaccinia virus expressing UL97; therefore, UL97 is not be-

FIG. 1. Anion-exchange HPLC profiles of wild-type GST-UL97 enzyme re-
actions at 8 h with 3H-labeled GCV (A) or 3H-labeled ACV (B), as described in
the Materials and Methods section. Retention times of authentic carriers which
appear in the UV profile are as follows: ACV, 1.8 min; GCV, 1.8 min; AMP, 12.2
min; GCV-MP, 14.3 min; ACV-MP, 15.9 min; GMP, 17.1 min; ADP, 20.4 min;
ATP, 25.0 min; and GTP, 27.2 min. The UV peak at 19.5 min is an unknown peak
generated from the UL97 preparation. Radioactive peaks were collected as 1-ml
fractions. The scale for the counts per minute (cpm) was expanded to more
clearly show the MP cpm; the cpm in fraction 2 were approximately 600,000, and
those in fraction 3 were approximately 80,000.
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lieved to function as a nucleoside kinase (37). However, an
increase in the rate of metabolism of the nucleoside analogues,
GCV, ACV, and PCV, was observed in cells infected with a
vaccinia virus strain expressing wild-type UL97. With this vac-
cinia virus system, ACV and PCV were phosphorylated to a
lesser extent than GCV in these infected cells (47). When cells
were infected with vaccinia virus expressing UL97 containing
the same four-amino-acid deletion as that in XbaF 4-3-1, a
markedly reduced, but not completely abolished, metabolism
of the antivirals was detected (47). Therefore, this UL97 mu-
tation may not completely block the phosphorylation of GCV
and ACV by the UL97. However, this study did not examine
the role of UL97 in ACV phosphorylation in herpesvirus-
infected cells, nor was direct phosphorylation of ACV or GCV
demonstrated by using purified UL97.

Prolonged treatment of patients with antivirals can heighten
concern about the emergence of drug-resistant virus. Subopti-
mal dosing associated with GCV maintenance therapy may
select for strains of HCMV that are resistant to GCV (13).
Since ACV and GCV are similar structurally and in their
mechanisms of action, could prophylactic ACV therapy select
for GCV-resistant CMV? Drew et al. (11) reported that long-
term exposure of human immunodeficiency virus-positive pa-
tients to high-dose ACV therapy did not induce the resistance
of HCMV, isolated from these patients, to GCV. In another
study, exposure to ACV or GCV for periods of 2 to 5 weeks did
not alter the mean susceptibility of isolates obtained from
immunocompromised patients (10). Additionally, ACV-resis-
tant HCMV, selected in vitro, that contained DNA polymerase
alterations did not exhibit cross-resistance to GCV in vitro, and
vice versa (43). Three ACV-resistant HCMV strains selected
in our laboratory did not contain UL97 mutations but rather
contained DNA polymerase mutations (unpublished data).
This is the opposite of the situation seen in clinical GCV-
resistant viruses, in which mutations occur more frequently in
the UL97 gene than in the DNA polymerase gene. Additional
studies will be needed to determine whether ACV resistance of
HCMV arises in the clinical setting and, if so, the mechanism
of ACV resistance in clinical isolates.

Until now, the mechanism of action of ACV against HCMV
was unknown. The observation of phosphorylation of ACV by
the HCMV UL97 protein kinase in this study provides a ra-
tionale for the efficacy of ACV and valaciclovir therapy in
preventing HCMV infection and disease in the immunocom-
promised host.
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