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During infection by herpes simplex virus type 1 (HSV-1), the virion protein VP16 activates the transcription
of viral immediate-early (IE) genes. Genetic and biochemical assays have shown that the potent transcriptional
activation domain of VP16 can associate with general transcription factors and with chromatin-modifying
coactivator proteins of several types. The latter interactions are particularly intriguing because previous
reports indicate that HSV-1 DNA does not become nucleosomal during lytic infection. In the present work,
chemical cross-linking and immunoprecipitation assays were used to probe the presence of activators, general
transcription factors, and chromatin-modifying coactivators at IE gene promoters during infection of HeLa
cells by wild-type HSV-1 and by RP5, a viral strain lacking the VP16 transcriptional activation domain. The
presence of VP16 and Oct-1 at IE promoters did not depend on the activation domain. In contrast, association
of RNA polymerase II, TATA-binding protein, histone acetyltransferases (p300 and CBP), and ATP-dependent
remodeling proteins (BRG1 and hBRM) with IE gene promoters was observed in wild-type infections but was
absent or reduced in cells infected by RP5. In contrast to the previous evidence for nonnucleosomal HSV-1
DNA, histone H3 was found associated with viral DNA at early times of infection. Interestingly, histone H3 was
underrepresented on IE promoters in a manner dependent on the VP16 activation domain. Thus, the VP16
activation domain is responsible for recruiting general transcription factors and coactivators to IE promoters
and also for dramatically reducing the association of histones with those promoters.

The activation domain of VP16 (VP16 AD) from herpes
simplex virus type I (HSV-1) has been widely used as a model
for the study of transcriptional activation in eukaryotes. During
infection, VP16 triggers the cascade of viral gene expression by
activating transcription of the viral immediate-early (IE) genes
(65). VP16 forms a DNA-binding complex with the cellular
proteins Oct-1 and HCF-1 at specific cis elements present in
the IE gene promoters (27, 40, 48, 68). The potent VP16 AD
(10, 55), often artificially fused to a heterologous DNA-binding
domain (47), can activate transcription in a wide range of
organisms, including yeasts, insects, plants, and mammals (3,
47, 58, 66), indicating that mechanisms of transcriptional acti-
vation are broadly conserved through evolution.

Interactions of the VP16 AD with general transcription fac-
tors (GTFs) including transcription factor IIB (TFIIB), TFIIH,
TATA-binding protein (TBP), and TBP-associated factors
(TAFs) suggest that the VP16 AD might activate transcription
by stimulating the assembly of an RNA polymerase II (RNA
Pol II) preinitiation complex (13, 17, 24, 31, 56, 67). Consistent
with this model, in vitro experiments have demonstrated the
ability of the VP16 AD to promote the formation of the ter-
nary complex formed by TFIIA, TFIID, and TATA box DNA
(25). The VP16 AD might also recruit the RNA Pol II holoen-
zyme through interactions with components of the Mediator
complex (7, 18, 33, 69). Other potential targets of the VP16
AD include chromatin-remodeling coactivator or adaptor pro-

teins. The VP16 AD can interact physically or functionally with
histone acetyltransferase (HAT) proteins including the yeast
ADA/SAGA and NuA4 complexes and the human coactivators
CBP, p300, and the hGCN5 complex (2, 3, 26, 28, 32, 57, 63).
Acetylation of nucleosomal histones near gene promoters is
generally correlated with increased transcription (5, 16, 49). In
particular, CBP and p300 are very similar and ubiquitously
expressed coactivators involved in cell cycle control, differen-
tiation, and apoptosis, with HAT and factor acetyltransferase
activities (60). Despite the sequence similarity of CBP and
p300, gene deletion experiments suggest that the two proteins
serve nonredundant but overlapping functions (23, 42, 54, 72).
The VP16 AD can also interact with the ATP-dependent chro-
matin-remodeling complex SWI/SNF (14, 32, 38). BRM and
BRG1 (BRM-related gene-1) are the mammalian homologs of
the ATPase subunit of the yeast SWI/SNF complex. These
ATPases have high sequence similarity but play different bio-
logical roles, as indicated by the phenotypes of mutant mice (6,
45) and by their differential recruitment to various gene pro-
moters during cellular proliferation and differentiation (20).

The association of chromatin-modifying coactivators with
the VP16 AD in heterologous systems is particularly intriguing,
since previous evidence indicates that HSV-1 DNA is not pack-
aged in nucleosomes during lytic infection. Nuclease assays
have shown that little or none of the viral DNA delivered to
infected cells is digested to fragment sizes consistent with nu-
cleosomes (29, 30, 35). Electron microscopy studies have
shown the accumulation of nonnucleosomal DNA in infected
cells (36). Viral DNA is localized to an interchromosomal
space that excludes cellular chromatin (41) and does not in-
corporate histone H2B (34). Collectively, these observations
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suggest that HSV-1 DNA is primarily nonnucleosomal during
lytic infection. Thus, the purpose for the interaction of the
VP16 AD with chromatin-remodeling coactivators on a pre-
sumably nonnucleosomal template remains enigmatic.

Given that the association of VP16 with such coactivators
has arisen solely from artificial or heterologous experimental
contexts, we tested whether the chromatin-modifying coac-
tivator proteins were associated with viral IE gene promot-
ers during infection. Using chemical cross-linking and immu-
noprecipitation (ChIP) assays, we found that HATs (p300 and
CBP) and also ATP-dependent chromatin-remodeling en-
zymes (BRG1 and BRM) were present at viral IE promoters.
Recruitment of the HATs and GTFs was fully dependent on
the VP16 AD, whereas recruitment of the SWI/SNF compo-
nents was only partially dependent on VP16. As predicted for
a nonnucleosomal HSV-1 DNA, histone H3 was not detected
on IE promoters at early times of infection. However, H3 was
present at an IE gene coding region and at delayed-early (DE)
and late (L) viral gene promoters, indicating that incoming
viral DNA does associate with histones during lytic infection.
Interestingly, during infections by a virus lacking the VP16 AD,
histone H3 was clearly detected at IE promoters. Therefore,
the VP16 AD is responsible either for preventing the deposi-
tion of histones or for the removal of histones from IE viral
gene promoters.

MATERIALS AND METHODS

Cells and viruses. HeLa and Vero cells were grown in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum. Stocks of wild-type
HSV-1 (strain KOS) and the VP16 truncation mutant RP5 (53) were prepared in
Vero cells and titered by plaque assays. For gene expression and ChIP assays,
HeLa cells (approximately 3 � 107) were infected with KOS at a multiplicity of
infection of either 1 or 5 PFU/cell. Infections with RP5 were performed by using
comparable virion numbers (approximately 100-fold lower PFU). In some ex-
periments, cycloheximide (60 �g/ml) was added to the medium for 2 h prior to
and during infection to inhibit protein translation.

ChIP assays. To cross-link protein-DNA complexes, formaldehyde was added
to the medium lying over infected cells to a final concentration of 1% for 15 min.
The cross-linking reactions were quenched by adding glycine to a final concen-
tration of 125 mM. Cells were collected, resuspended in a hypotonic buffer, and
Dounce homogenized to release nuclei, which were collected by centrifugation.
Nuclear pellets were sonicated to obtain DNA fragments with an average length
of 300 to 400 bp. Aliquots corresponding to 10% of the input material were
reserved.

Prior to immunoprecipitation (IP), samples were precleared by using protein
G-agarose beads (Upstate, Charlottesville, Va.). IPs were performed using spe-
cific antibodies at concentrations ranging from 10 to 50 �g/ml at 4°C overnight
in a solution containing 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton
X-100, 1% (wt/vol) bovine serum albumin, and 10 �g of salmon sperm DNA/ml.
Antigen-antibody complexes were precipitated by using protein G-agarose
beads. The beads were washed extensively before protein-DNA complexes were
eluted by using 100 �l of 50 mM Tris-HCl (pH 8.0)–10 mM EDTA–1% sodium
dodecyl sulfate for 20 min at 65°C. A second eluate, using 150 �l of 10 mM
Tris-HCl (pH 8.0)–1 mM EDTA (TE) with 0.67% sodium dodecyl sulfate, was
added to the first. The combined eluates are referred to as the pellet sample.
Cross-links were reversed by adding NaCl to 200 mM and 10 �g of RNase A and
incubating at 65°C overnight. After ethanol precipitation, samples were digested
with proteinase K (Boehringer) at 42°C for 2 h and then extracted with phenol-
chloroform. After another ethanol precipitation, DNA samples were resus-
pended in 75 �l of TE.

ChIP assays were performed using antibodies or antisera directed against
VP16 (55), Oct-1 (a gift from W. Herr, Cold Spring Harbor Laboratory), TBP (a
gift from R. W. Henry, Michigan State University), RNA Pol II (8WG16; Co-
vance), CBP (A-22; Santa Cruz Biotechnology), p300 (N-15; Santa Cruz Bio-
technology), hBRM (N-19; Santa Cruz Biotechnology), BRG1 (H-88; Santa Cruz
Biotechnology), histone H3 acetylated at Lys9 and/or Lys14 (Upstate), and a

C-terminal epitope of histone H3 (ab1791; Abcam). Control IPs using preim-
mune sera exhibited essentially the same results as mock IPs using no antibody
(data not shown).

PCR analysis. Semiquantitative PCRs were performed to detect specific viral
or cellular gene fragments in the immunoprecipitated samples. These fragments
included the promoters of the HSV IE genes (ICP0, ICP27, and ICP4), the
coding region of the ICP27 gene, the promoters of viral DE (TK) and L (VP16
and glycoprotein C [gC]) genes, and the promoters of the cellular U3 snRNA and
beta interferon (IFN-�) genes (Table 1). The dependence of these reactions on
the viral DNA template and the specificity of each reaction for its intended
product have been established (data not shown). Parallel PCRs were routinely
performed on serial dilutions of input samples (typically corresponding to 0.5,
0.1, and 0.02% of the total material) to confirm that the signals observed were
within the linear range of the assay and were comparable between different sets
of primers. Signals from these input samples were not used to infer the absolute
levels of occupancy of a given DNA fragment by a particular protein, since
cross-linking and IP efficiencies cannot be accurately determined. Standard PCR
conditions included 5 �l of immunoprecipitated DNA (6.7% of the pelleted
material), 0.25 �M each primer, 2.5 U of Taq DNA polymerase (Invitrogen), 0.1
mM each deoxynucleoside triphosphate, 2 mM MgCl2, and 10% Enhancer so-
lution (Invitrogen), with incubation at 95°C for 5 min followed by 30 to 35 cycles
of 95°C for 30 s, 65°C for 30 s, and 72°C for 1 min, and ending with 5 min at 72°C.
The Enhancer solution was omitted from reactions amplifying the ICP27 open
reading frame (ORF), U3 snRNA promoter, and IFN-� promoter fragments.
Annealing of primers for amplification of the IFN-� promoter was performed at
55°C. PCR products were electrophoresed in 1% agarose gels and stained with
ethidium bromide. Figures represent negative images of the ethidium-stained gels.

Gene expression assays. Steady-state levels of viral mRNAs (ICP27, TK, and
VP16) were determined by using reverse transcriptase PCR (RT-PCR) assays.
Total RNA was isolated from infected cells by using the TRI REAGENT (Mo-
lecular Research Center, Cincinnati, Ohio), and cDNA was prepared by using 1
�g of total RNA and a randomly primed reverse transcription system (Promega).
Viral gene fragments (Table 1) were amplified by using PCR conditions de-
scribed previously (52).

RESULTS

VP16 associates with IE gene promoters with or without its
transcriptional activation domain. The VP16 protein com-
prises a core domain (encompassing amino acids 1 to 410) and
a transcriptional activation domain (amino acids 413 to 490)
(Fig. 1A). The core domain interacts with two cellular proteins,
Oct-1 and HCF-1, to form a DNA-binding complex at specific
cis-regulatory elements in the viral IE gene promoters (27, 40,
48, 68). The VP16 AD is required for efficient transcription of
viral IE genes both in transfection experiments and during
HSV-1 infection (53, 55, 62). Infection by RP5, a mutant viral

TABLE 1. Fragments amplified by PCR in ChIP and
RT-PCR experiments

Gene Class Location
Fragment endpoints

relative to transcription
start (�1)

ICP0 IE Promoter �322 to �12
ICP4 IE Promoter �376 to �9
ICP27 IE Promoter �281 to �3
ICP27 ORF IE Coding regiona �1413 to �1614
ICP27 ORF IE Coding regionb �1328 to �1611
TK DE Promoter �297 to �1
TK ORF DE Coding region �113 to �644
VP16 L Promoter �270 to �45
VP16 ORF L Coding region �1290 to �1680
gC L Promoter �269 to �7
U3 snRNA Cellular Promoter �295 to �71
IFN-� Cellular Promoter �197 to �12

a Used in ChIP assays.
b Used in RT-PCR assays.
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strain lacking sequences encoding the VP16 AD (Fig. 1B),
results in little or no IE gene expression (53, 70).

ChIP assays were adapted to detect the association of spe-
cific proteins with viral promoters during lytic infection by
HSV-1. HeLa cells were fixed with formaldehyde at 2 h postin-
fection (hpi), when transcription of IE genes is robust. Soni-
cated nuclear lysates were immunoprecipitated with antisera
directed against VP16 or Oct-1, or with protein G-agarose
beads alone (no antibody). PCR products representing the
promoters of the IE genes ICP0 and ICP4 were more abundant
in reactions using antisera against VP16 and Oct-1 than in
samples lacking primary antibodies (Fig. 1A), fulfilling the
expectation that these proteins are associated with IE promot-
ers during infection. Little or no PCR product corresponding

to the VP16 promoter was detected in the VP16 and Oct-1 IPs,
as expected for an L gene promoter. Anti-Oct-1, but not anti-
VP16, immunoprecipitated the promoter region of the cellular
U3 snRNA gene, which contains an Oct-1 binding site (50).

To test whether the VP16 AD was required for association
with the IE promoters, parallel ChIP assays were performed
using cells infected with the VP16 truncation mutant RP5. The
binding of VP16 and of Oct-1 to the IE promoters was not
altered by the absence of the VP16 AD (Fig. 1B). The com-
parable signals arising from the input samples of the two in-
fections ensure that comparable amounts of viral DNA were
present in the nuclear extracts (implying comparable infection
efficiencies by the two viruses). The association of Oct-1 with
the U3 snRNA promoter was likewise unaffected. Therefore,
the reduced expression of IE genes in RP5 infections does not
result from a failure of the activator to associate with its target
genes but likely arises from a defect in transcriptional activa-
tion per se.

The VP16 AD is required to recruit GTFs to IE promoters
during infection. Transcription of HSV-1 genes depends on
GTFs and RNA Pol II from the infected host cell (65). During
infection of HeLa cells by wild-type virus (KOS), IE gene
mRNAs were readily detected at 2 hpi, and DE and L mRNAs
were detected at 4 hpi (Fig. 2A). In contrast, infection by RP5
(lacking the VP16 AD) resulted in a dramatic reduction in viral
gene expression, in agreement with prior reports (53, 70). To
test whether this decreased expression corresponded to a fail-
ure to recruit the general transcription machinery to IE gene
promoters, ChIP assays were performed using antibodies di-
rected against the GTF TBP and RNA Pol II. As shown in Fig.
2B, PCR products corresponding to the promoters of the IE
genes ICP0, ICP4, and ICP27 were readily detected in the TBP
and RNA Pol II IPs from cells infected with wild-type virus at
2 hpi. In contrast, these PCR products were not detected in
parallel IPs from cells infected with RP5. This observation
suggests that the association of GTFs with viral IE promoters

FIG. 1. Detection of VP16 and Oct-1 at viral IE promoters during
infection. ChIP assays were performed using antibodies against VP16
or Oct-1 in lysates of cells infected for 2 h by KOS (wild-type virus)
(A) or RP5 (lacking sequences encoding the VP16 AD) (B). Controls
include precipitations performed without specific antisera (No Ab)
and aliquots of samples prior to precipitation (0.5, 0.1, and 0.02%
input). Samples were analyzed by PCR detecting viral IE gene pro-
moters (ICP0, ICP4), a viral L gene promoter (VP16), and the pro-
moter of the cellular U3 snRNA gene. Negative images of ethidium
bromide-stained gels are shown.

FIG. 2. GTFs are recruited to IE promoters by the VP16 AD. (A) RT-PCR analysis of steady-state mRNA levels of viral IE (ICP27), DE (TK),
and L (VP16) genes in cells infected with KOS or RP5 (top panels) or in the presence or absence of cycloheximide (CHX) (lower panels). (B) ChIP
assays using antibodies against TBP and Pol II in lysates of cells infected for 2 h with KOS or RP5. Immunoprecipitated samples were analyzed
by PCR detecting viral IE gene promoters ICP0, ICP27, and ICP4, and the cellular U3 snRNA promoter. Controls include precipitations per-
formed without specific antisera (No Ab) and aliquots of samples prior to precipitation (0.5, 0.1, and 0.02% input). (C) ChIP assay performed as
for panel B for KOS infections in the presence or absence of cycloheximide, using PCR to detect promoters of the viral genes ICP0, TK, and VP16.
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does not arise nonspecifically during infection or sample prep-
aration. The presence of the U3 snRNA promoter fragments
in the IPs from both KOS- and RP5-infected cells demon-
strates that the IP reactions were successful. We conclude that
the recruitment of TBP and RNA Pol II (and also TFIIF [data
not shown]) to IE gene promoters requires the VP16 AD and
that the lack of IE gene transcription observed in RP5 infec-
tions correlates with the absence of GTFs at those promoters.

In the course of these experiments, we noted that DE and L
gene promoters were also associated with RNA Pol II at 2 hpi
(Fig. 2C), even though transcription of these genes is not
readily detected until 4 hpi (Fig. 2A). Because IE gene prod-
ucts themselves are transcriptional regulatory proteins that can
further stimulate the expression of IE genes (as a positive
feedback loop) as well as DE and L genes, the observation of
TBP and RNA Pol II at the IE promoters may arise from the
action of IE proteins rather than of VP16. To test this hypoth-
esis, cells were infected by KOS in the presence of cyclohexi-
mide to inhibit IE protein synthesis. This treatment effectively
blocked the cascade of viral gene expression; no DE or L gene
mRNAs were detected at 2 or 4 hpi in the presence of cyclo-
heximide (Fig. 2A). ChIP assays of cycloheximide-treated cells
indicate that the presence of RNA Pol II at the ICP0 promoter
was not affected (Fig. 2C), suggesting that recruitment of RNA
Pol II to IE promoters arises directly from VP16 activity and
not by the action of IE proteins themselves. In contrast, the
association of RNA Pol II with DE and L genes (TK and VP16,
respectively) was abolished in the presence of cycloheximide.
Therefore, the presence of RNA Pol II at DE and L genes does
indeed depend on IE protein synthesis, whereas its presence at
IE gene promoters does not.

The VP16 AD recruits chromatin-modifying coactivators to
IE gene promoters during infection. The association of chro-
matin-modifying coactivators with the VP16 AD in various
heterologous systems led us to ask whether some of these
factors are present on active IE gene promoters during HSV-1
infection. ChIP assays were performed on extracts of HeLa
cells infected with KOS or RP5 by using antibodies specific to
the closely related HATs CBP and p300. In extracts from
KOS-infected cells, antibodies directed against CBP or against
p300 immunoprecipitated the promoters of the ICP0, ICP4,
and ICP27 genes (Fig. 3A), demonstrating that these HATs

are recruited to IE viral promoters during HSV infection.
Interestingly, CBP was preferentially associated with the ICP0
and ICP4 gene promoters whereas p300 was preferentially
associated with the ICP27 promoter. Therefore, these two
highly related HATs can be differentially recruited to IE gene
promoters, despite the similarities in the cis-regulatory ele-
ments at those promoters.

During infection of HeLa cells by RP5 (i.e., in the absence of
the VP16 AD), recruitment of CBP and p300 to viral IE pro-
moters was drastically reduced (Fig. 3A). No specific PCR
signal was detected for the ICP0 and ICP27 promoters in
samples immunoprecipitated with either anti-CBP or anti-
p300, and only a weak signal was detected for the ICP4 pro-
moter in the anti-CBP sample. These results reveal that the
VP16 AD is required for the efficient recruitment of CBP and
p300 to HSV-1 IE promoters during infection.

We also tested for the presence of another class of coacti-
vator complex, namely, the ATP-dependent chromatin-remod-
eling complex SWI/SNF. BRM and BRG1 are the ATPase
subunits of two distinct human SWI/SNF complexes (64). ChIP
assays of nuclear extracts from KOS-infected cells using anti-
bodies against BRG1 and BRM precipitated the promoters of
the ICP0, ICP4, and ICP27 genes, indicating that the human
SWI/SNF complexes are recruited to IE promoters during
infection (Fig. 3B). As for the HAT complexes described
above, BRG1 and BRM showed different preferences for in-
teracting with various IE promoters. The ICP0 and ICP4 pro-
moter fragments were preferentially detected in the BRG1 IP
samples, whereas the ICP27 promoter fragment was preferen-
tially detected in the BRM IP sample. In the absence of the
VP16 AD (i.e., in RP5 infection), the association of BRG1 and
BRM with the ICP0 promoter was lost. In contrast, BRG1 (but
not BRM) was still associated with the ICP4 promoter, and
BRM (but not BRG1) was still associated with the ICP27
promoter. Therefore, the ATP-dependent remodeling com-
plexes are indeed recruited to viral DNA templates during lytic
infection, and specific remodeling complexes preferentially as-
sociate with distinct IE gene promoters. Moreover, the VP16
AD is required or important for the association of these com-
plexes with some promoters but not with others. The latter
conclusion suggests that other activators present at IE promot-
ers (for instance, Oct-1 or HCF-1) might contribute to the
recruitment of BRG1 or BRM.

The recruitment of HATs and SWI/SNF complexes to viral
IE promoters was apparently the direct result of the VP16 AD
and not a consequence of IE proteins themselves. In ChIP
experiments performed on KOS-infected cells in the presence
of cycloheximide, the ICP0 and ICP27 promoter fragments
were present in the IP pellets obtained by using antibodies
recognizing CBP, p300, BRM, or BRG1 (data not shown),
indicating that recruitment of these coactivators does not de-
pend on IE protein synthesis.

Histone H3 is present on viral DNA but absent from IE gene
promoters. The presence of chromatin-modifying coactivators
at viral promoters prompted us to test whether histones asso-
ciate with viral DNA during early times of HSV-1 lytic infec-
tion. ChIP assays were performed on extracts of infected cells
by using antisera that recognize either a C-terminal epitope of
histone H3 or an acetylated N-terminal epitope of H3 (AcH3).
As shown in Fig. 4A, the promoter regions of ICP27, ICP0, and

FIG. 3. Recruitment of chromatin-modifying coactivator proteins
to IE promoters during HSV infection. (A) ChIP assays using anti-
bodies specific for CBP or p300 in lysates of cells infected with KOS
(K) or RP5 (R). (B) ChIP assays using antibodies specific for BRG1 or
BRM in lysates of cells infected with KOS or RP5.
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ICP4 were not immunoprecipitated above control levels in
either IP sample. The cellular U3 snRNA gene promoter was
detected in both samples, and the IFN-� promoter was de-
tected in the anti-H3 sample, confirming that the IP reactions
were successful. This result indicates that little or no histone
H3 (acetylated or nonacetylated) is associated with IE promot-
ers early in infection. In contrast, the TK, VP16, and gC gene
promoters were immunoprecipitated with anti-H3 and to some
extent with anti-AcH3 antisera, indicating that some regions of
the viral DNA do associate with histones. Moreover, the
dearth of histones at IE genes was restricted to the promoter
regions, since both anti-H3 and anti-AcH3 antisera immuno-
precipitated the coding region of the ICP27 gene.

These results suggest that transcription activity is correlated
with the absence of histones at viral IE gene promoters. To test
this hypothesis, we assayed the association of histone H3 at IE
gene promoters during infection by the RP5 virus, when tran-
scription of those genes is diminished. In marked contrast to
the previous result, the anti-H3 antiserum efficiently immuno-
precipitated the IE gene promoters in extracts from RP5-
infected cells (Fig. 4B). These promoter fragments were not
evident in IPs using the anti-AcH3 antiserum. This result
strengthens the correlation between transcription and the ab-
sence of histones and indicates that the VP16 AD is responsi-
ble either for preventing the deposition of histones or for the
removal of histones from viral IE gene promoters. Moreover,
in RP5 infections, the TK, VP16, and gC gene promoters and
the ICP27 ORF were also immunoprecipitated by the anti-H3
antiserum but not by the antiserum recognizing AcH3. The
presence of the cellular gene promoters (U3 and IFN-�) in the
IP pellets was the same for the two infections, confirming that

the IP reactions were successful. We conclude that transcrip-
tional activation of IE genes by VP16 has downstream effects
on the acetylation status of histones associated with DE and L
gene promoters.

DISCUSSION

Although much has been learned about mechanisms of tran-
scriptional activation by using VP16 and other activation do-
mains in heterologous or in vitro experimental systems, the
validity of the models arising from such studies is best tested in
an appropriate biological context. This report probes the phys-
iological role of putative targets of VP16 by analyzing the
recruitment of GTFs and transcriptional coactivator proteins
to IE viral gene promoters by VP16 during HSV-1 infection of
cultured mammalian cells.

We demonstrate that the recruitment of TBP and RNA Pol
II (as representative GTFs) depends heavily on the VP16 AD,
indicating that at least part of the in vivo mechanism of tran-
scriptional activation by VP16 is the stimulation of preinitia-
tion complex formation on target gene promoters. This con-
clusion is consistent with previous evidence that VP16 can
interact directly in vitro with GTFs including TBP, TFIIB,
TFIIA, and TFIIH (13, 17, 24, 31, 56, 67) and can stimulate in
vitro assembly of a TFIID-TFIIA-DNA complex (25). Our
results do not exclude the possibility that later stages of tran-
scription, such as promoter escape or elongation, might also be
stimulated by VP16 (71).

Our results also indicate that two different types of chroma-
tin-modifying complexes, HATs and ATP-dependent chroma-
tin-remodeling complexes, are recruited to viral IE gene pro-
moters during HSV-1 infection. Recruitment of the HATs
p300 and CBP was fully dependent on the VP16 AD, whereas
recruitment of the SWI/SNF proteins BRM and BRG1 to
some but not all IE promoters was affected by the VP16 trun-
cation mutant. The ability of VP16 to recruit these HATs and
remodeling enzymes during infection in vivo is consistent with
results from assays using the Gal4-VP16 fusion protein in
transfection or in vitro experiments (26, 32, 38, 63). The pres-
ence of BRM and BRG1 at some IE promoters during RP5
infection indicates that both VP16 AD-dependent and VP16
AD-independent mechanisms can recruit these proteins. Un-
der other circumstances, recruitment of SWI/SNF complexes
has been shown to be independent of a given activation domain
and yet dependent on the DNA-binding domain of a regula-
tory protein (8, 21, 22). We cannot yet distinguish whether the
partial recruitment of BRG1 and BRM to IE promoters de-
pends on the core domain of VP16 or on other activators that
bind these promoters. Although human SWI/SNF has been
implicated as a component of the RNA Pol II holoenzyme (9,
39), our results are not fully consistent with that model. In the
absence of the VP16 AD, we observed BRG1 and BRM
present at certain IE promoters despite the absence of RNA
Pol II, indicating that these ATPases can be recruited inde-
pendently of the RNA Pol II holoenzyme, as seen in in vitro
systems (73).

We find it intriguing that the coactivators were differentially
recruited to the various IE promoters. For example, the ICP0
and ICP4 promoters seemed to favor the presence of CBP,
whereas the ICP27 promoter was prominently associated with

FIG. 4. Histone H3 associates with HSV-1 DNA during infection
but is underrepresented at transcriptionally active IE gene promoters.
ChIP assays were performed using antibodies specific for histone H3
acetylated at lysines 9 and 14 (AcH3) or for a carboxyl-terminal epi-
tope of histone H3 in lysates of cells infected for 2 h by KOS (A) or
RP5 (B). Immunoprecipitated samples were analyzed by PCR detect-
ing viral IE (ICP0, ICP4, and ICP27), DE (TK), or L (VP16 and gC)
gene promoters, the cellular U3 snRNA or IFN-� promoter, or the
coding region (ORF) of ICP27. Controls include precipitations per-
formed without specific antisera (No Ab) and aliquots of samples prior
to precipitation (0.5, 0.1, and 0.02% input).
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p300. Likewise, BRG1 was somewhat preferred at the ICP0
and ICP4 promoters, whereas BRM was slightly more preva-
lent at the ICP27 promoter. Together, these observations sug-
gest that BRM and p300 may cooperate specifically at certain
promoters, whereas BRG1 and CBP function together at other
promoters. Curiously, these promoter preferences exist even
though the important cis-regulatory elements, including TAAT
GARAT, GA-rich, and Sp1-binding sites, are common to all of
the IE promoters. The differential recruitment may reflect ad-
ditional, undefined promoter elements that might distinguish
the various promoters. Alternatively, the specific arrangements
of the binding sites within the various IE promoters (and thus
the quaternary structure of the various regulatory proteins)
might be responsible for preferential coactivator recruitment.
Whether the promoter-specific differences in coactivator re-
cruitment have functional consequences for gene expression
remains to be determined. Collectively, our results reveal that
assembly of the transcription machinery can be accomplished
through multiple pathways and that subtle differences in pro-
moters might have significant effects on the recruitment of
particular factors.

Other transcriptional regulators, including Oct-1, HCF-1,
GABP, and Sp1, also bind to the IE promoter regions (19, 40,
48, 65). We presume that the binding of these regulators to
their cognate cis elements is not affected by the presence or
absence of the VP16 AD, and in fact we show that Oct-1 is
present at IE promoters during RP5 infection. However, the
presence of these regulatory proteins is apparently not suffi-
cient to recruit either the HATs or GTFs to the IE promoters,
since the recruitment was ineffective during RP5 infection.
This conclusion is somewhat surprising, given evidence that
CBP and p300 can interact in vitro with GABP and Sp1 (1, 51,
61). This reinforces the value of testing such interactions in an
appropriate in vivo context.

The recruitment of chromatin-modifying proteins to IE gene
promoters might seem superfluous given previous evidence
that HSV-1 DNA is not packaged in nucleosomes during lytic
infection. In striking contrast to that model, our ChIP experi-
ments detected a distinct association of HSV-1 DNA with
histone H3, although this assay does not directly demonstrate
that H3 is present in nucleosomal structures. ChIP assays using
antibodies specific to other core histones (or variant histones)
or other physical assays might be used to assess whether nu-
cleosomes or some other histone-based structures are present
on viral DNA. Interestingly, at 2 hpi in cells infected by wild-
type virus, histone H3 was not detected at the IE gene pro-
moters but was present at the ICP27 coding region and at DE
and L gene promoters. Thus, histone H3 (perhaps in nucleo-
somes) was underrepresented at the promoters of actively
transcribed genes. In contrast, H3 was present at IE promoters
during RP5 infection, when those genes are transcriptionally
silent. These results indicate that the VP16 AD is required
either to exclude histones from IE promoters or to remove
them, perhaps through the action of the chromatin-remodeling
coactivators. In agreement with our observations, two recent
reports demonstrated that nucleosomes are underrepresented
in the fully remodeled PHO5 promoter in yeast upon transcrip-
tion induction (4, 43). The effect of the VP16 AD on the acet-
ylation of histones associated with viral DNA is also notewor-
thy. Although acetylated H3 was associated with the ICP27

ORF and the DE and L gene promoters during infection by
wild-type virus, that acetylation was absent during RP5 in-
fection. This result suggests that the cascade of viral gene
expression requires histone modifications that are directly or
indirectly dependent on the VP16 AD. Given that robust ex-
pression of DE and L genes is observed after 4 hpi, the H3
acetylation detected at 2 hpi at DE and L gene promoters
might represent early events in the remodeling of these pro-
moters.

Other virion proteins may also influence the association of
histones with herpesvirus DNA. The tegument protein VP22
from bovine herpesvirus 1 can interact with histones in vitro
(44). Moreover, VP22 from HSV-1 has been shown to interact
in vitro with the template-activating factor 1 (TAF-1), a chro-
matin-remodeling protein and subunit of the INHAT (inhibi-
tor of acetyltransferases) complex. The interaction of VP22
with TAF-1 disrupted the ability of TAF-1 to promote the
loading of histones onto naked DNA in vitro (59). These ob-
servations raise the hypothesis that VP22 may interfere with
nucleosomal deposition on the viral DNA during lytic infec-
tion. This hypothesis is further fueled by evidence that VP22
can interact with the VP16 AD (11), which our evidence indi-
cates is involved in clearing histones from IE gene promoters.
Whether during infection VP22 modulates the association of
histones with IE promoters or with other regions of the HSV
genome will be an interesting future question.

The presence of CBP, p300, BRG1, and BRM at IE pro-
moters may reflect the mechanism by which histones are ex-
cluded from these promoters. These enzymes might also fulfill
other functions for transcriptional activation in the absence of
histones. For instance, CBP and p300 might be required for
preinitiation complex formation or as a part of the RNA Pol II
holoenzyme (37). Another possibility is that CBP and p300
may acetylate and thus regulate the activities of other proteins
such as activators, high-mobility-group (HMG) proteins, coac-
tivators, and GTFs (46, 49). Although SWI/SNF complexes are
best known for their ability to modify nucleosomal structure,
naked DNA also stimulates SWI/SNF ATPase activity, and
conversely, SWI/SNF ATPase activity induces changes in DNA
topology in nucleosomal and naked DNA templates (12, 15).
Thus, SWI/SNF enzymatic activities on nonnucleosomal tem-
plates might be relevant for activating transcription on nucleo-
some-free HSV-1 viral DNA. Future experiments will address
whether the enzymatic activities of these coactivators are ex-
plicitly required for the VP16-dependent activation of IE gene
transcription.
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