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An earlier report showed that the expression of viral genes by a herpes simplex virus 1 mutant [HSV-
1(vCPc0)] in which the wild-type, spliced gene encoding infected-cell protein no. 0 (ICP0) was replaced by a
cDNA copy is dependent on both the cell type and multiplicity of infection. At low multiplicities of infection,
viral gene expression in rabbit skin cells was delayed by many hours, although ultimately virus yield was
comparable to that of the wild-type virus. This defect was rescued by replacement of the cDNA copy with the
wild-type gene. To test the hypothesis that the delay reflected a dysfunction of ICP0 in altering the structure
of host protein-viral DNA complexes, we examined the state of histone deacetylases (HDACs) (HDAC1,
HDAC2, and HDAC3). We report the following. (i) HDAC1 and HDAC2, but not HDAC3, were modified in
infected cells. The modification was mediated by the viral protein kinase US3 and occurred between 3 and 6 h
after infection with wild-type virus but was delayed in rabbit skin cells infected with HSV-1(vCPc0) mutant,
concordant with a delay in the expression of viral genes. (ii) Pretreatment of rabbit skin cells with inhibitors
of HDAC activity (e.g., sodium butyrate, Helminthosporium carbonum toxin, or trichostatin A) accelerated the
expression of HSV-1(vCPc0) but not that of wild-type virus. We conclude the following. (i) In the interval in
which HSV-1(vCPc0) DNA is silent, its DNA is in chromatin-like structures amenable to modification by
inhibitors of histone deacetylases. (ii) Expression of wild-type virus genes in these cells precluded the forma-
tion of DNA-protein structures that would be affected by either the HDACs or their inhibitors. (iii) Since the
defect in HSV-1(vCPc0) maps to ICP0, the results suggest that this protein initiates the process of divestiture
of viral DNA from tight chromatin structures but could be replaced by other viral proteins in cells infected with
a large number of virions.

The infected-cell protein no. 0 (ICP0) of herpes simplex
virus 1 (HSV-1) contains 775 amino acid residues. It is an � or
immediate-early protein encoded in the three exons of the �0
gene. A ring finger is contained in the sequences encoded by
exon 2 (reviewed in reference 47). The gene can be deleted,
and at least in one cell line (U2-OS), the ��0 mutant grows
nearly as well as the wild-type virus (56). The phenotype of the
�0 gene comprises two key features. In most cell lines, ICP0
null mutants grow sluggishly in a multiplicity-dependent fash-
ion (49, 50). By itself, ICP0 transactivates genes introduced
into cells by infection or transfection (9, 14, 37). Thus, at least
one function of ICP0 is to enable efficient expression of viral
genes. A second function of ICP0 emerged from observations
that it mediates the proteasome-dependent degradation of
sumoylated promyelocytic leukemia protein (PML), the deg-
radation of several other (e.g., Sp100, CENP-C, CENP-A,
DNA-dependent protein kinase, etc.) proteins and the dis-
persal of nuclear bodies known as PODs, ND10, etc. (5, 10–13,
27, 30, 31). The connection between the two apparent pheno-
types of ICP0 emerged from two key observations. Thus, soon
after initiation of viral gene expression, ICP0 localizes near the
ND10 structures. Perhaps more important, all the viruses with
mutations in the ring finger domain made thus far that disrupt

the degradation of PML also failed to transactivate cotrans-
fected genes. Thus, proximity of action and colocalization of
the sites essential for these disparate functions support the
hypothesis that degradation of ND10 and transactivation are at
least covariant, if not genetically linked.

A more detailed analysis of the function expressed by ICP0
presents a much more complicated picture. Early studies re-
vealed that ICP0 physically interacts with a large number of
cellular proteins, including a transactivator known as BMAL1,
cyclin D3, the elongation factor 1�, and the ubiquitin-specific
protease 7, and dynamically interacts, in a reversible manner,
with proteasomes (13, 21–23, 32, 33, 54). Further analyses
showed that ICP0 acts as a dual ubiquitin ligase. The HSV-1
ubiquitin-ligase site mapped in exon 3 (HUL-1) targets cdc34
for the proteasome-dependent degradation, whereas the ubiq-
uitin-ligase site in exon 2 (HUL-2) mediates the proteasome-
dependent degradation of PML and Sp100 (2, 17, 18, 52). The
central question whether these two functions of ICP0 account
for the phenotype of the gene does not have a satisfactory
answer. For example, in cells infected with wild-type virus,
ICP0 localizes initially in ND10 structures adjacent to or in
proximity of PML. Subsequently, ICP0 spreads through the
nucleus. After the onset of DNA synthesis or late gene expres-
sion, ICP0 is translocated into the cytoplasm. Overexpression
of PML precludes the degradation of ND10 but has no effect
either on the peregrinations of ICP0 during the infectious cycle
or virus yield. Recent studies strongly suggest that ICP0 targets
PML to preclude the inhibitory effect of exogenous interferon.
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Thus, wild-type or ��0 viruses grow equally well in both
PML�/� and PML�/� cells (28, 29). However, PML�/� cells
pretreated with alpha interferon or gamma interferon become
resistant to infection with either virus, whereas the susceptibil-
ity of PML�/� cells is practically unchanged (4). cdc34 is the
ubiquitin conjugating enzyme involved in the turnover of cyclin
D1. Both cyclin D1 and cyclin D3 are stabilized by wild-type
virus but degraded by the ICP0 null mutant. HSV-1 interacts
with cyclin D3 but not cyclin D1. Cyclin D3 plays a role in the
translocation of ICP0 from nucleus to cytoplasm late in infec-
tion (53, 54). However, destruction of the binding site or de-
letion of key sequence responsible for the HUL-1 site de-
creases the yield or neurotoxicity of the virus by approximately
10- to 40-fold. Thus, the known functions encoded by the
protein undoubtedly contribute to but do not fully account for
the phenotype of the �0 gene.

In the course of a search for a model to explore the pheno-
type of �0 more fully, it was observed that a HSV-1 mutant
[HSV-1(vCPc0)], in which the genomic version of the �0 gene
was replaced with a cDNA copy, is in most respects similar to
the wild-type virus. However, in rabbit skin cells (RSC), and to
a lesser extent in HEp-2 cells, initiation of viral gene expres-
sion was delayed in a multiplicity-dependent fashion. Ulti-
mately, even at a low multiplicity of infection, accumulation of
viral proteins and virus yield caught up with that of the wild-
type virus. The defect mapped to the �0 gene, inasmuch as
restoration of the genomic version cured the defect. A bio-
chemical event mapped to the silent interval involved a pro-
teasome-dependent degradation inasmuch as MG132, an in-
hibitor of proteasomal degradation administered during this
interval, further blocked viral gene expression. No such silent
interval could be mapped to the wild-type virus (43).

One hypothesis concordant with this observation that we
wanted to explore further is that upon entry into the nucleus,
viral DNA is subjected to two competing events: silencing of
viral genome as a consequence of association with histones and
transcription of key viral genes required for efficient expression
of viral genes. According to this scenario, a key, but not the
sole determinant of this competition is ICP0. This hypothesis
envisions that ICP0 made by the cDNA mutant [HSV-
1(vCPc0)] is ineffective, either because a key spliced version of
ICP0 is precluded from being synthesized or because a putative
promoter element necessary for efficient expression of ICP0 in
RSC is located in the first intron of the wild-type �0 gene. A
key prediction of this hypothesis is that in RSC, inhibitors of
deacetylation of histones would accelerate HSV-1(vCPc0)
gene expression. We report here that this is in fact the case.

MATERIALS AND METHODS

Cells and viruses. Vero, HeLa, HEp-2, and SK-N-SH cell lines were obtained
from American Type Culture Collection, the human 143TK� cell line was ob-
tained from Carlo Croce, RSC were originally obtained from J. McClaren, and
the telomerase-transformed human foreskin fibroblast (HFF) cells were ob-
tained from Thomas Shenk. The cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% (SK-N-SH and HFF) or 5%
fetal bovine serum (HEp-2, 143TK�, and RSC) or 5% newborn calf serum (Vero
and HeLa). HSV-1(F) and HSV-2(G) are the prototype HSV-1 and HSV-2
strains, respectively, used in this laboratory (8). Mutant viruses HSV-1(vCPc0),
R7910 (��0), R2621 (�UL41), R7041(�US3), R7356 (�UL13), R7353 (�UL13/
�US3), R7802 (��22), and repaired virus HSV-1(vCPc0)R were described else-
where (23, 36, 38, 41–46). HSV-1(KOS) and HSV-1 (17) were obtained from

P. A. Schaffer (Harvard, Boston, Mass.) and J. Subak Sharpe (Institute of
Virology, Glasgow, United Kingdom), respectively.

Preparation of cell lysates, electrophoretic separation of proteins, and immu-
noblotting. Replicate cell cultures in 25-cm2 flasks were either mock infected or
infected with 5 PFU of virus per cell and maintained at 37°C in medium 199V
consisting of a mixture of medium 199 supplemented with 1% calf serum. In
some experiments, cells were exposed to HDAC inhibitors (6 mM sodium bu-
tyrate, 150 ng of trichostatin A [Sigma] per ml, or 70 ng of Helminthosporium
carbonum toxin [Biomol] per ml) 11 h before infection, or 10 �M proteasome
inhibitor MG132 (Biomol) at 3 h after infection. Cells were harvested at 18 to
24 h after infection, rinsed three times with phosphate-buffered saline containing
protease inhibitor cocktail (Roche), and then solubilized in 200 �l of disruption
buffer (50 mM Tris-HCl [pH 7], 2% sodium dodecyl sulfate, 710 mM �-mercap-
toethanol, 3% sucrose). Fifty-microliter aliquots of lysates were boiled for 5 min,
and the solubilized proteins were subjected to electrophoresis in an 11% dena-
turing polyacrylamide gel, transferred to a nitrocellulose sheet, blocked with 5%
nonfat milk, allowed to react first with primary antibody and then with an
appropriate secondary antibody conjugated to alkaline phosphatase (Bio-Rad),
and visualized according to the manufacturer’s instructions.

Antibodies. Monoclonal antibodies to ICP0 and ICP4 were purchased from
the Goodwin Cancer Research Institute (Plantation, Fla.). The mouse mono-
clonal antibody against US11 and rabbit polyclonal antibodies W2 (against the
carboxyl-terminal region of ICP22) were described previously (1, 26, 48). Rabbit
polyclonal antibodies against histone deacetylases (HDACs) (HDAC1, HDAC2,
and HDAC3) were purchased from Sigma.

RESULTS

HDAC1 and HDAC2 are posttranslationally processed in
HSV-1(F)-infected cells. In this series of experiments, we ex-
amined the electrophoretic mobility of HDAC1, HDAC2, and
HDAC3 in cells infected with HSV-1(F). Replicate cultures of
SK-N-SH, Vero, RSC, 143TK�, HFF, HEp-2, or HeLa cells
were harvested at 3 and either 18 or 24 h after infection with
HSV-1(F), processed as described in Materials and Methods,
and reacted with antibodies to the specific HDAC proteins.
The results shown in Fig. 1 were as follows.

(i) There was no change in the electrophoretic mobility of
HDAC3 in any of the infected cell lines tested. Additional
bands of proteins reactive with specific HDAC1 and HDAC2
antisera were apparent in the electrophoretically separated
lysates of HSV-1(F)-infected cells harvested late in infection.

(ii) The anti-HDAC1 antibody reacted with two proteins
(apparent Mrs of 68,000 and 66,000). Whereas the 66,000-Mr

protein was present in the lysates of both mock- and HSV-
1(F)-infected cells, the 68,000-Mr protein could be detected
only in the lysates of HSV-1(F)-infected cells harvested late in
infection. A similar and in some instances slightly faster-mi-
grating band was also present in lysates of cells harvested late
after mock infection.

(iii) The anti-HDAC2 antibody reacted with three protein
bands in HSV-1(F)-infected cells. The most rapidly migrating
band (apparent Mr of 46,000) appears to be a cross-reacting
viral protein inasmuch as a similar, but faster-migrating band
(apparent Mr of 45,000) was detected in lysates of cells infected
with HSV-2(G) (Fig. 2, band V). The slowest-migrating band
was detected in lysates of virtually all HSV-1(F)-infected cells
harvested at late but not at early times after infection.

In these experiments, a reduction in the accumulation of
HDAC1, but not HDAC2 or HDAC3, was apparent in all
HSV-1(F)-infected cells harvested late in infection.

Effects of various HSV strains on the modification of
HDAC1 and HDAC2. The primary objective of these studies
was to determine whether the deacetylase enzymes were re-
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sponsible for the delay in the expression of HSV-1(vCPc0)
mutant in RSC. Specifically, the experiments described in this
section were performed to determine whether HDAC1 and
HDAC2 were also posttranslationally modified in cells infected
with HSV-1(vCPc0). In light of the mixed parentage of HSV-
1(vCPc0) mutant, we included both HSV-1(KOS) and HSV-1
(17) and the repaired virus HSV-1(vCPc0)R. In these experi-
ments, replicate RSC cultures were harvested at 6.5 or 21 h
after infection with various viruses (10 PFU of virus per cell).
The harvested cells were processed as described above. The
results were as follows.

(i) Lysates of cells infected with HSV-2(G) and probed with
anti-HDAC1 antibody could not be differentiated from those
of mock-infected cells (Fig. 2, lanes 1, 7, and 8). The anti-
HDAC2 antibody reacted with a band (V) migrating slightly

faster (Mr of 45,000) than the corresponding band formed in
lysates of HSV-1(F)-infected cells (Fig. 2, lanes 8 and 9). This
result was reproducible in other experiments and suggests that
the fast-migrating band reacting with anti-HDAC2 antibody
may be of viral origin.

(ii) The slow-migrating HDAC1 band (Mr of 68,000) was
present in all wild-type HSV-1-infected cell lysates other than
those infected with HSV-2(G). Since this band was absent in
lysates of RSC harvested at 3 h after infection (Fig. 1), the
results suggest that the modification took place between 3 and
6.5 h after infection. This band was absent from lysates of RSC
harvested 6.5 h after infection with the HSV-1(vCPc0) mutant
but was present in lysates of cells harvested at late times (Fig.
2, lanes 3 and 10). This finding is consistent with the delay in
the initiation of expression of viral genes in RSC infected with
this mutant.

Effects of selected HSV-1 mutants on the processing of
HDAC1. The objective of these studies was to determine
whether the posttranslational modification of HDAC1 was me-
diated by the protein kinases encoded by US3 and UL13 open
reading frames, respectively. In the first series of experiments,
replicate cultures of RSC in 25-cm2 flasks were either mock
infected or infected with wild-type HSV-1(F) or mutant virus
R7356 (�UL13), R7041 (�US3), R7353 (�UL13/�US3), or
R7802 (��22) (5 PFU of virus per cell). At 3 h after infection,
one set of cultures were replenished with fresh untreated me-
dium (Fig. 3A, � lanes), whereas a second set was replenished
with medium containing 10 �M MG132 (� lanes). The cells
were harvested at 20 h after infection and solubilized in dis-
ruption buffer, and the lysates were subjected to electrophore-
sis in 11% denaturing polyacrylamide gels, transferred to ni-
trocellulose sheets, blocked with 5% nonfat milk, and reacted

FIG. 1. Electrophoretic profiles of HDAC1, HDAC2, and HDAC3
in wild-type HSV-1(F) virus-infected cells at early and late times after
infection. Replicate cultures of HEp2, SK-N-SH, 143TK�, HFF, RSC,
HeLa, or Vero cells in 25-cm2 flasks were either mock infected or
infected with 5 PFU of HSV-1(F) per cell. The cells were harvested at
early (3 h) or late (18 h [**] or 24 h [*]) times after infection. Proteins
were solubilized in disruption buffer and electrophoretically separated
in 11% denaturing polyacrylamide gels, transferred to nitrocellulose
sheets, blocked with 5% nonfat milk, and reacted with polyclonal
antibodies to HDAC1, HDAC2, and HDAC3 as described in Materials
and Methods. The positions of posttranslationally modified protein
bands are indicated by the solid circles to the right of the blots.

FIG. 2. Electrophoretic profiles of HDAC1 and HDAC2 in RSC
infected with wild-type and mutant viruses at early and late times after
infection. Replicate cultures of RSC in 25-cm2 flasks were either mock
infected (lane 7) or infected with wild-type HSV-1(F), HSV-1 (17),
HSV-1(KOS), or HSV-2(G), mutant HSV-1(vCPc0), or repaired
HSV-1(vCPc0)R. Cell cultures were infected with 10 PFU of virus per
cell. Cells were harvested at 6.5 h (lanes 1 to 6) or 21 h (lanes 7 to 13)
after infection. Proteins were solubilized in disruption buffer and elec-
trophoretically separated in 11% denaturing polyacrylamide gels,
transferred to nitrocellulose sheets, blocked with 5% nonfat milk, and
reacted with polyclonal antibodies to HDAC1 and HDAC2 as de-
scribed in Materials and Methods. The positions of HDAC1 and
HDAC2 and of bands reacting with HDAC2 antibody (V) are indi-
cated to the right of the gel.
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with polyclonal antibody to HDAC1 or HDAC2 and monoclo-
nal antibody to ICP0. The ��22 mutant was included inasmuch
as earlier studies have shown that in some instances posttrans-
lational modifications mediated by UL13 protein kinase re-

quired functional ICP22 protein (45, 46). The results shown in
Fig. 3A were as follows. The 66,000-Mr HDAC1 band was
present in lysates of all infected cells. The 68,000-Mr band was
present in all lysates of cells treated with MG132 after mock
infection or infection with either wild-type or mutant virus.
This band was absent from untreated mock-infected cells and
was present in much reduced amounts in untreated cells in-
fected with mutants lacking the US3 gene (Fig. 3A, lanes 7 and
9). One hypothesis that could explain these data is that the
68,000-Mr band contained two distinct products. The process-
ing of one product is mediated by US3 protein kinase. The
other product resulting from a posttranslational modification
through another pathway accumulated only in the presence of
the proteasomal inhibitor. A corollary of this interpretation of
the data is that the modification induced by US3 protein kinase
is not subject to degradation by proteasomal pathway. Similar
results were obtained with antibody directed against HDAC2.

In other studies, we tested mutants with deletions in �134.5
and UL41. In RSC infected with these mutants, the processing
of HDAC1 could not be differentiated from that of wild-type
virus-infected cells (data not shown).

In the second series of experiments, replicate RSC cultures
in 25-cm2 flasks were transduced as described previously (43)
with baculoviruses that were either empty of inserts or encod-
ing the US3 protein kinase. At 12 h after transduction, cells
were mock infected or infected with wild-type HSV-1(F) or
mutant virus R7356 (�UL13), R7041 (�US3), or R7353
(�UL13/�US3) (5 PFU of virus per cell). At 12 h after infec-
tion with wild-type HSV-1 or mutant viruses, the cultures were
harvested and processed as described above except that cell
lysates were reacted with anti-US11 antibody, rather than
ICP0, as evidence of infection and accumulation of viral gene
products. The results shown in Fig. 3B indicate that the US3
protein kinase expressed in baculovirus-transduced cells could
mediate the modification of HDAC1 and HDAC2 (compare
lanes 3 and 5) and complemented �US3-infected cells (lanes 7
and 9) to enable the accumulation of the slow-migrating
HDAC1 and HDAC2 protein bands. These results are consis-
tent with the hypothesis that the US3 protein kinase mediates
a posttranslational modification of HDAC1 and HDAC2.

Inhibitors of HDACs accelerate the expression of HSV-
1(vCPc0) mutant but not that of wild-type virus in infected
RSC. Several drugs and notably sodium butyrate, trichostatin
A, and H. carbonum toxin inhibit the deacetylation of histones.
If the delay in the expression of HSV-1(vCPc0) virus were due
to temporary deacetylation of a chromatin-like structure, it
could be expected that these drugs would accelerate viral gene
expression in RSC infected with this virus. To test this hypoth-
esis, two series of experiments were done. Replicate cultures of
RSC in 25-cm2 flasks were either mock infected or infected
with wild-type HSV-1(F) or mutant HSV-1(vCPc0) (5 PFU of
virus per cell). In the experiment shown in Fig. 4A, a set of
replicate cultures was exposed to 6 mM sodium butyrate at the
time of infection. In Fig. 4B, the cells were exposed to the drug
11 h before infection and the exposure to drug was continued
throughout the incubation period. The cells were harvested at
the times indicated in Fig. 4. The results were as follows.
Exposure of cells to sodium butyrate at the time of infection
had no effect on the pattern of gene expression of either
HSV-1(F) or HSV-1(vCPc0) virus in RSC (Fig. 4A). In con-

FIG. 3. Modification of HDAC1 and HDAC2. (A) Processing of
HDAC1 and HDAC2 is enhanced by viral protein kinase US3. Repli-
cate cultures of RSC in 25-cm2 flasks were either mock infected or
infected with wild-type HSV-1(F) or mutant R7356 (�UL13), R7041
(�US3), R7353 (�UL13/�US3), or R7802 (��22). Cell cultures were
infected with 5 PFU of virus per cell. At 3 h after infection, one set of
cultures was replenished with fresh untreated medium (� lanes),
whereas a second set was replenished with medium containing 10 �M
MG132 (� lanes). The cells were harvested 20 h after infection. Pro-
teins were solubilized in disruption buffer, electrophoretically sepa-
rated in 11% denaturing polyacrylamide gels, transferred to nitrocel-
lulose sheets, blocked with 5% nonfat milk, and reacted with
polyclonal antibodies to HDAC1 and HDAC2, and monoclonal anti-
body to ICP0. The positions of HDAC1 and HDAC2 and of bands
reacting with HDAC2 antibody (V) and with monoclonal antibody to
ICP0 are indicated to the right of the gel. (B) Complementation of
�US3 mutants by baculovirus expressing US3. Replicate RSC cultures
in 25-cm2 flasks were transduced with baculoviruses that were either
empty of inserts (lanes 3 and 4) or encoding the US3 protein kinase
(lanes 5 to 9). At 12 h after transduction, cells were mock infected
(lanes 3 and 5) or infected with wild-type HSV-1(F) (lanes 4 and 6) or
mutant virus R7356 (�UL13), R7041 (�US3), or R7353 (�UL13/�US3)
(lanes 7 to 9). Cell cultures were infected with 5 PFU of virus per cell.
At 12 h after infection with wild-type HSV-1 or mutant viruses, the
cultures were harvested and processed as described above except that
cell lysates were reacted with anti-US11 antibody rather than ICP0.
Lanes 1 and 2 show protein profiles of mock-infected and wild-type
virus-infected cell cultures not previously exposed to baculoviruses.
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trast, exposure of RSC to sodium butyrate before infection
accelerated the expression of ICP4 and ICP22 (shown) and
ICP0 (not shown) by approximately 3 h (Fig. 4B). In this
instance again, exposure of cells to sodium butyrate had no
effect on the expression of these genes in cells infected with
HSV-1(F).

The experiments described above were repeated with H.
carbonum toxin (70 ng/ml of medium) and trichostatin A (150
ng/ml of medium) except that the RSC were exposed to drug
11 h before infection. The results shown in Fig. 5 were consis-
tent with those shown in Fig. 4 in that the expression of HSV-
1(vCPc0) genes was accelerated in cells exposed to the drug
(Fig. 5A, lanes 9 to 16, and Fig. 5B, lanes 9 to 14). H. carbonum
toxin and trichostatin A had no effect on the gene expression of
the wild-type virus (Fig. 5, lanes 3 to 8).

DISCUSSION

The structure and composition of HSV capsids preclude the
presence of large amounts of viral proteins bound to viral
DNA. Capsids do contain large amounts of spermine, sufficient
to neutralize at least 40% of the viral DNA (15). Entering viral
DNA could therefore be considered quasinaked and could be
expected to become bound by cellular proteins. In most of the
lytic infection models in cell culture or acute infection models
in mice, nucleosome-like structures containing viral DNA se-
quences were barely detected (20, 25, 34). Nucleosome-like
structures containing viral DNA sequences, including those of
actively transcribed regions, were detected in brain stems with
latent infections (7). These observations, however, do not ex-
clude the possibility that viral DNA is bound by histones im-

FIG. 4. Temporal pattern of accumulation of selected wild-type HSV-1(F) and mutant HSV-1(vCPc0) proteins in RSC treated with sodium
butyrate (NaBu) (A) at the time of infection and (B) 11 h before infection. (A) Replicate cultures of RSC in 25-cm2 flasks were either mock
infected (lanes 1 and 8) or infected with 5 PFU of wild-type HSV-1(F) per cell (lanes 2 to 7) or with 5 PFU of mutant HSV-1(vCPc0) per cell (lanes
9 to 14) in the absence (�) or presence (�) of 6 mM sodium butyrate. The cells were harvested at the indicated times after infection. Proteins
were solubilized in disruption buffer, electrophoretically separated in 11% denaturing polyacrylamide gels, transferred to nitrocellulose sheets,
blocked with 5% nonfat milk, and reacted with polyclonal antibody to ICP22 and monoclonal antibodies to ICP4 and US11. (B) Replicate cultures
of RSC in 25-cm2 flasks were either mock treated (lanes 1 to 3, 7, and 9 to 11) or treated (lanes 4 to 6, 8, and 12 to 14) with 6 mM sodium butyrate.
At 11 h after treatment, cells were either mock infected (lanes 7 and 8) or infected with 5 PFU of wild-type HSV-1(F) per cell (lanes 1 to 6) or
with 5 PFU of mutant HSV-1(vCPc0) per cell (lanes 9 to 14) in the absence (�) or presence (�) of 6 mM sodium butyrate. Cells were harvested
at the indicated times after infection. Proteins were solubilized in disruption buffer, electrophoretically separated in 11% denaturing polyacryl-
amide gels, transferred to nitrocellulose sheets, blocked with 5% nonfat milk, and reacted with polyclonal antibody to ICP22 and monoclonal
antibodies to ICP4 and US11.
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mediately after entry into the nucleus. Tests for nucleosome-
like structures early after infection of permissive cells with
wild-type viruses have not been successful, and one explana-
tion for the failure is that rapid viral gene expression alters the
conformation of the genome and precludes stable association
with cellular proteins. The delay in viral gene expression ob-
served in RSC infected with the mutant HSV-1(vCPc0) encod-
ing the cDNA copy of the �0 gene appeared to be a more
promising system for testing this hypothesis, particularly since
the virus yield, infectivity, and overall behavior of the mutant

could not be differentiated from that of wild-type virus in many
different cell lines. The problem encountered in these assays
was that the detection of nucleosome-like structures is not very
efficient. At a low multiplicity of infection in which the delay in
initiation of gene expression was sufficiently long to allow the
formation of such structures, viral DNA was virtually unde-
tectable in nucleosomes containing cellular DNA by Southern
blotting of partial micrococcal nuclease digests. Although viral
DNA was detected by PCR in nucleosomal structures in a
chromatin immunoprecipitation assay using anti-acetylated hi-

FIG. 5. Temporal pattern of accumulation of selected wild-type HSV-1(F) and mutant HSV-1(vCPc0) proteins in RSC treated with H.
carbonum (HC) toxin (A) and trichostatin A (B) 11 h before infection. (A) Replicate cultures of RSC in 25-cm2 flasks were either mock treated
(�) or treated (�) with 70 ng of H. carbonum toxin per ml. At 11 h after treatment, cells were either mock infected (lanes 1 and 2) or infected
with 5 PFU of wild-type HSV-1(F) per cell (lanes 3 to 8) or with 5 PFU of mutant HSV-1(vCPc0) per cell (lanes 9 to 16) in the absence (�) or
presence (�) of 70 ng of H. carbonum toxin per ml. Cells were harvested at the indicated times after infection. Proteins were solubilized in
disruption buffer, electrophoretically separated in 11% denaturing polyacrylamide gels, transferred to nitrocellulose sheets, blocked with 5%
nonfat milk, and reacted with polyclonal antibody to ICP22 and monoclonal antibodies to ICP0, ICP4, and US11. (B) The experiment was repeated
with 150 ng of trichostatin A (TSA) per ml, instead of H. carbonum toxin.
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stone 4 antibodies, we could not exclude contamination of
nucleosomes with naked viral DNA (Y. Liang and B. Roizman,
unpublished results). At high multiplicities of infection, the
delay in initiation of gene expression was too short to be fully
exploited. An alternative test of this hypothesis is described in
this report. If entering viral DNA is bound by histones in
chromatin-like structures, it could be expected that the tran-
scription corepressor complexes which recruit HDACs would
repress gene expression, whereas viral protein would alter the
structure of viral DNA-protein complexes to enable efficient
transcription of viral genes (39, 55). The results presented in
this report are consistent with this hypothesis. The specific
results are discussed below.

(i) Of the three HDAC enzymes examined in this report,
HDAC1 and HDAC2 appear to undergo a posttranslational
modification sometime between 3 and 6 h after infection of
several different cell lines with wild-type virus. The time inter-
val is based on the comparison of the results presented in Fig.
1 and 2 and suggests the possibility that the modification is
mediated by a post-immediate-early gene expression. In RSC
infected with HSV-1(vCPc0), the posttranslational modifica-
tion of HDAC1 and HDAC2 was observed late in infection but
not at early times, which is consistent with the observed delay
in the initiation of HSV-1(vCPc0) gene expression. Of the
HSV-1 mutants tested, only mutants lacking the US3 gene
decreased but did not abolish the modification of HDAC1 and
HDAC2. Although the modification correlates with viral gene
expression, the data are not sufficient to conclude that the
modification is the consequence of a physical interaction be-
tween HDAC1 or HDAC2 and a viral protein. We should note
that an extensive literature indicates that the activity of
HDAC1 and HDAC2 is regulated by Sumo-1 modification and
by phosphorylation by cyclic AMP-dependent kinase and ca-
sein kinase 2 (6, 40, 51).

(ii) The inhibitors of histone deacetylases, sodium butyrate,
trichostatin A, and the toxin derived from H. carbonum, each
accelerated the expression of viral genes encoded by HSV-
1(vCPc0) mutant. Neither of these drugs had an effect on the
expression of wild-type virus in RSC. In the case of sodium
butyrate, the accelerated expression was observed in cells pre-
treated with the drug but not in cells exposed to virus and drug
at the same time. These results are consistent with the hypoth-
esis that viral DNA entering the nucleus, like any nuclear
DNA, would be expected to become associated with cellular
proteins and assembled in nucleosome-like structures. Such
structures could potentially become silenced or undergo only a
basal level of transcription in the absence of potent activator
capable of inducing the expression of other genes essential for
a global transcription of the DNA. ICP0 appears to be this
initiator. This conclusion is based on two lines of evidence.
First, this property is consistent with the known phenotype of
wild-type ICP0 described in the introduction. Second, the de-
fect in HSV-1(vCPc0) maps to and is rescued by the genomic
version of ICP0. The results suggest that in wild-type virus-
infected RSC and other cell lines, functions encoded in ICP0
are expressed so rapidly after infection as to preclude an ef-
fective aggregation of DNA with cellular proteins. Thus, the
inhibitors of histone deacetylation had no discernible effect on
wild-type virus gene expression. In the absence of ICP0, the
progression of viral gene expression is dependent on the accu-

mulation of viral gene products resulting from low-level ex-
pression of a large number of viral genes introduced into the
cell by high ratios of virions per cell.

The notion that ICP0 has an additional, unmapped function
that affects the interaction of viral DNA with cellular proteins
and in particular with histone-modifying enzymes resonates
well with other observations on the role of these enzymes in
the regulation of herpesviral gene expression. Thus, Murphy et
al. (35) reported that inhibition of HDACs enabled expression
of human cytomegalovirus immediate-early promoter in non-
permissive cells. Repression by HDACs have been implicated
in the maintenance of Epstein-Barr virus and of human her-
pesvirus 8 expression (3, 16). More relevant here, Zhang and
Jones (57) reported that the bovine homolog of ICP0 associ-
ates with HDAC1 to activate transcription. Our attempts to
demonstrate direct interaction between ICP0 and HDAC1 or
HDAC2 have not been successful (Liang and Roizman, un-
published). The failure to observe a direct interaction does not
exclude the possibility that ICP0 interacts with HDAC1 or with
other members of the protein complexes involved in the reg-
ulation of chromatin structure.

The RSC model for the study of HSV gene expression has
implications for the mechanism by which latent HSV infections
are established and maintained. Thus, delay in the expression
of viral genes because of the absence of specific host factors in
sensory neurons may lead to the establishment of chromatin-
like structures described elsewhere (7, 34) and silencing of viral
gene expression. Reactivation of latency in this model would
require the transient availability of specific transcriptional fac-
tors (e.g., HCF-1 and Oct-1 [24]) and histone acetylation ac-
celerated by newly made ICP0. This model is similar to that
described by Hsia and Shi (19) for the disruption of chromatin
structure and acetylation of histones bound to long terminal
repeats of human immunodeficiency virus type 1 by thyroid
hormone receptors.
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