
ANTIMICROBIAL AGENTS AND CHEMOTHERAPY,
0066-4804/98/$04.0010

Feb. 1998, p. 444–446 Vol. 42, No. 2

Copyright © 1998, American Society for Microbiology

The Cys6073Tyr Change in the UL97 Phosphotransferase
Confers Ganciclovir Resistance to Two Human

Cytomegalovirus Strains Recovered from
Two Immunocompromised Patients

FAUSTO BALDANTI,1 MARK R. UNDERWOOD,2 CHRISTINE L. TALARICO,2 LAVINIA SIMONCINI,1

ANTONELLA SARASINI,1 KAREN K. BIRON,2 AND GIUSEPPE GERNA1*

Servizio di Virologia, IRCCS Policlinico S. Matteo, 27100 Pavia, Italy,1 and Department of Virology,
Glaxo Wellcome Inc., Research Triangle Park, North Carolina 277092

Received 6 June 1997/Returned for modification 2 October 1997/Accepted 5 November 1997

Two ganciclovir (GCV)-resistant human cytomegalovirus (HCMV) strains recovered from an AIDS patient
(strain VR4990) and a heart transplant recipient (strain VR5474) showed a Cys6073Tyr change in the
UL97-encoded phosphotransferase. No amino acid substitutions were observed in the viral DNA polymerase.
Marker transfer experiments showed marked reduction in GCV phosphorylation and drug susceptibility of the
recombinant HCMV strain VR4990rec2-1-1. These results further extend the region of the carboxy-terminal
domain of the UL97 phosphotransferase involved in GCV substrate recognition.

Human cytomegalovirus (HCMV) is an important pathogen
in immunocompromised patients, and ganciclovir (GCV) is a
first-choice drug in the management of HCMV infections.
However, GCV resistance has now become a substantial prob-
lem (1–4, 6–13, 15, 16, 18, 20–22, 25). A better understanding
of the genetic mechanisms involved in the GCV resistance may
be useful in designing rapid molecular diagnostic tests for the
detection of drug-resistant HCMV strains and in developing
new anti-HCMV drugs.

In the UL97 phosphotransferase, mutations proven to con-
fer GCV resistance are clustered in three distinct regions in-
cluding residues 460, 520, and 590 to 595 (1, 2, 4, 6, 7, 13, 18,
21, 24, 25). Recently, Chou and colleagues reported that a
Cys6033Trp change is responsible for GCV resistance (8).
Comparative sequencing data indicated that residues 596, 600,
and 607 may also play a role in this phenomenon (1, 3, 7). To
date, no mutations associated with GCV resistance have been
reported in between residues 460, 520, and 590.

Recently, the biochemical properties of HCMV UL97-en-
coded phosphotransferase have been investigated by expres-
sion of the protein in vaccinia and baculovirus systems (14, 19),
showing its functional homology with serine/threonine protein
kinases and suggesting that the deletion of residues 590 to 593
present in the GCV-resistant strain 759rD100 (24) alters GCV
phosphorylation, with only a modest reduction in the protein
kinase activity (14, 19).

In this study we demonstrate that a Cys3Tyr substitution in
position 607 of UL97 phosphotransferase reduces the GCV
kinase activity and confers GCV resistance. Our data suggest
that a larger domain of the carboxy-terminal region of the
UL97 phosphotransferase (residues 590 to 607) is involved in
substrate recognition.

(This work was presented in part at the 6th International
Cytomegalovirus Workshop, Orange Beach, Perdido Beach
Resort, Ala., 5 to 9 March 1997, and at the 10th International

Conference on Antiviral Research, Atlanta, Ga., 6 to 11 April
1997.)

Two HCMV isolates recovered from an AIDS patient
(strain VR4990) and a heart transplant recipient (strain
VR5747) following prolonged treatment with GCV showed
more than eightfold increases in GCV 50% inhibitory doses
(ID50s) with respect to ID50s for pretherapy isolates VR4631
and VR5549, respectively, from the same patients (Table 1), as
well as with respect to the mean ID50 6 the standard deviation
(2.9 6 2.1) for 10 HCMV isolates from treatment-naive im-
munocompromised patients (11). Drug susceptibility was mea-
sured by an immediate-early antigen plaque reduction assay, as
previously reported (12).

Sequence analysis of the conserved domains of UL97 and
UL54 (codons 305 to 706 and 333 to 1004, respectively) was
performed on sequential (GCV-sensitive and GCV-resistant)
isolates from the two patients, as described previously (2, 4).
Restriction fragment length polymorphism of multiple genome
regions (20) as well as comparison of nucleotide changes in
both UL97 and UL54 suggested that the two patients were
infected by genetically unrelated HCMV strains, thus exclud-
ing an epidemiological connection between the two cases (data
not shown). The GCV-resistant isolates VR4990 and VR5747
showed a TGT3TAT change in UL97 codon 607, leading to a
Cys6073Tyr substitution which was not present in GCV-sen-
sitive isolates from either patient. In addition, this mutation
was never previously reported for GCV-sensitive HCMV field
strains (data not shown). No additional amino acid alterations
were predicted based on the sequences of the UL97 genes of
VR4990 and VR5747 (Table 2). In contrast, the amino acid
sequences of the UL54 gene products of these two strains
showed differences between the two isolates which are fre-
quently detected in drug-sensitive HCMV strains (Table 2).

Marker transfer experiments were performed as reported
previously (2, 4) by cotransfection of full-length infectious
AD169 DNA and a 1,629-bp fragment (nucleotides 915 to
2544) amplified by PCR with primer pair UL97 1 and 6 from
the VR4990 UL97 gene (2). Recombinant virus screening was
performed by plating viral progeny on MRC-5 cell monolayers
in the presence of 50 mM GCV (2). Plaques growing under
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GCV were picked up, expanded in the absence of drug, and
then plaque purified two more times. Finally, recombinant
strain VR4990rec2-1-1 was submitted to sequence analysis,
GCV susceptibility testing, and GCV phosphorylation. Se-
quencing showed the presence of the TGT3TAT change in
codon 607 of the UL97 gene. In addition, comparison of silent
nucleotide variations between AD169 and VR4990 in the frag-
ment amplified by primer pair UL97 1 and 6 demonstrated that
the VR4990 UL97 fragment spanning codons 429 to 634 was
inserted in the AD169 UL97 gene during the homologous
recombination process, thus showing that the change was not
generated de novo during the selection of the viral progeny
with GCV.

VR4990rec2-1-1 showed a GCV-resistant phenotype in the
immediate-early antigen plaque reduction assay, with a GCV
ID50 of 10.0 mM, which corresponded to a 12.5-fold increase in
GCV resistance with respect to that of parent strain AD169
(Table 1).

GCV phosphorylation was evaluated with the recombinant
strain VR4990rec2-1-1 and the two parent strains, VR4990
(GCV resistant) and AD169 (GCV sensitive), as previously
described (2, 4, 22, 24). As controls, GCV-resistant reference
strain XbaF4-3-1, derived by transfer of UL97 from 759rD100
back into AD169 (23, 24), and mock-infected MRC-5 cells
were included in the experiment. Both VR4990 and
VR4990rec2-1-1 showed greatly impaired GCV phosphoryla-
tion, which appeared reduced to levels comparable to those of
XbaF4-3-1 (Fig. 1). Thus, the Cys6073Tyr change in the

AD169 genetic background conferred GCV resistance to and
impaired GCV phosphorylation of the recombinant
VR4990rec2-1-1 strain.

As already mentioned, HCMV drug resistance is becoming a
major problem in the clinical management of HCMV infec-
tions in immunocompromised patients (1–4, 6–13, 15, 16, 18,
20–22, 25). Since the discovery of UL97’s function in GCV
phosphorylation (5, 17, 24), some progress has been made in
the understanding of the molecular mechanism(s) of GCV
resistance and several mutations in this gene responsible for
GCV resistance have been reported. However, several prob-
lems remain unsolved. Why are some mutations more frequent
than others? What is the impact of each mutation on viral
biology, mainly with respect to the still unknown natural func-
tion of UL97 phosphotransferase? Which are the boundaries
of the UL97 region(s) involved in GCV binding and process-
ing? To date, only single nucleotide substitutions or small
deletions (1–4, 6, 7, 13, 18, 25) in the UL97 gene product
conferring impaired GCV phosphorylation have been de-
scribed, whereas attempts to generate mutants with larger al-
terations in UL97 have been unsuccessful (14, 19). He et al.
have shown that mutations in the carboxy-terminal region of
the UL97 gene product only marginally reduce autophosphor-
ylation, whereas these mutations in clinical strains clearly re-
duce GCV phosphorylation. However, the mutation of the
crucial catalytic lysine in position 355 suppresses any UL97
phosphorylation activity, suggesting that it may be lethal in vivo
(14). Thus, one can argue that mutations detected in GCV-
resistant clinical strains may hamper drug processing without
interfering in the natural functions of the enzyme.

Residues 460, 594, and 595 are most frequently mutated
(1–4, 6, 7, 18, 21, 25). However, Leu595 may be substituted in
several ways and even be deleted without apparent major al-
terations in viral growth rate, virus yield, or in vivo pathoge-
nicity (2, 4, 6, 7, 21, 25). In contrast, substitutions in positions
460, 520, and 594 present a more conserved pattern
(Met4603Val or 3Ile, His5203Asn, and Ala5943Val). In-
terestingly, all the reported mutations in positions 460, 520,
and 590 to 607 seem to confer similar degrees of GCV resis-
tance (GCV ID50, ;20 to 25 mM), giving a 6- to 15-fold
increase in ID50s with respect to the mean values for HCMV
isolates from untreated patients (2, 6, 7, 12, 13, 18, 20, 21, 25),
while higher levels of GCV resistance (12- to .40-fold in-
creases in ID50s with respect to those for controls) are associ-
ated with additional mutations in the DNA polymerase gene

FIG. 1. Anabolism of GCV by HCMV strains. MRC-5 cells were mock in-
fected or infected with UL97 recombinant HCMV strain VR4990rec2-1-1 or its
parental strains: clinical isolate VR4990 (GCV resistant) and reference strain
AD169 (GCV sensitive). For comparison, GCV anabolism in cells infected with
reference GCV-resistant HCMV strain XbaF4-3-1, derived by transfer of UL97
from 759rD100 back into AD169 (22, 23), was evaluated.

TABLE 1. Ganciclovir susceptibilities of two HCMV clinical
isolates and an HCMV recombinant strain with a Cys6073Tyr

change in the UL97-encoded phosphotransferasea

Patient Status HCMV strain (nature) GCV ID50
(mM) SI50

b

1 AIDS patient VR4631 (pretherapy) 2.7 NA
VR4990 (posttherapy) 25.0 9.25

2 HTRc VR5549 (pretherapy) 2.3 NA
VR5747 (posttherapy) 25.0 10.86

VR4990rec2-1-1 (recombinant) 10.0 12.5
AD169 (wild type) 0.8 NA

a With respect to pretherapy HCMV isolates from the same patients and the
reference strain AD169.

b SI50, 50% sensitivity index, representing the ratio between GCV ID50s for
VR4990 and VR5747 and the ID50s for pretherapy HCMV isolates from the
same patients. Similarly, the SI50 of VR4990rec2-1-1 with respect to AD169 is
shown. NA, not applicable.

c HTR, heart transplant recipient.

TABLE 2. UL54 and UL97 sequence analysis of two GCV-resistant
HCMV isolates from two immunocompromised patients

Patient Status HCMV
isolate

Amino acid change(s) with respect
to AD169 in:

UL54 UL97

1 AIDS patient VR4990 Ser6553Leu,
Asn6853Ser,
Ala8853Thr,
Asn8983Asp

Cys6073Tyra

2 HTRb VR5747 Ala8853Thr Cys6073Tyra

a An amino acid change never observed in GCV-sensitive HCMV field strains.
b HTR, heart transplant recipient.
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(8, 21, 23). Three Cys residues are present at positions 592,
603, and 607, and mutations in each of them have been asso-
ciated with GCV resistance (1, 3, 7, 8, 24). Thus, it seems
reasonable to hypothesize that they may play a functional role
in substrate recognition. Furthermore, it must be noted that
the UL97 gene product has as many as 28 Cys residues located
in the catalytic half of the enzyme. The Cys6073Tyr change
reported here further extends the domain of the carboxy-ter-
minal region of the UL97 phosphotransferase involved in GCV
anabolism. Additional studies are needed to define the impact
of each amino acid change on the natural function of the
UL97-encoded phosphotransferase.
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