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Abstract

Mutations in the human cytomegalovirus (HCMV) UL97 phosphotransferase have been associated with ganciclovir
(GCV) resistance due to an impairment of GCV monophosphorylation. Vaccinia virus recombinants (rVV) were
generated that encoded different HCMV UL97 proteins (pUL97) with mutations previously detected in resistant
HCMV clinical isolates at codons 460, 520, 592, 594, 595, 598 and 607. These rVVs allowed quantification of GCV
phosphorylation catalyzed by the different mutated pUL97s. When compared to rVV-UL97 wild type, mean levels of
residual intracellular GCV phosphorylation differed by a factor of 10 for the mutated UL97 proteins ranging from
5.2 to 51.8%. Mutations M460V (located in a UL97 region homologous to domain VIb of protein kinases) and
H520Q (located in a cytomegalovirus-specific, functionally critical domain) were responsible for the lowest levels of
residual GCV phosphorylation (9.3 and 5.2%). Mutations in a region homologous to the domain IX had a lower
impact on GCV phosphorylation (15.8–51.8%). The relevance of pUL97 mutation G598S in inducing GCV resistance
was demonstrated for the first time. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ganciclovir (GCV) is a first-line drug for the
therapy of human cytomegalovirus (HCMV) dis-
ease in immunocompromised patients. However,
in the last decade the emergence of GCV-resistant
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HCMV strains during treatment has become a
substantial problem in patients with AIDS (Drew
et al., 1991; Jacobson et al., 1991; Stanat et al.,
1991; Gerna et al., 1992; Lurain et al., 1994;
Baldanti et al., 1995, 1996, 1998b; Boivin et al.,
1996; Hanson et al., 1995; Chou et al., 1995a,b,
1997; Jabs et al., 2001; Wolf et al., 1995), in
transplant recipients (Knox et al., 1991; Lurain et
al., 1996; Rosen et al., 1997; Alain et al., 1997;
Baldanti et al., 1998a; Limaye et al., 2000) and in
other immunosuppressed patients (Erice et al.,
1989; Wolf et al., 1998). At the moment, there is
no consensus on the definition of GCV-resistance
in clinical HCMV isolates. In fact, either GCV
IC50�6.0 �M or an increase of �3.0-fold in IC50

values with respect to HCMV strains from un-
treated immunocompromised patients have been
associated with GCV resistance and lack of re-
sponse to treatment (Erice, 1999). However, the
different biological assays utilized for measurement
of drug susceptibility still suffer from lack of
standardization (Erice, 1999). In addition, determi-
nation of drug susceptibility is complicated by the
potential presence of a mixed virus population in
clinical HCMV isolates recovered from immuno-
compromised patients (Erice, 1999; Gerna et al.,
1992; Baldanti et al., 1998a,b).

Mutations in the UL97-encoded phosphotrans-
ferase (pUL97) have been shown by marker trans-
fer to play a key role in altering HCMV drug
susceptibility via inhibition of intracellular GCV
monophosphorylation (Sullivan et al., 1992; Lu-
rain et al., 1994; Hanson et al., 1995; Chou et al.,
1995a,b; Baldanti et al., 1995, 1998c). However, no
systematic quantitative data are available on the
influence of different mutations in UL97 proteins
on GCV phosphorylation. Strikingly, all available
data indicate that the pUL97 is not a nucleoside
kinase (Michel et al., 1996, 1998; He et al., 1997)
and sequence alignments as well as mutational
analysis have shown that pUL97 contains func-
tional regions homologous to conserved domains
characteristic of protein kinases (Michel et al.,
1998, 1999). To date, the biological function and
the natural substrate of the UL97 phosphotrans-
ferase are unknown. It has been shown recently
that the homolog of murine cytomegalovirus
(MCMV) M97 differs significantly in several as-

pects from UL97 and is not responsible for the
GCV-sensitive phenotype of MCMV (Wagner et
al., 2000). However, the importance of both the
UL97 and M97 function in virus replication is
demonstrated by the dramatic growth impairment
shown by recently obtained knock-out mutants
(Prichard et al., 1999; Wagner et al., 2000) and also
by the selective UL97 inhibition by the benzimida-
zole derivative 1263W94 (Davis et al., 1998). The
importance of UL97 phosphotransferase for viral
replication is further supported by the observation
that drug-resistant clinical HCMV isolates either
lacking the UL97 ORF or carrying extended dele-
tions in the UL97 ORF or deletions interfering
with the autophosphorylation of pUL97 have not
been reported. In addition, a mathematical model
has been developed showing a reduced in vivo
fitness of GCV-resistant UL97 mutants in the
absence of the drug (Emery and Griffiths, 2000). It
is not clear so far if UL97 mutations conferring
GCV resistance may interfere with an unknown
important biological function of UL97.

The aim of this study was to quantify the level
of GCV phosphorylation by UL97 proteins carry-
ing mutations which have been detected in different
putative UL97 domains of phenotypically resistant
clinical isolates. This work was performed using
recombinant vaccinia viruses (rVV) expressing the
mutated pUL97 in order: (i) to better standardize
the quantification of GCV phosphorylation, and
(ii) to overcome the potential problem of mixed
HCMV populations and of differential growth
properties of different clinical HCMV isolates.

2. Materials and methods

2.1. UL97 mutations detected in GCV-resistant
HCMV clinical isolates

A panel of ten mutations (M460V, M460I,
H520Q, C592G, A594V, L595S, L595F, L595del,
G598S, C607Y) was selected. The role of nine of
them in determining GCV resistance has already
been proven by marker transfer (Lurain, et al.,
1994; Hanson et al., 1995; Chou et al., 1995a,b,
2000; Baldanti et al., 1995, 1998a). The remaining
substitution G598S detected in a GCV-resistant
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HCMV clinical isolate (Baldanti et al., 1998b) but
not confirmed by marker transfer was also in-
cluded in the study. In detail, UL97 mutations
C592G, A594V, L595F, L595del, G598S and
C607Y, were detected in VR4991, VR4955,
VR5438, VR3480, VR5406, and VR4990 isolates
recovered in Pavia, Italy. GCV susceptibility of
Pavia isolates was determined by an immediate-
early plaque reduction assay (Gerna et al., 1992)
which documented GCV ID50 values in the range
of 18–50 �M corresponding to an increase of
3–8-fold in IC50 values with respect to HCMV
strains from treatment-naive immunocompro-
mised patients (Gerna et al., 1992; Baldanti et al.,
1995, 1996, 1998a,b,c). Similar GCV resistance
levels were reported to be associated with three
additional UL97 mutations (M460V, M460I and
L595S) investigated in this study (Lurain et al.,
1994; Chou et al., 1995a,b). The only exception
was represented by the clinical isolate carrying the
H520Q mutation with a GCV IC50 of �200 �M
which was explained by the presence of an addi-
tional mutation in the DNA polymerase (Hanson
et al., 1995).

2.2. HCMV UL97 cloning and expression in the
�accinia �irus system

The primer set pri.5-KpnI and pri.6-EcoRI
(Metzger et al., 1994) was used to amplify UL97
gene fragments of 626 bp (nt 1498–nt 2124) from
GCV-resistant clinical HCMV isolates VR4991,
VR4955, VR5438, VR3480, VR5406, VR4990.
The UL97 fragment carrying the H520Q substitu-
tion was amplified from the HCMV isolate CMV-
6 (kindly provided by A. Erice), as previously
described (Michel et al., 1996). Amplified UL97
fragments were inserted into the p7.5K-UL97 vec-
tor by substitution of the wild type UL97 KpnI–
EcoRI or SalI–KpnI fragments, respectively, as
previously reported (Metzger et al., 1994). In ad-
dition, M460V, M460I, and L595S substitutions
were introduced in the p7.5K-UL97 vector by
site-directed mutagenesis, as described previously
(Landt et al., 1990; Metzger et al., 1994; Michel et
al., 1998) using the mutagenized primers: 5�-AT-
TACACCCGTGAACGTGC-3�, 5�-ATTACACC-
CATCAACGTGCT-3� and 5�-TTCTCCGACGC-

GCGGCA-3�. After cloning the UL97 gene frag-
ments in p7.5K-UL97, the entire gene was se-
quenced to verify that no additional changes had
been introduced during the amplification or
cloning steps.

The expression of the different pUL97 in CV1
cells was verified by Western blot analysis using a
polyclonal antiserum specific for the UL97 phos-
photransferase (Michel et al., 1996) and the en-
hanced chemiluminescent technique (ECL,
Amersham, Braunschweig, Germany). In addi-
tion, the correct nuclear localization of the pUL97
was verified by immunological staining of shell
vial cultures of 143B (tk−) cells infected with the
indicated vaccinia recombinants using the same
antiserum and the immunofluorescence technique
(Michel et al., 1996).

Some previously reported rVV were used as
controls: (i) rVV-UL97 expressing the wild type
HCMV UL97; (ii) rVV-AACR590–593del ex-
pressing the pUL97 carrying the AACR590–593
deletion; (iii) rVV-234, whose pUL97 lacking 66
amino acids (amino acids 305–365) is transported
to the nucleus, but is neither phosphorylated itself
nor gives rise to phosphorylated GCV (Metzger,
et al., 1994; Michel et al., 1996, 1998).

2.3. GCV phosphorylation acti�ity and
phosphorylation of pUL97 in cells infected by
wild type and mutated UL97 �accinia
recombinants

GCV phosphorylation activity was analyzed in
infected 143B (tk− ) cells by HPLC as reported,
whereby fractions containing all GCV phosphates
(mono-, di-, and triphosphates) and the unphos-
phorylated compound were collected according to
their retention times as determined by external
standard runs (Michel et al., 1996; Zimmermann
et al., 1997). In order to standardize the quantita-
tive determination of GCV phosphorylation ca-
pacity by wild type and mutated pUL97 in the
heterologous vaccinia virus system, the correla-
tion between different multiplicities of infection
(m.o.i.), the amount of protein expressed and
GCV phosphorylation was analyzed. In detail,
143B cells were infected with rVV-UL97 wild
type, rVV-M460I, rVV-L595F or rVV-G598S, us-
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ing m.o.i. between 0.5 and 40 in at least three
separate experiments. Twenty-four hours post-
infection (p.i.), Western blot analysis with crude
cell extracts and quantification of GCV phospho-
rylation was performed from the same samples in
parallel. The expressed UL97 proteins were visu-
alized by autoradiography after immunostaining
with the specific UL97 antiserum. Signal intensity
of the 80 kDa bands representing the expressed
UL97 protein were quantified by densitometry.
GCV phosphorylation activity was analyzed by
HPLC as reported earlier.

If not stated otherwise, all further experiments
were performed after infecting cells with the indi-
cated rVV at an m.o.i. of 5–10. In addition, for
each rVV, GCV phosphorylation assay experi-
ments were replicated 7–18 times and median
values were calculated. In each experiment, GCV
phosphorylation mediated by the rVV-UL97 wild
type was set at 100%, while GCV phosphorylation
mediated by rVVs carrying mutated HCMV
UL97 was expressed as a fraction of UL97 wild
type. Finally, the low background counts of refer-
ence VV Copenhagen, which was very similar to
that in mock-infected cells, were subtracted in
each experiment.

The pUL97 phosphorylation was determined in
the nuclear matrix fraction of CV1 cells following
a reported protein kinase assay (He et al., 1997).

2.4. Statistical analysis

GCV phosphorylation and pUL97 phosphory-
lation data by wild type and mutated UL97 phos-
photransferase were evaluated by the Wilcoxon
2-sample test.

3. Results

3.1. Generation of rVV carrying the different
mutated UL97 coding regions and expression of
the UL97 proteins

As described above in Section 2, ten recombi-
nant vaccinia viruses were generated which con-
tained different HCMV UL97 ORFs carrying
mutations originally detected in GCV-resistant

clinical isolates. Two separate recombinant vac-
cinia virus clones were plaque-purified for each
UL97 mutant after recombination. Sequence anal-
ysis confirmed the presence of the mutated UL97
sequences in the respective vaccinia virus vectors
pK7.5-UL97 in the absence of additional
mutations.

Using our polyclonal UL97 antiserum, a clear
spotty nuclear signal was detected by indirect
immunofluorescence in 143B cells at 17–24 h after
infection with rVV-UL97 wild type and all rVVs
expressing mutated pUL97 derived from GCV-re-
sistant clinical isolates. No specific staining was
found in cells which were mock-infected or in-
fected with the VV Copenhagen strain (data not
shown). Western blot analysis demonstrated com-
parable expression of UL97 proteins (pUL97) in
143B cells infected with all rVV expressing mu-
tated UL97 ORFs (Fig. 1). Furthermore, nuclear
matrix extracts from cells infected with the rVV
carrying wild type or mutated UL97 ORFs were
analyzed for phosphorylation of pUL97 itself, as
published previously (Michel et al., 1998). Again,
none of the mutations found in clinical HCMV
isolates qualitatively inhibited the pUL97 phos-
phorylation in the vaccinia system (data not
shown). The 143B cells infected with VV Copen-
hagen strain (lacking UL97) as well as with our

Fig. 1. Western blot analysis of pUL97 expressed in 143B cells
after infection with the different rVVs. The figures on top of
the lanes indicate the mutated amino acid position; letters
indicate amino acids; del, deletion. The figures at the bottom
of the lanes indicate relative signal intensity of the 80 kDa
bands quantified by a phosphoimager (% of UL97 wild type).
*, deletion AACR590–593 was first reported in an in vitro
selected laboratory strain (Sullivan et al., 1992).
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Fig. 2. GCV phosphorylation in 143B (tk− ) cells after infec-
tion with recombinant vaccinia viruses at different m.o.i. Each
point represents the mean value, while vertical bars indicate
the standard error values from four independent experiments
using four different rVVs (rVV-UL97 wild type, rVV-M460I,
rVV-G598S, and rVV-L595F). Infections were performed with
the indicated m.o.i. The GCV phosphorylation activity using
an m.o.i. of 10 was set at 100%.

further increase of the m.o.i. to 20 and 40 an
increase in GCV phosphorylation could be ob-
served. Thus, GCV phosphorylation by rVVs car-
rying mutated UL97 proteins was evaluated
including experiments where the m.o.i. was be-
tween 5 and 10.

3.3. Phosphorylation of GCV in cells infected by
rVVs expressing different pUL97

The rVV-A5 carrying the AACR deletion
derived from an HCMV strain which had origi-
nally been selected in laboratory, and all the rVVs
expressing UL97 genes with single mutations
derived from clinical isolates consistently showed
impaired, yet never completely abolished GCV
phosphorylation (Fig. 3). The H520Q substitution
resulted in the lowest mean value of residual GCV
phosphorylation (5.2%), while the maximum
residual mean phosphorylation value detected
with the mutation G598S was ten times higher

negative control for pUL97 phosphorylation
(rVV-234) exhibited no phosphorylated pUL97
band (data not shown)

3.2. Standardization of the GCV phosphorylation
assay using rVV expressing wild type and
mutated HCMV UL97

Quantitative Western blot values given in Fig. 1
show that the amount of expressed protein was
comparable for all rVVs. In fact, the mutated
proteins were expressed between 91 and 151% as
compared to pUL97 wild type (100%). To rule
out an hypothetical relevant influence of in-
evitable minor inter test variations in the multi-
plicities of infection (m.o.i.) used, we analyzed in
more detail the correlation between different
m.o.i. and GCV phosphorylation using four of
the rVV (rVV-UL97 wild type, rVV-M460I, rVV-
L595F, rVV-G598S). In Fig. 2 the cumulative
result of all experiments is presented. The GCV
phosphorylation was not significantly affected
when using an m.o.i. between 2.5 and 10. In
contrast, a significant decrease in pUL97 expres-
sion and a higher variability of the GCV phos-
phorylation results were observed when using an
m.o.i. of 0.5 and lower (data not shown). With

Fig. 3. Quantitative GCV phosphorylation in 143B tk− cells
infected with different rVV expressing the mutated pUL97.
Each dot represents a GCV phosphorylation (mono-, di-, and
triphosphates) value obtained in a single experiment per-
formed by infecting cells in duplicate with the indicated rVV
(rVV-M460V to rVV-C607Y) at an m.o.i. of 5–10. The values
are given as percent of UL97 wild type. The mean value for all
experiments and each rVV is shown. The figures on the x-axis
indicate the mutated amino acid position; letters indicate
amino acids; del, deletion. The deletion AACR590–593 (un-
derlined) was first reported in an in vitro selected laboratory
strain (Sullivan et al., 1992).
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(51.8%). Both of these pUL97 mutants showed
mean residual GCV phosphorylation levels which
were statistically different from all other values
(P�0.05). Arbitrarily, three groups of mutants
could be defined: (i) pUL97 carrying the muta-
tions M460V and H520Q exhibited a very low
mean residual GCV phosphorylation (�10%); (ii)
pUL97 carrying M460I, A594V, L595S, L595del
showed a mean residual GCV phosphorylation
between 10 and 20%; and (iii) pUL97 with
C592G, L595F, G598S, C607Y mutations exhib-
ited a mean GCV phosphorylation in the range of
30–50%. Interestingly, in two cases, different mu-
tations at the same codon (M460V vs. M460I, and
L595del and L595S vs. L595F) induced signifi-
cantly different mean values of inhibition of GCV
phosphorylation. It has to be stressed that there
was no correlation between the comparable
amounts of expressed UL97 proteins (Fig. 1) and
the respective mean values of GCV
phosphorylation.

4. Discussion

The mechanism of GCV resistance induced by
several reported mutations in the UL97 ORF of
HCMV is the impairment of the UL97 protein in
phosphorylating GCV to its monophosphate
(Stanat et al., 1991; Littler et al., 1992; Sullivan et
al., 1992; Lurain et al., 1994; Hanson et al., 1995;
Chou et al., 1995a,b; Baldanti et al., 1995, 1996,
1998b,c). We used the rVV system to express
pUL97 from HCMV wild type and from several
GCV-resistant clinical isolates carrying mutations
in different pUL97 regions. These regions of
UL97 ORF are homologous to different domains
of protein kinases (Michel et al., 1999; Chee et al.,
1989). Our aim was to analyze the quantitative
impact of each UL97 mutant on the phosphoryla-
tion of GCV.

The vaccinia virus system exhibits several ad-
vantages: (i) recombinant vaccinia virus strains
can be generated easier than HCMV recombi-
nants and UL97 proteins can be expressed to high
amounts; (ii) after cloning single UL97 genes in
the vaccinia virus vector, the biochemical activity
of mutated pUL97 in infected 143B cells is not

influenced by the presence of mixed HCMV popu-
lations; and (iii) standardization of a quantitative
assay for testing GCV phosphorylation is inde-
pendent of other biological properties (e.g. repli-
cation rate) of the original HCMV isolates, since
rVVs can be used at high titers and quantification
of infectious virus is easily achieved and highly
reproducible.

In this study, rVVs carrying the different UL97
mutations consistently showed impaired GCV
phosphorylation as compared to rVV expressing
the wild type HCMV UL97 and significant differ-
ences between the GCV phosphorylation levels
induced by individual UL97 mutants could be
observed. In our system, the mutation H520Q was
the most efficient in inhibiting GCV phosphoryla-
tion. Mutation M460V (homologous to domain
VIb of protein kinases) similarly exhibited a very
low mean residual GCV phosphorylation level
(�10%). All other mutations reported from
GCV-resistant HCMV strains are clustered be-
tween codons 590 and 607, a region homologous
to domains IX and X of protein kinases (Chee et
al., 1989). Mutations in this part of the protein
can be separated into two groups with respect to
GCV phosphorylation: (i) mutations A594V,
L595S, L595del showed a quite low residual GCV
phosphorylation (10–20%) as compared to
pUL97 wild type; (ii) substitutions C592G,
L595F, G598S, C607Y showed much higher mean
residual GCV phosphorylation levels (30–50%).
In particular, mutation G598S was detected in a
GCV-resistant clinical isolate from an AIDS pa-
tient after treatment failure (Baldanti et al.,
1998b), which showed reduced levels of phospho-
rylated GCV in human fibroblast cultures (Bal-
danti et al., 1998b). However, so far, repeated
attempts failed to rescue recombinant HCMV
strains under GCV selection after homologous
recombination of UL97 fragments carrying the
G598S mutation into the AD169 genetic back-
ground. The relevance of this mutation in reduc-
ing intracellular GCV anabolism has now been
verified in the heterologous vaccinia virus system,
confirming its role in conferring a moderate de-
gree of GCV resistance. In addition, the difficulty
in selecting the recombinant HCMV by GCV
selection may be explained by the relatively high
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residual GCV phosphorylation by this mutant,
which is about ten-fold higher than that of the
most inhibitory mutation H520Q.

It has been shown that pUL97 is important
for viral replication and that the still unknown
crucial biological function of pUL97 is not
strictly related to GCV phosphorylation (Michel
et al., 1996; He et al., 1997). Our results confirm
previous data that a complete loss in the phos-
phorylation of pUL97 itself was never observed
in cell cultures infected with rVV expressing the
wild type or the pUL97 carrying mutations asso-
ciated with GCV resistance of clinical strains
(Michel et al., 1999). This led to the conclusion
that pUL97 phosphorylation might be associated
with the biological function of UL97 (Wagner et
al., 2000; Michel et al., 1999; Prichard et al.,
1999). In addition, it has been shown that the
phosphorylation of the UL97 protein itself is
also a prerequisite for the GCV phosphorylation
(Michel et al., 1999). However, at the moment
we are neither able to quantify autophosphoryla-
tion of pUL97, nor can we exclude that the
different mutations in pUL97 additionally lead
to different degrees of impairment of the biologi-
cal function of pUL97. Other investigators have
shown, by applying a mathematical model, a re-
duced in vivo fitness of GCV-resistant UL97 mu-
tants in the absence of the drug. They have also
shown a different degree of fitness loss for differ-
ent UL97 mutations (Emery and Griffiths, 2000).
The mechanisms responsible for the reported re-
duction of the in vivo replication of GCV-resis-
tant HCMV isolates as well as a possible
correlation with different mutations again rely
on the biological function of pUL97 and remain
to be elucidated.

Although in view of the low standardization
of the biological assays, it is not possible to
strictly correlate the level of GCV resistance re-
ported for the respective HCMV isolates with
the reduction in GCV phosphorylation as mea-
sured in the rVV system, it is remarkable that
mutations M460V, M460I, A594V and L595S,
which highly impair GCV phosphorylation, are
the most frequently detected in GCV-resistant
clinical HCMV strains (Chou et al., 1995a,b;
Jabs et al., 2001). The M460V mutation could be

selected also in vitro quite easily by GCV and
acyclovir resulting in highly resistant HCMV
strains (Michel et al., 2001). On the other hand,
the mutation H520Q which maximally reduces
GCV phosphorylation occurs less frequently
than mutations at positions 460 and 594 or 595.
As we have reported earlier, H520 is part of a
sequence (YHPAF 519–523) in a putative do-
main which is highly conserved exclusively
among cytomegaloviruses and is located between
domains VII and VIII of other protein kinases
where no homologous region does exist (Michel
et al., 1999). The critical relevance of this motif
was proven by the fact that a F523C mutation
generated in our laboratory resulted in a com-
plete loss not only of GCV phosphorylation but
also of pUL97 phosphorylation (Michel et al.,
1999).

In conclusion, the reduction of GCV an-
abolism by mutations in different UL97 domains
present in GCV-resistant HCMV clinical isolates
was measured in a recombinant vaccinia virus
system showing that the system is a valid tech-
nique for quantification of the GCV phosphory-
lating capacity of mutated UL97 ORF from
phenotypically resistant HCMV strains. The
residual capacity of GCV monophosphorylation
by the different pUL97 mutants may vary even
by a factor of 10. In addition, our data support
the relevance of an additional UL97 mutation
(G598S) for GCV resistance. The data show that
mutations which are most frequently selected in
treated patients reduce GCV phosphorylation to
a greater extent.
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