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The HIV-1 transactivator protein, Tat, is an atypical
transcriptional activator that functions through bind-
ing, not to DNA, but to a short leader RNA, TAR.
Although details of its functional mechanism are still
unknown, emerging ®ndings suggest that Tat serves
primarily to adapt co-activator complexes such as
p300, PCAF and P-TEFb to the HIV-1 long terminal
repeat. Hence, an understanding of how Tat interacts
with these cofactors is crucial. It has recently been
shown that acetylation at a single lysine, residue 50,
regulated the association of Tat with PCAF. Here, we
report that in the absence of Tat acetylation, PCAF
binds to amino acids 20±40 within Tat. Interestingly,
acetylation of Tat at Lys28 abrogates Tat±PCAF
interaction. Acetylation at Lys50 creates a new site
for binding to PCAF and dictates the formation of
a ternary complex of Tat±PCAF±P-TEFb. Thus,
differential lysine acetylation of Tat coordinates the
interactions with its co-activators, cyclin T1 and
PCAF. Our results may help in understanding the
ordered recruitment of Tat co-activators to the HIV-1
promoter.
Keywords: cyclin T1/differential acetylation/HIV-1/
PCAF/Tat

Introduction

Tat regulates processive transcription from the HIV-1 long
terminal repeat (LTR). Expression from the HIV-1 LTR is
activated 200- to 300-fold by Tat. Although the mechan-
ism for Tat transactivation has been studied intensively, it
remains incompletely understood. Several key observa-
tions have, however, been established. Tat is an atypical
transactivator that functions by binding, not to DNA, but to
a short nascent leader RNA, TAR (Berkhout et al., 1989;
Dingwall et al., 1989). Tat controls an early step in
transcriptional elongation (Xiao et al., 1997) that is

sensitive to inhibitors of protein kinase (Marciniak and
Sharp, 1991; Mancebo et al., 1997) and requires the
C-terminal domain (CTD) of the large subunit of RNA
polymerase II (RNAP II) (Chun and Jeang, 1996;
Okamoto et al., 1996; Parada and Roeder, 1996; Yang
et al., 1996). Tat binds a nuclear serine/threonine kinase,
TAK (Tat-associated kinase) (Herrmann and Rice, 1993,
1995), which is identical to the CDK9 kinase subunit of
human P-TEFb (Mancebo et al., 1997; Zhu et al., 1997), a
positive-acting transcription elongation factor complex
required for the expression of many cellular genes
(Marshall and Price, 1992, 1995). CDK9 can phosphory-
late RNAP II CTD, and CDK9 inhibitors, as well as a
dominant-negative CDK9 mutant, can block Tat transac-
tivation; these results verify the CDK9±P-TEFb complex
as an important Tat co-activator (Mancebo et al., 1997;
Yang et al., 1997; Zhu et al., 1997). The subsequent
identi®cation of cyclin T1 as a cyclin subunit of P-TEFb
(Peng et al., 1998; Wei et al., 1998) has provided further
insight into Tat transactivation. Currently, it is understood
that cyclin T1 enhances Tat±TAR RNA interaction and
that a Tat±cyclin T1/CDK9±TAR complex mediates
phosphorylation of RNAP II CTD, dictating processive
transcription from the LTR (Fujinaga et al., 1998; Garber
et al., 1998; Bieniasz et al., 1999; Chen et al., 1999;
Ivanov et al., 1999).

The packaging of genes into chromatin is increasingly
recognized as being important in regulating transcription
initiation and elongation (Struhl, 1998). Following inte-
gration into the host cell genome, the HIV-1 provirus is
organized like cellular genes into chromatin. Integrated
HIV-1 provirus has positioned nucleosomes in its 5¢ LTR
(Verdin et al., 1993; Sheridan et al., 1995). Inhibitors of
histone deacetylases, trichostatin A (TSA) and trapoxin,
potently induce HIV-1 transcription from chromatinized
templates; and activation of the HIV-1 promoter by these
agents is accompanied by the loss or rearrangement of a
positioned nucleosome, nuc-1, near the viral mRNA start
site (Van Lint et al., 1996a,b). Moreover, TSA strongly
induces cell-free transcription of a chromatinized HIV-1
promoter (Sheridan et al., 1997). Collectively, these
studies strongly suggest that chromatin is an important
regulatory component of HIV-1 transcription. Relevent to
the role of chromatin in HIV-1 gene expression, Tat has
been shown to associate with histone acetyltransferases
(HATs) p300/CBP, p300/CBP-associating factor (PCAF)
and hGCN5 (Benkirane et al., 1998; Hottiger and Nabel,
1998; Marzio et al., 1998; Col et al., 2001). Tat-recruited
HATs presumably acetylate histones in LTR-proximal
nucleosomes to potentiate transcription (Benkirane et al.,
1998; Marzio et al., 1998). Interestingly, we and others
have found that Tat is also a substrate for acetylation by
p300, PCAF and hGCN5 (Kiernan et al., 1999; Ott et al.,
1999; Deng et al., 2000; Col et al., 2001), suggesting
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that acetyltransferases play multiple roles in HIV-1
transcription.

Tat is acetylated on two lysine residues: by PCAF on
Lys28 (Kiernan et al., 1999) and by p300 and hGCN5 on
Lys50 (Kiernan et al., 1999; Ott et al., 1999; Deng et al.,
2000; Col et al., 2001). Acetylation of several non-histone
proteins has been found to be important for their
transcriptional activity (reviewed in Sterner and Berger,
2000). Indeed, we and others have also shown that
acetylation regulates Tat activity (Kiernan et al., 1999;
Ott et al., 1999; Deng et al., 2000; Col et al., 2001) and
virus replication (Bres et al., 2002). Given that P-TEFb
and PCAF/p300 activities are critical for Tat transcrip-
tional activity, it is important to ask how acetylation at
Lys28 and/or Lys50 may modulate these protein±protein
interactions. A recent report has suggested that acetylation
at Lys50 is critical for binding of Tat to the bromodomain
of PCAF (Mujtaba et al., 2002). Here, we con®rm that
PCAF can bind to acetylated Lys50 and found that, more
than just specifying Tat±PCAF interaction, acetylation
at Lys50 also dictated the formation of a ternary
Tat±PCAF±cyclin T1 complex. However, we additionally
identi®ed a second site (Tat amino acids 20±40) for PCAF
binding found only in non-acetylated Tat protein.
Acetylation of Tat at Lys28 abrogated the Tat±PCAF

interaction. Thus, the differential acetylation of Tat at
Lys 28 and Lys50 serves to coordinate its interaction with
the co-activators, cyclin T1 and PCAF.

Results

Physiological levels of PCAF and p300 govern
Tat-mediated transactivation of the HIV-1 LTR
To date, several studies have proposed a role for PCAF
and/or p300 in Tat activation of the HIV-1 LTR
(Benkirane et al., 1998; Hottiger and Nabel, 1998;
Marzio et al., 1998; Nakatani, 2002). However, most of
the experimental evidence relied on arti®cial levels of
overexpression of exogenously transfected PCAF and/or
p300 plasmids. To con®rm that physiological levels of
PCAF and p300 indeed serve Tat activity, we employed
small interfering RNAs (siRNAs) to inhibit endogenous
expression in a HeLa cell line that contains an integrated
HIV-1 LTR-b-gal reporter gene (HeLa P4).

We ®rst analyzed by western blotting the expression of
cyclin T1, CDK9, hGCN5, p300 and PCAF in siRNA-
transfected cells. As shown in Figure 1A, transfection of
siRNA speci®c for p300 led to a dramatic decrease in p300
expression in these cells without affecting the control
expression of PCAF, hGCN5, cyclin T1 or CDK9 (lane 3).

Fig. 1. Endogenous p300 and PCAF are required for Tat-mediated transactivation of the HIV-1 LTR. (A) HeLa P4 cells containing the lacZ gene
under the control of an integrated HIV-1 LTR were transfected with siRNA speci®c for p300, PCAF or luciferase. Western blotting analyses of p300,
PCAF, hGCN5, cyclin T1, CDK9 and tubulin expression in HeLa P4 cells transfected with the indicated siRNA were performed. (B) Top panel:
Tat-mediated transactivation of the LTR was analyzed 24 h post-transfection with 30 ng of a Tat expression plasmid. Fold Tat transactivation was
calculated relative to transfection in the absence of Tat expression plasmid. Bottom panel: luciferase activity measured from an internal control
plasmid encoding Renilla under the control of the TK promoter.

V.BreÁs et al.

6812



Similarly, siRNA speci®c for PCAF repressed PCAF
expression in transfected cells with no effect on expression
of p300, hGCN5, cyclin T1 or CDK9 (lane 2). As a further
control, siRNA speci®c for the luciferase gene, when
transfected into HeLa P4 cells, did not affect the expres-
sion of p300, PCAF, hGCN5, cyclin T1, CDK9 or tubulin
(lane 1).

Next, Tat-mediated transactivation of the integrated
HIV-1 LTR in the siRNA-transfected cells was assessed
by b-galactosidase assay (Figure 1B). Tat activated b-gal
expression in HeLa P4 containing luciferase-speci®c
siRNA by 94-fold. This activation, however, was
dramatically decreased by siRNA speci®c for either
PCAF or p300 (6.4- and 12-fold reduction, respectively).
As reported previously (Benkirane et al., 1998; Hottiger
and Nabel, 1998; Marzio et al., 1998; Mujtaba et al.,
2002), no effect was observed on the basal level of LTR-
b-gal expression in the absence of Tat (Figure 1B, top
panel) or on expression from a TK promoter (Figure 1B,
bottom panel). These results support the view that
physiological levels of PCAF and p300 are indeed critical
for Tat activation of integrated HIV-1 LTR in HeLa cells.
The residual transactivation detected may be due in part to
acetylation of Tat by hGCN5 (Col et al., 2001), whose
expression was not affected by any of the siRNAs used
(Figure 1A).

PCAF interacts with amino acids 20±40 in
non-acetylated Tat
A recent study has accorded particular importance to
PCAF binding of Tat (Mujtaba et al., 2002). It was
proposed that PCAF binds Tat at acetylated Lys50
(Mujtaba et al., 2002). Interestingly, we had previously
shown that unmodi®ed, full-length HIV-1 Tat can bind
directly to recombinant PCAF (Benkirane et al., 1998). To
reconcile these results, we asked whether PCAF may
differentially bind multiple regions of Tat, depending on
the state of Tat acetylation. To test this hypothesis, bead-
bound GST, GST±Tat1±72, GST±Tat1±40 or GST±
Tat40±72 was equilibrated with puri®ed recombinant
Flag-tagged PCAF (rPCAF) for 1 h at 4°C. After extensive
washing of pelleted beads in buffer containing 0.25 M
KCl, the presence of rPCAF was assessed by western
blotting using anti-Flag antibody. GST±Tat1±72 and
GST±Tat1±40 bound rPCAF (Figure 2A, lanes 2 and 3).
By contrast, no binding was observed when either GST or
GST±Tat40±72 was used (Figure 2A, lanes 4 and 5). Thus,
for unmodi®ed Tat, PCAF bound to a Tat fragment that
encompassed amino acids 1±40.

Previous studies have shown that PCAF predominantly
resides within a large multiprotein complex rather than as
a free protein in cells (Ogryzko et al., 1998). To determine
whether Tat could equally interact with PCAF complex,
bead-bound GST, GST±Tat1±72, GST±Tat1±40 and
GST±Tat40±72 were equilibrated with nuclear PCAF
complex puri®ed as described previously (Ogryzko et al.,
1998). After extensive washing, binding of PCAF complex
components to the beads was analyzed by western blotting
(Figure 2B). GST±Tat1±72 and GST±Tat1±40 bound to
PCAF as well as components of the PCAF complex,
PAF65b and ADA2. Furthermore, PCAF complex binds to
the same domain of Tat as recombinant PCAF.

Acetylation of Tat at lysines 28 and 50 regulates
the Tat±PCAF interaction
We have previously shown that both p300 and PCAF
acetylate Tat. p300 acetylates Lys50 within the TAR RNA-
binding domain (Ott et al., 1999; Deng et al., 2000; Col
et al., 2001), and PCAF acetylates Lys28 in the activation
domain of Tat (Kiernan et al., 1999). To understand how
Tat acetylation at either Lys28 (TatK28Ac) or Lys50
(TatK50Ac) could in¯uence the Tat±PCAF complex
(Figure 2B), we incubated bead-bound GST or GST±
PCAF with unmodi®ed Tat1±86, Tat(1±86)K28Ac or
Tat(1±86)K50Ac. After incubation, beads were washed
extensively in buffer containing 0.25 M KCl, and bound
Tat was assessed by western blotting using anti-Tat
antibody. GST±beads did not retain Tat, TatK28Ac
or TatK50Ac (Figure 3A, lanes 4±6). By contrast,
GST±PCAF retained Tat and TatK50Ac (lanes 7 and 12,
respectively), but did not retain TatK28Ac (lane 17). Thus,
Tat acetylated at Lys28 is unable to bind PCAF.

We next performed competition assays using Tat
peptides corresponding to Tat amino acids 43±60 and
23±40, which were either non-acetylated or acetylated

Fig. 2. Amino acids 1±40 within full-length non-acetylated Tat protein
bind both free rPCAF and complex-associated PCAF. (A) Amino acids
1±40 of Tat bind PCAF. GST, GST±Tat1±72, GST±Tat1±40 or
GST±Tat40±72 was incubated separately with recombinant, Flag-
tagged PCAF (25 ng). The beads were extensively washed in buffer
containing 0.25 M KCl and resuspended in Laemmli buffer. The
presence of rPCAF was assessed by western blotting using anti-Flag
M2 antibody (top panel). Input is shown in lane 1. Coomassie Blue
stainings of GST and GST fusion proteins are shown (bottom panel).
(B) Tat amino acids 1±40 bind complex-associated PCAF. GST,
GST±Tat1±72, GST±Tat1±40 or GST±Tat40±72 was incubated with
puri®ed, nuclear, PCAF complex. The beads were extensively washed
in buffer containing 0.25 M KCl and resuspended in Laemmli buffer.
The presence of PCAF, PAF65b and ADA2 was assessed by western
blotting.

Tat interaction with P-TEFb and PCAF

6813



at Lys50 or Lys28, respectively. Tat peptides were used
at 10-fold excess over full-length Tat1±86. Thus, GST±
PCAF±beads were ®rst incubated with the indicated
peptide for 1 h at 4°C, followed by another 1 h incubation
with the indicated Tat1±86. Bead-bound material was
analyzed by SDS±PAGE and western blotting using anti-
Tat serum. We observed that incubation of GST±PCAF
with either Tat peptide 43±60 or 43±60K50Ac did not
affect binding to Tat (lanes 8 and 9). Consistent with the
results in Figure 2A, these ®ndings indicate that
PCAF±Tat interaction does not require amino acids
43±60 (Figure 3A, compare lanes 8 and 9 with 7). On
the other hand, competition with Tat peptide 23±40
completely abrogated PCAF±Tat interaction (Figure 3A,
lane 10). Interestingly, an excess of Tat peptide
23±40K28Ac failed to perturb PCAF±Tat binding
(Figure 3A, lane 11). Thus, in the absence of Lys28
acetylation, Tat amino acids 23±40 can directly contact
PCAF; however, acetylation at Lys28 eliminated this

interaction. When the same competitions were repeated for
TatK50Ac±PCAF binding, peptide 23±40 had no effect
(Figure 3A, lane 15). This ®nding suggests that PCAF
binds Tat acetylated at Lys50 and non-acetylated Tat
differently.

The ®nding that p43±60K50Ac was not able to compete
for Tat binding to PCAF (Figure 3A, compare lane 9 with
7) suggested that the interaction between non-acetylated
Tat and PCAF may involve a region of PCAF distinct from
its bromodomain. To investigate this hypothesis, PCAF
and PCAF lacking its bromodomain (PCAFDbromo) were
in vitro translated in the presence of [35S]methionine/
cysteine and incubated with either GST or GST±Tat for 1 h
at 4°C in buffer containing 0.25 M KCl. The beads were
extensively washed and bound materials were separated
by SDS±PAGE and analyzed by Coomassie Blue staining
and autoradiography. As shown in Figure 3B, GST±Tat
(lanes 3 and 6), but not GST (lanes 2 and 5), was able to
interact with both wild-type PCAF and PCAFDbromo.

Fig. 3. Acetylation at Lys28 and Lys50 of Tat dictates the region of Tat interacting with PCAF. (A) GST (lanes 4±6) or GST±PCAF (lanes 7±17)
beads were incubated with 100 ng of chemically synthesized Tat1±86 protein in non-acetylated (Tat), acetylated at Lys50 (TatK50Ac) or acetylated at
Lys28 (TatK28Ac) forms for 1 h at 4°C. Additionally, GST±PCAF±beads were incubated separately with 1 mg of peptides corresponding to amino
acids 43±60 (p43±60, lanes 8 and 13; p43±60K50Ac, lanes 9 and 14) and amino acids 23±40 (p23±40, lanes 10 and 15; p23±40K28Ac, lanes 11 and
16) for 1 h at 4°C prior to incubation with the indicated Tat proteins. After incubation, the beads were pelleted, extensively washed in buffer
containing 0.25 M KCl and resuspended in Laemmli buffer. The presence of Tat was assessed by western blotting using anti-Tat antibody (top panel).
Coomassie Blue stainings are shown (bottom panel). Lanes 1±3 correspond to the input materials. (B) GST or GST±Tat was incubated with in vitro
translated, [35S]methionine/cysteine-labeled PCAF or PCAFDbromo for 1 h at 4°C in binding buffer containing 0.25 M KCl. After incubation, the
beads were pelleted and extensively washed in buffer containing 0.25 M KCl, and resuspended in Laemmli buffer. Bound materials were separated by
SDS±PAGE and analyzed by Coomassie Blue staining and autoradiography. Lanes 1 and 4 correspond to the input materials.
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Thus, the interaction between unmodi®ed Tat and
PCAF involves a domain of PCAF distinct from the
bromodomain.

Tat acetylation regulates formation of a
Tat±TAR±PCAF complex
We and others have reported that acetylation of Tat at
Lys50 leads to Tat dissociation from TAR RNA (Kiernan
et al., 1999; Deng et al., 2000). Recently, others have
shown that the bromodomain of PCAF binds speci®cally
to a Lys50-acetylated Tat peptide corresponding to amino
acids 46±55 (Mujtaba et al., 2002). The NMR structure of
the PCAF bromodomain bound to Lys50-acetylated Tat
peptide 46±55 showed that the peptide induced local
conformational changes around its binding sites on the
PCAF bromodomain (Mujtaba et al., 2002). Thus,
Mujtaba et al. hypothesized that Tat±TAR RNA dis-
sociation resulted from competition between PCAF and
TAR RNA for binding to Lys50-acetylated Tat. We tested
this hypothesis directly by performing electrophoretic
mobility shift assay (EMSA) using 32P-labeled TAR RNA
and chemically synthesized, full-length Tat which was
either non-acetylated or acetylated at Lys50 (Figure 4A).
In the setting of excess TAR RNA probe, the intensity of
Tat±TAR RNA complex correlated with Tat addition in a
dose-dependent manner from 25 to 200 ng (lanes 1±4).
Informatively, no TatK50Ac±TAR RNA complex was
observed even when 200 ng of Tat were added to the
reaction (lanes 5±8). Thus, even in the absence of PCAF,
Tat acetylated at Lys50 cannot bind TAR RNA.

We next checked the effect of Tat acetylation on
the formation of a rPCAF±Tat±TAR RNA complex
(Figure 4B). In EMSA using chemically synthesized,
non-acetylated Tat protein and 32P-labeled TAR RNA, a
band shift corresponding to a Tat±TAR complex was
observed (lane 2). No complex was seen when rPCAF was
incubated with [32P]TAR RNA, verifying that rPCAF does
not directly interact with TAR (lane 3). No complex was
observed between TatK50Ac and TAR RNA in either the
presence or absence of rPCAF (lanes 4 and 5). While
TatK28Ac readily formed a complex with TAR RNA
(lane 6), this complex was not supershifted by incubation
with rPCAF (lane 7) since acetylation at K28 abrogates the
interaction between Tat and PCAF (Figure 3A, lane 17).
Interestingly, rPCAF, when added with Tat and 32P-
labeled TAR RNA, supershifted the Tat±TAR complex,
indicating the formation of a Tat±TAR±PCAF ternary
complex (lane 8), which could be inhibited by immuno-
depletion of rPCAF with anti-PCAF polyclonal antibodies
(lane 9) but not pre-immune serum (lane 10). Collectively,
these results con®rm that acetylations of Tat at lysines 28
and 50 regulate the formation of PCAF±Tat±TAR RNA
complex.

Formation of a Tat±PCAF±cyclin T1 complex is
regulated by acetylation of Tat at Lys50
Cyclin T1, the regulatory subunit of P-TEFb, and PCAF
contribute signi®cantly to Tat transactivation of the HIV-1
LTR (reviewed in Jones, 1997; Jeang et al., 1999).
Previously, we showed that acetylation of Tat at Lys28
enhanced the Tat±cyclin T1 interaction (Kiernan et al.,
1999). Thus, we asked how Tat acetylation would further
regulate interactions with cyclin T1 and PCAF (Figure 5).

GST±cyclin T1±beads were incubated with Tat (lane 4),
TatK28Ac (lane 6) or TatK50Ac (lane 8) alone or followed
by subsequent incubation with rPCAF (lanes 5, 7 and 9).
All beads were washed with buffer containing 0.25 M KCl,
and bound material was analyzed by SDS±PAGE and
western blotting using anti-Tat or anti-Flag antibodies. As
shown in Figure 5, GST±cyclin T1 bound Tat, TatK28Ac
and TatK50Ac (middle panel). No interaction was
observed between cyclin T1 and rPCAF in the absence
of Tat (data not shown). Interestingly, PCAF interacted
weakly with the cyclin T1±Tat complex (lane 5) and very
weakly with cyclin T1±TatK28Ac complex (lane 7), while
it capably bound a TatK50Ac±cyclin T1 complex (lane 9).
Thus, acetylation at Lys50 has two separate effects: it

Fig. 4. Tat acetylation regulates formation of a Tat±TAR±PCAF
complex. (A) Acetylation of Tat at Lys50 is suf®cient to abrogate
binding to TAR RNA. 32P-labeled TAR RNA was incubated with
increasing amounts of chemically synthesized Tat protein, which was
either non-acetylated (lanes 1±4) or acetylated at Lys50, Tat K50Ac
(lanes 5±8). Tat±TAR complexes were analyzed by non-denaturing
acrylamide gel electrophoresis. (B) PCAF binds a Tat±TAR complex.
32P-labeled TAR RNA was incubated with 100 ng of chemically
synthesized Tat protein either unmodi®ed (lane 2), acetylated at Lys50,
Tat K50Ac (lane 4), or acetylated at Lys28, TatK28Ac (lane 6), alone
or with 10 ng of rPCAF (lanes 5, 7 and 8) or rPCAF that had been pre-
viously immunodepleted with anti-PCAF polyclonal antibody (lane 9)
or control pre-immune serum (lane 10). Lane 1 corresponds to
32P-labeled TAR RNA alone and lane 3 corresponds to TAR RNA
incubated with rPCAF.
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weakens Tat±TAR interaction (Figure 4) while it promotes
Tat±PCAF±cyclin T1 complex formation (Figure 5).

Discussion

The activity of transcription factors can be regulated by
post-translational modi®cations such as phosphorylation,
ubiquitylation and/or glycosylation (Beckett, 2001). These
modi®cations can affect the cellular localization of
transcription factors, as well as their interaction with
partner proteins or DNA targets. Acetylation of transcrip-
tion factors has also been shown to regulate activity by
modulating interactions between partner proteins (re-
viewed in Roth et al., 2001). Acetylation can either
enhance or repress transcription factor activity or, in the
case of HMG I (Y), differential acetylation can independ-
ently have both positive and negative effects. Acetylation
of HMG I (Y) at Lys71 by PCAF/GCN5 stabilized the
INFb enhanceosome, while acetylation at Lys65 by CBP
destabilized the enhanceosome, leading to promoter shut-
off (Munshi et al., 1998, 2001).

We and others have previously reported that the HIV-1
transactivator protein, Tat, is acetylated on two lysines
(Kiernan et al., 1999; Ott et al., 1999; Deng et al., 2000;
Col et al., 2001). Acetylation of Tat at Lys50 by p300
promoted the dissociation of Tat from TAR RNA (Kiernan
et al., 1999; Deng et al., 2000), while acetylation of Tat at
Lys28 enhanced Tat±P-TEFb interaction (Kiernan et al.,
1999). Tat acetylations at K28 and K50 were recently
shown to be important for HIV-1 replication (Bres et al.,
2002). By knocking down the expression of p300 and
PCAF using siRNAs speci®cally directed against these
HATs, we show here that endogenous p300 and PCAF
contribute signi®cantly to Tat-mediated transactivation.
This effect is probably due to a combination of their
acetyltransferase activities directed towards the local

chromatin environment, general factors involved in tran-
scription as well as speci®c factor acetylation of Tat.

Recently, Mujtaba and co-workers reported that a
Lys50-acetylated short Tat peptide was speci®cally
bound by the bromodomain of PCAF. It was proposed
that dissociation of Tat from TAR RNA resulted from
competition between PCAF and TAR RNA for binding to
Lys50-acetylated Tat (Mujtaba et al., 2002; reviewed in
Nakatani, 2002). Here, we have further analyzed the
interaction between PCAF using full-length Tat in its non-
acetylated, Lys50-acetylated or Lys28-acetylated forms.
Whereas the peptide used in the study by Mujtaba et al.
contained only the short Lys50 PCAF-binding site, we
found that, in the context of other regions in a full-length
non-acetylated Tat protein, PCAF bound a second site
within the cysteine-rich domain between amino acids 20
and 40. Unlike binding to the Lys50 site, PCAF binding to
site 20±40 is negatively regulated by acetylation. Hence,
we found that acetylation of Tat at Lys28 abrogated this
Tat±PCAF binding. Interestingly, interaction between
PCAF and the cysteine-rich domain of Tat does not
involve its bromodomain.

Acetylation of Tat by p300 and PCAF may help in
understanding the order of Tat-mediated recruitment of its
co-activators to the HIV-1 promoter. The observations
that, in the absence of Tat acetylation, cyclin T1 and PCAF
bind to the same region of Tat (cysteine-rich domain) and
that acetylation of Tat at Lys28 enhances its interaction
with P-TEFb (Kiernan et al., 1999) suggest that non-
acetylated Tat binds ®rst to PCAF. Shown in Figure 6 is a
proposed model for the role of Tat acetylations in
transactivation of transcription that incorporates data
described here and elsewhere. Following its acetylation
at Lys28 by PCAF, Tat dissociates from PCAF and then
binds to cyclin T1 (steps 1±3). Tat/P-TEFb binds with high
af®nity to TAR RNA, facilitating hyperphosphorylation of
the RNAPolII CTD. The interaction between RNAPolII
and p300 (Cho et al., 1998) may help to bring p300 within
the vicinity of Tat. Subsequently, Tat can be acetylated at
Lys50 by p300 (step 4). The p300-mediated acetylation of
Tat at Lys50 leads to two consequences. First, it induces
P-TEFb/Tat dissociation from TAR RNA (Kiernan et al.,
1999) and, secondly, it creates a new binding site for
PCAF in the TAR RNA-binding domain of Tat, which
leads to the formation of a P-TEFb±Tat±PCAF complex.
This complex remains associated with the elongation
complex during transcriptional elongation, possibly stabi-
lized by interactions between Tat±P/TEFb and RNAPolII
CTD through a histidine-rich region of cyclin T1 (Taube
et al., 2002) and Tat and RNAPolII holoenzyme (Cujec
et al., 1997) (step 5). hGCN5 also acetylates Tat on K50
and K51, leading to increased transactivation of the LTR
(Col et al., 2001). Whether hGCN5-mediated acetylation
induces the same effects as p300 or leads to other
consequences important in transactivation remains to be
determined.

An issue that remains unresolved is the mechanism that
governs the temporal and TAR-dependent regulation of
the two independent Tat acetylations. To date, very little is
known about the regulation of HAT activity. HAT activity
of both p300 and ATF-2 has been shown to be regulated by
phosphorylation (Ait-Si-Ali et al., 1998; Kawasaki et al.,
2000). It is possible, therefore, that the speci®c Tat

Fig. 5. Formation of the cyclin T1±Tat±PCAF complex is regulated by
acetylation of Tat Lys50. GST (lanes 1±3) or GST±cyclin 1 (lanes 4±9)
beads were incubated separately with 100 ng of Tat (lanes 1 and 4),
TatK28Ac (lanes 2 and 6) or TatK50Ac (lanes 3 and 8). GST±cyclin T1
was incubated ®rst with either Tat (lane 5), TatK28Ac (lane 7) or
TatK50Ac (lane 9) for 1 h at 4°C, washed, and further incubated with
25 ng of rPCAF for an additional hour at 4°C. After extensive washing
of beads, the presence of Tat and rPCAF was assessed by western blot-
ting using anti-Flag (top panel) or anti-Tat (middle panel) antibody.
Coomassie Blue stainings are shown (bottom panel).
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acetylation by p300 could be regulated by one or more of
the kinase activities known to associate with Tat. Another
possibility is that recruitment of Tat/P-TEFb to the HIV-1
promoter through TAR RNA will bring Tat into the
vicinity of p300, which in turn acetylates Tat at Lys50,
leading to its dissociation from TAR RNA and its
subsequent binding to the bromodomain of PCAF. The
P-TEFb±Tat±PCAF complex may then associate with the
transcription elongation complex. Further work will be
needed to understand the regulation of acetylation of Tat
and, indeed, other substrates.

Materials and methods

Cell culture and transfection
HeLa and HeLa P4 cells that contain the lacZ gene under the control of an
integrated HIV-1 LTR (Clavel and Charneau, 1994) were propagated in

DMEM with 10% FBS and transfected according to the manufacturer's
instructions using either oligofectamine or lipofectamine (Invitrogen;
Gibco) as indicated in the ®gure legends. b-galactosidase activity was
measured 48 h after transfection according to the manufacturer's protocol
(Roche).

siRNAs
RNA oligonucleotides corresponding to PCAF (forward: 5¢-UCG-
CCGUGAAGAAAGCGCATT-3¢; reverse: 5¢-UGCGCUUUCUUCAC-
GGCGATT-3¢), p300 (forward: 5¢-CAGAGCAGUCCUGGAUUAGTT-
3¢; reverse: 5¢-CUAAUCCAGGACUGCUCUGTT-3¢) and luciferase
(forward: 5¢-CGUACGCGGAAUACUUCGATT-3¢; reverse: 5¢-UCG-
AAGUAUUCCGCGUACGTT-3¢) were synthesized (Eurogentec,
Belgium). HeLa P4 cells that contain the lacZ gene under the control
of the HIV-1 LTR (Clavel and Charneau, 1994) were transfected with
100 ng of siRNA using oligofectamine (Invitrogen). Twenty-four hours
after transfection, cells were retransfected with Tat-¯ag expression vector
using lipofectamine (Invitrogen). Forty-eight hours after transfection of
Tat-¯ag plasmid, expression levels of PCAF, p300, hGCN5, cyclin T1,
CDK9 and tubulin were analyzed by western blotting, and b-gal activity
was analyzed according to the manufacturer's protocol (Roche Molecular
Biochemicals).

Synthesis, puri®cation and characterization of Tat proteins
and peptides
Tat peptides corresponding to amino acids 23±40 (p23±40) and 43±60
(p43±60) either non-acetylated or acetylated on Lys28 (p23±40K28Ac) or
Lys50 (p43±60K50Ac) were chemically synthesized and puri®ed to
>95% homogeneity by mass spectral analysis puri®cation procedures
(Synt:em, France). Tat Bru (1±86) non-acetylated or acetylated at Lys50
(TatK50Ac) or acetylated at Lys28 (TatK28Ac) were assembled
according to the method of Barany and Merri®eld (1979) on 4-
hydroxymethyl-phenoxy-methyl-copolystyrene±1% divinylbenzene pre-
loaded resin (HMP) (0.65 mmol) (Perkin Elmer, Applied Biosystem Inc.,
Forster City, CA) on an automated synthesizer (ABI 433A; Perkin Elmer)
as described previously (Peloponese et al., 1999). Puri®cation was carried
out with a Beckman HPLC apparatus on a Merck C8 reverse-phase
column (10 3 250 mm) as described previously (Peloponese et al.,
1999). For Tat acetylated forms, a cartridge containing N-a-Fmoc-N-e-
acetyl-L-lysine (Novabiochem) was used. HPLC analysis was performed
as described previously (Peloponese et al., 1999). Electrospray mass
spectrometry was carried out with a single quad PE-SCIEX API 150ex
(Perkin Elmer). Amino acid analyses were performed on a 6300 Beckman
analyzer.

Fusion protein af®nity chromatography
PCAF, cyclin T1, HIV-1 Tat wild type and mutants were expressed as
GST fusion proteins in BL21 (Pharmacia) as described previously
(Benkirane et al., 1998). Twenty microliters of the various protein-bound
resins were immobilized at 0.2 mg/ml onto glutathione±Sepharose beads
for 1 h at 4°C. The resins were packed into columns, which were washed
with buffer (20 mM HEPES±KOH pH 7.9, 120 mM KCl, 1 mM MgCl2,
17% glycerol, 2 mM DTT) containing 0.25 M KCl. Recombinant Flag-
tagged PCAF was produced and puri®ed from a baculovirus over-
expression system (Ogryzko et al., 1996). PCAF complex was puri®ed as
described previously (Ogryzko et al., 1998). Components of the complex
were con®rmed by SDS±PAGE, followed by Coomassie Blue staining.

Western blot analysis
Column eluates or HeLa P4 extracts were resolved by SDS±PAGE.
Proteins were transferred to PVDF membrane by semi-dry electroblotting
(Millipore, Bedford) for 1 h at 400 mA. Membranes were incubated with
the primary antibody overnight at 4°C, washed and incubated with the
appropriate secondary antibody (Amersham) for 1 h. Proteins were
visualized by chemiluminescence (Amersham) according to the manu-
facturer's protocol. Primary antibodies used were anti-Flag (M2; Sigma),
monoclonal anti-tubulin (Sigma), anti-GCN5 (N-18; Santa Cruz), anti-
p300 (N-15; Santa Cruz), anti-PCAF polyclonal antibody (Ogryzko et al.,
1998), anti-cyclin T1 (gift from D.Price), anti-CDK9 (gift from D.Price)
and anti-Tat (K.-T.Jeang, unpublished data).

EMSA
TAR RNA was synthesized using T7 RNA polymerase from HindIII-
digested pT7TAR by in vitro transcription (Promega) containing
[g-32P]UTP (Amersham). After treatment with RQ DNase, labeled TAR
RNA was puri®ed on a G-50 Sephadex column (Boehringer). Gel mobility

Fig. 6. Proposed model for the regulation of Tat transcriptional activity
by p300 and PCAF. (1) PCAF interacts with Tat amino acids 20±40.
(2) PCAF acetylates Tat at Lys28 and dissociates from Tat. (3) P-TEFb
associates with Tat. (4) P-TEFb±Tat complex binds TAR RNA, and
p300 acetylates Tat at Lys50. (5) Tat dissociates from TAR RNA and
PCAF interacts with K50-acetylated TAR RNA-binding domain of Tat.
Tat±P-TEFb±PCAF complex associates with the transcription elonga-
tion complex.
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shift reactions were performed as described previously (Wei et al., 1998),
except that the reactions were performed for 15 min at room temperature.
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