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ICP4 of herpes simplex virus is responsible for the activation of viral transcription during infection. It also
efficiently activates and represses transcription in vitro depending on the promoter context. The contacts made
between ICP4 and the cellular proteins that result in activated transcription have not been identified. The
inability of ICP4 to activate transcription with TATA-binding protein in place of TFIID and the requirement
for an initiator element for efficient ICP4-activated transcription suggest that coactivators, such as TBP-
associated factors, are involved (B. Gu and N. DeLuca, J. Virol. 68:7953–7965, 1994). In this study we showed
that ICP4 activates transcription in vitro using an immunopurified TFIID, indicating that TBP-associated
factors may be a sufficient subset of coactivators for ICP4-activated transcription. Similar to results seen in
vivo, the presence of the ICP4 C-terminal region (amino acids 774 to 1298) was important for activation in
vitro. With epitope-tagged ICP4 molecules in immunoaffinity experiments, it was shown that the C-terminal
region was also required for ICP4 to interact with TFIID present in a crude transcription factor fraction. In
the same assay, ICP4 was unable to interact with the basal transcription factors, TFIIB, TFIIE, TFIIF, and
TFIIH and RNA polymerase II. ICP4 could also interact with TBP, independent of the C-terminal region.
However, reflective of the interaction between ICP4 and TFIID, the ICP4 C-terminal region was required for
an interaction with TAF250-TBP complexes and with TAF250 alone. Therefore, the interfaces or conformation
of TBP mediating the interaction between ICP4 and TBP in solution is probably masked when TBP is bound
to TAF250. With a series of mutant ICP4 molecules purified from herpes simplex virus-infected cells, it was
shown that ICP4 molecules that can bind DNA and interact with TAF250 could activate transcription. Taken
together, these results demonstrate that ICP4 interaction with TFIID involves the TAF250 molecule and the
C-terminal region of ICP4 and that this interaction is part of the mechanism by which ICP4 activates
transcription.

Herpes simplex virus type 1 (HSV-1) encodes approximately
80 transcription units (50, 51). During lytic infection three
classes of viral genes, immediate-early, early, and late, are
expressed in a temporally regulated manner (39). The imme-
diate-early genes are expressed without prior viral protein syn-
thesis due in part, to the transactivating virion protein VP16 (6,
61). Expression of immediate-early genes allows for the effi-
cient and regulated expression of the remainder of the viral
genes (40). Transcription of the viral genes requires the RNA
polymerase II transcription machinery of the host (2, 12). One
immediate-early gene product, ICP4, serves as the major acti-
vator of early and late gene transcription (15, 24, 30, 31, 56, 63)
and also as a repressor of its own transcription (15, 57). As a
consequence, ICP4 is required for viral gene expression to
proceed beyond immediate-early gene expression (14, 20, 62,
80). While genetic and biochemical studies suggest that ICP4
works with the basal transcriptional machinery to activate tran-
scription (3, 10, 32, 34, 35, 42, 76), interactions between ICP4
and specific cellular proteins functioning during promoter ac-
tivation have not been demonstrated.
ICP4 is a 175-kDa nuclear phosphoprotein (13, 60) that

exists as an obligate 350-kDa homodimer (53, 73). Similar to
many other transactivators, ICP4 possesses several functional
domains, which include a DNA-binding region, nuclear local-

ization region, and two transactivation regions (17, 58, 59, 72).
ICP4 specifically binds to DNA having a fairly degenerate
consensus sequence (18, 25). While specifically positioned
strong ICP4 binding sites mediate repression (34, 47, 54, 65),
the role of binding sites in activation is unclear. Activation by
ICP4 does not require any single site or collection of sites (9,
22, 23, 37, 75), and its has also been shown that it will activate
promoters in vitro without binding sites (32). However, the
DNA binding activity of ICP4 appears to be required for ac-
tivation (59, 72). This activity is not sufficient for repression or
activation. In addition to the DNA binding domain, a region
amino terminal to amino acid 274 is also required for repres-
sion (34). This region and one between amino acids 774 and
1298 allow ICP4 to activate transcription (16, 17, 32, 72). Vi-
ruses expressing ICP4 proteins lacking one of these regions are
impaired for growth in culture and express reduced levels of
viral early and late genes (17, 70). If both regions are deleted,
viral growth and early gene expression are severely impaired
(73, 76).
It has been shown that ICP4 can form a tripartite complex

on DNA with TBP and TFIIB and facilitate the binding of
TFIID to the TATA box in the presence of TFIIB (76). While
these interactions may be involved in activation, the formation
of tripartite complexes has more definitively been shown to
mediate repression (34). Little is known about the interaction
of ICP4 with cellular proteins during the process of activation.
With the use of a reconstituted in vitro transcription system, it
has been shown that ICP4 will activate transcription of tem-
plates that contain only a TATA box and will activate tran-
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scription more efficiently with templates that contain a TATA
box and an initiator element (32). In addition, genetic studies
with recombinant viruses have also implicated the importance
of the TATA box (10, 41, 42) and the initiator (11) in the level
of ICP4 activation. These results indicate that ICP4 activates
transcription through contacts with the basal PolII transcrip-
tion machinery.
The RNA PolII transcription apparatus is a group of basal

or general transcription factors that bind the PolII core pro-
moter region in a sequential order (5). The assembly of a
transcription initiation complex begins with the binding of
TFIID to the promoter (5, 55). This is followed by the binding
of TFIIA, TFIIB (5, 55), TFIIF and RNA PolII (27), and
subsequently TFIIE (44), TFIIJ, and TFIIH (26), leading to
the accurate initiation of transcription. Recognition of the core
promoter by these transcription factors typically depends on
the presence of a TATA box, an initiator element, or both. The
TATA box is a DNA element located approximately 25 bp
upstream of the transcription start site and binds TFIID
through a DNA-protein interaction with the TATA-binding
protein (TBP) (69), whereas the initiator element overlaps the
transcription start site (74). Almost all HSV promoters contain
a TATA box. TBP and several other subunits, known as TBP-
associated factors (TAFs), constitute what is known as holo-
TFIID (21, 82). TAFs have been shown to carry out several
functions within the TFIID complex. These functions include
promoter selectivity, i.e., recognition of the PolII core pro-
moter (38, 78, 79), recruitment of other basal transcription
factors to the initiation complex (66), and coactivator function
(7, 21). In vitro studies have shown that TBP, in conjunction
with other PolII basal transcription factors, is sufficient for
basal levels of transcription; however TAFs, serving as coacti-
vators, are required for activated transcription (4).
It has been previously shown with a reconstituted system and

a crude TFIID preparation, that ICP4 can activate transcrip-
tion but cannot activate transcription when TBP is substituted
for TFIID (32). This finding suggests that ICP4 may activate
transcription through an interaction with coactivators present
in the partially purified TFIID preparation, such as TAFs or
other soluble coactivators. In this study we examined whether
ICP4, like other transactivators, interacts with TFIID through
TAFs to activate transcription. To address this hypothesis we
determined if ICP4 can activate in an in vitro transcription
system reconstituted with basal transcription factors and im-
munoaffinity-purified TFIID. It was also determined whether
ICP4 can interact in vitro with any of the known basal tran-
scription factors used in the reconstituted in vitro transcription
experiments. The results demonstrated that ICP4 activated
transcription with immunoaffinity-purified TFIID as efficiently
as with a crude TFIID preparation, suggesting that TAFs were
a sufficient subset of coactivators to support ICP4-activated
transcription. In addition, it was shown that of all the basal
transcription factors tested, ICP4 was able to interact only with
TFIID. Furthermore, this interaction occurs through the C-
terminal region of ICP4, correlating with this region’s impor-
tance for transactivation. The interaction between ICP4 and
TFIID, requiring the C-terminal region of ICP4, was also
shown to reflect the interaction between ICP4 and TAF250-
TBP complexes and TAF250 alone. The results of this study
demonstrate that ICP4 interacts with TFIID involving an in-
teraction with TAF250, which is mediated by the C-terminal
region of ICP4, and strongly suggest that this interaction is
involved in activation.

MATERIALS AND METHODS

General transcription factors and ICP4. General transcription factors were
extracted from HeLa cell nuclei according to the method of Dignam et al. (19).
HeLa nuclear extract was fractionated on phosphocellulose (P11) and DEAE-
Sephacel (Pharmacia) as described by Reinberg and Roeder (64) and Lin and
Green (49), with the modifications described by Gu et al. (35). Designations for
transcription factor fractions are as described (34). Fraction AB contains TFIIA,
CB contains TFIIE, TFIIF, and TFIIH, CC contains PolII, and DB contains
TFIID. TFIID was immunoaffinity purified from a3 HeLa cells containing a
hemagglutinin (HA) epitope-tagged TBP, according to the method of Zhou et al.
(82). Recombinant human TFIIB (rTFIIB) and recombinant human (rTBP)
were purified from Escherichia coli by the methods described by Ha et al. (36)
and Kao et al. (45), respectively, with the modifications described in Imbalzano
et al. (42) and Smith et al. (76). The relative amounts of TBP in the DB fraction
and in immunoaffinity-purified TFIID were determined by Western blot (immu-
noblot) analysis using an antibody directed against TBP (Upstate Biotechnology
Inc.) and comparing the resulting signals to those from known amounts of
purified rTBP.
Wild-type (wt) and mutant ICP4s were purified from Vero cell nuclei infected

with HSV expressing wt and mutant forms of ICP4 described previously (43, 71).
The X25 ICP4 mutant was purified from the nuclei of the HSV-infected X25 cells
as described by Shepard et al. (73).
TAF250 was prepared by infecting Sf9 cells with an HA epitope-tagged

TAF250 expressing baculovirus (67). At 40 h postinfection cells were scraped,
washed in Tris-buffered saline (TBS), and washed in RSB buffer (10 mM NaCl,
10 mM Tris-HCl [pH 7.4], 3 mM MgCl2, 0.1 mM TLCK, [N-a-p-tosyl-L-lysine
chloromethylketone], 0.1 mM phenylmethylsulfonyl fluoride [PMSF]). The cells
were swollen for 10 min in RSB containing 0.1% Nonidet P-40 P-40 and dis-
rupted with a Dounce homogenizer. The isolated nuclei were extracted for 45
min in buffer containing 50 mM Tris-HCl (pH 8.0), 0.5 M KCl, 2% Nonidet P-40,
0.2 mM TLCK, 0.1 mM PMSF. The extract was clarified by centrifugation in a
Beckman SW50.1 rotor for 1 h at 45,000 rpm at 48C. The clarified extract was
applied to a preparative Superose 6 column and chromatographed in CB (0.5)
buffer containing 20 mM Tris-HCl (pH 8.0), 1 mM EDTA, 0.5 M KCl, 0.01%
CHAPS {3-[(3-cholamidopropyl)-dimethyl-ammonio]-1-propanesulfonate}, 10
mM b-mercaptoethanol, 0.1 mM TLCK, and 0.1 mM PMSF. TAF250 fractions
were identified by dot blot analysis of fractions with the HA epitope-recognizing
monoclonal antibody 12CA5 (Boehringer Mannheim). TAF250 eluted just after
the void. While not homogeneous, TAF250 was the major protein in this prep-
aration as determined by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE).
In vitro transcription assays. Transcription reaction mixtures consisted of 0.5

ml of AB (TFIIA); 2 ml of CB (TFIIE, TFIIF, or TFIIH); 4 ml of CC (PolII); 0.5
ml of rTFIIB; either 4 ml of DB (TFIID), 1 ml of immunoaffinity-purified TFIID,
or 0.5 ml of rTBP; and the indicated amount of wt ICP4 or mutant ICP4 protein.
In addition, each reaction mixture contained 40 mM HEPES (N-2-hydroxyeth-
ylpiperazine-N9-2-ethanesulfonic acid [pH 7.9], 60 mM KCl, 12% glycerol, 8.3
mM MgCl2, 0.6 mM ribonucleoside triphosphates, 12 U of RNasin, 0.3 mM
dithiothreitol, and 10 fmol of template DNA in a final volume of 30 ml. The
template contains the HSV glycoprotein C promoter, which consists of a TATA
box and initiator element (Fig. 1A). Reactions were carried out at 308C for 1 h.
The reactions were stopped with the addition of 70 ml of transcription stop buffer
(150 mM sodium acetate, 15 mM EDTA, 150 mg of tRNA per ml), and then the
mixtures were subjected to phenol extraction and ethanol precipitation. The
RNA pellet was resuspended in 10 ml of buffer containing 10 mM Tris-HCl (pH
7.5), 250 mM KCl, 1 mM EDTA, and 3 ng of 59 32P-end-labeled primer. This
primer is an oligonucleotide complementary to nucleotides 1144 to 1174 down-
stream of the gC transcription start site (Fig. 1A).
The annealing mixture was heated for 30 min at 658C and then allowed to cool

slowly to room temperature. Primer extension was performed on the samples in
a solution containing 50 mM Tris-HCl, 75 mM KCl, 3 mM MgCl2, 10 mM
dithiothreitol, 1 mM deoxynucleoside triphosphates, 12 U of RNasin, 50 mg of
actinomycin D per ml, and 300 U of Moloney murine leukemia virus reverse
transcriptase (Gibco/BRL), in a final volume of 40 ml for 1 h at 428C. The
addition of 60 ml of primer extension stop buffer (1 M ammonium acetate, 20
mM EDTA) was followed by phenol extraction and ethanol precipitation. The
pellets were resuspended in 5 ml of formamide loading buffer (96% formamide,
0.005% bromophenol blue-xylene cyanol, 10 mM EDTA, 10 mMNaOH), heated
for 5 min at 958C, quickly cooled on ice, and loaded onto 6% polyacrylamide
denaturing sequencing gels. The gels were dried and exposed to Amersham
Hyperfilm.
Construction of HA epitope-tagged wt and n208 ICP4 viruses. An oligonucle-

otide encoding the HA epitope (YPYDVPDYAV) was inserted into the ICP4
nonsense mutant n208 (Fig. 2A) coding sequence at an in frame PstI linker
insertion within plasmid pi3 (71). The resulting plasmid, peICP4 was used to
rescue the ICP4 nonsense mutant n12 as described previously (17). Epitope-
tagged wt ICP4 and n208 recombinants were propagated on Vero and E5 cells
(16), respectively. Plaque isolates were screened by Southern analysis. Viruses
producing epitope-tagged ICP4 were plaque purified twice more and again
screened by Southern blot hybridization. Stocks of the epitope-tagged wt (ewt)
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and n208 (en208) ICP4 virus were prepared on Vero and E5 cells, respectively,
and ICP4 proteins were purified as described above.
ewt and en208 ICP4 immunoaffinity assay. Approximately 1 mg of ewt and

en208 ICP4 in 200 ml of D.2MN buffer (20 mM HEPES [pH 7.9], 10% glycerol,
200 mM KCl, 2 mM EDTA, 1 mM dithiothreitol, 0.5 mM PMSF, 0.1% Nonidet
P-40, 12.5 mM MgCl2) and 200 ml of D.2MN alone were each incubated with 10
ml of 12CA5 covalently coupled to protein A-Sepharose (82) for 3 h at 48C with
gentle mixing. ewt-, en208-, and 12CA5-Sepharose were washed twice in 0.5 ml
of D.1MN (D.2MN with 100 mM KCl instead of 200 mM KCl). To the washed
Sepharose either 18 ng of rTBP, 200 ng of rTFIIB, 25 ml of CC or DB, or 50 ml
of the CB fraction in D.1MN was added. The samples were incubated for 1 h at
room temperature with gentle mixing and washed five times in 1 ml of D.1MN.
The HA peptide (10 ml; Babco) (2 mg/ml) in D.3MN (D.2MN with 300 instead
of 200 mM KCl) was added to the Sepharose, and the mixture was incubated for
1 h at room temperature with gentle mixing. Eluants were run on SDS–8%
PAGE gels and transferred to polyvinylidene difluoride membranes. Western
analysis of the filters was performed with antibodies directed against TBP and
TFIIB, TFIIE, and TFIIF (Upstate Biotechnology Inc.), PolII (Promega), and
ICP4 (13) (provided by Richard Courtney, The Pennsylvania State University)
and visualized by chemiluminescence (Boehringer Mannheim).
TAF250 immunoaffinity assays. The eTAF250 Superose 6 peak fraction (50

ml) was diluted to 100 mM KCl with 200 ml of D.0MN (D.2MN with no KCl
instead of 200 mM KCl). 12CA5-Sepharose (10 ml) was incubated with either the
diluted eTAF250 or D.1MN for 3 h at 48C with gentle mixing. The TAF250-
bound Sepharose and 12CA5-Sepharose control were washed twice with 0.5 ml
of D.1MN. To the TAF250 and control Sepharose, either 100 ng of TBP or 50
ng of purified wt or mutant ICP4 protein in D.1MN was added. Binding reactions
were carried out for 1 h at room temperature with gentle mixing. The samples
were then washed five times in D.1MN. In the experiment involving the TAF250-

TBP complexes, the ICP4 binding step was performed as described above fol-
lowing the TBP binding and washings steps. Bound proteins were eluted by
adding 10 ml of the HA peptide (2 mg/ml) in D.3MN to each sample and
incubating the mixtures for 1 h at room temperature with gentle mixing. The
eluants were run on an SDS–8% PAGE gel. Proteins were then transferred to
polyvinylidene difluoride membranes and subjected to Western analysis with
antibodies directed against ICP4 and TBP. Signals on Western blots were visu-
alized by chemiluminescence.

RESULTS

ICP4 activates early and late gene promoters during the
course of HSV infection. Experiments using nuclear extracts
(3) or reconstituted transcription factor preparations (32) have
shown that ICP4 also activates transcription in vitro. The stud-
ies with reconstituted transcription involved the use of a TFIID
preparation that was fractionated through phosphocellulose
and DEAE-Sephacel (DB). That ICP4 could activate tran-
scription with this TFIID preparation and not recombinant
TBP reflects the requirement for TAFs associated with TBP
and/or soluble coactivators. In this study we examined the
ability of ICP4 to activate transcription, using immunoaffinity-
purified TFIID along with the remaining basal transcription
factors. We also investigated the ability of ICP4 to interact with
TFIID and other basal transcription factors present in the
reconstituted system that allowed activated transcription.
ICP4 activates transcription with immunoaffinity-purified

TFIID. The gC promoter template used in this study is shown
in Fig. 1. This promoter contains both a TATA box and an
initiator element. Both these elements have been shown to be
required for optimal levels of activated transcription by ICP4
in vitro (32). In vitro transcription reactions were performed to
assess the ability of ICP4 to activate transcription with either
rTBP, a crude TFIID preparation (DB), or immunoaffinity-
purified TFIID, along with the indicated basal transcription
factor preparations. The reaction products were visualized by
primer extension with the 32P-end-labeled primer complemen-
tary to nucleotides 1144 to 1174 of the gC RNA transcript
(Fig. 1A). The resulting 174-nucleotide reverse transcripts
were run on sequencing gels, dried, and exposed to X-ray film.
Consistent with previous observations (32), TBP was unable

to support ICP4 activated transcription (Fig. 1B, top panel);
however, when the fractionated TFIID preparation (DB) was
used, ICP4 efficiently activated transcription (Fig. 1B, middle
panel). This indicates that coactivators present in the DB prep-
aration along with TBP are required for activation. When
immunoaffinity-purified TFIID was used, ICP4 activated tran-
scription to levels comparable to those seen with the DB prep-
aration (Fig. 1B, bottom panel). This result indicates that
TAFs, or proteins tightly associated with TFIID, are a suffi-
cient subset of coactivators to support ICP4-activated tran-
scription. In contrast, Gal4-VP16 is unable to activate even
when the DB preparation is used (29, 33), suggesting that
coactivators not associated with TFIID are also required.
The ICP4 C-terminal region is important for activated tran-

scription in vitro. Various mutant ICP4 proteins were purified
from the nuclei of Vero cells infected with the appropriate
ICP4 mutant virus and used in the in vitro transcription reac-
tions. The primary structures of these proteins relative to the
wt protein are depicted in Fig. 2A. The mutant i13 contains a
Gly-Cys-Ser insertion mutation at amino acid 338 within the
DNA binding domain that impairs its DNA binding activity, its
ability to transactivate viral gene expression in vivo and in
transient assays, and its ability to support viral growth (71, 72).
Mutant d8-10 contains a deletion removing amino acids 142 to
210, marginally reducing the ability of ICP4 to activate tran-
scription in cells (72, 81). Mutant n208 contains a nonsense

FIG. 1. ICP4 efficiently activates transcription with immunoaffinity-purified
TFIID. (A) Schematic representation of HSV gC promoter used as a template
for in vitro transcription. The gC TATA box is located 25 bp upstream of
transcription start site (indicated by arrow), while the Inr overlaps the start site.
The initiator sequence (INR) was previously defined and is similar to the TdT
initiator (32). The primer used for primer extension analysis of in vitro tran-
scripts is complementary to the region between 1144 and 1174 of the template.
(B) In vitro transcription reconstituted with basal factors and either rTBP, TFIID
from the HeLa DB fraction, or immunoaffinity-purified TFIID and different
concentrations of ICP4. The relative amount of TFIID or TBP added to the
reaction mixture was determined by Western analysis of each preparation for
TBP. The amounts of TBP, DB, and TFIID added to each reaction mixture
varied depending on their basal transcription activity; rTBP reaction mixtures
contained 10 ng of TBP, DB reaction mixtures contained 0.5 ng of TBP equiv-
alents, and TFIID reaction mixtures contained 0.3 ng of TBP equivalents. When
no TBP-containing preparation was added, transcription was not observed (data
not shown). For each set of samples, the indicated quantities of ICP4 were
added. The first sample for each set did not receive any ICP4 and represents
basal levels of transcription. Following primer extension of the in vitro transcrip-
tion products, the 174-nucleotide reverse transcripts were run on 6% sequencing
gels, dried, and exposed to X-ray film. A longer exposure time for the TBP
reactions is shown to clearly represent that no activation by ICP4 had occurred.
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mutation at amino acid 774, severely impairing its ability to
activate transcription in vivo and to support viral growth (16,
17). Mutant nd8-10 contains both the d8-10 and n208 muta-
tions. This mutant binds DNA but does not activate gene
expression in vivo or support viral growth (76). In mutant X25
both transactivation regions are deleted. Mutant X25 differs
from nd8-10 in that amino acids 31 to 274 are deleted. This
mutant also binds DNA but is unable to activate transcription
in vivo or to support viral growth (73).
As expected, the intact (wt) ICP4 efficiently activated tran-

scription (Fig. 2B). The deletion mutant d8-10 activated tran-
scription only slightly less efficiently than the wt. i13 was se-
verely impaired for its ability to activate transcription because
of its lack of DNA binding activity. The truncated mutant n208
(Fig. 2A) activated transcription quite poorly, and the mutants
nd8-10 and X25, lacking both transactivation regions, pro-
duced only basal levels of transcription. Interestingly, mutant
X25 actually caused a reduction in basal transcription levels,
suggesting that this protein in some way inhibits the basal
transcription machinery. Therefore, provided that the DNA-
binding domain of ICP4 is intact, the C-terminal region of
ICP4 is a major contributor to the ability of ICP4 to activate
transcription in vitro. This is consistent with results obtained in
vivo.

The C-terminal region of ICP4 interacts with TFIID. On the
basis of the ability of ICP4 to efficiently activate transcription
in the reconstituted system, we determined whether ICP4 can
bind any of the basal transcription factors present in the frac-
tions and if any of the regions of ICP4 that were important for
activation were also important for the observed interaction(s)
with the basal factors. In order to address this question we used
an immunoaffinity assay with purified HA epitope-tagged wt
(ewt) and n208 (en208) ICP4 proteins. These proteins were
made by inserting the epitope DNA sequence into the ICP4
coding sequence and recombining this construct into the viral
ICP4 loci by homologous recombination. Recombinant viruses
were isolated and used to infect Vero cells, and the expressed
ewt or en208 ICP4 proteins were purified as described in Ma-
terials and Methods. The ewt or en208 proteins were then
bound to covalently-coupled 12CA5-sepharose. ICP4 (wt and
n208)-Sepharose was then incubated with either rTBP, rTFIIB,
or the transcription factor fractions CC, CB, or DB, washed,
and eluted with the HA peptide. The TFIIA fraction (AB) was
not tested since it does not seem to greatly contribute to basal
or activated transcription in our system (32). The proteins
present in transcription factor preparations used in these ex-
periments are shown in Coomassie blue-stained gels (Fig. 3A).
The rTBP and rTFIIB preparations are very homogeneous,

FIG. 2. In vitro transcription with purified mutant ICP4 proteins. (A) Domain map of ICP4 and properties of mutants relative to wt ICP4. The important regions
of ICP4 are indicated by boxes, with their amino acid locations indicated by the scale above the boxes. The primary structure of each of the mutant molecules relative
to the wt protein is indicated. To the right of each mutant diagram the in vivo transactivation properties, DNA-binding properties, and the growth properties of viruses
expressing these proteins are indicated. Transactivation in vivo was determined by transient transfection assays and/or the transcription rates of selected viral genes in
the context of viral infection. Degrees of transactivation are graded: 111, wt levels; 11, moderate activation; 1, weak activation; and 2, no activation. DNA-binding
was determined by electrophoretic mobility shift assay. This summary is derived from several previous studies (17, 58, 59, 72). (B) In vitro transcription analysis of wt
and mutant ICP4s. In vitro transcription reactions were carried out as described in the legend to Fig. 1. Each reaction mixture contained 0.5 ng of TBP equivalents
of DB as a source of TFIID. Each ICP4 protein was tested at 20 and 40 ng per reaction as determined by Western blot analysis of each mutant protein normalized
to the wt. The lane labeled none corresponds to a control with no ICP4 and represents basal levels of transcription.
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whereas the transcription factor fractions obtained from the
fractionation of HeLa cells are very heterogeneous. As a con-
trol, the protein preparations were also incubated with 12CA5-
Sepharose, which did not receive any ICP4 protein, and sub-
jected to the same experimental conditions. After elution of
the bound protein with the HA peptide, the eluants were
subjected to Western analysis with antibodies directed against
the various general transcription factors.
In this assay, both wt and n208 ICP4 bound TBP, while only

wt ICP4 bound TFIID (Fig. 3B). The lower mobility band seen
in the 10% DB input represents cross-reactivity with the TBP
antibody and an unknown protein in the complex DB fraction.

However, only the 46-kDa TBP band is enriched after binding
to ICP4. This result indicates that ICP4 can interact with
TFIID through an activity provided by its C-terminal region. In
addition, the observation that n208 bound free TBP, but not
TFIID, suggests that the interface on TBP for interacting with
ICP4 might be masked within the TFIID complex. When the
basal transcription factors TFIIE, TFIIF, and TFIIH in the CB
fraction were tested, none was able to bind ICP4 (Fig. 3C).
Likewise, PolII present in the CC fraction and rTFIIB were
also unable to bind ICP4 (Fig. 3D and E, respectively). In each
case, equivalent amounts of ewt and en208 ICP4 were present
as indicated by the Western blots probed for ICP4 (Fig. 3B to

FIG. 3. Binding of basal transcription factors to ICP4. (A) Coomassie blue-stained SDS–10% PAGE of basal transcription factor preparations used in the in vitro
transcription analysis. The positions of molecular weight markers (in thousands) are indicated on the right. (B) Binding of rTBP and TFIID to ewt and en208 ICP4.
rTBP or the DB fraction was incubated with either ewt or en208 bound to 12CA5-Sepharose or as a control with 12CA5-Sepharose. The bound proteins were eluted
with the HA peptide and run on SDS–8% PAGE gels along with 10% of the input TBP and DB. The gel was subjected to Western analysis for TBP. To control for
equal binding and elution of the ICP4 proteins, the filters were stripped and reprobed for ICP4. (C) Binding of TFIIE, TFIIF, and TFIIH to ewt and en208 ICP4. The
CB fraction was incubated with the ewt- or en208-bound Sepharose and the 12CA5-Sepharose negative control. Eluted samples along with 10% of the input CB fraction
were run on SDS–10% PAGE gels and subjected to Western blot analysis for the 56-kDa subunit of TFIIE, the 30-kDa subunit of TFIIF, the 62-kDa subunit of TFIIH,
and ICP4. (D) Binding of PolII to ewt and en208 ICP4. The CC fraction was incubated with the ewt- or en208-bound Sepharose and the 12CA5-Sepharose negative
control. Eluted samples along with 10% of the input CC fraction were run on SDS–7.5% PAGE gels and subjected to Western blot analysis for the PolII large subunit
and ICP4. (E) Binding of rTFIIB to ewt and en208 ICP4. rTFIIB was incubated with ewt- or en208-bound Sepharose and the 12CA5-sepharose negative control. Eluted
samples were run on SDS–10% PAGE gels and subjected to Western blot analysis for TFIIB and ICP4.
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E, top panels). From the results of this experiment, it appears
that ICP4 has the greatest affinity for TFIID and that this
interaction requires the C-terminal region of ICP4.
The C-terminal region of ICP4 is required for interaction

with TAF250-TBP complexes. On the basis of the observation
that ICP4 interacted with TFIID through its C-terminal region,
we next wanted to determine whether ICP4 could interact with
a TAF250-TBP complex and whether the C-terminal region
was involved. It is known that TBP associates with the TFIID
complex through an interaction with TAF250. Accordingly,
TBP was bound in saturating amounts to eTAF250 immobi-
lized on 12CA5-Sepharose. This step was followed by incuba-
tion of eTAF250-TBP-Sepharose with untagged wt and n208
ICP4. Following binding and elution with the HA peptide, the
samples were subjected to Western blot analysis for ICP4. As
negative controls, TBP and subsequently wt and n208 ICP4
were also incubated on 12CA5-Sepharose without the addition
of TAF250. The amount of ICP4 that bound to TAF250-TBP-
Sepharose was determined by Western blot analysis of the
material eluted with the HA peptide.
To insure that TBP bound to the immobilized TAF250, TBP

was incubated with the TAF250-Sepharose, washed, and
eluted with the HA peptide. As shown in Fig. 4A, lane 2, TBP
eluted with the peptide, and its presence in the eluant was
dependent on the prior addition of TAF250 (Fig. 4A, lanes 2
and 3). In addition, gel filtration analysis of the eluant depicted
in lane 2 indicated that all the TBP in the eluted sample was
associated with TAF250 (data not shown). The reduced, albeit
continued presence of TBP in the postbinding supernatant
from the TAF250-Sepharose (lane 4), relative to the Sepha-
rose sample (lane 5), indicates that the TAF250 was saturated
for TBP. The addition of more TBP to the binding reaction
mixture did not result in an increase in bound TBP (data not
shown). The TAF250-TBP-Sepharose beads were then used as

an affinity matrix for ICP4. As shown in Fig. 4B, lanes 2 and 5,
wt ICP4 bound the partial complex, whereas n208 did not. The
lower panel of Fig. 4B (lanes 2 and 5) demonstrates that the
partial complex was present in equivalent amounts for both the
wt and n208 samples as indicated by the similar amounts of
TBP in the eluants of both samples. These results show that the
C-terminal region of ICP4 allows it to interact with a complex
consisting of only TAF250 and TBP. Therefore, the pattern of
interaction seen between TAF250-TBP and wt and n208 ICP4
molecules reflected the pattern of interactions seen between
TFIID and wt and n208 ICP4 molecules (Fig. 3A). Further-
more, the ability of n208 to interact with TBP (Fig. 3A), and
not TFIID or TAF250-TBP, indicates that the structure of
TBP responsible for the interaction with n208, and probably wt
ICP4, is masked by TAF250.
The C-terminal region of ICP4 is required for interaction

with TAF250. To determine if the interaction between ICP4
and TAF250-TBP is a function of interaction with TAF250 and
if the C-terminal region of ICP4 is required, immunoaffinity
experiments were performed with TAF250 alone and the var-
ious purified ICP4 mutants described in Fig. 2A. TAF250 was
immobilized on 12CA5-Sepharose, incubated with the wt or
mutant ICP4 proteins, eluted with the HA peptide, and sub-
jected to Western blot analysis for ICP4. To control for non-
specific binding of ICP4 to 12CA5-Sepharose, ICP4 was also
incubated with Sepharose without the addition of TAF250. As
a positive control, the experiment was also performed with
TBP.
As expected, the TBP bound to TAF250 (Fig. 5). Like TBP,

wt ICP4 also bound to TAF250. Mutants i13 and d8-10, both of
which contain the C-terminal region, were also able to bind
TAF250. However, mutants n208, nd8-10, and X25, all of
which lack the C-terminal region, were unable to bind to
TAF250. These results demonstrate that ICP4 interacts with
TAF250 and that the C-terminal region of ICP4 is required for
this interaction. This finding suggests that the interaction be-
tween ICP4 and TAF250-TBP complexes is mainly due to
ICP4-TAF250 interactions.

DISCUSSION

ICP4 is a very large protein that may possess multiple inter-
faces for interacting with cellular transcription factors to carry
out various aspects of its function in the regulation of viral
gene expression. Numerous previous studies have shown that
multiple regions of the protein, in addition to its DNA binding
domain, affect its ability to activate and repress transcription
(17, 32, 34, 58, 72). The region that has the greatest effect on
the ability of ICP4 to activate transcription is that between
amino acids 774 and 1298. An ICP4 molecule lacking this
region (n208) can still form dimers, bind to DNA, repress
transcription of its own promoter, and marginally activate
some promoters (16, 17, 70). In this study we demonstrate that
immobilized ICP4 can be used as an affinity matrix to enrich
for TFIID in a complex mixture of proteins and that this
interaction is dependent on the region of ICP4 between amino
acids 774 and 1298. Moreover, the C-terminal region of ICP4
was also required to interact with a TAF250-TBP complex and
TAF250 alone. Therefore, it appears that ICP4 interacts with
TFIID through interaction with TAF250 and that the C-ter-
minal region of ICP4 mediates this interaction.
Functional interaction of ICP4 with TFIID. Previous genetic

studies have shown that ICP4 activates promoters with TATA
boxes with a low affinity for TBP more efficiently than those
with a high affinity for TBP (10, 42). Additionally, the results of
kinetic experiments have suggested that the pseudorabies

FIG. 4. Binding of ICP4 to TAF250-TBP complexes. (A) Binding of TBP to
TAF250. rTBP was incubated with eTAF250-bound Sepharose and 12CA5-
Sepharose as a negative control. HA peptide-eluted samples, along with 10% of
the input rTBP, and the post-TBP binding supernatants were run on SDS–8%
PAGE gels and subjected to Western blot analysis for TBP. (B) Binding of ICP4
to TAF250-TBP. Purified wt and n208 ICP4 proteins were incubated with
TAF250-TBP-Sepharose and 12CA5-Sepharose as a negative control. The HA
peptide-eluted samples and 10% of the input wt and n208 ICP4 proteins were
run on SDS–8% PAGE and subjected to Western blot analyses for ICP4 (top
panel) and for TBP (bottom panel).
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counterpart of ICP4 can facilitate the functioning of TFIID
(1). It has also been shown that a crude TFIID fraction along
with the other factors was sufficient to allow ICP4 to activate
transcription (32). Despite these findings, an interaction be-
tween ICP4 and TFIID has not been previously demonstrated.
Moreover, many activators will not efficiently activate tran-
scription with immunoaffinity-purified TFIID (29, 48). In such
cases, the USA fraction, which contains among other proteins,
the p15 or PC4 coactivator, is needed along with TFIID to
activate transcription (29, 46, 52). In this study we show that
ICP4 interacts with TFIID and that immunoaffinity-purified
TFIID works as well as less-pure TFIID preparations to acti-
vate transcription. In this study, we found only p15 in the
flowthrough of the DEAE column on the P11 D fraction (data
not shown). This finding is consistent with previously published
reports (29, 46). Interestingly, the amino-terminal region of
ICP4 has amino acid similarity to p15 (46). The possession of
this region may help obviate the need for coactivators such as
p15.
We also found that wt ICP4 and the C-terminal deletion

mutant n208 interacted with TBP using our assay, whereas only
wt ICP4 interacted with TFIID using the same assay. These
results suggest that the interface(s) or conformation of TBP
needed for the interaction with n208 is masked or altered when
part of the TFIID complex. This same pattern of interaction
was seen when TBP was bound to TAF250, suggesting that the
interaction between TBP and TAF250 obviates the interaction
between the n208 molecule and TBP. In contrast, we have
previously shown that the amino terminus of ICP4 along with
the DNA binding domain allowed ICP4 to form a tripartite
complex on DNA along with TBP and TFIIB (34). However,
this complex mainly occurs only when a strong ICP4 binding
site is positioned in the proper orientation and no more than
40 bp away from the TATA box (34, 47). Several studies have
shown that this structure is involved in the repression of tran-
scription by ICP4 (34, 47, 68). The formation of the structure
requires DNA binding sites for both TBP and ICP4 and is
accompanied by a severe distortion of the DNA at both the
ICP4 binding site and the TATA box (47). It is possible that
the distortion of the DNA, along with interactions between
ICP4 and complexes bound at the TATA box, may alter the
conformation of the complex, allowing contacts with TBP.
Such a conformational change may be part of the mechanism
of repression. Consistent with this hypothesis is the observa-
tion that ICP4 does not repress basal transcription but rather
reduces the efficiency of a variety of activators (34, 35). n208 is

as active a repressor as wt ICP4 in vitro and elicits all of the
activities described above (34, 76). However, it does not acti-
vate transcription nearly as well as wt ICP4 (Fig. 2). While it is
possible that some events or interactions involved in repression
are also involved in activation, some interactions involved in
activation are likely not to be involved in repression. These
interactions are likely to be determined by the carboxy termi-
nus of ICP4.
Role of the C terminus of ICP4 in activation. The impor-

tance of the carboxy-terminal region of ICP4 to its function
was first indicated by observations of the extensive amino acid
conservation within this region among the ICP4 analogs of
several alpha-herpesviruses (8, 80). Studies with cell cultures
demonstrated that this region is necessary for efficient activa-
tion (16, 17). The results presented in this study demonstrate
that the C-terminal region of ICP4 is important for interacting
with TFIID and that this correlates with the importance of this
region in activating transcription in vitro (Fig. 2B). The inter-
action between ICP4 and TFIID reflects the interaction be-
tween ICP4 and TAF250, suggesting that at least part of the
interaction between ICP4 and TFIID is mediated by an inter-
action between ICP4 and TAF250.
This study demonstrates that the C-terminal 524 amino acids

of ICP4 are required for the interactions with TFIID and
TAF250. Given the large size of this region, it is possible that
these interactions represent a subset of activities specified by
this region. Attempts to narrow the functional regions of the
C-terminal region of the protein have not been very fruitful to
date, presumably because of conformational constraints. It has
not been possible to express stable or soluble ICP4 molecules
containing only the C terminus without the dimerization do-
main, which is located in the amino-terminal region of the
molecule (28). On the other hand, ICP4 molecules lacking the
C-terminal region are stable dimers in solution, bind specifi-
cally to DNA, repress transcription as well as the wt, form
tripartite complexes with TBP and TFIIB, and marginally ac-
tivate transcription. The possibility that the C-terminal region
contacts the amino-terminal region is suggested by studies
showing that the C terminus can complement defects in the
amino terminus through the formation of heterodimers (70).
Thus, while the C-terminal region is required for interaction
with TAF250 and TFIID, it is possible that a tertiary or qua-
ternary structure requiring the C-terminal region and the N-
terminal region forms the interface for this interaction.
In this report, we demonstrate that similar to other TAFs

possessing coactivator activity, TAF250 can interact with the

FIG. 5. Binding of wt and mutant ICP4 proteins to TAF250. Purified wt and mutant ICP4 proteins and rTBP as a positive control were incubated with
eTAF250-bound Sepharose and 12CA5-Sepharose as a negative control. The mutant ICP4 proteins are described in Fig. 2A. The HA peptide-eluted samples and 10%
of the input rTBP and ICP4 proteins were run on SDS–8% PAGE and subjected to Western blot analyses for TBP and ICP4.
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transactivator ICP4. Since ICP4 is a large molecule that po-
tentially possesses multiple interfaces for making contacts with
other proteins, it is likely that contact with TAF250 is not the
only interaction involved in ICP4 activation. Instances of trans-
activators participating in multiple TAF interactions are not
unprecedented. It has been shown that p53 requires an inter-
action with both TAF40 and TAF60 to activate transcription
(77). Studies have also shown that TAF150 and TAF110 are
required for Sp1 activation (7). TAF150, along with TAF250
and TBP, is required for optimal levels of basal transcription
from TATA/Inr promoters (78). Our previous studies have
shown that a functional Inr region greatly facilitates activation
by ICP4 in vitro (32) and in viral infection (11). It is possible
that contacts with TAF250 and an Inr-binding protein such as
TAF150 (78, 79) are involved in activation by ICP4. Additional
studies focusing on the interaction between ICP4 and holo-
TFIID are in progress and may shed light on this possibility.
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