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The major immediate-early proteins of human cytomegalovirus (HCMYV) play a pivotal role in controlling
viral and cellular gene expression during productive infection. As well as negatively autoregulating its own
promoter, the HCMV 86-kDa major immediate early protein (IE86) activates viral early gene expression and
is known to be a promiscuous transcriptional regulator of cellular genes. IE86 appears to act as a multimodal
transcription factor. It is able to bind directly to target promoters to activate transcription but is also able to
bridge between upstream binding factors such as CREB/ATF and the basal transcription complex as well as
interacting directly with general transcription factors such as TATA-binding protein and TFIIB. We now show
that IE86 is also able to interact directly with histone acetyltransferases during infection. At least one of these
factors is the histone acetyltransferase CBP-associated factor (P/CAF). Furthermore, we show that this
interaction results in synergistic transactivation by IE86 of IE86-responsive promoters. Recruitment of such
chromatin-remodeling factors to target promoters by IE86 may help explain the ability of this viral protein to

act as a promiscuous transactivator of cellular gene

S.

Human cytomegalovirus (HCMYV) is a ubiquitous herpesvi-
rus which rarely causes disease upon primary infection and
remains latent in the infected host throughout its life (54).
Infection usually becomes clinically apparent only in the new-
born or immunocompromised upon primary infection or reac-
tivation (67). As with all herpesviruses, productive infection
with HCMYV results in a regulated cascade of viral gene ex-
pression which has been operationally defined as immediate-
early (IE), early (E), and late (L) (17, 53, 78, 88, 89).

IE proteins are expressed in the absence of de novo protein
synthesis, and the major IE proteins (IE72 and IE86) result
from differential splicing of the major IE region (29, 32, 77, 79,
87). IE72 and IE86 are known to transactivate E and L genes
(1, 38, 50, 70, 71) and either positively or negatively autoregu-
late their own expression (10, 11, 28, 45, 62, 76). While IE72 is
able to weakly activate some cellular promoters, IE86 is a
strong transcriptional activator of cellular gene expression (6,
15, 25, 26, 31, 40, 48, 51, 55, 85) and appears to be able to act
at the promoter level by a number of mechanisms. It is able to
bind DNA directly so repressing its own promoter (12, 28, 30,
33, 35, 44, 45, 49, 60, 95) and has recently been shown to bind
directly to at least one cellular promoter region, resulting in
transcriptional activation (5). Similarly, IE86 has been shown
to bind to a number of cellular factors (6, 19, 24, 36, 42, 47, 48,
69, 73, 74, 97), suggesting that IE86 may also act by bridging
between transcription factors bound upstream of the basal
promoter and the transcription preinitiation complex. IE86 is
also able to directly activate basal promoter elements contain-
ing only a TATA motif, and this may result from the ability of
1ES86 to interact directly with general transcription factors such
as TFIIB and TFIID (7, 34, 73). However, it is not understood
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how these interactions are able to effect increases in transcrip-
tion, as IE86 appears not to be able to increase recruitment of
general transcription factors to the preinitiation complex (6,
36, 73).

Chromatin configuration has been known for some time to
play an important role in transcriptional activation (81, 90, 93).
Transcription must occur through DNA, which is tightly asso-
ciated with histone proteins in nucleosome arrays (18, 57).
Packaging of DNA in this form generally represses transcrip-
tion. Consequently, activated transcription requires remodel-
ing of such chromatin structure and can be considered, to some
extent, a derepression mechanism (20, 37, 91). Such remodel-
ing of chromatin to a transcriptionally active form has been
correlated to the levels of acetylation of nucleosomal histones
(21, 66, 86, 92, 94). Histone acetylation neutralizes the basic
residues of core histones, weakening the histone-DNA inter-
actions and causing nucleosome repositioning and loosening of
the higher-order structure of the chromatin (46). In vivo, his-
tone hyperacetylation is known to be associated with activation
of gene expression (27, 58, 82, 83). Recently, it has become
clear that transcriptional activation by numerous sequence-
specific transcription factors requires coactivators such as
CREB-binding protein (CBP) and p300 (3, 4, 14, 16, 22, 59,
80). It has been believed that such coactivators bridge between
DNA sequence-specific transcription factors and the basal
transcription complex, resulting in stabilization of the preini-
tiation complex and recruitment of additional activation do-
mains to promoters (41, 98). However, transcriptional coacti-
vator proteins such as CBP and p300 are also known to have
intrinsic histone acetyltransferase (HAT) activity (2, 52, 56,
68), and they can also complex with other cellular factors such
as CBP-associated factor P/CAF and steroid receptor coacti-
vator 1, which are also known to contain intrinsic HAT activity
(9, 75, 96). Consequently, the mechanism by which such acti-
vation complexes stimulate transcription is likely to include
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some aspect of chromatin remodeling mediated by histone
acetylation (20, 84).

We have therefore examined whether the ability of IE86 to
promiscuously activate cellular gene expression may be due to
the ability of this viral protein to bind cellular proteins with
HAT activity. Here, we show that IE86 is also able to interact
directly with P/CAF in vivo and in vitro and that activation of
promoters by IE86 in transient and stable transfection assays is
synergized by the presence of P/CAF, suggesting a role for
histone acetylation in transcriptional regulation of cellular pro-
moters by IE86.

MATERIALS AND METHODS

Cell culture and virus. Human U373 (glioblastoma) and human U2-OS (os-
teogenic bone sarcoma) cells were maintained in Eagle’s minimal essential me-
dium-10% fetal calf serum at 37°C and in 5% CO,. U373 cells are fully permis-
sive for HCMV infection, whereas U2-OS cells undergo abortive infection,
expressing high levels of viral IE proteins. Infection with HCMV (AD169) was
carried out as described previously (64).

Plasmids. TGFB77CAT, a chloramphenicol acetyltransferase (CAT) reporter
vector containing the transforming growth factor 2 (TGF-B2) promoter, and
TGFB77TMCAT, a CAT reporter vector containing the TGF-B2 promoter with a
mutated CREB/ATF binding site, were gifts from Michael Green and have been
described elsewhere (39). pcDNA3IE72 was made by cloning the EcoRI/Xhol
fragment from pBSIE1 (7) containing the HCMV major IE72 cDNA into pcDNA3
(Invitrogen). Similarly, pcDNA3IES6 was constructed by cloning the HCMV IE86
c¢DNA from pGex3XIE2 (7) into pcDNA3, using BamHI/EcoRI. pCX-Flag-P/CAF,
a full-length P/CAF c¢DNA also encoding a Flag Tag epitope (Invitrogen), also
under the control of the HCMV major IE promoter, was a kind gift from Xiang-
Jiao Yang (Bethesda, Md.) and has been described elsewhere (96).

All plasmids for in vitro transcription and translation have been described
previously (7, 12) except pBSP/CAF, which was made by inserting a HindIII/
EcoRI P/CAF fragment from pCX-Flag-P/CAF into pBluescript KS+.

pGexIE72, pGexIE86, and pGEXTFIID have also been described previously
(7). pGexIE86[290-390] was made by PCR amplification of the 300-bp coding
region for amino acids 290 to 390 of TE86 from pBSIE86 with EcoRI/Sall linkers
and cloning into pGex3XP. Similarly, pGexIE86[290-542] was constructed by
PCR amplification of a 756-bp region encoding amino acids 290 to 542 of IE86
from pBSIE86 with EcoRI/Sall linkers into pGex3XP. pGexCBP, a gift from
Xiang-Jiao Yang, has been described elsewhere (96). pGexP/CAF was construct-
ed by inserting an EcoRI/HindIII fragment from pCX-Flag-P/CAF containing
the P/CAF c¢DNA into pGex3XP. pQEI10IE2, a bacterial expression vector to
generate His-tagged IE86 protein, was a gift from Thomas Stamminger (Erlan-
gen, Germany) and has been described elsewhere (43).

Transient and stable transfection assays. For transient transfection, approx-
imately 5 X 10° U373 cells were transfected with 2.5 p.g of reporter gene together
with 5 pg of cotransfected plasmid by calcium phosphate precipitation. Cells
were assayed 48 h posttransfection for CAT activity. CAT activity, expressed as
percentage conversion of chloramphenicol, was quantified from thin-layer chro-
matography sheets using a Hewlett-Packard Instant Imager. The results are an
average of three independent experiments.

For stable transfections, approximately 5 X 10° U373 cells were transfected
with 5 ng of pcDNA3 and 15 pg of TGFR77CAT or TGFR77MCAT. Cells were
selected for 3 weeks in G418 (500 wg/ml). For transient supertransfection of
these stable cell lines, 10 pg of effector DNA was introduced into cell lines by
calcium phosphate coprecipitation.

Immunoprecipitation assays. For immunoprecipitation of HAT activity
(HAT-IP), approximately 5 X 107 U373 cells were transfected with 20 pg of
plasmid DNA, in total, using Fugene (Boehringer Mannheim) as described by
the manufacturer. Alternatively, cells were infected with HCMV (AD169) at a
multiplicity of infection of 5. HAT activity of the immunoprecipitated complexes
was assayed as previously described (2). Briefly, cells were harvested and resus-
pended in 1 ml HAT-IP buffer (50 mM Tris-HCI [pH 8.0], 150 mM NaCl, 5 mM
EDTA, 0.5% NP-40, 0.5 mM phenylmethylsulfonyl fluoride with aprotinin, leu-
peptin, and pepstatin), rotated for 1 h at 4°C, and cleared by centrifugation
(13,000 rpm, 15 min). For infected or mock-infected cells, HCMV gB-specific
monoclonal antibody as a control or an HCMV IE86-specific monoclonal anti-
body (SMX) (63) was added, and samples were rotated for 1 h at 4°C. Alterna-
tively, for transfected cells, a monoclonal antibody to a true late 55-kDa HCMV
structural protein (Chemicon) as a control, antibody M2 (Amersham), against
the Flag epitope of P/CAF, or antibody E13 (Biosys), which recognizes an
epitope common to IE72 and IE86, was used. Following addition of 30 pl of a 1:1
mixture of protein A-Sepharose beads and protein G-Sepharose beads, samples
were rotated overnight. The immune complexes were pelleted by centrifugation
(6,000 rpm, 2 min), washed three times in HAT-IP buffer, and resuspended in
30 pl. Following addition of '#~C-labeled acetyl coenzyme A, samples were
incubated at 37°C for 45 min; 20 pl of the reaction was then spotted onto
Whatman P81 filter paper. Filters were washed three times with 50 mM sodium
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FIG. 1. HAT activity coimmunoprecipitates with IE86 in infected cells. U373
cells were either mock infected (Mock) or infected with HCMV (HCMV) at
approximately 5 PFU/cell; 24 h postinfection, cells were lysed and extracts were
immunoprecipitated with a control monoclonal antibody to HCMV gB (con) or
a monoclonal antibody to IE86 (anti-IE86). Immunocomplexes were then as-
sayed for HAT activity. Data represent average fold increases in HAT activity
over the corresponding control antibody immunoprecipitations from three inde-
pendent experiments.

carbonate (pH 9.2), soaked in acetone, and air dried for 1 min prior to counting
in a liquid scintillation counter.

For double immunoprecipitation assays, approximately 5 X 107 U2-OS cells
were transfected with 30 ug of plasmid DNA in total. At 24 h posttransfection,
cells were labeled with 250 p.Ci of [**S]methionine in methionine-free minimal
essential medium-1% fetal calf serum for a further 24 h. Cells were harvested,
lysed in EBC buffer (23), and analyzed by double immunoprecipitation (23) using
anti-murine cyclin D1 (HD11; Santa Cruz) as a negative control, anti-Flag
antibody M2; and antibody E13.

GST fusion assays. Glutathione S-transferase (GST) fusion proteins were
prepared essentially as described by Smith and Johnson (72) except that bacteria
were cultured for 3 h and then induced with isopropyl-B-p-thiogalactopyranoside
for a further 3 h. GST pull-down assays were carried out as described previously
(7). In vitro transcription-translation or coupled transcriptions-translations (Pro-
mega) were used to generate [>*S]methionine-labeled proteins as described by
the manufacturer. Samples were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) on 10% polyacrylamide gels and ana-
lyzed by autoradiography.

For assays using *?P-labeled IE86, radiolabeled IE86 protein was prepared
from induction of a culture of pQE10IE2 and incubation with Ni-agarose beads.
The protein was renatured on the beads using decreasing concentrations of urea
(43) and labeled with [**P]dATP using casein kinase II. 3?P-labeled IE86 was
eluted from the Ni-agarose beads with imidazole buffer and dialyzed in NET
buffer (7) overnight. GST pull-down assays were carried out as described above
except that 3?P-labeled IE86 protein was used as the probe, and reactions were
scaled up 10-fold.

Yeast two-hybrid assays. Yeast two-hybrid analysis was carried out using the
Matchmaker two-hybrid system (Clontech) as described by the manufacturer.
pGBT10:P/CAF was constructed by insertion of an EcoRI/HindIIl fragment
containing full-length P/CAF, which had been blunt ended with Klenow enzyme,
into pGBT10 (6) which had been cut with EcoRI and Sa/l and then also blunt
ended. To make pGAD425:1E86, pGAD425 (6) was digested with BarmHI and
EcoRI and ligated with a BamHI-EcoRI IE86 cDNA fragment from pGex3X-
1E2. pGBT10:IE72 and pGBT10:IE86 have been described elsewhere (6). Liquid
B-galactosidase assays were carried out as described by the manufacturer.

RESULTS

HAT activity coprecipitates with IE86. Infection of U373
cells with HCMYV results in a full productive infection of this
cell line. Figure 1 shows that after virus infection for 24 h,
immunoprecipitation of IE86 coprecipitates HAT activity.
HAT activity is specific for virally infected cells and coprecipi-
tates only with antibodies specific for IE86, not a control an-
tibody that recognizes HCMV gB, a late structural protein.

It has already been shown that IE86 is able to bind directly
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FIG. 2. HAT activity coimmunoprecipitates with IE86 in transfected cells. U373
cells were transfected with pcDNA3 (bar 1), pcDNA3IE72 (bar 2), pcDNA3IES6
(bar 3), pcDNA3IES6 plus pCX-Flag-P/CAF (P/CAF) (bar 4), pcDNA3IE72P/CAF
(bar 5), or P/CAF alone (bar 8). At 48 h posttransfection, cells were lysed and
extracts were immunoprecipitated with E13 antibody, specific for HCMV 1E72/
TE86 (bars 1 to 5). An equivalent amount of extract from pcDNA3IE86+P/CAF-
transfected cells was also immunoprecipitated with a monoclonal antibody to
an HCMV late structural protein (Chemicon) as a control (bar 6). Data repre-
sent average fold increases in HAT activity over the HAT activity detected for
pcDNA3 transfections from three independent experiments. Extracts from
P/CAF-transfected cells were also immunoprecipitated with the control late
HCMYV antibody (bar 7) or an anti-Flag antibody, which detects the Flag epitope
on P/CAF (lane 8), to act as a positive control for HAT detection. Immunocom-
plexes were then assayed for HAT activity. Data represent average fold increases
in HAT activity over the HAT activity detected in the corresponding control
antibody immunoprecipitations from three independent experiments.

to CBP in vitro (42, 69) and that CBP has intrinsic HAT ac-
tivity. Consequently, it was possible that the HAT activity co-
precipitating with IE86 may have been due to CBP. However,
transient cotransfections of cells with IE86 and P/CAF expres-
sion vectors (Fig. 2) showed clearly that immunoprecipitations
from cells cotransfected with P/CAF and IE86 (lane 4), using
IE86-specific antibodies, resulted in complexes with significant-
ly higher HAT activity than when cells were transfected with
IE86 alone (lane 3). This increase in HAT activity that coim-
munoprecipitates with IES6 in IE86-P/CAF-transfected cells
does not result from an increase in levels of expression of IE86
or P/CAF in cotransfected cells, as Western blot analysis shows
no such increase in expression of transfected IE86 or P/CAF
compared to cells transfected with IE86 or P/CAF alone (data
not shown). Similarly IE86 expression does not lead to any in-
crease in endogenous CBP expression (data not shown).

IE2 and P/CAF interact directly in vitro via domains impor-
tant for transcriptional activation. Since cotransfection of
IE86 and P/CAF clearly resulted in increased HAT activity in
immunocomplexes after immunoprecipitation with anti-IE86
antibodies, we asked whether IE86 and P/CAF were able to
physically interact with each other. We first tested this inter-
action in vitro using GST pull-down assays. Figure 3 shows
that [**S]methionine-labeled P/CAF binds to GST-CBP beads
as expected (lane 11) and also to GST-IE86 beads (lane 5) but
not to GST (lane 1) or GST-IE72 (lane 3) beads. We also
analyzed the ability of P/CAF to bind to specific domains of
IE86. Figure 3, lane 7, shows that P/CAF was unable to bind
a known retinoblastoma protein (RB) binding domain (ami-
no acids 290 to 390) of IE86 (23). However, GST-IE86 beads
bearing amino acids 290 to 542 of IE86 (lane 9) were able to
interact with P/CAF. In contrast, a control for nonspecific
binding, gelsolin, failed to interact with either GST-IE86 or
GST-CBP (lanes 6 and 12, respectively).

We repeated these assays using GST-P/CAF beads as targets
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FIG. 3. P/CAF interacts with IE86 in vitro. In vitro-transcribed and -trans-
lated P/CAF (lanes a) or gelsolin (lanes b) was analyzed by GST fusion pull-down
assays for the ability to bind GST, GST-IE72, GST-IE86, or GST-CBP beads.
GST fusions to the 290-390 (GST 290-390) or 290-542 (GST 290-542) amino
acid domain of TE86 were also analyzed. Inputs were 25% of the amount of IE86
or gelsolin used in each assay. Here and in subsequent figures, positions of
marker proteins are indicated in kilodaltons.

for [*>S]methionine domains of IE86 (Fig. 4a to d). Full-length
IES86, but not IE72 or gelsolin, bound specifically to GST-P/
CAF (Fig. 4c, lanes 2, 1, and 8, respectively) but not GST
control beads (Fig. 4a, lane 2). However, as we have observed
before for binding to a number of cellular proteins (7), full-
length TE86 appears to bind less efficiently than short domains
of IE86, possibly because N-terminal regions of IE86 interfere
with interaction domains at the C terminus of IE86 (7, 73).
Consistent with the analysis shown in Fig. 3, residues 290 to
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FIG. 4. Minimal domains of IE86 interact with P/CAF in vitro. GST (a),
GST-CBP (b), and GST-P/CAF (c) beads were used as targets for GST pull-
down assays using [**S]methionine-labeled IE72 (lanes 1), full-length IE86 (lanes
2), amino acids 1 to 390 (lanes 3), 1 to 290 (lanes 4), 290 to 579 (lanes 5), 290 to
542 (lanes 6), and 290 to 504 (lanes 7) of IE86, as well as gelsolin (lane 8). Input
protein (25% of the amount of protein used in each assay) is shown in panel d.
(e) GST, GST-CBP, and GST-P/CAF beads were used as targets in GST pull-
down assays using [>*S]methionine-labeled amino acids 1 to 85 (1) or 290 to 390
(2) of TE86; 25% of the amount of protein used in each assay is shown as inputs.
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FIG. 5. P/CAF and CBP require different domains of IE86 for interaction.
GST, GST-P/CAF, and GST-CBP beads were used as targets for GST pull-down
assays using [*>S]methionine-labeled amino acids 290 to 579 (lane 2), 388 to 579
(lane 3), or 428 to 579 (lane 4) of IE86 and gelsolin (lane 1). Inputs represent
25% of the amount of protein used in each assay.

579, 290 to 542, and 290 to 504 (Fig. 4c, lanes 5, 6, and 7,
respectively) but not residues 1 to 290 (lane 4) of IE86 all
appeared to interact with P/CAF, and these domains did not
interact with GST control beads (Fig. 4a). In most cases, these
same regions of IE86 also bound equally well to GST-CBP
(Fig. 4b); interestingly, they have all been suggested as being
important for autoregulation and transactivation (61). How-
ever, residues 1 to 390 of IE86 showed no binding to P/CAF
(Fig. 4c, lane 3) but did bind to CBP (Fig. 4b, lane 3). Further
deletion analysis (Fig. 4e) showed that a minimal 290-390
domain of IE86 was able to bind to CBP but not P/CAF,
suggesting that CBP and P/CAF require different domains of
IES86 for interaction. Similarly, Fig. 5 confirms that CBP bind-
ing absolutely requires the 290-390 domain of IE86 and no
additional binding site for CBP is present in amino acids 388 to
579 of IES6.

It has been suggested that reticulocyte lysates may contain
high levels of eukaryotic nuclear proteins. To ensure that the
interaction between IE86 and P/CAF could not be due to a
protein present in the reticulocyte lysate bridging between
them, we carried out GST fusion protein interaction assays
using proteins that had been expressed in and purified from
bacteria. Figure 6 shows that bacterially expressed IE86 pro-
tein bound specifically to GST-P/CAF beads (lane 2) but not to
GST beads alone (lane 1). IE86 also bound to GST-TATA-
binding protein (TBP) and GST-CBP (lanes 3 and 4, respec-
tively), as expected. We have observed no such binding of IE72
to TBP, CBP, or P/CAF in these types of assays (data not
shown). Consequently, the direct interaction between IE86
and P/CAF is not mediated by any other eukaryotic protein.

IE2 interacts with P/CAF in vivo. We next confirmed the
ability of IE86 and P/CAF to interact in vivo. To demon-
strate this interaction, we performed double immunoprecipi-
tation assays in cells transfected with IE86 and P/CAF expres-

30

FIG. 6. Interaction between P/CAF and IE86 requires no other eukaryotic
protein. Bacterially expressed IE86 protein was labeled in vitro with 3P and used
in GST pull-down assays to analyze binding to GST (lane 1), GST-P/CAF (lane
2), GST-TBP (lane 3), and GST-CBP (lane 4). A lane between lanes 2 and 3 was
left unloaded to ensure no accidental overspill of the GST-TBP positive control
sample.
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FIG. 7. IE86 and P/CAF interact in vivo. U2-OS cells were cotransfected
with pcDNA3IE86 and pCX-Flag-P/CAF and labeled with [**S]methionine; 48 h
posttransfection, cells were lysed in EBC buffer and extracts were subjected to
double immunoprecipitation assays using a control anti-murine cyclin D1 mono-
clonal antibody (CON), an anti-IE antibody (IE), and an anti-Flag monoclonal
antibody (FLAG) for primary immunoprecipitations (1°). Complexes were
washed and reimmunoprecipitated using the control (lanes a), anti-Flag (lanes
b), and anti-IE (lanes ¢) antibodies for secondary (2°) immunoprecipitations.
Complexes were separated by SDS-PAGE and autoradiographed.

sion vectors (Fig. 7). As expected, cells cotransfected with
pcDNAS3IES6 plus pCX-Flag-P/CAF and immunoprecipitated
with an anti-IE antibody followed by reprecipitation with the
same antibody showed high levels of IE86 protein in the im-
munoprecipitated complex (lane 6). Similarly, double immu-
noprecipitation using an anti-Flag tag antibody for both pri-
mary and secondary immunoprecipitations showed P/CAF
(lane 8) present in the immunocomplex, also as expected. In-
terestingly, immunoprecipitation using an anti-IE antibody as
the primary antibody followed by an anti-Flag tag antibody as
the secondary antibody (lane 5) clearly showed the presence of
P/CAF in IE86 immunocomplexes.

We also confirmed the interaction between IE86 and P/CAF
in vivo using the yeast two-hybrid system (Fig. 8). P/CAF was
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FIG. 8. IE86 and P/CAF interact in yeast two-hybrid assays. The parental
plasmid for expression in yeast of the DNA binding domain of GAL4 (pGBT10)
was fused to P/CAF (pGBT:P/CAF) or IE86 (pGBT:IE86). The parental plasmid
for expression in yeast of the GAL4 activation domain (pGAD425) was fused to
1IE86 (pGAD:IES6) or IE72 (pGAD:IE72). pGBT10 plus pGAD425 (bar 1),
pGBT10 plus pGAD:IES6 (bar 2), pGBT:P/CAF plus pGAD425 (bar 3), pGBT:
P/CAF plus pGAD:IES86 (bar 4), pGBT:IE86 plus pGAD:IE86 (bar 5), pGBT:
P/CAF plus pGAD:IE72 (bar 6), and pVA3-1 plus pTD1-1 containing a GAL4
DNA binding domain murine p53 fusion protein and a GAL4 activation domain
simian virus 40 T-antigen fusion, respectively (bar 7), were transformed into
yeast, and B-galactosidase expression was measured in liquid culture. Data rep-
resent average fold increases in B-galactosidase activity over activity obtained
from cotransformation with pGBT10 plus pGAD425 from three independent
experiments.
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expressed as a fusion protein to the DNA binding domain of
GAL4 (pGBT10:P/CAF), and IE86 was expressed as a fusion
protein to the GAL4 activation domain (pGAD:IE86). Com-
binations of plasmids were transformed into yeast and tested
for the ability to up-regulate expression of a B-galactosidase
gene under the control of a yeast promoter bearing GAL4 bind-
ing sites. Coexpression of pGBT10:P/CAF and pGAD:IE2
resulted in much higher levels of B-galactosidase activity (lane
4) compared to a panel of negative controls (i.e., pGBT10
plus pGADA425 [lane 1], pGBT10 plus pGAD:IE2 [lane 2],
pGBT10:P/CAF plus pGADA425 [lane 3], and pGBT10:P/CAF
plus pGADIE?72 [lane 6]). This confirmed the direct interac-
tion between IE86 and P/CAF in vivo.

IE86 and P/CAF act synergistically in transient transfection
assays. To determine whether the physical interaction between
IE86 and P/CAF was of functional importance, we examined
whether IES86 and P/CAF could affect promoter activity in
transient cotransfection assays (Fig. 9A). U373 cells were
transfected with a CAT reporter construct based on the TGF-
B2 promoter (TGFR77MCAT) which contains a mutation in
the known single ATF site (39). Consequently, this promot-
er does not respond to activation by CREB/ATF (39), but
we have previously shown that it is responsive to IE86 (8).
TGFB77MCAT was transfected into cells together with IE
expression vectors in the presence or absence of P/CAF. Con-
sistent with previous observations (8), IE86 is able to mildly
activate the TGFR77MCAT reporter (lane 3). In contrast,
P/CAF alone appeared to have little effect on this promoter
(lane 4). Cotransfection of both IE86 and P/CAF, however,
resulted in high levels of activation, much higher than that
observed for IE86 alone (compare lanes 3 and 6). We have
ruled out that this effect may be mediated via IE86 activating
transfected P/CAF expression or P/CAF activating transfected
IE86 expression directly, as Western blot analysis of IES86-P/
CAF-cotransfected cells shows no increase in levels of trans-
fected P/CAF or IE86 compared to cells transfected with
P/CAF or IE86 alone (data not shown). Similarly IE86 expres-
sion does not increase levels of endogenous CBP (data not
shown). In contrast and as expected, IE72 showed no such
synergistic activation with P/CAF (lane 5). However, coexpres-
sion of IE72 and P/CAF did show levels of activation slightly
higher than with IE72 alone. How P/CAF elicits such an effect
is unclear at present but appears not to be due to any direct
interaction between these proteins.

While it is likely that transiently transfected DNA will chro-
matinize to some extent, it is unlikely that full chromatinization
of reporter templates will occur under transient transfection
conditions. Consequently, it was important to determine if the
ability of IE86 and P/CAF to activate transiently transfected
reporter constructs also occurred with reporter constructs that
were integrated into host genomic DNA and, hence, fully chro-
matinized. We therefore also analyzed the effects of IE86 and
P/CAF on cells that had been stably transfected with CAT
reporter constructs. Figure 9B shows that cells stably trans-
fected with TGFR77CAT also show modest activation by IE86
(lane 3) or P/CAF (lane 4) alone. In contrast, cotransfection
with IE86 and P/CAF results in activation of the stably inte-
grated TGFB77CAT (lane 6). As expected, no such synergistic
activation is observed with IE72 and P/CAF (lane 5). The
differences in fold activation by IE86 and P/CAF observed in
transient transfections compared to supertransfection of stable
cells expressing the TGFB—CAT reporter is likely to be due to
transient transfection efficiencies. The transient transfection
efficiency of U373 cells is about 5 to 10% (T. H. Sinclair, un-
published observations). In the transient transfections, all cells
expressing the TGFB-CAT reporter DNA will also have taken
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FIG. 9. IE86 and P/CAF synergistically activate transiently or stably trans-
fected target promoters in transfection assays. (A) U373 cells were transiently
transfected with TGFR77MCAT together with pcDNA3 (bar 1), pcDNA3IE72
(bar 2), pcDNA3IES6 (bar 3), pCX-Flag-P/CAF (bar 4), pcDNA3IE72 and
pCX-Flag-P/CAF (bar 5), or pcDNA3IES6 and pCX-Flag-P/CAF (bar 6). Data
represent the average of three independent experiments. (B) U373 cells that
had been stably transfected with TGFB77CAT were transiently transfected with
pcDNA3 (bar 1), pcDNA3IE72 (bar 2), pcDNA3IES6 (bar 3), pCX-Flag-P/CAF
(bar 4), pcDNA3IE72 and pCX-Flag-P/CAF (bar 5), or pcDNA3IE86 and pCX-
Flag-P/CAF (bar 6). Data represent the average of three independent experi-
ments.

up IE86 and P/CAF plasmids. In stable cells expressing the
TGFB-CAT reporter, however, 90% of these cells will not be
affected by IE86 and P/CAF supertransfection.

DISCUSSION

The mechanism by which IE86 activates cellular and viral
promoters is still unclear. However, the apparent promiscuity
of promoter activation by IE86 reflects its ability to act multi-
modally. IE86 can interact directly with sequence-specific tran-
scription factors, presumably bridging between these DNA
bound factors and the basal transcription complex, compo-
nents of which IE86 is also able to bind directly (7, 19, 24, 36,
42, 47, 48, 69, 73, 74, 97). The interaction between IE86 and
cellular factors such as RB, which is known to sequester cel-
lular transcription factors such as E2F, also results in the re-
lease of functional E2F from RB, allowing activation of E2F-
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dependent promoters (13, 23, 73). However, IES86 is also able
to activate minimal basal promoters that have little or no
upstream DNA sequences (24, 25). Consequently, IE86 ap-
pears to be able to act on the transcription preinitiation com-
plex directly in the absence of any specific recruitment to the
basal promoter. In the case of some promoters, activation by
IE86 may be mediated by inhibition of cellular transcriptional
repressors that inhibit basal transcription (6, 40).

Here, we have shown that IE86 interacts directly with the
chromatin acetylation factor P/CAF. HAT activity is coprecipi-
tated with IE86 in HCM V-infected cells, and this HAT activity
was substantially increased when P/CAF was specifically coex-
pressed with IE86 in cotransfection assays. Clearly, the HAT
activity associated with IE86 that was detected during infection
may also have been due, at least in part, to CBP. However, the
increase in IE86-associated HAT activity observed upon co-
transfection of cells with P/CAF and IE86 argues for a direct
interaction between P/CAF and IE86, independently of CBP.
Also, importantly, the interaction between IE86 and these
HATS appears not to inhibit HAT activity.

We confirmed the putative direct interaction between
P/CAF and IES86 in vitro. In vitro-translated and radiolabeled
P/CAF protein bound specifically to GST-IES6. In contrast to
its binding to CBP, which required only amino acids 290 to 390
of IE86, the minimum region of IE86 required for binding to
P/CAF encompassed amino acids 290 to 504; the 290-390
region alone was unable to bind P/CAF. GST fusion interac-
tion assays using **P-labeled bacterially expressed IES6 also
confirmed the direct interaction between IE86 and P/CAF in
the absence of any other eukaryotic protein. These analyses
would be consistent with IE86 being able to contact both
P/CAF and CBP simultaneously. As yet, we do not know the
domains in P/CAF or CBP responsible for interaction with
IE86. Consequently, we do not know if interaction of IE86 with
P/CAF prevents interaction of CBP with P/CAF as has been
shown for E1A (65). The question as to why IE86 should need
to interact independently with two HATs is a valid one. How-
ever, in vitro, CBP and P/CAF acetylate different subsets of
histones (2, 56, 96), and it has been suggested that promoter
recruitment of these two HATs is selective and that different
promoters may require different HAT activities for activation
(65). Consequently, it is possible that activation of different
target promoters by IE86 may be mediated by different HATs.

We also analyzed the ability of IE86 to interact with P/CAF
in vivo. Immunoprecipitation of cells transfected with IE86 and
P/CAF expression vectors showed that IE86 immunocom-
plexes also contained P/CAF. Similarly, yeast two hybrid anal-
ysis confirmed this in vivo interaction.

The physical interaction between IE86 and P/CAF proteins
was also reflected functionally. In the case of E1A, interaction
with P/CAF has been shown to abrogate P/CAF’s ability to
activate the Rous sarcoma virus long terminal repeat in tran-
sient transfection assays (65). In contrast, IE86 appears to act
in concert with P/CAF to synergistically activate target pro-
moters. In the case of the TGF-B2 promoter devoid of a CREB
binding site, P/CAF appears to have a slightly repressive effect,
probably due to squelching. However, transient cotransfection
with IE86 results in levels of TGF-B2 promoter activation,
from TGFB277MCAT, much higher than that observed with
IES86 alone. Similar results were observed when stably trans-
fected TGF-B2 reporter constructs were used. Clearly, while
we and others have emphasized the many functional similari-
ties between HCMYV IE86 and adenovirus E1A, the effect of
IE86 on P/CAF is distinctly different from that seen with E1A.
The ability of HCMV to activate cellular gene expression and
the role of HCMV IES86 in the promiscuous activation of
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cellular promoters is well established. It is also likely that
IE86-mediated promoter activation occurs by a number of
mechanisms involving direct interaction with the basal tran-
scription complex. Here, we have shown that IE86 is able to
physically and functionally interact with the HAT P/CAF.

We propose that IE86, by means of its direct interaction with
general transcription factors, is able to recruit P/CAF directly
to target promoters, and we believe that virus-induced chro-
matin remodeling plays a pivotal role in HCMV-mediated
gene activation.
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