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The binding of herpes simplex virus type 1 ICP4, TATA-binding protein (TBP), and RNA polymerase II
(polII) to the promoter regions of representative immediate-early (IE) (ICP0), early (E) (thymidine kinase
[tk]), and late (L) (glycoprotein C [gC]) genes on the viral genome was examined as a function of time
postinfection, viral DNA replication, cis-acting sites for TFIID in the tk and gC promoters, and genetic
background of ICP4. The binding of TBP and polII to the IE ICP0 promoter was independent of the presence
of ICP4, whereas the binding of TBP and polII to the tk and gC promoters occurred only when ICP4 also bound
to the promoters, suggesting that the presence of ICP4 at the promoters of E and L genes in virus-infected cells
is crucial for the formation of transcription complexes on these promoters. When the TATA box of the tk
promoter or the initiator element (INR) of the gC promoter was mutated, a reduction in the amount of TBP
and polII binding was observed. However, a reduction in the amount of ICP4 binding to the promoters was also
observed, suggesting that the binding of TBP-containing complexes and ICP4 is cooperative. The binding of
ICP4, TBP, and polII was also observed on the gC promoter at early times postinfection or when DNA synthesis
was inhibited, suggesting that transcription complexes may be formed early on L promoters and that addi-
tional events or proteins are required for expression. The ability to form these early complexes on the gC
promoter required the DNA-binding domain but in addition required the carboxyl-terminal 524 amino acids
of ICP4, which is missing the virus n208. This region was not required to form TBP- and polII-containing
complexes on the tk promoter. n208 activates E but not L genes during viral infection. These data suggest that
a region of ICP4 may differentiate between forming TBP- and polII-containing complexes on E and L
promoters.

The approximately 80 gene of herpes simplex virus (HSV)
(34, 35) are transcribed by RNA polymerase II (polII) (1) in a
sequential and coordinated manner (25, 26). The immediate-
early (IE) (�) genes are expressed first, followed by the early
(E) (�) and subsequently by the late (L) (�) genes. The L genes
are further classified as leaky L and true L genes, depending on
their requirement for viral DNA replication. The IE proteins
include infected-cell polypeptide 0 (ICP0), ICP4, ICP22,
ICP27, and ICP47 (39). The expression of the IE proteins does
not require prior viral protein synthesis (40). However, func-
tional IE proteins are required for the optimal expression of
both E and L gene products (25, 26).

Almost all of the HSV promoters possess a TATA box. By
contrast only 10% of human polII genes possess TATA boxes
(19). Members of each kinetic class of promoters share a gen-
eral structural theme. IE promoters have upstream binding
sites for cellular activators, most notably Sp1, and sites of
action for the virion transactivator, VP16 (2, 3). The promot-
ers for E genes possess upstream binding sites for cellular
activators, again mostly Sp1. Upstream sites for transcrip-
tion activators in true L promoters have not been described.

These promoters appear to consist of simply a TATA box and
an initiator element (described below). In addition, a down-
stream activator sequence has been described in some true L
promoters (22, 23).

IE genes are the first to be expressed. Their promoters are
activated by the binding of the virion transactivator, VP16, in a
complex with cellular Oct1 and host cell factor to TAATG
ARAT elements, as well as by the action of Sp1 and other
cellular activators. Recently it has also been shown that the
VP16 activation domain results in the presence of acetylated
histones on IE promoters, suggesting that it may recruit chro-
matin-remodeling factors or histone acetyltransferases (24).
The protein products of the five IE genes are mainly regulatory
proteins that affect different aspects of host cell metabolism.
One of these, ICP4, is a transcription activator, which is re-
quired for the activated expression of HSV E and L genes. The
protein products of E genes are mostly involved in viral DNA
replication. With the expression of E proteins and the onset of
viral DNA replication, both IE and E gene transcription are
attenuated (25). In the absence of ICP4, IE transcription re-
mains abundant (14, 16, 41, 48). With the expression of IE and
E proteins and the onset of viral DNA replication, L gene
transcription begins. L gene transcription is highly activated by
ICP4, and L mRNAs and proteins are abundantly produced.
This is interesting considering that L promoters contain bind-
ing sites only for TFIID (TATA box plus Inr). One reason for
the abundant transcription of L genes is that ICP4 more effi-
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ciently activates transcription of promoters containing Inr el-
ements (10, 21, 30).

ICP4 is a large and structurally complex molecule. Its mo-
bility on sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis corresponds to a molecular mass of 175 kDa
(11), and it exists in cells as a �350-kDa dimer (36, 44). It has
a Stokes radius of �90 Å, and its hydrodynamic properties
suggest that it is a very elongated molecule (36, 44). This and
the ability of ICP4 to bind to DNA (29) may provide the
potential to function as an activator of transcription over long
distances. Furthermore, ICP4 localizes in infected-cell nuclei
in viral replication compartments (12), where it can be found
with viral DNA and cellular RNA polII and ICP22 (32).

In reconstituted in vitro transcription reactions, ICP4 has
been shown to activate transcription of a core RNA polII
promoter with a relatively simple set of polII general transcrip-
tion factors (4, 5, 21). ICP4 can form tripartite complexes on
DNA with TFIID and TFIIB (46), and it can interact with
TFIID in solution via its TBP-associated factor 1 (TAF1) sub-
unit (5). It promotes the formation of transcription preinitia-
tion complexes (20, 21) by enhancing TFIID binding to the
promoter (20).

While the activities described above have been shown to be
consistent with the transcriptional regulatory activities and ge-
netics of ICP4 in virus-infected cells, they are mostly from in
vitro reconstruction experiments. The present study examines
the association of ICP4, the TATA-binding protein (TBP), and
RNA polII with promoters representative of IE, E, and L
genes as a function of time postinfection, DNA replication,
cis-acting sites for TBP and hence any TBP-containing com-
plex that might function on TATA box-containing promoters,
and the genetic background of ICP4. All of the experiments
were conducted in virus-infected cells by the use of specific
viral mutants and the application of the technique of chroma-
tin immunoprecipitation (ChIP).

MATERIALS AND METHODS

Cells and virus. All experiments were performed using Vero cells (African
green monkey kidney cells), which were obtained from the American Type
Culture Collection. The viruses used in this study include the wild-type (wt)
strain of HSV type 1 (HSV-1) (KOS), the tk TATA box mutant (LS-29-18) (7),
the glycoprotein C (gC) initiator mutant (gCInr) (30), and the ICP4 mutants n12
(15), n208 (15), and i13 (42). The mutant LS-29-18 is severely impaired for tk
transcription (7) and the binding of TBP to the mutant tk TATA box (9). gCInr
contains base change mutations in three of the most important contacts in the
initiator element of gC. The mutations render the promoter very inefficient for
activation by ICP4 in vitro and in viral infection (30). n12 expresses an ICP4
molecule that is truncated at amino acid 251. It has no ICP4 activity (15). n208
expresses an ICP4 molecule that is truncated after amino acid 774. It can bind to
DNA and activate many E genes but is deficient in L gene expression (15).
Compared to wt ICP4, the n208 molecule cannot interact with TAF1 or TFIID
in solution (5) and cannot multimerize on DNA (31).

The viruses n208, n12, and i13 were grown on E5 cells as described previously
(15). E5 cells are derived from Vero cells and express complementing levels of
ICP4 upon HSV-1 infection (15). KOS, LS-29-18, and gCInr were propagated on
Vero cells. For experiments, 5 � 106 Vero cells were seeded into 100-mm petri
dishes 1 day prior to infection. The day after seeding, the monolayers were
infected at a multiplicity of infection of 5 PFU/cell with the indicated viruses. The
virus inoculum in 1.0 ml was adsorbed to the monolayer for 1 h at 4°C. After the
1-hour adsorption period, the inoculum was removed, 37°C medium was added,
and incubation was continued at 37°C in a humidified 5% CO2 incubator. Zero
hours postinfection is considered the time when the cultures were warmed to
37°C and put in the incubator. A 400-�g/ml concentration of phosphonoacetic

acid (PAA) (Lancaster Synthesis, Eastgate, England) was added to the medium
to inhibit viral DNA synthesis.

ChIP. ChIP was carried out as described previously (28, 49) with a few mod-
ifications. At 4 and 8 h postinfection the cells were treated with 1% formaldehyde
for 10 min, and washed three times with phosphate-buffered saline containing
protease inhibitors (67 ng/ml aprotinin, 1 ng pepstatin, 0.16 mM TLCK [N�-p-
tosyl-L-lysine chloromethyl ketone], 1 mM phenylmethylsulfonyl fluoride
[PMSF]). The cells were pelleted at 3,000 rpm, resuspended in PIPES [pipera-
zine-N,N�-bis(2-ethanesulfonic acid] lysis buffer (100 �l per million cells) con-
taining protease inhibitors (5 mM PIPES, 85 mM KCl, 0.5% NP-40, 4 �g/ml
aprotinin, 2 �g/ml pepstatin, 0.15 mM TLCK, and 0.6 mM PMSF), and incubated
on ice for 15 min. The cells were then pelleted at 5,000 rpm for 5 min in a
refrigerated centrifuge, resuspended in SDS lysis buffer containing protease
inhibitors (1% SDS, 10 mM EDTA, 50 mM Tris-HCl [pH 8.1], 4 �g/ml aprotinin,
2 �g/ml pepstatin, 0.15 mM TLCK, and 0.6 mM PMSF), and incubated on ice for
15 min. The samples were then sonicated for a total of 50 seconds (five 10-second
pulses) using a Cole Palmer ultrasonic processor model CP-130 with a microtip.
The DNA was sheared to give fragment sizes of less than 400 bp as determined
by agarose gel electrophoresis. The samples were then spun at 12,500 rpm for 10
minutes in a refrigerated centrifuge to remove the debris. The supernatant was
diluted (10 times) in ChIP dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2
mM EDTA, 20 mM Tris-HCl [pH 8.1], and 167 mM NaCl) and precleared twice
for 2 h each with protein A and protein G beads. Antibodies N15 (3 �l) for ICP4,
8WG16 (1 �l) for polII, and sc273 (10 �l) for TBP were then added to the
samples. 8WG16 (for polII) was obtained from Covance, sc273 (for TBP) was
obtained from Santa Cruz, and N15 for ICP4 was purified in the laboratory. The
samples were then kept overnight on a rotator at 4°C, and the next day 60 �l of
the appropriate beads (protein A beads for N15 and protein G for sc273 and
8WG16) was added and kept on a rotator for 1 hour at 4°C. The beads containing
the immune complexes were washed eight times for 4 min each with 1 ml of
different buffers (two times with low-salt immune complex wash buffer (0.1%
SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl [pH 8.1], and 150 mM
NaCl), two times with high-salt immune complex wash buffer (0.1% SDS, 1%
Triton X-100, 2 mM EDTA, 20 mM Tris-HCl [pH 8.1], and 500 mM NaCl), once
with LiCl immune complex wash buffer (0.25 M LiCl, 1% NP-40, 1% deoxy-
cholate, 1 mM EDTA, and 10 mM Tris-HCl [pH 8.1]), and three times with TE
(10 mM Tris-HCl [pH 8.0], 1 mM EDTA). The DNA-protein complexes were
eluted from the beads by adding 250 �l of elution buffer (1% SDS, 0.1 M
NaHCO3) and incubating on a rotator for 15 min. This was done twice, thereby
giving a total volume of 500 �l of suspension containing the DNA-protein
complexes. The cross-links were then reversed by adding 20 �l of 5 M NaCl and
incubating at 65°C overnight. The next day, 1 ml of ethanol was added and the
sample was put at 	20°C overnight or at 	80°C for 1 h. The DNA was then
pelleted in a refrigerated centrifuge for 20 min at 12,500 rpm. The supernatant
was discarded, and 70% cold ethanol (kept at 	20°C) was added to the pellet.
The sample was centrifuged at 12,500 rpm in a refrigerated centrifuge and the
supernatant discarded. The DNA was resuspended in 489 �l of TE. To this 11 �l
of 10� proteinase K buffer (2.5 ml 1 M Tris-HCl [7.5], 2.5 ml 0.5 M EDTA, 12.5
ml 10% SDS) and 1 �l of proteinase K (20 mg/ml) were added. The samples were
then incubated at 55°C for 1 hour. The DNA from each sample was purified
using a Qiaquick PCR purification kit (Qiagen). The DNA was dissolved in a
total of 150 �l of distilled water. The samples were then used for real-time PCR.
Each ChIP experiment was repeated a minimum of three times.

Real-time PCR. Reactions were set up in triplicate using 5 �l of DNA for each
reaction. Before setting up the 96-well reaction plate, a master mix containing
0.625 �l of each primer (stock concentration, 1 mM), 12.5 �l iTaq SYBR green
super mix with 1.0 �M 6-carboxy-X-rhodamine (Bio-Rad), and 6.25 �l of water
for a total of 20 �l for each reaction was made. The final reaction volume was 25
�l, including the DNA. The primers used in these experiments and their loca-
tions relative to the transcription start site of the gene to be analyzed are given
in Table 1. KOS DNA was also included in the plate, in the range of 400,000 to
40 copies of the genome, to provide a standard curve. This range was chosen
because the threshold cycle values are in the range for the samples used for the
ChIP experiment. After the plate was set up, it was run by using the ABI 7900HT
Fast Real Time machine. The conditions for the run were as follows: stage 1.
50°C for 2 min; Stage 2, 95°C for 10 min; and stage 3, 40 cycle repeats of 95°C
for 15 seconds and 60°C for 1 min. After the run was complete, the results were
analyzed using the Applied Biosystems SDS 2.3 software, which generates a
standard curve as shown in Fig. 1. Such curves were generated for each set of
primers used in a given experiment. As Fig. 1 shows, most of the experimental
samples are within the range of the viral DNA standards. Most of the triplicates
for the standard curve coincided with each other (Fig. 1).
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RESULTS

Requirement of ICP4 for binding of polII to the tk and ICP0
promoters. It has long been known that in the absence of ICP4,
transcription from the viral genome is largely limited to that of
the IE genes, and in the presence of ICP4, E and L genes are
transcribed. Therefore, we might expect to observe the associ-
ation of polII with a representative IE promoter, such as ICP0,
to be independent of ICP4. Likewise, the association of polII
with a representative E promoter, such as the tk promoter,
might require ICP4. Therefore, testing these hypotheses rep-
resents a good way to partially validate the ChIP approach to
observe ICP4 and key transcriptional proteins on HSV pro-
moters in the context of viral infection.

Vero cells were infected with KOS (wt) and n12, and ChIP
analysis was performed on infected cells at 4 and 8 h postin-

fection as described in Materials and Methods. Figure 2 show
the association of ICP4 and polII with the tk and ICP0 pro-
moters at 4 and 8 h postinfection in KOS- and n12-infected
cells. The ICP4 in KOS-infected cells associated with both the
ICP0 and tk promoters at 4 and 8 h postinfection. n12 synthe-
sizes a peptide of ICP4 that does not bind to DNA and has no
regulatory activity, but still reacts with the N15 antibody. There
was no ICP4 reactivity found on either the ICP0 or tk promoter
in i12-infected cells. However, the association of polII with the
ICP0 promoter was independent of ICP4 and remained higher
in the absence of ICP4. Importantly, no polII reactivity was
found on the tk promoter in the absence of ICP4 at the later
time postinfection (8 h). Therefore, the interactions observed
by the in situ ChIP approach reflect what we might expect from
patterns of transcription from wt and ICP4 mutant viruses.

Binding of ICP4, TBP, and polII to the tk and gC promoters
as a function of DNA replication and core promoter cis-acting
sites. The tk gene is expressed as an E gene. Its transcription
peaks at between 4 and 6 h postinfection and is subsequently
shut off. tk mRNA synthesis is not sensitive to inhibition of
viral DNA synthesis. The gC gene is a true L gene. It is not
transcribed prior to viral DNA synthesis and is not detected
when viral DNA synthesis is inhibited. There are also defined
cis-acting sites for cellular factors, such as TFIID, in both the
tk and gC core promoters that are important for the expression
of these genes. The linker-scanning mutant LS-29-18 contains
base changes in the TATA box of the tk gene such that tk
transcription is markedly reduced (7), as is the affinity for TBP
(9). The mutant gCInr contains base changes at key positions
within the initiator element (INR) spanning the start site of gC
transcription. Expression or the induction of the gC promoter
by ICP4 is markedly reduced in the context of viral infection
and in reconstituted in vitro transcription reactions (30). These
mutants, along with wt virus (KOS), were used to examine how
these mutations and DNA synthesis affect the formation of
ICP4-, TBP-, and polII-containing complexes on the gC and tk
promoters on the viral genome during viral infection.

TABLE 1. Primers used

Primer Sequence Position

tkprom CAGCTGCTTCATCCCCGTGG 	200 to �56
AGATCTGCGGCACGCTGTTG

tkDS1 GCAGCGACCCGCTTAACA �15 to �84
GAAGAGGTGCGGGAGTTTCAC

tkDS2 TAGATGTTCGCGATTGTCT �169 to �410
GGCCATAACCGACGTAC

tkDS3 GCGTCGGTCACGGCATAAG �432 to �516
GGGTGAGATATCGGCCGGG

tkDS4 CCATCTCCCGGGCAAACGTG �1134 to �1225
ACTTACCTCCGGGATGGTCCAGACC

ICP8 TGTACATATACCAACCGCATATCAGA 	32 to 40
CGAGAGGCACAGATGCTTACG

gC CGCCGGTGTGTGATGATTT 	90 to �80
TTTATACCCGGGCCCCAT

ICP0 ATAAGTTAGCCCTGGCCCGA 	24 to �36
GCTGCGTCTCGCTCCG

FIG. 1. Standard real-time PCR curve generated with each primer pair in each experiment. The results are plotted on a semilogarithmic graph.
Ct, threshold cycle. The KOS DNA standard described in Materials and Methods are shown as open circle. The software package SDS 2.3 from
Applied BioSystems generates the curves and places on it the values for the experimental unknowns (closed circles).
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Vero cells were infected with KOS and LS-29-18 in the
presence and absence of PAA to inhibit viral DNA synthesis.
At 4 and 8 h postinfection, ChIP analysis was performed on the
cultures. The data in Fig. 3 show the real-time PCR quantifi-
cation using the primers that would amplify the tk promoter
(Table 1). The data in Fig. 3 are represented in two different
ways for clarity and also to establish different points. Whether
the data are represented as the absolute number of genomes
(Fig. 3A) or as the percentage of amplified immunoprecipi-
tated genomes relative to the total number of genomes (Fig.
3B), it is clear that mutation of the TATA box resulted in
reduced binding of TBP to the tk promoter on the viral ge-
nome. As might be expected, mutation of the TATA box also
reduced binding of polII to the tk promoter. Interestingly,
mutation of the TATA box also reduced binding of ICP4 to the
tk promoter. This suggests that the presence of ICP4 may be
affected not only by its intrinsic DNA-binding properties but
also by the ability of cellular factors that ICP4 interacts with to
bind to their DNA-binding sites. This and other possibilities
are further discussed below.

The data in Fig. 3A also indicate that the number of tk
promoters bound by ICP4 increased from 4 to 8 h postinfection
and was also greater in the absence of PAA than in its pres-
ence. This observation by itself is not entirely consistent with
the known kinetics of tk transcription. However, it is interest-
ing to note that the percentage of tk promoters bound by ICP4,
TBP, and polII following DNA replication is markedly less
than that in the absence of DNA replication, possibly suggest-
ing the existence of a pool of genomes during DNA replication
that are not expressing tk mRNA.

Figure 3 examines the association of ICP4, TBP, and polII
with the tk promoter region on the viral genome. Mutation of
the TATA box clearly affected the binding of all three to the
promoter region. To observe the association of these proteins
with nonpromoter regions of the tk gene and to determine how
the TATA box mutation may affect this binding, ChIP analysis
was performed on KOS- and LS-29-18-infected cells at 4 h
postinfection using the PCR primers indicated in Fig. 4 and
listed in Table 1. The data (Fig. 4) are represented as percent

bound, as in Fig. 3B. The reason for this is that the PCR
amplification efficiency under the conditions used to simulta-
neously amplify all the samples is not the same for all five
primer pairs. As in Fig. 3, mutation of the TATA box markedly
reduced binding of ICP4, TBP, and polII to the promoter
region. The binding of TBP to the DS1 region was also de-
tected, but it was approximately 20% of that detected at the
promoter. It was also affected by the TATA box mutation. This
most likely represents TBP binding to the tk promoter region.
The proximal extent of this fragment is �15 relative to the tk
mRNA start site, and the DNA in the ChIP procedure is
sheared to several hundred base pairs. Moving further down-
stream (DS2, -3, and -4), the maximum binding of TBP was less
than 10% of that of the promoter region, and the LS-29-18
mutation had no effect. These results are consistent with the
lack of TATA boxes in these regions and the fact that TFIID
does not participate in transcription elongation. Unlike TBP,
polII was detected in significant amounts downstream of the
promoter. The amount of polII observed downstream was still
less than that observed at the promoter, possibly reflecting that
the association of polII with any given sequence in the process
of elongation is more transient than in initiation of transcrip-
tion at the promoter. The reduced presence of polII observed
downstream of the promoter in LS-29-18-infected cells is con-
sistent with the reduced initiation of transcription at the pro-
moter. ICP4 was also found downstream of the promoter.
However, again the greatest amount of binding was observed
at the promoter region, and mutation of the TATA box af-
fected binding further downstream. It also appears that as one
moves farther downstream of the promoter, there is a tendency
to observe less ICP4 binding. This further supports the possi-
bility that the presence of ICP4 may be affected not only by its
intrinsic DNA-binding properties but also by the ability of
cellular factors that ICP4 interacts with to bind to their DNA-
binding sites.

Figure 3 examined the binding of ICP4, TBP, and polII to
the tk promoter. We next applied the same approach to the
analysis of the gC promoter. Therefore, Vero cells were
infected with KOS and gCInr in the presence and absence of

FIG. 2. Association of ICP4 and polII with the ICP0 and tk promoters in n12- and KOS-infected cells. ChIP experiments were performed as
described in Materials and Methods. The graphs give the number of genomes bound by the tk and ICP0 promoters on the n12 and KOS genomes
to ICP4 and polII. In this experiment we compare wt (KOS) to the ICP4 mutant n12 at 4 and 8 h postinfection.
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PAA to inhibit viral DNA synthesis. At 4 and 8 h postinfec-
tion, ChIP analysis was performed on the cultures. As in the
case of the tk promoter, alteration of a cis-acting site for
TFIID (INR in this case) not only affected the binding of
TBP and polII but also affected the binding of ICP4 (Fig. 5).
In addition, many more gC promoter sequences were bound
by all three proteins in the absence of PAA than in its
presence (Fig. 5A), and the percentage of promoter se-
quences bound decreased following DNA replication (Fig.
5B). However, ICP4, TBP, and polII were observed on the
gC promoter region at 4 h postinfection and in the presence
of PAA. Therefore, while the association of these proteins
with the gC promoter as a function of the Inr sequence is
consistent with the activity of the promoter, the temporal
association of TBP and polII it is not entirely consistent with
the observed kinetics of expression.

The results in Fig. 3 and 5 show that when core promoter
cis-acting sites for TFIID in the tk and gC promoters were
mutated, there was is a reduction in the binding of TBP,
polII, and ICP4. In addition, the results in Fig. 4 demon-

strate that when the tk TATA box was mutated, then the
binding of ICP4 downstream of the tk promoter was also
affected. Given these results, we sought to examine the
binding of ICP4, TBP, and polII to a promoter in LS-29-18
and gCInr that does not contain mutations and is relatively
distant from the tk and gC promoters. Therefore, KOS,
LS-29-18 and gCInr were used to infect Vero cells in the
presence and absence of PAA. At 4 and 8 h postinfection,
the cultures were processed and analyzed by ChIP analysis
using a primer pair that amplifies a region that spans the
core ICP8 promoter (Table 1). The results of the analysis
are shown in Fig. 6, where Fig. 6A shows results in the
absence of PAA and Fig. 6B shows results in the presence of
PAA. There was no consistent effect of the mutations in the
tk and gC promoters on the binding of TBP and ICP4, in
either the presence or absence of PAA or at 4 and 8 h
postinfection. In this experiment it appears that the muta-
tions in the tk and gC promoters affected the binding of
polII to the ICP8 promoter at 4 h postinfection in the
presence of PAA (Fig. 6B). However, this was not seen at

FIG. 3. Binding of ICP4, polII, and TBP to the tk promoters of KOS and LS-29-18. (A) ChIP experiments were done to determine the numbers
of genomes bound to ICP4, polII, and TBP at 4 and 8 h postinfection in the presence and absence of PAA. (B) Representation of results in panel
A as a percentage of genomes bound.
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8 h postinfection in the presence of PAA (Fig. 6B) or in the
absence of PAA (Fig. 6A). Therefore, we conclude that the
binding of ICP4, tk, and polII to the ICP8 promoter is not
affected by mutations in the tk and gC core promoters.

Binding of ICP4, TBP, and polII to promoters as a func-
tion of ICP4 functional domains. The experiments thus far
examined the binding of ICP4, TBP, and polII to promoters
as a function of cis-acting sites within the promoters. They
also established that ICP4 is required for the binding of
polII to the tk promoter. ICP4 is a large and complex pro-
tein, with multiple regions of the protein contributing to its
regulatory activities. From the study of many temperature-
sensitive, deletion, truncation, amino acid insertion, and
missense mutants, it appears that there are two general
phenotypes of ICP4 mutants (8, 13–15, 42, 43). One of these
phenotypes is characterized by the overexpression of IE
genes and very low or undetectable levels of E and L gene
expression. Examples of such mutations are those that de-
lete most of the gene, inactivate the DNA-binding proper-
ties of the protein, or that retain DNA-binding properties
but delete the amino- and carboxyl-terminal activation re-
gions. Another phenotype is characterized by a mutant
(n208) that is truncated at amino acid 774, thereby deleting
the carboxyl-terminal 524 amino acids. E genes are acti-
vated, IE genes are repressed, but true L genes are not
expressed. Many temperature-sensitive mutants with muta-
tions in the region deleted in n208 share this phenotype.
Given these two phenotypes, we sought to determine how
the binding of ICP4, TBP, and polII to IE, E, and L pro-
moters on the viral genome during infection is influenced by
the composition of ICP4 and how this may contribute to the
observed phenotype in infected cells. Two ICP4 mutants
were compared to wt virus. i13 contains a 2-amino-acid

insertion at residue 338. The expressed protein exists as a
dimer with the same hydrodynamic properties as the wt, but
it does not bind to DNA, overexpresses IE genes, and is
completely defective in activation of E and L genes (5, 42,
43). The other mutant is n208 (described above).

Vero cells were infected with KOS, i13, and n208. At 4
and 8 h postinfection, the cultures were processed and an-
alyzed by ChIP for the presence of ICP4 (wt and mutant
forms), TBP, and polII on the ICP0, tk, and gC promoters.
The antibody used to precipitate ICP4 (N15) reacts with
both the i13 and n208 forms of ICP4. The results are shown
in Fig. 7. Both n208 and KOS ICP4 bound to the ICP0
promoter, while i13 did not. Consistent with Fig. 2, the
binding of TBP and polII to the ICP0 promoter was inde-
pendent of ICP4 binding. The relatively high abundance of
TBP and polII on the ICP0 promoter on the i13 genome is
consistent with the expression phenotype of i13 (42). Both
KOS and n208 ICP4 also bound to the tk promoter, as did
TBP and polII. i13 did not bind to the tk promoter, nor did
TBP or polII. These observations are consistent with the
phenotypes of i13 and n208. In the case of gC, the presence
of ICP4, TBP, and polII at 4 h postinfection was again
observed. gC was not expressed at this time. Therefore, the
presence of these proteins on the gC promoter may be
necessary but not sufficient for gC transcription. Interest-
ingly, n208 did not bind to the gC promoter. TBP and polII
were also not observed on the gC promoter. While n208
ICP4 has the same affinity for strong ICP4 binding sites as
KOS ICP4, it is somehow differentially binding to the tk and
gC promoters regions, and this appears to affect the binding
of TBP and polII to the promoters. Possible explanations for
this differentiation are discussed below.

FIG. 4. Binding of ICP4, polII, and TBP to different regions of the tk gene. The top panel shows a schematic of the tk gene and promoter and
the regions which are amplified by the designated primers, which are listed in Table 1. The bottom panels give the percentages of genomes bound
by ICP4, TBP, and polII at the promoter and different regions of the tk gene in KOS- and LS-29-18-infected cells. The results are for 4 h
postinfection.
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DISCUSSION

In this study ChIP was used to examine the binding of
HSV-1 ICP4, TBP, and polII to the promoter regions of rep-
resentative IE (ICP0), E (tk), and L (gC) genes on the viral
genome as a function of time postinfection, viral DNA repli-
cation, cis-acting sites for TFIID in the tk and gC promoters,
and genetic background of ICP4. This was done in an effort to
further our understanding of the mechanism by which ICP4
activates transcription and to examine some of the events that
are relevant to the ordered expression of HSV IE, E, and L
genes. The information gained using the ChIP assay with virus-
infected cells reflects events that occur on viral promoters on
the genome during infection. Therefore, the resulting obser-
vations reflect physiologically relevant events.

We infer that the presence of TBP and polII on HSV pro-
moters reflects the formation of transcription initiation com-
plexes. All HSV genes are transcribed by polII (1), and most
contain TATA boxes, which are binding sites for TBP. How-
ever, TBP exists in cells as a part of multisubunit complexes.
With respect to polII transcription, TFIID is the most studied

TBP-containing complex. It consists of TBP plus approxi-
mately 14 TAFs (52). However, there may be other TBP-
containing core promoter recognition complexes in cells (37).
Therefore, in this study, by examining TBP binding to HSV
promoters in infected cells, we are examining the binding of
TBP-containing complexes that may be TFIID as previously
defined (52) but that, given the possible variability of TBP-
containing complexes and the possible effects of viral infection,
may also be complexes that differ from the classic TFIID com-
position.

The presence of TBP and polII on the tk and gC promoters
correlates with the presence of ICP4. It has previously been
shown that ICP4 will help form transcription preinitiation
complexes including TFIID and polII on a DNA fragment
containing the gC promoter immobilized on magnetic beads
and that the ability to ultimately recruit polII follows from the
ability to recruit purified TFIID (20). ICP4 has also been
shown to interact with TFIID, with one of the interactions with
TFIID being via the TAF1 component (5). Therefore, this
study confirms and extends the in vitro studies described

FIG. 5. Binding of ICP4, polII, and TBP to the gC promoters of KOS and gCInr. (A) ChIP experiments were done to determine the numbers
of genomes bound to ICP4, polII, and TBP at 4 and 8 h postinfection in the presence and absence of PAA. (B) Representation of results in panel
as a percentage of genomes bound.
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above. When ICP4 was not present on the tk or gC promoter,
TBP and polII were also not present (Fig. 2 and 7), suggesting
that the presence of ICP4 at the promoters of E and L genes
in virus-infected cells is crucial for the formation of transcrip-
tion complexes on these promoters. The formation of TBP-
and polII-containing complexes on the ICP0 promoter was
independent of the presence of ICP4 (Fig. 2 and 7). This is
consistent with its expression as an IE gene.

The presence of ICP4 near the promoters of genes it acti-
vates is consistent with its participation with transcription ini-
tiation complexes via protein-protein interactions. The inabil-
ity of i13 to promote the formation of these complexes suggests
that binding to DNA is also required (Fig. 7). From work with
ICP4 mutants, it has been previously shown that its DNA-

binding properties are important for activation (38, 43). ICP4
has been shown to bind to specific sites, which are present in
the HSV genome (18). However, no such sites have been
associated with induction of genes (7, 45). More recent studies
have suggested that ICP4 is abundantly deposited on the HSV
genome shortly after infection (17). Therefore, it is reasonable
to propose that DNA binding, while not necessarily to specific
sites, is important for its role in activation. This binding may be
to DNA proximal to the promoter or may also involve ICP4
bound at sites distal to the promoter.

Cooperativity of TBP and ICP4 binding to tk and gC pro-
moters. The TATA box in the tk promoter and the initiator
element (INR) in the gC promoter are both binding sites for
TFIID. TBP binds to the TATA box, and TBP, TAF1, and
TAF2 are required to bind to the INR (47). As previously
mentioned, ICP4 interacts with TAF1 (5), and the INR is
important for activation of the gC promoter by ICP4 (21, 30).
When the mutants LS-29-18 (Fig. 3) and gCInr (Fig. 5) were
compared to KOS for ICP4, TBP, and polII binding to the
promoters, not only were TBP and polII present in reduced
abundance but so was ICP4. These data suggest two conclu-
sions. (i) TFIID is probably a TBP-containing complex associ-
ated with the gC promoter. The effect of the mutant INR on
TBP binding suggests a requirement for TAF1 and -2. Further
ChIP studies are needed to support this. (ii) The binding of
TFIID and ICP4 may be cooperative. These studies not only
show that ICP4 binding near the promoter is crucial for TBP-
complex binding but also show that if TFIID binding to the
promoter is reduced by mutating its binding sites, then ICP4
binding is reduced as well.

In the case of the tk promoter, not only was ICP4 binding to
the promoter fragment reduced in LS-29-18-infected cells, but
so was binding of ICP4 to regions downstream of the promoter
(Fig. 4). Binding of ICP4 to the ICP8 promoter was not af-
fected by the mutation in LS-29-18 (Fig. 6). This suggests that
the association of ICP4 with the viral genome can be affected
over some distance by the presence of binding sites for other
complexes it interacts with, such as TFIID. Factors that are
likely to influence TFIID binding on distal ICP4 binding in-
clude the previously mentioned ability of ICP4 to interact with
TFIID and the ability of ICP4 to multimerize on DNA. We
have recently shown that ICP4 forms higher-order multimers
on DNA, and we hypothesized that this and its large size and
elongated shape may allow ICP4 to act at a distance. This
property may also transmit the effect of reduced interactions at
the promoter over distances. This may have implications for
the expression of nearby genes.

Role of DNA replication in the formation of ICP4-, TBP-,
and polII-containing complexes. Because viral DNA replica-
tion is a determinant in the distinction between E and L genes,
one of the objectives of this study was to determine the effect
of viral DNA replication on the formation of ICP4-, TBP-, and
polII-containing complexes on the tk (E) and gC (L) promot-
ers. For both the tk and gC promoters, the number of ICP4-,
TBP-, and polII-bound promoters increased with time and
DNA replication; however, the percentage of promoters
bound following DNA replication was less than that prior to
DNA replication (Fig. 3 and 5). Therefore, while there were
more gC promoters bound late than tk promoters and fewer in
the presence of PAA, these results cannot explain the different

FIG. 6. Similar binding pattern of ICP4, polII, and TBP to the
ICP8 promoter in KOS-, LS-29-18-, and gCInr-infected cells. ChIP
analysis was conducted on KOS-, LS-19-18-, and gCInr-infected cells at
4 and 8 h postinfection to examine ICP4, TBP, and polII binding to the
ICP8 promoter. (A) Percentage of genomes bound at 4 and 8 h postin-
fection in the absence of PAA. (B) Percentage of genomes bound at 4
and 8 h postinfection in the presence of PAA.
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kinetics of expression of these genes. This may reflect that
transcription initiation complexes are forming on L promoters
prior to when they are expressed and that this occurs in the
absence of viral DNA replication. This may reflect a require-
ment for additional factors not present in the infected cells
prior to DNA replication for transcription of L genes. The
transcriptional environment may change to be more conducive
to late transcription by the dynamics of DNA replication, al-
tered intranuclear localization (12), or changes resulting from
DNA replication-induced damage responses (27, 33).

ICP4 domain requirements for the formation of ICP4-,
TBP-, and polII-containing complexes. The availability of mu-
tants with mutations in different domains of ICP4 having dif-
ferent phenotypes affords the opportunity to examine the abil-

ity of ICP4 to promote TBP- and polII-containing complexes
on promoters in infected cells and correlate the observations
with the phenotypes of the mutants. The studies described
above show that the association of ICP4 with the tk and gC
promoters is crucial for the binding of TBP-containing com-
plexes and polII to the promoters. The results with the mutant
i13 (Fig. 7) as described above further underscore the impor-
tance of the DNA-binding activity to the recruitment of TBP
and polII. In the absence of the DNA-binding activity, the
recruitment of TBP and polII to the tk and gC promoters did
not occur. However, it did occur on the IE promoter for ICP0.
Presumably this is due to the action of VP16. Moreover, the
abundance of TBP- and polII containing complexes on the
ICP0 promoter on the i13 genome remains relatively high late

FIG. 7. Binding of ICP4, TBP, and polII to the ICP0, tk, and gC promoters in KOS-, i13-, and n208-infected cells. ChIP analysis was conducted
on KOS-, i13-, and n208-infected cells to examine the binding of ICP4, TBP, and polII to the ICP0, tk, and gC promoters on the viral genomes.
The graphs give percentages of genomes bound at 4 h postinfection (solid bars) and 8 h postinfection (hatched bars).
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after infection. These observations are consistent with the phe-
notype of i13, which expresses very low levels of E genes and
very high levels of IE genes (42).

The virus n208 expresses an ICP4 protein that lacks the
carboxyl-terminal 524 amino acids. The remaining 774 amino
acids are sufficient for DNA binding, repression, and activation
of E genes in virus infection. True L genes are not expressed.
Figure 5 shows that the ability of ICP4 to promote TBP- and
polII-containing complexes on the gC promoter was similar in
both the presence and absence of PAA, showing that the for-
mation of these complexes is not a differentiating factor for E
and L gene expression. However the formation of TBP- and
polII-containing complexes on the tk and gC promoters dif-
fered in KOS- and n208-infected cells (Fig. 7). As expected
from the results in Fig. 5, ICP4, TBP, and polII bound to the
gC promoter at both early and late times postinfection in
KOS-infected cells. However, while ICP4, TBP, and polII
bound to the tk promoter in n208-infected cells, ICP4-, TBP-,
and polII-containing complexes were not observed on the gC
promoter at any time in n208-infected cells. The correlation
between the phenotype of n208 and its inability to form these
early ICP4-, TBP-, and polII-containing complexes suggests
that these complexes are relevant to the expression of L genes.
Furthermore, the data suggest that a region of ICP4 may dif-
ferentiate between formation of TBP- and polII-containing
complexes on E and L promoters.

The basis for the difference between the abilities of wt and
n208 ICP4 to recruit TBP-containing complexes and polII to E
and L promoters can be considered by contrasting the pheno-
types and biochemical properties of the n208 virus and protein
with those of the wt virus and protein. The n208 protein was
not found to interact with TAF1 or TFIID in vitro (5). This
may help explain why n208 is not found on the gC promoter,
since it cannot cooperatively bind with TFIID. However, it still
recruits TBP- and polII-containing complexes to the tk pro-
moter. Thus, the processes of recruiting the transcription ma-
chinery to E and L promoters may be different. The mecha-
nisms of activation of E and L promoters by ICP4 are most
probably different. It has been shown that while TFIIA is
required for ICP4 to activate the tk promoter, it is not required
to activate the gC promoter. The INR in the gC promoter is
required for the TFIIA-independent activation of the gC pro-
moter by ICP4 (50). Another activity that n208 lacks relative to
wt ICP4 is the ability to multimerize on DNA. This has the
effect of increasing the affinity of wt ICP4 for weak DNA-
binding sites. Thus, while wt ICP4 and n208 can bind equally
well to strong ICP4 binding sites, the observed affinity of n208
for the viral genome in the vicinity of weak sites will be much
lower than that of wt virus. It may be that the intrinsic affinity
of ICP4 for DNA in the vicinity of L genes is less than that in
the vicinity of E genes, increasing the importance of the mul-
timerization property inherent in the carboxyl-terminal 524
amino acids. The last 524 amino acids of ICP4 exhibit a large
degree of conservation between the ICP4 analogs of other
alphaherpes viruses. Given this and the size of this region,
there are probably other properties specified by this region in
addition to those described above. At the very least, the re-
gions responsible for interacting with TAF1, multimerizing on
DNA, and activating transcription need to be further dissected
by genetic analysis.

The studies described here begin to examine the contribu-
tion of ICP4 to the formation of transcription complexes on
HSV promoters representative of different kinetic classes. A
remaining issue with ChIP experiments and viral infection that
needs to be addressed is the relatively low values for percent
input bound in all such experiments. This is probably due to
many factors, such as the efficiency by which an antibody pre-
cipitates its antigen, the efficiency of cross-link reversal, the
amount of viral DNA in the stocks used to infect the cells, the
probability that an infecting genome enters the productive
cycle, and most likely other factors as well. However, consid-
ering the positive ChIP results and the fact that polII is needed
to transcribe HSV genes, it is clear from these studies that
ICP4 recruits the cellular transcription machinery to activate
promoters in the context of viral infection. These studies con-
firm in cells some of what has been shown in in vitro recon-
struction experiments. They also expand on previous studies by
showing that domains of ICP4 may possibly differentiate be-
tween the recruitment of TBP- and polII-containing complexes
to E and L promoters on the genome during infection. These
studies do not rigorously elucidate the nature of the recruited
TBP-containing complexes, although they support the idea
that TFIID is probably one such complex. In addition, they do
not address the important possibility that other viral proteins,
such as ICP27 and ICP8 (6, 51), may be involved in early and
late transcription. These are also areas for further study.
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