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In uninfected cells the G2/M transition is regulated by cyclin kinase complex containing cdc2 and, initially,
cyclin A, followed by cyclin B. cdc2 is downregulated through phosphorylation by wee-1 and myt-1 and
upregulated by cdc-25C phosphatase. We have examined the accumulation and activities of these proteins in
cells infected with wild type and mutants of herpes simplex virus 1. The results were as follows. (i) Cyclin A
and B levels were reduced beginning 4 h after infection and were undetectable at 12 to 16 h after infection. (ii)
cdc2 protein also decreased in amount but was detectable at all times after infection. In addition, a fraction of
cdc2 protein from infected cells exhibited altered electrophoretic mobility in denaturing gels. (iii) The levels of
cdk7 or myt-1 proteins remained relatively constant throughout infection, whereas the level of wee-1 was
significantly decreased. (iv) cdc-25C formed novel bands characterized by slower electrophoretic mobility that
disappeared after treatment with phosphatase. In addition, one phosphatase-sensitive band reacted with
MPM-2 antibody that recognizes a phosphoepitope phosphorylated exclusively in M phase. (v) cdc2 accumu-
lating in infected cells exhibited kinase activity. The activity of cdc2 was higher in infected cell lysates than
those of corresponding proteins present in lysates of mock-infected cells even though cyclins A and B were not
detectable in lysates of infected cells. (vi) The decrease in the levels of cyclins A and B, the increase in activity
of cdc2, and the hyperphosphorylation of cdc-25C were mediated by UL13 and a22/US1.5 gene products. In
light of its normal functions, the activated cdc2 kinase may play a role in the changes in the morphology of the
infected cell. These results are consistent with the accruing evidence that herpes simplex virus scavenges the
cell for useful cell cycle proteins and subverts them for its own use.

The studies described in this report stemmed from the ob-
servation that the infected cell protein No.0 (ICP0) of herpes
simplex virus 1 (HSV-1) binds to and stabilizes cyclin D3 (18).
Further studies led to the observation that ICP0 and cyclin D3
colocalize in the infected cell nuclei and that ICP0 does not
interfere with the phosphorylation of retinoblastoma protein
(pRb) by cyclin D3-cdk4 complex. A role for cyclin D3 in the
biology of HSV-1 emerged from mapping studies (44). Thus,
substitution of aspartic acid 199 with alanine in ICP0 abolished
stabilization of cyclin D3, reduced the yields of virus from
resting cells, and reduced the capacity of the virus to invade the
mouse central nervous system from a peripheral site. These
studies demonstrated that HSV requires the participation of
cell cycle proteins in the course of its replication even though
the virus replicates efficiently in both resting and dividing cells.
This conclusion is also supported by other observations, al-
though in most instances a direct link to viral proteins is not yet
available. Thus, pRb and p53 have been detected in the repli-
cation compartment of HSV (45). E2F DNA binding activity
has been reported to be induced by HSV infection (14). ICP22
interacts with a novel cell cycle-regulated protein, p78 (5). The
cellular protein, HCF, required for transactivation of viral a
genes is a cell cycle regulator (12, 30). HSV-2 was reported to
selectively activate cdk2 activity after infection (16). Inhibitors

known to block the activity of cell cycle kinases cdk2 and cdc2
have been reported to reduce both a and b gene transcription,
as well as reduce viral yields (41, 42).

In most of the instances described above, the cell cycle
proteins associated with viral functions are involved in G1-to-
S-phase transition. To further define the cellular environment
in which optimal viral replication takes place, we initiated
studies on the effects of HSV-1 infection on cell cycle proteins
involved in the G2/M transition and in particular on cdc2 and
its regulatory cyclins A and B.

The following two findings are relevant to this report. (i)
Several small DNA viruses have been shown to be dependent
on the phase of the cell cycle for optimal viral replication.
Parvoviruses replicate their genome only when infected cells
have progressed to S phase (3), while polyomaviruses (6) and
papillomaviruses (17) induce cells to progress into the S phase.
The requirement for S phase in infection by DNA viruses
suggests that the replication of DNA viruses is dependent on
cellular factors that are active for cellular DNA replication and
that DNA viruses scavenge such factors to replicate viral DNA.
Although HSV encodes proteins required for the synthesis of
its DNA (reviewed in reference 39), cell cycle regulators may
play a significant role in establishing a more efficient environ-
ment for viral gene expression.

(ii) Coordinate, rigid regulation of cyclin-dependent kinase
(cdk) activity by appropriate cyclins and other regulatory pro-
teins plays a central role in the transition of the cell from one
phase of the cell cycle to the next (28). cdk4 and cdk6 regulated
by D-type cyclins are active during early G1, whereas cdk2
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regulated by cyclins E and A is active during late G1 and S
phases (13, 43). The G2/M transition is regulated by cdc2
(cdk1) (8–10, 21, 26). This kinase is present throughout the cell
cycle but is active in conjunction with the newly synthesized
cyclins A and B. The activity of cdc2 is tightly regulated: it
requires the interaction of newly synthesized cyclins A and B,
and it is inactivated by phosphorylation of thr14 and thr15 by
the kinases wee-1 and myt-1 (4, 24, 31, 32). The cdc2 kinase is
activated by the removal of thr14 and thr15 phosphates by the
cdc-25C phosphatase and by phosphorylation of thr161 by cy-
clin-activating kinase complex (8–10, 23, 46). cdc-25C, a key
player in the activation of cdc2, must itself be activated by
phosphorylation (21).

We report that although cyclins A and B were no longer
detected and the cdc2 protein level decreased at 8 h after
infection, cdc2 activity increased late in infection. Consistent
with the activation of cdc2 activity, the level of wee-1 inhibitory
kinase decreased, whereas the activating phosphatase cdc-25C
was hyperphosphorylated and active, as evidenced by its rec-
ognition by MPM-2 antibody. The increases in activity of cdc2
were not observed in cells infected with HSV-1 mutants lacking
the UL13 protein kinase or the a22/US1.5 genes. The results
suggest that HSV-1 actively and specifically maintains cdc2
activity to foster its own needs.

MATERIALS AND METHODS

Cells and viruses. HeLa cells were initially obtained from the American Type
Culture Collection and maintained in Dulbecco modified Eagle medium
(DMEM) with 10% serum. Rabbit skin cells were originally obtained from John
McClaren. HSV-1(F) is the prototype wild-type HSV-1 strain used in our labo-
ratory (11). R7356 (UL132), R7358 (UL13R), R7802 (a222/US1.52), and R7804
(a22R/US1.5R) have been previously described (29, 35, 36).

Cell infection. Confluent 150-cm2 flasks of HeLa cells were harvested and
reseeded to 25-cm2 flasks. Cells were allowed to adhere for 1 h, after which
unattached cells were aspirated and then exposed to 2 3 107 PFU of appropriate
virus in 1 ml of 199V (mixture 199 supplemented with 1% calf serum) on a rotary
shaker at 37°C. After 2 h, the inoculum was replaced with 5 ml of fresh DMEM
medium with 10% newborn calf serum and gassed with CO2. Flasks were incu-
bated at 37°C until the cells were harvested.

PAA treatment. The procedure was as described above except that during the
adherence time period phosphonoacetic acid (PAA; 300 mg/ml; a gift of Abbott
Laboratories) was added at the time of seeding. PAA was present throughout the
infection to prevent viral DNA replication.

Immunoblotting. The cells contained in the 25-cm2 flasks were harvested at
the times indicated in the results as follows. The medium was removed, and the
cells were rinsed in phosphate-buffered saline (PBS), scraped into 5 ml of
PBS(A), pelleted by centrifugation, and solubilized in 200 ml of disruption buffer
(2% sodium dodecyl sulfate [SDS], 50 mM Tris [pH 7.2], 2.75% sucrose, 5%
b-mercaptoethanol, and bromophenol blue). The extract was sonicated, boiled
for 2 min, subjected to electrophoresis on 10% bisacrylamide gels, transferred to
nitrocellulose membranes, blocked for 2 h with 5% nonfat dry milk, and reacted
with the appropriate antibody. Antibodies against cdc2, cyclin A, and cyclin B
(Santa Cruz) were diluted 1:100 in PBS. Antibody to MPM-2 (Upstate Biotech-
nology) was diluted 1:500. Primary antibodies were reacted for 2 h with blots.
Secondary antibody diluted 1:1,000 (goat anti-mouse antibody conjugated to
peroxidase; Sigma) was applied for 1 h. Blots were developed by enhanced
chemiluminescence (ECL) according to the instructions supplied by the manu-
facturer (Pierce). Antibodies to cdc-25C, cdk7, wee(hu)-1, and myt-1 (Santa
Cruz) were diluted 1:500 in PBS(A) with 0.05% Tween 20 and 1% bovine serum
albumin and exposed to the blots for 1 h. Secondary antibody diluted 1:3,000
(alkaline phosphatase [AP] conjugated; Bio-Rad) was exposed to the blots for
1 h. Blots were incubated in AP buffer (100 mM Tris, pH 9.5; 100 mM NaCl; 5
mM MgCl2), followed by AP buffer containing BCIP and nitroblue tetrazolium.
The reaction was stopped with solution containing 100 mM Tris (pH 7.6) and 10
mM EDTA. All rinses were done with PBS containing 0.05% Tween 20. The
anti-US11 monoclonal antibody described elsewhere (40) was used in the same
fashion as that described above for cdc-25C except for the omission of Tween 20.

Phosphatase treatment. Aliquots of extracts from uninfected and infected cells
were incubated with 10 U of AP for 30 min at 34°C. Reactions were stopped by
the addition of gel loading buffer containing SDS.

Histone H1 kinase assay. Cells were infected and maintained as described
above, suspended in lysis buffer (20 mM Tris, pH 8.0; 1 mM EDTA; 0.5% NP-40;
400 mM NaCl; 0.1 mM Na orthovanadate; 10 mM NaF; 2 mM dithiothreitol
[DTT], tolylsulfonyl phenylalanyl chloromethyl ketone [TPCK], Na-p-tosyl-L-
lysine chloromethyl ketone [TLCK], and phenylmethylsulfonyl fluoride) and

maintained for 1 h on ice; the insoluble material was then pelleted by centrifu-
gation (16). The supernatant fractions were precleared as described above and
reacted with anti-cyclin B or anti-cdc2 antibody for 18 h at 4°C. The immuno-
precipitate cyclin B or cdc2 was recovered by the addition of 20 ml of 50% protein
A slurry for 1 h, rinsed twice with lysis buffer, rinsed twice with low-salt lysis
buffer (20 mM Tris, pH 8.0; 1 mM EDTA; 0.5% NP-40; 1 mM NaCl; 2 mM
DTT), and rinsed twice with incomplete kinase buffer (50 mM Tris, pH 7.4; 10
mM MgCl2; 5 mM DTT). Then, 40 ml of complete kinase buffer was added to
each sample (2 mg of histone H1 [Boehringer Mannheim], 10 mM ATP, and 20
mCi of [g-32P]ATP in incomplete kinase buffer), and samples were incubated at
30°C for 20 min. The reaction was stopped with 13 ml of 43 loading buffer
containing SDS and heated for 5 min at 95°C, and the reaction mixtures were
subjected to electrophoresis in 10% bispolyacrylamide gels, transferred to nitro-
cellulose membrane, and subjected to autoradiography.

RESULTS

The levels of cyclin A, cyclin B, and cdc2 decrease in HSV-
1-infected cells relative to those of mock-infected cells. The
purpose of this series of experiments was to determine the
levels of cyclin A and B protein accumulations in the course of
infection of cells with HSV-1(F). Figure 1 shows an immuno-
blot of both cyclin A and cyclin B accumulation in infected cells
compared to those of uninfected cells over a 16-h interval. In
this experiment HeLa cells were harvested every 4 h after
seeding and assayed for the presence of the cyclins by immu-
noblotting electrophoretically separated proteins with appro-
priate antibodies as described in Materials and Methods. In
uninfected cells, peak levels of cyclin A and cyclin B protein
were observed at the 12-h time point consistent with expected
progression of the uninfected cells across the G2/M interphase.
In HSV-1-infected cells, no accumulation of cyclin A or B was
observed. By 8 h after infection, there was a significant de-
crease in cyclins A and B compared to those of uninfected
cells.

cdc2 protein levels are relatively constant throughout the
cell cycle, and the activity of cdc2 is regulated both by the
nature of the protein with which they are associated and by the
site of phosphorylation. cdc2 is inhibited by phosphorylation at
thr14 and tyr15 by the kinases wee-1 and myt-1 (8, 9). The
inhibitory phosphates are removed by cdc-25C phosphatase. In
addition, cdc2 is activated by phosphorylation of thr161 by the
cyclin-activating kinase complex. The immunoblots shown in
Fig. 2 were photographed at different exposures to resolve the

FIG. 1. Photograph of an immunoblot of uninfected or wild-type virus-in-
fected HeLa cell lysates electrophoretically separated on polyacrylamide gels and
reacted with antibodies to cyclin A or cyclin B and then with goat anti-mouse
antibody and visualized by ECL as described in Materials and Methods. The cells
were infected at time zero and harvested at the indicated times after infection.
Cyclin B formed three bands on electrophoresis in denaturing 10% polyacryl-
amide gels.
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three cdc2 bands usually present in uninfected cells. The fast-
est-migrating band (c) represents unphosphorylated cdc2 and
cdc2 phosphorylated at thr161 (1). The two slower-migrating
bands (a and b) represent cdc2 phosphorylated at either thr14
or tyr15 or at both sites. All three bands were detected in
uninfected cell lysates (1).

In contrast, infected cells showed loss of the two slower-
migrating bands of cdc2 but retention of the fastest-migrating
band (Fig. 2, band c) by 8 h after infection. Interestingly, two
new bands were detected in cells harvested at 12 and 16 h after
infection. Thus, band e migrated more slowly than band c but
faster than bands a and b. Band d migrated at a rate slightly
slower than that for band a and was observed on overexposed
ECL blots.

We conclude that the levels of cyclins A and B and of the
cdc2 protein are reduced in infected cells. The reduction takes
place between 4 and 8 h after infection.

The effects of HSV-1 infection upon regulators of cdc2 ki-
nase. The objective of the experiments described in this section
was to follow up the observation that the levels of cdc2 in
protein bands containing the isoforms phosphorylated at thr14
and tyr15 were reduced in infected cells examined at 8 h and
later times after infection. In the first series of experiments, we
examined the effect of infection on the inhibitory kinases wee-1
and myt-1. Figure 3 shows that the levels of myt-1 in infected
cells and uninfected cells were similar between 4 and 10 h after
infection. At the 12- and 16-h time points, the levels of myt-1
were slightly higher in mock-infected than in uninfected cells.
The levels of wee-1 in infected and uninfected cells were sim-
ilar between 4 and 8 h after infection. At later time points the
levels of wee-1 in infected cells decreased and, moreover, the
infected cell protein migrated more slowly than that of unin-
fected cells.

As noted above, cdc2 is activated by dephosphorylation of
thr14 and tyr15 by the cdc-25C phosphatase. cdc-25C is opti-
mally activated by phosphorylation (8–10, 15, 25). In HeLa
cells, phosphorylated cdc-25C exhibits an Mr 5,000 shift from
Mr 55,000 to 60,000 (15, 25). In our studies, the cdc-25C from
uninfected HeLa cells formed a prominent doublet band that
decreased in intensity sometime between 4 and 8 h after in-

fection. Instead, the infected cells exhibited at least two new
slower-migrating bands reacting with the anti-cdc-25C anti-
body (Fig. 3).

cdk7, a component of the cyclin-activating kinase complex
for cdc2 (21), remained fairly constant in infected compared to
uninfected cells and served as a protein loading control (Fig.
3).

The characteristics of cdc-25C accumulating in infected
cells. As shown above, the cdc-25C accumulating in infected
cells formed several bands differing in electrophoretic mobili-
ties in denaturing polyacrylamide gels. To identify and charac-
terize the proteins contained in these bands, several experi-
ments were done.

The objective of the first series was to determine whether the
proteins contained in these bands were phosphorylated. Mock-
infected or HSV-1(F)-infected HeLa cell extracts were treated
with AP and then solubilized, electrophoretically separated in
a denaturing polyacrylamide gel, transferred to a nitrocellulose
sheet, and reacted with the anti-cdc-25C antibody. The anti-
body reacted with three protein bands marked by the dots in
Fig. 4A. The middle of the three bands was seen in both
uninfected and infected cells and was eliminated by phospha-
tase treatment. The upper band was seen only in infected cell
extract and was also phosphorylated, since it disappeared after
phosphatase treatment. The fast-migrating, slightly convex
marked band of cdc-25C of infected untreated cells differed in
electrophoretic mobility from that of uninfected cells. After
treatment with phosphatase, this band could not be differen-
tiated from that formed by cdc-25C present in either treated or
untreated lysates of uninfected cells. We conclude from these
studies that the novel forms of cdc-25C detected in lysates of
infected cells were phosphorylated.

MPM-2 (mitotic protein monoclonal antibody-2) antibody

FIG. 2. Photograph showing three different exposures of one immunoblot of
uninfected or wild-type virus-infected HeLa cell lysates electrophoretically sep-
arated on polyacrylamide gels and reacted with antibodies to cdc2 kinase. The
procedures were as described in the legend to Fig. 1 and in Materials and
Methods. The three exposures were designed to show faint bands visible at low
or intermediate exposures but which become fused with the larger bands on
longer exposures. Bands in mock-infected lanes are labeled a, b, and c. Bands a
and b represent inhibitory phosphorylation of cdc2 in its kinase domain. cdc2
reacting bands present solely in lysates of infected cells were labeled d and e.
Overexposure of the blot (lowermost strip) showed that band e accumulated in
infected cells.

FIG. 3. Photograph of an immunoblot of uninfected or wild-type virus-in-
fected HeLa cell lysates electrophoretically separated on polyacrylamide gels and
reacted with antibodies to cdk7, cdc-25C, myt-1, and human wee-1 [Wee(hu)-1].
The procedures were as described above and in Materials and Methods.
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was generated by using M-phase HeLa cells as an immunogen
(7). Extensive characterization of the antibody led to the iden-
tification of the epitope recognized by MPM-2 as a phosphoepi-
tope specifically phosphorylated during M phase. This epitope
is present in several M-phase proteins, including cdc-25C (2,
22). As shown in Fig. 4B, the antibody reacted only with the
slightly convex, rapidly migrating form of cdc-25C present in
lysates of infected cells. The antibody no longer reacted with
the protein after phosphatase treatment. We conclude from
this experiment that at least one form of cdc-25C contained the
MPM-2 phosphoepitope characteristic of cells in M phase.

The changes in cyclins A and B and in cdc2 and associated
proteins are independent of the onset of viral DNA synthesis.
In this series of experiments the cells were infected and main-
tained in medium containing sufficient PAA to totally block
viral DNA synthesis and preclude the expression of g2 genes.
The cells were harvested at 16 h after infection and processed
as described in Materials and Methods. The results, shown in
Fig. 5, were as follows. (i) Cyclin B was present in reduced
amounts in mock-infected cells treated with PAA compared
with untreated mock-infected cells. (ii) Cyclin B was not de-
tected in either untreated or PAA-treated infected cells. (iii)
Only cdc2 band e was detected in both treated and untreated
infected cells. The cdc2 levels were too low to detect the d
band. (iv) PAA had no effect on the levels of wee(hu)-1 or the
modification of electrophoretic mobility of cdc-25C observed
in infected cells. (v) As expected, inasmuch as the expression of
the US11 gene is dependent on the onset of viral DNA syn-
thesis, the HSV-1 g2 protein US11 was detected in untreated,
but not in PAA-treated, infected cells. We conclude from these
studies that the viral function involved in the reduction in the
levels of cyclin B and wee(hu)-1 and the modification of cdc-
25C was expressed early in infection and did not require the
onset and maintenance of viral DNA synthesis. These results
are consistent with the observations noted earlier in the text
that the decrease in the levels of cyclin B cdc2 took place
between 4 and 8 h after infection.

The decrease in the levels of cyclins A and B and wee(hu)-1
and the changes in electrophoretic mobility of cdc-25C require

the expression of a22/US1.5 and UL13 genes. The UL13 pro-
tein kinase phosphorylates several viral and at least one cellu-
lar protein (EF-1d) (19, 20, 36). Among the substrates of the
UL13 protein kinase are the proteins encoded by a22/US1.5
genes. The functions of UL13 and of a22/US1.5 appear to be
inter-related inasmuch as the phenotype of mutants lacking
UL13 is similar to that lacking the a22/US1.5 genes. In this
series of experiments we tested the hypothesis that the modi-
fication of cyclins A and B and of the associated proteins
requires the expression of UL13 and of the a22/US1.5 genes.
Replicate cultures of cells either mock-infected or infected
withR7802(a222/US1.52)orR7356(UL32)viruseswereharvest-
ed at 16 h after infection and processed as described earlier in
the text. Figure 6A shows that at 16 h after infection the levels
of cyclins A and B present in mock-infected or R7802 or R7356
mutant-infected cells were similar, whereas the levels of cyclins
A and B in wild-type-infected cells were reduced. Figure 6B
shows that the reduction in the wee-1 kinase was less pro-
nounced in mutant-infected cells then in wild-type virus-in-
fected cells. In addition, the slow-migrating bands of cdc-25C
characteristic of wild-type-infected cells were not detected in
the lysates of mutant virus-infected cells (Fig. 6B).

To verify that the phenotype of the R7356 and R7802 mu-
tants observed in these studies was indeed due to the deletions
in UL13 and a22/US1.5 genes, respectively, we also tested the
UL13 repair virus (R7358) and the a22/US1.5 repair virus

FIG. 4. Photograph of an immunoblot of lysates of uninfected or wild-type-
virus-infected HeLa cells treated with AP, electrophoretically separated on de-
naturing polyacrylamide gels, and reacted to antibodies to cdc-25C (A) or
MPM-2 (B). The cells were harvested 13 h after infection. The dots mark three
distinct bands of proteins reacting with antibody to cdc-25C that were no longer
detected after treatment with the phosphatase. The distinct curved band (lowest
dot) in infected cells reacted with antibodies to both cdc-25C and MPM-2.

FIG. 5. Photograph of an immunoblot of lysates of HeLa cells electro-
phoretically separated in denaturing gels and reacted with antibodies to cyclin B,
cdc-25C, and wee-1. Replicate cultures were mock-infected or infected with
HSV-1(F) and maintained in the presence of PAA (300 mg of PAA per ml). The
antibody to US11 verified that PAA blocked viral DNA synthesis and precluded
the synthesis of g2 proteins dependent on the replication of viral DNA for their
synthesis. Cells were incubated with or without PAA and then mock infected or
infected with HSV-1(F). The cells were harvested 16 h after infection. The pro-
cedures were as described in the legend to Fig. 1 and in Materials and Methods.
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(R7804). The lysates of cells infected with either repaired virus
exhibited the slow-migrating cdc-25C forms characteristic of
wild-type-infected cells, indicating that the modification of cdc-
25C in wild-type virus-infected cells was indeed mediated by
UL13 and a22/US1.5 proteins (Fig. 7).

cdc2 remains active in HSV-1-infected cells. The results of
the experiments described above indicated that HSV-1 infec-
tion leads to decreased levels of cyclins A and B but also to a
reduction in the amount of inhibitory phosphorylated cdc2.
Effects on key regulators of cdc2 phosphorylation upon HSV-1
infection suggested that the inhibitory kinase wee-1 was re-
duced, whereas the activating phosphatase cdc-25C was phos-
phorylated and active. These observations suggested that cdc2
was active.

Most measurements of cdc2 activity described in the litera-
ture are based on assays of precipitates of cyclin B that should
also contain cdc2. In these experiments immune precipitates of
cyclin B from lysates of HeLa cells harvested 16 h after mock
infection or infection with HSV-1(F), R7356 (UL132), or

R7802 (a222/US1.52) were assayed for kinase activity by using
histone H1 as a substrate as described in Materials and Meth-
ods. The results were as follows (Fig. 8): cyclin B-cdc2 activity
was elevated in mock-infected cells and significantly decreased
in HSV-1(F)-infected cells. Cyclin B-cdc2 kinase activity in-
creased to mock-infected levels in R7356 (UL132)- or R7802
(a222/US1.52)-infected cells.

These results were not surprising since cyclin B levels were
grossly reduced in cells infected with wild-type virus but not in
cells infected with R7356 or R7802 mutants (Fig. 6) and there-
fore they measure the activity of the cyclin B-cdc2 complex but
not the total activity of the residual cdc2 kinase. To measure
the total residual activity of cdc2, we immunoprecipitated cdc2
directly and measured its capacity to phosphorylate histone H1
as described in Materials and Methods. The results were as
follows (Fig. 9): cdc2 kinase activity in mock-infected cells
peaked 4 h after seeding and to a lesser extent again at 16 h
after seeding. In infected cells, the activity of cdc2 kinase began
to increase between 4 and 8 h after infection and reached
severalfold-higher levels at 12 and 16 h after infection (Fig.
9A). At these late times neither cyclin A nor cyclin B could be
detected in infected cells.

Since cdc2 kinase activity peaked at 16 h after infection with
HSV-1(F), we measured the effect of UL13 and a22/US1.5
gene products in lysates of cells harvested 16 h after infection.
The results are shown in Fig. 9B. As seen in Fig. 9A, HSV-1(F)
infection resulted in greater cdc2 histone H1 kinase activity
compared to mock-infected cells. Infection with R7356 (UL132)
or R7802 (a222/US1.52) resulted in a decrease in kinase ac-
tivity of cdc2 compared to extracts of wild-type-infected cells.
These results are consistent with the observation that cdc-25C
hyperphosphorylated bands were present in lysates of cells
infected with HSV-1(F) but not in those infected with R7356
or R7802 (Fig. 6 and 7).

DISCUSSION

The progression of the cell through the cell cycle is tightly
regulated at numerous checkpoints. As noted in the introduc-
tion, although HSV replicates efficiently in both dividing and
nondividing cells, functions encoded by the virus appear to at

FIG. 6. Photograph of an immunoblot of lysates of HeLa cells mock infected
or infected with HSV-1(F), R7356 (UL132), or R7802 (a222/US1.52), electro-
phoretically separated on polyacrylamide gels, and reacted with antibodies to
cyclin A and B (A) or wee(hu)-1 and cdc-25C (B). The cells were harvested 16 h
after infection. The procedures were as described in the legend to Fig. 1 and in
Materials and Methods.

FIG. 7. Photograph of an immunoblot of lysates of rabbit skin cells mock
infected or infected with HSV-1(F), R7356 (UL132), R7358 (UL13 repair),
R7802 (a222/US1.52), or R7804 (repair of R7802), electrophoretically sepa-
rated on a denaturing polyacrylamide gel, and reacted with antibodies to cdc-
25C. The cells were harvested 16 h after infection. The procedures were as
described in the legend to Fig. 1 and in Materials and Methods.

FIG. 8. Autoradiographic image of histone H1 phosphorylated in vitro by
immune precipitates of cyclin B-cdc2 complex from replicate cultures of HeLa
cells mock infected or infected with HSV-1(F), R7356 (UL132), or R7802 (a222/
US1.52). The cyclin B-cdc2 complex was precipitated with cyclin B antibody from
lysates of cells harvested 16 h after infection. The reaction mixtures consisted of
the precipitate alone or precipitate plus histone H1. The mixtures were dena-
tured and separated on denaturing polyacrylamide gels at the completion of the
reaction and prior to autoradiography. The procedures were as described in the
legend to Fig. 1 and in Materials and Methods.
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least regulate, and possibly modify, cell cycle proteins. The
observation that the wild-type virus stabilizes cyclin D3 in-
volved in the G1/S interphase prompted us to examine the
status of the cell cycle proteins involved in the G2/M inter-
phase. The reasoning was that if the virus does activate or
sustain cell cycle proteins involved in the G2/M interphase, the
focus of viral activity would be bracketed to the G1/S/G2
phases. This appears not to be the case.

The top panel of Fig. 10 summarizes the events required for
activation of cdc2. In brief, if the G2/M transition is blocked, it
would be expected that the cdc2 would be phosphorylated near
its N terminus by the inhibitory kinases wee-1 and myt-1,
whereas cdc-25C would be inhibited (47). To overcome the
G2/M arrest, the cdc-25C phosphatase would be activated by
hyperphosphorylation. The activated cdc-25C phosphatase

would remove the amino-terminal phosphates on cdc2, where-
as the cyclin-activating kinase complex would phosphorylate
the C-terminal phosphate of cdc2. The salient features of the
results of HSV-1 infection are presented schematically in the
bottom panel of Fig. 10. The significance of the results pre-
sented in this report is as follows.

(i) The levels of cyclins A and B were reduced to undetect-
able levels between 4 and 8 h after infection. This decrease was
not observed in cells infected with mutants lacking the UL13 or
the a22/US1.5 genes. Interpretation of these results by them-
selves is not straightforward. The decline in the levels of cyclins
A and B in wild-type-virus-infected cells could be due to virus-
directed degradation or to the relatively short half-life of these
two proteins combined with total shutoff of protein synthesis.
Conversely, the stabilization of cyclins A and B in cells lacking

FIG. 9. Autoradiographic image of histone H1 phosphorylated in vitro by immune precipitates of cdc2 from lysates of HeLa cells. (A) cdc2 was immune precipitated
from lysates of replicate cultures of HeLa cells harvested at the intervals shown after mock infection or infection with HSV-1(F). (B) cdc2 was immune precipitated
from lysates of HeLa cells harvested 16 h after mock infection of infection with HSV-1(F), R7356 (UL132), or R7802 (a222/US1.52). The procedures were as described
in the legend to Fig. 8 and in Materials and Methods.

FIG. 10. Schematic diagram of the activation of cdc2 in uninfected cells (upper panel) and wild-type virus-infected cells (lower panel). The thick arrows indicate
an increase (up) or a decrease (down) in activity. The key features shown in this report are decreased expression of the regulatory cyclins A and B and of cdc2 protein,
the decrease in the levels of wee-1, the change in the phosphorylation of cdc2, and the hyperphosphorylation of cdc-25C. The cumulative effects of HSV-1 infection
result in the upregulation of cdc2 activity. The experiment shown in Fig. 8 indicated that the kinase activity associated with cyclin B-cdc2 complex actually decreased
in infected cells, whereas the kinase activity of precipitates obtained with antibody to cdc2 increased after infection (Fig. 9). The partner of cdc2 responsible for the
higher cdc2 kinase activity in infected cells is unknown and marked with a question mark in the lower panel. CAK, cyclin-activating kinase complex.
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UL13 or a22/US1.5 gene products could be due to the absence
of a signal for degradation of the proteins or a decrease in the
expression of the virion host shutoff protein encoded by UL41
reported elsewhere (27).

(ii) The amount of cdc2 protein was reduced after infection
and, in addition, the electrophoretic mobility of a fraction of
cdc2 protein differed from that of the uninfected cell protein.
The unexpected observation was that notwithstanding the re-
duction in total protein, the activity of cdc2 kinase as measured
by phosphorylation of histone H1 was significantly higher than
that present in mock-infected cells. The more significant ob-
servation was that the activity increased 4 to 8 h after cyclins A
and B declined below detectable levels.

(iii) The increased activity of cdc2 kinase without an increase
in detectable protein raised the possibility that cdc2 was spe-
cifically activated from an inactive state. Two series of exper-
iments are concordant with this hypothesis. First, the studies
on the inhibitory kinases revealed that, whereas the levels of
myt-1 remained constant, the levels of wee-1 decreased. Of the
known activating components, whereas the level of cdk7, a
member of the cyclin-activating complex, remained unaltered,
the cdc-25C phosphatase was hyperphosphorylated late in in-
fection. The hyperphosphorylation of cdc-25C was particularly
striking. Several proteins, including cdc-25C, share an epitope
phosphorylated during the M phase. This epitope, in its phos-
phorylated state, reacts with monoclonal antibody MPM-2 (2,
22). In infected cells, one cdc-25C protein band reacted with
the MPM-2 antibody, and both this reactivity and the slow-
migrating cdc-25C protein bands were extinguished by treat-
ment with phosphatase.

The second line of supporting evidence is based on the
observation that the increase in cdc2 activity was mediated by
both UL13 and a22/US1.5 gene products. We make a distinc-
tion between the disappearance of cyclins A and B and the
high activity of cdc2 mediated by the viral gene products. While
it could be argued that the disappearance of cyclins A and B is
due to some nonspecific shutoff of protein synthesis, the higher
levels of cdc2 activity must reflect a very specific viral function.
Related to this line of evidence is the observation that cdc-25C
was hyperphosphorylated and exhibited the MPM-2 phospho-
epitope. The hyperphosphorylation of the cdc-25C protein was
mediated by the products of the UL13 and a22/US1.5 genes.
Since the a22/US1.5 and UL13 regulatory pathway affects the
expression of many genes, the specific gene whose products
mediate the phenotype observed with wild-type virus remains
unknown.

Given the evidence that viral gene products alter the func-
tions of cdc2 and of cdc-25C, the question arises whether viral
gene products act on both cdc2 and cdc-25C or whether the
changes reflect a single modification in a key regulatory pro-
tein. We should note that activated cdc2 hyperphosphorylates
cdc-25C phosphatase that in turns keeps cdc2 active (15). The
significance of such a positive feedback is that activation of
only one of these two regulators may be sufficient to maintain
both in an active state.

We are left with two experimentally unresolved questions.
The first is how could infected cells exhibit a high level of cdc2
activity in the absence of detectable cyclin A or B, the cellular
partner of cdc2? The second, equally intriguing question is why
would HSV evolve a function that would maintain an active
cdc2?

Several hypotheses may account for the observed activity of
cdc2 in the absence of detectable levels of cyclin A or B. One
hypothesis currently in favor is that cdc2 or one of its aber-
rantly modified forms has acquired a new partner, possibly a
viral protein. Another, less-attractive but viable hypothesis is

that the association of the aberrantly migrating forms with
residual amounts of cyclin A or B exhibits a level of activity
that is much higher than that of infected cell cdc2-cyclin A or
B complexes. We do not know what the aberrantly migrating
forms represent, and studies are in progress to define their
function.

The question as to why HSV targets both cdc-25C and cdc2
remains for the moment unresolved. One hypothesis consistent
with the biology of HSV infection centers on two key findings.
The first is that cellular DNA synthesis is firmly shut off within
a few hours after infection (38). The second concerns the
functional life of cdc2. In uninfected cells, cdc2 kinase activity
peaks at the G2/M interphase and is then shut off precipitously
(21). This shutdown of cdc2 is the result of activation of cyclo-
some by cdc2 and ubiquitin-dependent degradation of cyclin B.
The loss of cdc2 activity serves as a signal for mitosis to pro-
ceed. Except in the case of cells infected after deliberate mi-
totic arrest (37), infected cells do not proceed through mitosis
and it could be argued that mitosis would in any event grossly
interfere with HSV-1 replication. The compelling conclusion is
that the infected cell does not complete its S phase and yet
brings the cells to the brink but not across the G2/M interface
since cdc2 is in an active form and the infected cell does not
receive the signal for mitosis.

The preferred explanation for the entry of the infected cells
into the S phase is to acquire or preserve proteins useful for
viral nucleic acid metabolism (44). One explanation for the
G2/M brinkmanship is to induce changes in cell morphology
that would facilitate viral replication. cdc2 kinase is in part
responsible for modifying the cellular architecture of the cell
for mitosis and specifically for the phosphorylation of nuclear
lamins to alter cell morphology (34). cdc2 may also be involved
in modifying the structure of chromatin, and this would de-
crease its availability for transcription and ultimately result in
its margination.

The studies reported here underscore the conclusions re-
ported earlier that HSV encodes functions that scavenge the
cell for cellular proteins that are subverted for use by the virus
to attain specific goals (44). An understanding of the role of
the activated cdc2 and cdc-25C proteins during infection may
significantly enrich our understanding of the biology of the
virus.
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