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Ribonucleotide reductase (RNR) is an essential enzyme for the de novo synthesis of both cellular and viral
DNA and catalyzes the conversion of ribonucleoside diphosphates into the corresponding deoxyribonucleoside
diphosphates. The enzyme consists of two nonidentical subunits, termed R1 and R2, whose expression is very
low in resting cells and maximal in S-phase cells. Here we show that murine cytomegalovirus (MCMYV)
replication depends on ribonucleotide reduction since it is prevented by the RNR inhibitor hydroxyurea.
MCMYV infection of quiescent fibroblasts markedly induces both mRNA and protein corresponding to the
cellular R2 subunit, whereas expression of the cellular R1 subunit does not appear to be up-regulated. The
increase in R2 gene expression is due to an increase in gene transcription, since the activity of a reporter gene
driven by the mouse R2 promoter is induced following virus infection. Cotransfection experiments revealed
that expression of the viral immediate-early 1 protein was sufficient to mediate the increase in R2 promoter
activity. It was found that the viral gene M45, encoding a putative homologue of the R1 subunit, is expressed
24 and 48 h after infection. Meanwhile, we observed an expansion of the deoxyribonucleoside triphosphate pool
between 24 and 48 h after infection; however, neither CDP reduction nor viral replication was inhibited by
treatment with 10 mM thymidine. These findings indicate the induction of an RNR activity with an altered
allosteric regulation compared to the mouse RNR following MCMYV infection and suggest that the virus R1

homologue may complex with the induced cellular R2 protein to reconstitute a new RNR activity.

The replication of both cellular and DNA virus genomes
requires a balanced supply of deoxyribonucleoside triphos-
phates (dNTPs). In eukaryotic cells, conversion of ribonucle-
oside diphosphates to the corresponding deoxyribonucleoside
diphosphates is catalyzed by ribonucleotide reductase (RNR),
the rate-limiting enzyme in DNA precursor biosynthesis (56,
60, 61). Ribonucleotide reduction is the first of a series of
metabolic reactions leading to DNA synthesis and as such is
controlled at several levels. The same enzyme reduces all four
ribonucleotides, and both substrate specificity and overall ac-
tivity are tightly controlled by binding of NTP allosteric effec-
tors. Substrate specificity is controlled by binding of ATP or
dATP (CDP/UDP reduction), dTTP (GDP reduction), or
dGTP (ADP reduction) to a specificity site in the R1 protein,
while overall activity is controlled by binding ATP (activation)
or dATP (inactivation) to an activity site (39). The activity of
RNR is cell cycle regulated and is very low or not detectable in
resting cells and maximal in S-phase cells (56, 61). This is
controlled both at the level of transcription and by regulation
of protein stability (6, 13, 22, 24).

Three RNR classes have been characterized based on the
mechanism for generation of the protein radical, metal cofac-
tor requirement, and subunit composition (39). Human cells,
like most eukaryotic cells, contain a class Ia RNR. This form
also exists in some prokaryotes, e.g., the well-studied nrdA/
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nrdB encoded enzyme of Escherichia coli. Class Ia has an o,3,
form of RNR consisting of two homodimeric subunits, proteins
R1 (a,) and R2 (B,). The R1 protein is the business end of the
enzyme and contains the active site and the binding sites for
allosteric effectors. The R2 protein is a radical storage device
containing an iron center-generated tyrosyl free radical.

Among the Herpesviridae family, several alpha- and gamma-
herpesviruses, including herpes simplex virus type 1 (HSV-1),
HSV-2, varicella-zoster virus, Epstein-Barr virus, pseudorabies
virus, and equine herpesviruses 1, 3, and 4, induce a novel,
distinct RNR activity (4, 17, 19, 35, 43). The viral enzyme may
be required for virus growth in nondividing cells and for viral
pathogenesis and reactivation from latency in infected hosts
(12, 20, 28, 29, 34, 37). The HSV-1 RNR enzyme is the most
extensively characterized and, like the mammalian and E. coli
enzymes, belongs to class Ia. However, it differs from the
cellular enzyme in that it completely lacks allosteric regulation
as well as most of the residues involved in effector binding in
the E. coli and mammalian enzymes at both the activity and
specificity sites (16, 42). Therefore, CDP reduction by the HSV
RNR is not inhibited by dTTP or dATP, as it is for the mam-
malian RNR. Furthermore, the N-terminal end of the HSV R1
protein contains a transmembrane helical segment followed by
a Ser/Thr protein kinase (18).

Analysis of the protein-coding content of the human and
murine cytomegalovirus (HCMV and MCMV) genomes re-
veals the presence of an open reading frame (ORF), termed
ULAS and M45, respectively (14, 55), which shows homology to
the R1 subunit of other herpesviruses. For instance, sequence
alignment of UL45 or M45 to that of HSV-1 R1, chosen as a
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representative of herpesvirus R1 proteins, reveals a 25 and a
22% amino acid identity, respectively. However, since the pu-
tative HCMV and MCMYV R1 subunit lacks certain amino acid
residues that are believed to be critical for enzymatic function
and are highly conserved among the R1 proteins of other class
Ia RNRg, it is not clear whether it acts as an enzyme subunit.
One such structural element is the redox-active dithiol on the
flexible C-terminal tail of other class Ia R1 proteins, where the
CMV RI1 has only one cysteine residue.

Like other betaherpesviruses, such as human herpesvirus 6
(HHV-6) and HHV-7 CMV genomes do not carry an ORF for
the R2 subunit. It follows that these viruses do not express a
functional RNR enzyme.

HCMYV and MCMV efficiently replicate in vitro in growth-
arrested fibroblasts (21, 44). Since the dNTP concentrations
are very low in nondividing cells and limit viral replication, it is
still unknown how HCMV and MCMYV ensure a sufficient
supply of dNTPs to their polymerase in the absence of a func-
tional RNR enzyme. To solve this paradox, one may hypoth-
esize that during their evolution CMV have acquired the abil-
ity to force a quiescent cell to express the R1 and R2 subunits
of the cellular RNR. Alternatively, the virally encoded R1
subunit may complex with the virus-induced cellular R2 sub-
unit to reconstitute a functional enzyme. A third possible ex-
planation would be salvage of the neccessary deoxynucleosides.

This paper addresses these questions by evaluating the ex-
pression and activity of the cellular RNR in quiescent cells
during MCMV infection.

MATERIALS AND METHODS

Cells and culture conditions. NIH 3T3 murine fibroblasts were grown as
monolayers in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco-BRL)
supplemented with 10% calf serum (Gibco-BRL). Quiescent NIH 3T3 cells
(arrested in the Gy/G, phase) were obtained by culturing the subconfluent
cultures for 48 h in DMEM medium plus 0.5% calf serum (low-serum medium).
Flow cytometry at this time demonstrated that more than 90% of the cells
arrested in Gy/G;.

Virus preparation and infections. MCMV (mouse salivary gland virus, strain
Smith; ATCC VR.194) was purchased from the American Type Culture Collec-
tion (Rockville, Md.). Virus stocks were first produced in salivary glands of
BALB/c mice and then propagated in vitro by infecting C57BL/6 mouse embryo
fibroblasts (C57BL/6-MEF) at a virus-to-cell ratio of 0.01. Cells were incubated
in DMEM supplemented with 2% heat-inactivated calf serum, and virus was
harvested by sonication, depending on the cytopathology, at about 1 week postin-
fection and clarified by centrifugation. Mock-infected fluid was prepared from
C57BL/6-MEF by the procedure used to prepare MCMV. A virus stock solution
containing approximately 107 PFU/ml (as determined by plaque assay on the
B6MEEF cell line, an embryonic fibroblast cell line derived from C57BL/6 mice
and immortalized through several culture passages) was used in all experiments.

For RNA and protein level determinations, transfection assays, and enzyme
assays, quiescent NIH 3T3 cells were infected with MCMV at a multiplicity of
infection (MOI) of 5 PFU/cell unless otherwise stated. Mock-infected control
cultures were exposed to an equal volume of mock-infecting fluid. Virus adsorp-
tions were carried out for 1 h at 37°C, and 0 h postinfection (p.i.) was defined as
the time immediately following this period. At the end of the adsorption, the
low-serum medium removed from the cells before infection was returned to the
plates to avoid any cellular stimulation that could have resulted from the addition
of fresh serum growth factors.

Inactivation of virus by UV light. MCMYV stock or mock-infecting fluid in an
uncovered 60-mm-diameter dish was placed in a UV linker (Pbi International)
and irradiated with one pulse of UV light at 0.6 J/cm?. Preliminary experiments
demonstrated that under these conditions no MCMV gene expression could be
demonstrated in UV-irradiated MCMV-infected NIH 3T3 cells (44). The virus
stock or the mock-infecting fluid was irradiated just prior to use and then placed
on ice. To minimize light exposure and prevent light-induced repair mechanisms,
irradiated stocks were kept covered with aluminum foil and infections were
performed in the absence of fluorescent lights.

Plasmids. pET28a(+)R2(+) contains the human R2 ¢cDNA cloned into the E.
coli expression vector pET28a(+) (Novagen). p3I contains a fragment (nucleo-
tides 113 to 2825) of the human R1 ¢cDNA. pGL3R2 1.5 contains a 1,517-bp
Pvull-to-Pvull fragment of the mouse R2 promoter (nucleotides-1500 to +17
relative to the major transcription start) linked to the luciferase coding region of
pGL3 (Promega) (13). pGL3R1 5.7 contains the mouse R1 promoter linked to
the luciferase coding region of pGL3 (38). pPCMVCAT contains a 1.2kb PstI-
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Ndel segment from HindIIl fragment L of MCMV DNA, positioned upstream
from the bacterial chloramphenicol acetyltransferase (CAT) reporter gene of
pSVOCAT. The viral genomic segment contains the immediate-early (IE) en-
hancer and the IE1/3 promoter of MCMV (32).

pIE100/1 and pIE3 contain MCMYV genome fragments which encode the pIE1
and plIE3 proteins, respectively. Their expression is driven by the MCMV IE
enhancer and the IE1/3 promoter (50).

Transient-transfection and reporter gene assays. All plasmids were purified by
cesium chloride centrifugation. For transient gene expression assay, the day
before transfection cells were plated in growth medium at a density of 2 X 10°
cells/60-mm-diameter dish. The medium was changed 4 h before transfection.
The cells were transfected by the calcium phosphate procedure, and the amount
of DNA of each transfection was standardized to 12 pg with carrier DNA (the
inert pBluescript SK plasmid) (Stratagene). The DNA-calcium precipitates were
added to the culture medium, and the cells were incubated for 18 h. Thereafter,
the transfectants were washed twice with medium and incubated for 48 h in
DMEM supplemented with 0.5% calf serum. To measure the luciferase activity,
the cells were washed twice with phosphate-buffered saline (PBS), scraped from
the plates in PBS containing 1 mM EDTA, and collected by centrifugation. The
pellets were resuspended in 100 pl of reporter lysis buffer (Promega), and soluble
proteins were recovered after centrifugation. Supernatants were quantified for
protein concentration, and aliquots were assayed with 100 pl of luciferine sub-
strate (Promega) in a 1600CA Tri-Carb liquid scintillation analyzer (Packard).
Reporter gene activity was normalized to the amount of plasmid DNA intro-
duced into recipient cells by DNA dot blot analysis as described by Abken and
Reifenrath (1).

Preparation of RNA and Northern analysis. At the indicated times, cells were
rinsed twice with ice-cold PBS and total cellular RNA was isolated by homoge-
nization in 4 M guanidium isothiocyanate and centrifugation through a 5.7 M
cesium chloride cushion, as described by Chirgwin et al. (15).

Total RNA (30 pg) was fractionated on a 1% agarose-2.2 M formaldehyde gel
and then blotted onto nitrocellulose membrane (Hybond C-Super; Amersham).
The filters were baked for 2 h at 80°C and prehybridized for 4 h at 42°C in 50%
formamide-750 mM NaCl-48.5 mM Na,HPO,~5 mM EDTA (pH 7.4)-2X Den-
hardt’s solution-0.1% sodium dodecyl sulfate (SDS)-200 pg of denatured
salmon sperm DNA per ml. The hybridizations were carried out at 42°C over-
night with denatured probes at 10° cpm/ml. The filters were then washed twice
for 30 min at room temperature with 2X SSC (1X SSC is 0.15 M NaCl plus 0.015
M sodium citrate) -0.1% SDS and twice for 30 min at 42°C with 0.5X SSC-0.1%
SDS. After autoradiography, the hybridization signals were quantitated by den-
sitometric scanning.

Northern blot analysis was performed with random-primed radiolabeled
probes corresponding to (i) a 1.8-kb BamHI segment of human R1 cDNA, (ii) a
703-kb EcoRI-EcoRV fragment of human R2 cDNA, and (iii) the mouse glyc-
eraldehyde-3-phosphate dehydrogenase (G3PDH) full-length cDNA. The full-
length M45 gene was obtained by PCR amplification of MCMV DNA and
completely sequenced.

RT-PCR analysis of MCMV M45 transcription. Reverse transcriptase PCR
(RT-PCR) was employed to analyze the transcription of MCMV M45 following
MCMV. Total cellular RNA isolated and purified as described above was treated
with RNase-free DNase, repurified, and quantitated spectrophotometrically. A
2-pg quantity of RNA was retrotranscribed at 42°C for 60 min in PCR buffer
(1.5 mM MgCl,) containing 5 uM random primers, 0.5 mM each dNTP, and
100 U of Moloney murine leukemia virus reverse transcriptase (Ambion) in a
final volume of 20 pl. The resulting cDNAs were amplified with the following
primers for MCMV M45: upstream primer, 5" ATG GCT CGC ATC CGC CGC
TAC-3’; downstream primer, 5’ GGC CGA GTA GAA CTG AGC GCG-3'. The
following primers were used for B-actin: upstream primer, 5" TGG AAT CCT
GTG GCA TCC ATG AAA-3'; downstream primer, 5" TAA AAC GCA GCT
CAG TAA CAG TCC-3'. Amplification was performed at 94°C for 1 min, 55°C
for 1 min, and 72°C for 1 min for a total of 30 cycles, and the products were an-
alyzed by agarose gel electrophoresis (2% agarose).

Expression of recombinant R2 in E. coli and generation of a rabbit antiserum.
The human R2 subunit was expressed in E. coli BL21(DE3) transformed with
pET28a(+)R2(+) as a fusion protein tagged with six residues of histidine and an
11-amino-acid sequence from the T7 capsid protein. Purification of the recom-
binant R2 and rabbit immunization were performed as described elsewhere (41).
The sera were obtained after bleeding at 1 week after the fourth immunization
and precipitated with ammonium sulfate at 45% saturation. The precipitates
were then resuspended in PBS and further purified on a protein A affinity
column (Pharmacia) as specified by the manufacturer.

Preparation of protein extracts and immunoblotting. Whole-cell extracts were
prepared by resuspending pelletted cells in lysis buffer containing 125 mM
Tris-HCI (pH 6.8), 3% SDS, 20 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride, 4 pg of leupeptin per ml, 4 pg of aprotinin per ml, and 1 pg of pepstatin
per ml. After a brief sonication, soluble proteins were collected by centrifugation
at 15,000 X g. Supernatants were quantified for protein concentration with a D,
protein assay kit (Bio-Rad Laboratories) and stored at —70°C in 10% glycerol.
For immunoblotting, after SDS-polyacrylamide gel electrophoresis (PAGE) the
proteins were transferred to Immobilon-P membranes (Millipore). The filters
were then blocked in 5% nonfat dry milk in 10 mM Tris-HCI (pH 7.5)-100 mM
NaCl-0.1% Tween 20 and immunostained with the anti-R1 monoclonal antibody
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AD203 (49), the anti-R2 polyclonal antibodies, the anti-MCMYV IE1 polyclonal
antibodies (27), or the anti-actin mouse monoclonal antibody (Boehringer).
Immune complexes were then detected by means of sheep anti-mouse immuno-
globlin or goat anti-rabbit immunoglobulin antibodies, both conjugated to horse-
radish peroxidase (Amersham), and visualized by using enhanced chemiolumi-
nescence (Super Signal; Pierce) as specified by the manufacturer.

Cytotoxicity assay. Cells were grown to subconfluence in 24-well plates and
then incubated in low-serum medium for 48 h. Thereafter the medium was
replaced by low-serum medium containing increasing concentrations of hy-
droxyurea (HU) (Sigma). After 48 h, cell viability was detemined by the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) method, as previ-
ously described (53).

Inhibition of viral replication and DNA synthesis. Inhibition of viral replica-
tion was determined in cells grown to subconfluence in 24-well plates and then
incubated in low-serum medium for 48 h. Thereafter they were infected with
MCMYV at a MOI of 1 PFU/cell. One column per plate was mock infected and
served as a cell control. The infected cultures were treated in low-serum medium
with increasing concentrations of HU or thymidine (TdR) (Sigma) in duplicate
wells. One column per plate was left untreated and served as a virus control.
Cultures were incubated until the control cultures displayed an evident cytopa-
thology. Thereafter, the cells and the supernatants from the anti-CMV assay
were harvested and disrupted by sonication. The disrupted cells were centrifuged
at 500 X g for 10 min, and the supernatant was assayed for infectivity by a
standard plaque assay for MCMV on the B6MEF cell line. The number of
plaques was plotted as a function of drug concentration, and the concentration
producing 50% reduction in plaque formation, i.e., the 50% effective concentra-
tion (ECs,) was determined.

To evaluate the inhibition of MCMV DNA synthesis, cells were grown to
subconfluence in six-well plates and then incubated in low-serum medium for
48 h. Thereafter the cells were infected with MCMV at a MOI of 1 PFU/cell.
One well per plate was mock infected and served as a cell control. The infected
cultures were treated in low-serum medium with different concentrations of HU
or TdR. One well per plate was not treated and served as a virus control. At 48 h
p.i., the cells were harvested and total DNA was isolated by resuspending cell
pellets in lysis buffer (10 mM Tris-HCI [pH 8.0], 25mM EDTA, 100 mM NaCl,
0.5% SDS, 100 pg of proteinase K per ml) and incubating the mixtures at 50°C
for 18 h. The digestion was then followed by phenol-chloroform extraction,
ethanol precipitation, and RNase treatment (1 pg of RNase A per ml for 1 h at
37°C). Two-fold dilutions of the DNA samples were then immobilized on a
Zeta-Probe hybridization membrane (Bio-Rad). DNA samples were sequentially
hybridized with a 3?P-labeled 1,104-bp Xbal-Aval DNA fragment which contains
a portion of the fourth exon of the MCMV IE1 gene and with a **P-labeled
mouse G3PDH full-length cDNA. The membranes were autoradiographed, and
hybridization signals were quantitated with the Bio-Rad molecular imaging anal-
ysis system.

Determination of nucleotide pools in MCMV and mock-infected quiescent
NIH 3T3 cells. Cell cultures with or without 10 mM thymidine were extracted
with ice-cold trichloroacetic acid. The extracted nucleotides were separated
directly by high-pressure liquid chromatography (NTPs) or first run through a
borate affinity column (dNTPs) as described by Hofer et al. (36). The nucleotide
pools are given as percentages of the total NTP pool (CTP + UTP + ATP +
GTP + dCTP + dTTP + dATP + dGTP) to minimize variations due to small
differences in cell numbers in the samples.

RNR assay. MCMV- or mock-infected quiescent NIH 3T3 cells were extracted
as described previously (2). The crude extracts (600 pg of protein) were assayed
for reduction of [PH]CDP to [*H]dCDP at 37°C as described previously (23) after
the addition of an excess of pure recombinant mouse R2 protein (47) (5 pg) to
each assay tube.

RESULTS

Both MCMY replication and DNA synthesis are blocked by
an RNR inhibitor. Since the MCMV genome does not encode
a functional RNR, we asked whether ribonucleotide reduction
is necessary for MCMYV replication in quiescent cells. To ad-
dress this question, we examined the effect of the RNR inhib-
itor HU on MCMYV replication and DNA synthesis. Quiescent
cells were infected at a MOI of 1 PFU/cell, and low-serum
medium containing HU was added after virus adsorption, to
give final concentrations of 0.5 to 100 wM. Culture superna-
tants collected 4 days after infection were assayed for virus
yield on B6MEF cells. As shown in Fig. 1A, HU produced a
significant dose-related reduction of MCMYV yield at concen-
trations well below those producing cytotoxic effects. The cal-
culated ECy, and EC,, were 3 and 8 pM, respectively. Cell
toxicity assays demonstrated that at these HU concentrations
the viability of quiescent mock-infected cells was about 80%
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FIG. 1. Inhibitory effect of HU on MCMYV replication (A) and DNA synthe-
sis (B). Quiescent NIH 3T3 cells were infected at a MOI of 1 PFU/cell and then
exposed to increasing HU concentrations for 4 days. (A) Supernatants of cell
suspension were assayed for their infectivity by a plaque reduction assay. (B)
Total genomic DNA was purified and immobilized on a hybridization membrane
by a dot blot apparatus. The same filter was sequentially hybridized with a
32p-labeled viral probe (a 1,104-bp Aval-Xbal fragment in the fourth exon of the
MCMV IE1 gene) and a cell DNA probe (full-length murine G3PDH cDNA).
The hybridization signals were quantitated with the Bio-Rad image analysis
system. Values are the means of three determinations.

and the 50% cytotoxic concentration was >100 wM. This find-
ing indicates that the inhibitory activity of HU on MCMV
replication was not due to its generalized cytoxicity.

To evaluate the effects of HU on MCMV DNA synthesis,
intracellular viral DNA levels were quantified 48 h after infec-
tion by dot blot analysis and hybridization with a radiolabeled
viral probe. As shown in Fig. 1B, HU treatment resulted in a
strong reduction of MCMYV DNA levels, with an ECs, of about
3 M.

These results indicate that MCMV replication and DNA
synthesis depend on ribonucleotide reduction in quiescent
cells.

Differential regulation of cellular RNR gene expression in
quiescent NTH 3T3 cells infected with MCMYV. Previous studies
demonstrated that MCMYV induces the expression of cell nu-
cleotide metabolic enzymes required for virus replication (30,
44). To investigate whether MCMYV infection regulates cellular
RNR gene expression, serum-depleted NIH 3T3 cells were
infected with MCMYV (at a MOI of 5 PFU/cell) and total RNA
was purified at different times p.i. Both the R1 and R2 mRNA
levels were then analyzed by Northern blotting and normalized
to the G3PDH mRNA levels. As shown in Fig. 2, the R2
mRNA increased during infection to a maximum level at 48 h
p-i. By contrast, the R1 mRNA level was not significantly
modified.

To determine whether viral infection of quiescent cells
would lead to a corresponding effect on the expression of the
cellular R1 and R2 proteins, cell extracts were prepared at
different times p.i. and analyzed by immunoblotting using an-
ti-R1 monoclonal antibodies or anti-R2 polyclonal monospe-
cific antibodies (Fig. 3). As expected, R1 protein was present at
very low levels in mock-infected cells and at much higher levels
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FIG. 2. Steady-state levels of R1 and R2 mRNA during the course of MCMV
infection. (A) NIH 3T3 cells were growth arrested in 0.5% calf serum for 48 h
and then infected with MCMV (MOI, 5 PFU/cell) or mock infected. Total RNA
was isolated at the indicated times after infection and analyzed by Northern
blotting. The filter was sequentially hybridized with cellular R1 and R2 and
G3PDH radiolabeled probes. (B) The hybridization signals were quantitated
with the Bio-Rad image analysis system. The increase in the R1 or R2 mRNA
content was calculated by normalizing the amount of radioactivity corresponding
to R1 or R2 mRNA to that of G3PDH mRNA (internal control) to correct for
differences in RNA loading and recovery. The value at each time point was then
normalized to the that observed with mock-infected cells, which was set at 1.

in serum-stimulated cells. As observed at the mRNA level,
MCMYV infection did not significantly modulate the levels of
R1 protein. By contrast, R2 protein was undetectable in mock-
infected cells, and its level began to increase at 12 h p.i., and
peaked between 24 and 48 h p.i. As expected, serum stimula-
tion induced R2 protein expression in uninfected cells. To
verify that the induction detected in infected cells was due to
viral gene expression, cells were also infected with UV-inacti-
vated virus and expression of the viral immediate-early protein
1 pIE1 was used as a marker of infectivity. A UV pulse of 0.6
J/em? completely abolished pIE1 expression. When the same
extract was probed with the anti-R1 or anti-R2 antibodies, no
R1 or R2 protein induction was detected, indicating that a
potential serum contamination of viral preparations or binding
and entry of the inactivated virus particles are not responsible
for R2 induction. From these experiments, we conclude that
MCMYV infection differentially modulates R1 and R2 protein
expression and that R2 induction is dependent on virus gene
expression.

Effect of MCMY infection on cell R1 and R2 gene promoters
in quiescent NIH 3T3 cells. To determine whether the differ-
ential modulation of cellular R1 and R2 gene expression by
MCMYV correlated with a corresponding effect on the respec-
tive gene promoters, we analyzed the effects of MCMYV infec-
tion on the expression of the transiently transfected luciferase
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FIG. 3. Cellular R1 and R2 protein levels during the course of MCMV
infection. NIH 3T3 cells were growth arrested in 0.5% calf serum and then
infected with MCMV (MOI, 5 PFU/cell) or UV-irradiated MCMV (MOI, 5
PFU/cell) or mock infected. Total-cell extracts were prepared at the indicated
times after infection, fractionated by SDS-PAGE (50 ng of protein/lane), and
analyzed by immunoblotting with the anti-R1 monoclonal antibody, with the
anti-R2 serum, and with the anti-IE1 serum as described in Materials and
Methods. Actin immunodetection with a monoclonal antibody was performed as
an internal control. A sample from quiescent cells stimulated with 10% calf
serum for 24 h was also run.

reporter gene driven by the R1 or R2 promoters. After trans-
fection, cells were serum starved and then infected with
MCMYV or UV-inactivated virus. At different times p.i., cell
extracts were prepared and assayed for luciferase activity. As
shown in Fig. 4, MCMYV infection resulted in a time-dependent
stimulation of the R2 gene promoter, which began at 12 h p.i.
(about 5-fold induction) and reached a maximum level at 24 h
p.i. (11-fold induction). By contrast, R1 promoter activity was
not affected by MCMYV infection. In accord with the Western
blot analysis, UV-inactivated virus did not increase luciferase
activity driven by the R2 promoter, demonstrating that
MCMV-mediated trans-activation requires viral gene expres-
sion.

Role of MCMYV IE proteins in the regulation of R1 and R2
expression. We have previously demonstrated that promoters
of cellular genes involved in DNA precursor metabolism, such
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FIG. 4. Effect of MCMYV infection on R1 and R2 promoter activity. DNA (2
pg) from constructs pGL3R1 5.7 or pGL3R2 1.5 was transiently transfected
along with carrier DNA [10 pg of pBluescript (SK)] into NIH 3T3 cells, as
described in Materials and Methods. After 18 h, the cells were washed and
growth arrested in 0.5% calf serum for 48 h. Thereafter, transfectants were
infected with MCMV (MOI, 5 PFU/cell) or UV-irradiated MCMV (MOI, 5
PFU/cell) or mock infected. Total cytoplasmic extracts were isolated at the
indicated times after infection and assayed for luciferase activity. Reporter gene
activity was normalized to the amount of plasmid DNA introduced into recipient
cells by DNA dot blot analysis. The resulting luciferase activity is expressed as
fold induction relative to basal levels measured in cells transfected with pGL3R1
5.7 or pGL3R2 1.5 and then mock infected, which were set at 1.
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FIG. 5. The MCMV IE protein pIE1 stimulates cellular R2 expression. (A)
Effect of pIE1 on R1 and R2 promoter activity. NIH 3T3 cells were transiently
cotransfected with 2 g of the indicator plasmids pGL3R1 5.7 or pGL3R2 1.5
and 1 pg of the expression vectors for pIE1, pIE3, or CAT respectively. At 18 h
after transfection, the cells were washed and then maintained for 48 h in medium
containing 0.5% calf serum. Thereafter, total cytoplasmic extracts were isolated
and assayed for luciferase activity, as described in Materials and Methods. The
resulting luciferase activity is expressed as fold induction relative to basal levels
measured in cells cotransfected with pGL3R1 5.7 or pGL3R2 1.5 and the value
for the CAT-expressing vector, which was set at 1. (B) Effect of pIE1 expression
on cell R2 protein levels. NIH 3T3 cells were transiently transfected with 0.5, 1,
and 4 pg of the CAT expression vector (lanes 1, 2, and 3 respectively) or the pIE1
expression vector (lanes 4, 5, and 6 respectively). At 18 h after transfection, the
cells were washed and then maintained in medium containing 0.5% calf serum.
After 48 h, total-cell extracts were prepared, fractionated by SDS-PAGE (50 pg
of protein/lane), and analyzed by immunoblotting with the anti-R2 serum and
with the anti-pIE1 serum.

as the dihydrofolate reductase (DHFR) and thymidylate syn-
thase (TS) promoters, are trans-activated by MCMV pIE1 but
not by pIE3 (30, 44).

To see whether these IE gene products play a role in regu-
lation of the R1 and R2 promoters, we cotransfected an ex-
pression plasmid for pIE1 or pIE3 with the luciferase reporter
genes driven by the R1 or R2 promoters into NIH 3T3 cells. To
rule out the possibility that the MCMV IE promoter, con-
tained in the IE1 or IE3 expression plasmids, titrates out tran-
scription factors from the target promoters, thereby appearing
to regulate them, the amount of MCMYV promoter included in
the transfection mixtures was kept constant and appropriate
amounts of pCMVCAT, which contains the regulatory se-
quences of the MCMYV IE region (the IE enhancer and IE1-3
promoter) linked to the coding region of the irrelevant CAT
protein, were included. Figure SA demonstrates that pIEl
transactivated the R2 promoter (6.5-fold induction) whereas
the R1 promoter was not affected. By contrast, pIE3 expression
had no effect on R1 or R2 promoter activity. The ability of the
IE1 or the IE3 constructs to express functional proteins was
verified by cotransfection assays with the pCMVCAT or
pEICAT indicator plasmid, respectively. As previously ob-
served (50), pIEl expression increased the activity of the
MCMYV IE enhancer and IE1-3 promoter of pCMVCAT
whereas pIE3 expression resulted in frans-activation of the
MCMV El1 early promoter of pEICAT (data not shown).

To confirm the ability of pIE1 to induce R2 gene expression,
we transfected into NIH 3T3 cells increasing amounts of the
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pIE1 expression plasmid or pCMVCAT as a control. After
transfection the cells were serum starved, and after 48 h cell
extracts were analyzed by immunoblotting using anti-R2 and
anti-pIE1 polyclonal monospecific antibodies. As shown in Fig.
5B, transfection of the pIE1 plasmid resulted in a dose-depen-
dent expression of pIEl (lanes 4 to 6) while no signal was
observed in the samples transfected with pPCMVCAT (lanes 1
to 3). Analysis of the same extracts with the anti-R2 antibodies
revealed a dose-dependent induction of cellular R2 (lanes 4 to
6). This was undetectable in the samples from cells transfected
with the control plasmid (lanes 1 to 3).

Taken as a whole, these results demonstrate that pIE1 stim-
ulates cellular R2 gene expression in the absence of any other
viral product.

An altered RNR activity is induced by MCMYV infection. The
finding that the cellular R1 gene is not induced by MCMV
infection prompted us to look for RNR activity in infected
cells. RNR activity was measured in crude extracts from mock-
infected and MCM V-infected cells 24 and 48 h after infection.
To make the assay independent of cellular R2 protein, induc-
ible by MCMYV infection, all assays were performed in the
presence of added, saturating amounts of mouse recombinant
R2 protein. We observed that 0.07, 0.18, and 0.20 nmol of
dCDP formed per 30 min in the mock-infected, 24-h, and 48-h
samples, respectively, using 0.6 pg of protein in each assay. The
background value of the assay in the presence of mouse re-
combinant R2 protein alone (5 ng) was 0.02 nmol/30 min.
Although these results show a clear increase in the level of R1
protein after infection, it is not possible from this assay alone
to distinguish cellular from virus-induced R1 protein activity.
Therefore, we decided to find whether the RNR activity in the
infected cells displayed a normal allosteric control.

In early studies, measurements of dNTP pools in HSV-
infected cells strongly indicated the induction of a new RNR
activity with an altered allosteric regulation compared to the
mammalian host cell enzyme (16, 42). These findings
prompted us to compare the dNTP pools in MCMV- and
mock-infected quiescent cells at two time points after infection
(Table 1). All four dNTP pools expanded two- to fivefold after
MCMYV infection, and the most pronounced expansion oc-
curred 48 h after infection. Moreover, a time course analysis of
MCMYV DNA synthesis revealed a considerable temporal over-
lap with the dNTP pool expansion since it began at 24 h p.i.
and reached maximum levels at 36 and 48 h p.i. as shown in
Fig. 6.

When the pool measurements were repeated in cells grown
in the presence of 10 mM TdR, a 10-fold increase in the dTTP
pool was observed in both mock- and virus-infected cells. As
expected from the allosteric regulation of the cell RNR, this
expansion was accompanied in the mock-infected cells by a

TABLE 1. Distribution of individual dNTPs as a percentage of
total NTP content after MCMYV infection

% of total NTP accounted for by:

Infection
dCTP dTTP dATP dGTP
Mock (24 h) 0.08 0.18 0.02 ND“
Mock (48 h) 0.07 0.15 0.02 ND
MCMV (24 h) 0.08 0.16 0.04 0.01
MCMV (48 h) 0.31 0.41 0.12 0.03
Mock (24 h) + TdR (10 mM) 0.01 1.91 0.03 0.03

MCMV (24 h) + TdR (10 mM) 005 208  0.04 006
MCMV (48 h) + TdR (10 mM)  0.18 158 006  0.05

“ ND, not detectable.
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FIG. 6. Time course of MCMV DNA synthesis. Quiescent NIH 3T3 cells
were infected with MCMV (MOI, 5 PFU/cell). Total genomic DNA was purified
at the indicated times and immobilized on a hybridization membrane by a dot
blot apparatus. The same filter was sequentially hybridized with a 3?P-labeled
viral probe (a 1,104-bp Aval-Xbal fragment in the fourth exon of the MCMV IE1
gene) and a cell DNA probe (full-length murine G3PDH ¢DNA). The hybrid-
ization signals were quantitated with the Bio-Rad image analysis system and
normalized to the differences in cell DNA. Values are the means of two separate
determinations.

specific drop in the dCTP pool (a 7.6-fold reduction). In strong
contrast to the situation in the mock-infected cells, the ex-
panded dTTP pool in the CMV-infected cells did not lead to a
decrease in the dCTP pool but, instead, resulted in a 2.5-fold
increase. We also measured the virus yield in the supernatants
from the cell cultures used for the dNTP pool assay. Signifi-
cantly, at 48 h p.i., the same yield was obtained from cells
infected in the presence of 10 mM TdR (8.3 X 10* PFU/ml) as
in its absence (9.4 X 10* PFU/ml). Taken together, these
results, along with the earlier results showing no increase of
cellular R1 mRNA or protein levels on MCMYV infection,
indicate the presence of a virus-induced R1 protein which
exhibits an altered allosteric regulation in such a way that
dTTP does not inhibit CDP reduction. Moreover, our dNTP
pool measurements suggest that MCMYV infection does not
induce the S-phase-specific cellular thymidine kinase 1 since
the dTTP pool increased to the same levels in mock- and
virus-infected cells in the presence of 10 mM TdR (Table 1).
Instead, the expansion of the dTTP pool most probably oc-
curred via the mitochondrial thymidine kinase 2, which is not
cell cycle specific.

The viral M45 gene is expressed in quiescent NIH 3T3 cells
infected with MCMYV. To determine whether the MCMV M45
gene, whose product shows homology to the R1 subunit of
other herpesviruses, was expressed during viral replication,
total RNA was isolated from mock- or MCMV-infected qui-
escent NIH 3T3 cells, and analyzed by Northern blotting. As
shown in Fig. 7A, a full-length double-stranded M45 probe
hybridized to three major viral transcripts of 7.1, 5.1, and 4.1
kb. The absence of any signal with RNA from mock-infected,
UV-inactivated MCMV-infected, or serum-treated cells rules
out any cross-hybridization with cellular transcripts. To further
confirm that the ORF M45 is indeed transcribed, the same
RNA samples were treated with DNase and retrotranscribed
with random primers and the cDNAs were then amplified by
using M45-specific primers. The results (Fig. 7B) clearly show
that transcription of MCMV M45 RNA could be detected at
24 h p.i. and persisted up to 48 h p.i. Uninfected cells and cells
infected with UV-inactivated MCMYV stock or exposed to 10%
serum were negative for M45 transcripts. Amplification of
B-actin RNA showed that similar amounts of RNA were ana-
lyzed.

Taken altogether, these results demonstrate that the puta-
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FIG. 7. Detection of M45 transcripts in MCM V-infected cells. (A) NIH 3T3
cells were growth arrested in 0.5% calf serum for 48 h and then infected with
MCMYV (MOI, 5 PFU/cell) or mock infected. As additional controls, cells were
also infected with a UV-inactivated MCMYV stock or exposed to 10% serum for
24 h. Total RNA was isolated at the indicated times after infection and analyzed
by Northern blotting. The filter was hybridized with a radiolabeled full-length
M45 probe. (B) The same RNA samples were analyzed by RT-PCR, with M45-
and actin-specific primers.

tive R1 subunit is expressed at times p.i. when either R1 ac-
tivity, dNTP pool expansion, or viral DNA synthesis occurs,
suggesting that it is involved in ribonucleotide reduction during
viral replication.

DISCUSSION

An increasing body of evidence indicates that adsorption of
the CMV particle to the cell membrane and expression of the
IE genes generate an intracellular environment that is more
favorable for viral replication (3, 7, 26, 54). Accordingly, it has
been demonstrated that CMV infection of quiescent cells in-
duces an “S-phase-like” state by up-regulating cellular en-
zymes involved in DNA precursor biosynthesis (25, 30, 44, 45,
62) along with an arrest of the host cell cycle, predominantly at
the G,/S transition (10, 21, 46, 57, 64). This replicative strategy
would provide the viral DNA polymerase with the necessary
supply of dNTPs and avoid competitive cellular DNA synthesis
and mitosis. We (this study) and others (5) have demonstrated
that MCMV and HCMYV infection does indeed result in the
expansion of all four ANTP pools. However, the mechanism by
which CMV fulfills its need for dNTPs in quiescent cells is not
fully understood. The complete genome sequencing of many
members of the Herpesviridae family demonstrates that alpha-
and gammaherpesvirus encode large and small subunits of the
RNR. This finding indicates that these viruses do not depend
on the host cell for ribonucleotide reduction. By contrast,
CMYV and other members of the Betaherpesvirinae subfamily,
such as HHV-6 and HHV-7, encode only a homologue of the
large subunit of RNR. Sun and Conner (59) observed that the
HHV-7 R1 homologue encoded by the ORF U28 is not a
functional R1 subunit and suggest that betaherpesviruses have
no requirement for RNR activity. To address this point, we
studied MCMYV replication and DNA synthesis in the presence
of HU. HU is a selective inhibitor of the R2 protein, acts as a
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radical scavenger, and increases the rate of iron loss from
mammalian R2 proteins. Inhibition of MCMYV replication and
DNA synthesis by HU in quiescent cells clearly shows that de
novo synthesis of dNTPs by an iron-radical RNR is needed and
rules out the possibility that the DNA precursors are obtained
through the induction of the deoxyribonucleoside salvage path-
way. Since CMV does not encode a functional RNR, one way
of inducing ribonucleotide reduction in a quiescent cell is to
stimulate an unscheduled expression of its R1 and R2 proteins.
Here we demonstrated that while MCMYV infection does not
affect R1 expression, it strongly induces R2 promoter activity
and mRNA and protein levels. We reason that R2 stimulation
is caused by the infection on the basis of the following pieces
of evidence: (i) dependence of the effect on MOI (data not
shown); (ii) dependence of the effect on viral infectivity, since
UV-inactivated virus cannot trigger any stimulation of the R2
promoter and protein expression; and (iii) ability of a specific
MCMYV genome fragment encoding the pIE1 to frans-activate
the R2 promoter and induce R2 protein expression.

Several reports have shown that CMV infection stimulates
the expression of a number of cellular genes important for cell
cycle regulation and DNA synthesis. This regulation has been
reported to depend on either viral binding to the cell surface
(8,9, 65) or viral IE protein expression (11, 31, 33, 40, 48, 54,
58, 62, 66). The observation that inactivation of MCMV by UV
exposure abolished the induction of R2 protein as well as
trans-activation of the R2 promoter suggests that virus gene
expression, rather than interaction of viral particles with the
cell surface, is required to stimulate R2 gene expression. As we
have previously observed for the DHFR (44), TS (30) and
folylpolyglutamate synthetase (FPGS) (unpublished data) pro-
moters, both MCMYV infection and pIE1 transactivated the R2
promoter, and virus-dependent transactivation was observed
during the time frame when pIE1 protein was expressed (Fig.
3). Furthermore, transient transfection of a pIEl expression
vector induced R2 protein expression. Taken together, these
results indicate that R2 induction by MCMYV occurs at least in
part via pIE1 expression.

We next asked which R1 protein (cellular or viral) is respon-
sible for ribonucleotide reduction in MCMV-infected cells.
Although the cellular R1 protein is barely detectable in both
uninfected and infected quiescent cells, we cannot exclude the
possibility that these low levels could be sufficient to support
MCMYV replication. In keeping with the low level of cellular
R1 protein in mock-infected cells, its activity, measured in the
presence of saturating amounts of recombinant mouse R2 pro-
tein, is slightly above the background value (0.07 and 0.02 nmol
of dCDP/30 min, respectively). On the other hand, the RNR
assay clearly shows an increase of R1 protein activity in
MCM V-infected cells (0.18 and 0.2 nmol of dCDP/30 min at 24
and 48 h p.i., respectively), which is in contrast to the unin-
duced levels of cell R1 mRNA and protein. However, since all
the activity values were low, it is not possible from this assay to
definitely distinguish a cellular R1 protein from a virus-in-
duced R1 protein.

If we assume that the RNR activity in MCM V-infected cells
is the result of cellular R1 and R2 association, the low enzyme
activity might reflect the low level of R1 protein in quiescent
cells. Alternatively, if the viral R1 associates with the cellular
R2, this hybrid RNR might have a different allosteric control
and would require different assay conditions. Early studies
demonstrated that HSV-1 induced an altered RNR in extracts
of infected cells, since pyrimidine nucleotide reduction by the
“new” reductase activity was highly resistant to dTTP inhibi-
tion (16, 42). Moreover, HSV-1 replication was not affected in
cells in which cellular DNA synthesis was inhibited by TdR
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treatment. In the mammalian cell, TdR is converted to dTTP,
which acts as an allosteric inhibitor of the cellular RNR and
suppresses CDP reduction (51, 52, 63). dCTP depletion results
in blocked DNA synthesis and cell proliferation. As observed
with HSV-1, our dNTP pool data support the existence of an
altered RNR in the MCMV-infected cells. As expected, mea-
surement of dANTP pools demonstrated that mock-infected
cells contain an RNR that is sensitive to dTTP inhibition, since
we observed a specific drop in the dCTP pool following the
addition of 10 mM TdR whereas in TdR-treated MCMV-
infected cells the level of dTTP remained high; also, the level
of dCTP increased and MCMYV replication was not inhibited.
Thus, the MCMV-induced reductase activity allows the virus to
override the dTTP-inhibited normal cellular RNR and make
dCTP. Taken together, our data demonstrate that MCMV
infection stimulates expression of the cellular R2 protein and
induces an RNR activity with an altered allosteric regulation
compared to the mouse RNR. Whether this latter effect is the
consequence of the association of the R2 protein with the
product of the M45 gene of MCMYV remains to be demon-
strated. However, several observations suggest involvement of
the M45 gene product in ribonucleotide reduction in the in-
fected cells. First, we have demonstrated that the M45 gene is
indeed expressed in MCMV-infected cells. Temporal studies
have shown that a significant accumulation of the M45 tran-
scripts can be detected at 24 and 48 h p.i. Moreover, there is a
considerable temporal overlap between the increase in M45
mRNA levels, R2 expression, increased R1 activity, expansion
of the dNTP pool, and synthesis of the viral DNA. When
considered together with the data demonstrating an altered
allosteric regulation of RNR following MCMYV infection, these
findings support the hypothesis that the product of M45 may
complex with R2 to form a functional version of the enzyme.
Studies are under way to verify this hypothesis.

CMYV can replicate in quiescent cells that have shut down
their machinery for synthesizing DNA. The reactions catalyzed
by RNR and by the enzymes involved in the biosynthesis of
thymidylate (d{TMP) are highly repressed in cells that are not
undergoing DNA synthesis. We have previously demonstrated
that MCMYV infection of quiescent cells leads to the coordi-
nated stimulation of the cell enzymes FPGS, DHFR, and TS,
involved in dTMP synthesis. Here we present evidence that an
RNR activity with altered allosteric control is induced in qui-
escent cells by MCMYV infection. The induction of this set of
enzymes releases the virus from normal cell control and allows
dNTP biosynthesis and viral replication to take place during
periods of the cell cycle other than the S phase.
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