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Robust transcription of human T-cell leukemia virus type 1 (HTLV-1) genome requires the viral transac-
tivator Tax. Although Tax has been previously shown to interact with the KIX domain of CBP/p300 in vitro,
the precise functional relevance of this interaction remains unclear. Using two distinct approaches to interrupt
the physical interaction between Tax and KIX, we find that Tax transactivation from chromatin templates is
strongly dependent on CBP/p300 recruitment via the KIX domain. Additionally, we find that the primary
functional contribution of CBP/p300 to Tax transactivation resides in the intrinsic acetyltransferase activity of
the coactivators. These studies unexpectedly uncover a specific requirement for CBP/p300 acetyltransferase
activity on chromatin templates assembled with nucleosomes lacking their amino-terminal tails. Together,
these data indicate that the KIX domain of CBP/p300 is essential for targeting the acetyltransferase activity
of the coactivator to the Tax-CREB (Tax/CREB) complex. Significantly, these observations reveal the presence
of one or more CBP/p300 acetyltransferase targets that function specifically on chromatin templates, are
independent of the histone tails, and are critical to Tax transactivation.

The human T-cell leukemia virus type 1 (HTLV-1)-encoded
Tax protein is required for high-level transcription of the viral
genome (for review, see reference 66). Tax stimulates HTLV-1
transcription through interaction with three conserved 21-bp
repeat DNA elements, called viral CREs, located in the tran-
scriptional control region of the virus. These sequences serve
as binding sites for Tax in complex with the cellular transcrip-
tion factor CREB (or other members of the ATF/CREB family
of transcription factors) (1, 16, 22, 67). Tax binds to the viral
CRE sequences through protein-DNA interactions with GC-
rich minor groove sequences (34, 43, 44, 48) and protein-
protein interactions with CRE-bound CREB (1, 22). The for-
mation of this promoter-bound Tax-CREB complex (Tax/
CREB) is critical for the recruitment of the multifunctional
cellular coactivators CBP and p300 (19, 26, 32, 39, 65).

CBP and p300 are very large paralogous proteins that coor-
dinate highly regulated gene expression in metazoans. Several
conserved domains in CBP and p300 serve as binding sites for
a wide variety of structurally unrelated cellular and viral tran-
scription factors. These domains in CBP/p300 include two cys-
teine-histidine-rich domains (CH1 and CH3), the SRC-inter-
acting domain, and the KIX domain (for recent reviews, see
references 11 and 21). The transcription factor-coactivator in-
teractions mediated by these domains facilitate recruitment of
the coactivators to target promoters. Subsequent to recruit-
ment by the transcription factors, CBP and p300 appear to
stimulate transcription through multiple, distinct mechanisms.

For example, there is evidence that CBP/p300 may directly
stabilize components of the general transcription machinery at
target promoters (13, 40). Additionally, CBP and p300 have
intrinsic acetyltransferase activity that targets multiple lysine
residues present on the four core histone tails (8, 51). A sig-
nificant body of evidence suggests that histone tail acetylation
weakens internucleosomal interactions, which may lead to a
more relaxed chromatin structure, providing greater transcrip-
tion factor or RNA polymerase access at target promoters (5,
17, 24). Additionally, combinations of differentially acetylated
histone tails may serve as recognition sites for the assembly of
factors that facilitate transitions from transcriptionally silent to
transcriptionally active chromatin (30, 60). Although the evi-
dence for histone acetylation by CBP/p300 is strong, the pre-
cise mechanistic events that couple transcriptional activation
with acetylation of promoter-proximal nucleosomes are un-
known.

The HTLV-1 Tax protein has previously been shown to bind
at three of the four major transcription factor interaction do-
mains in CBP/p300: CH1, KIX, and the carboxy-terminal SRC-
interacting domain (19, 26, 39, 42, 58, 65). The interaction
between Tax and KIX has been studied in the greatest detail
and is the only Tax-CBP/p300 interaction that has been re-
ported to occur with the Tax-containing, promoter-bound ter-
nary complex (Tax/CREB/viral CRE DNA) (19, 26, 39, 65).
This observation suggests that the ternary complex interaction
with KIX may play a major role in CBP/p300 recruitment to
the HTLV-1 promoter. However, little is known about the
functional significance of this protein-protein interaction.

In this study, we explore the transcriptional relevance of the
Tax-KIX interaction in Tax transactivation from chromatin-
assembled templates in vitro. Using polypeptides specifically
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designed to inhibit CBP/p300 association with the Tax/CREB/
viral CRE complex, we demonstrate that the KIX domain of
CBP/p300 is critical for mediating coactivator function at the
HTLV-1 promoter. The inhibition is specific to Tax transacti-
vation on chromatin templates and, unexpectedly, is indepen-
dent of the four core histone amino-terminal tails. We extend
these studies to examine the contribution of the acetyltrans-
ferase function of the coactivators on Tax transactivation from
the HTLV-1 promoter. We find that the CBP/p300-selective
acetyltransferase inhibitor Lys-coenzyme A (CoA) inhibits Tax
transactivation from chromatin templates to the same levels
observed with the polypeptide inhibitors. These observations
indicate that CBP and p300 play a prominent role in Tax
transactivation from chromatin templates and that the acetyl-
transferase activity of the coactivators provides the major func-
tional contribution to transcriptional activation in vitro. Interest-
ingly, a strong CBP/p300-specific acetyltransferase requirement
was also observed on chromatin templates prepared from tail-
less histones. We identify multiple nonhistone acetylation tar-
gets, a subset of which are dependent upon Tax and CREB.
Together, these data indicate that CBP and p300 participate in
critical chromatin-specific, tail-independent acetylation events
during transcriptional activation by Tax.

MATERIALS AND METHODS

Purification of recombinant proteins. The four Xenopus laevis core histones,
both as wild-type and amino-terminal deletion mutant proteins, were individually
expressed in Escherichia coli and purified to homogeneity as previously described
(46, 47). The amino acid coordinates of the histone deletion mutants are: H2A
(�1-12 and �119-128), H2B (�1-23), H3 (�1-26), and H4 (�1-19). Drosophila
NAP-1 (28), ISWI, and Acf1 (29) were expressed and purified as previously
described (18). Full-length, recombinant CREB (16) and Tax (68) were ex-
pressed and purified as previously described (19). Six-histidine (His6)-tagged
p300 was expressed and purified as previously described (37). Recombinant
glutathione S-transferase (GST) and the GST fusion proteins GST-KIX (CBP
amino acids [aa] 588 to 683) (19), GST-KIXmut (CBP aa 597 to 719) (65), and
GST-SREBP-1a (SREBP-1 aa 1 to 50) (50) were expressed and purified as
previously described.

Chromatin assembly and in vitro transcription. Chromatin templates were
assembled as previously described at core histone/DNA ratios that were empir-
ically determined to give complete chromatin assembly (18). The 3.2-kbp
p4TxRE/G-less plasmid DNA used in the transcription assays carried four tan-
dem copies of the HTLV-1 promoter-proximal viral CRE cloned upstream of the
HTLV-1 core promoter and drove the synthesis of a 380-nucleotide (nt) tran-
script (4). The p-52/G-less plasmid DNA carried positions �52 to �1 (relative to
the transcription start site) of the natural HTLV-1 core promoter and drove the
synthesis of a 190-nt transcript (4). This plasmid contained a TATA box but no
Tax-responsive viral CRE sequences. Following chromatin assembly, 75 fmol of
the chromatin-assembled template was incubated in the absence or presence of
80 nM purified recombinant Tax, 80 nM CREB, 3 nM p300, and 40 �g of CEM
(HTLV-1-negative human T-lymphocyte) nuclear extract, as previously de-
scribed (18, 43). For experiments using unassembled or naked DNA templates,
samples were prepared as described above, but without the chromatin assembly
step. All reaction mixtures contained 100 �M acetyl-CoA unless otherwise indi-
cated. Molecular weight markers (radiolabeled HpaII-digested pBR322) were
used to estimate the size of the RNA products.

Biotin-streptavidin DNA pull-down assay. Double-stranded DNA fragments
containing a single viral CRE (and biotinylated at the 5�-end of one strand,
[Integrated DNA Technologies]) were annealed and bound to streptavidin-
agarose (Novagen) in TM buffer (50 mM Tris, 100 mM KCl, 12.5 mM MgCl2, 1
mM EDTA, 20% glycerol, 0.1% Tween 20, 2 mM dithiothreitol [DTT], 1 mM
phenylmethylsulfonyl fluoride [PMSF]). The HTLV-1 promoter-proximal viral
CRE sequence used in this assay was modified to contain a consensus CRE site
to enhance CREB binding. The sequence of the DNA fragment is 5�-GAAGA
TCTCTCAGGCGTTGACGTCAACCCCTCACCAGATCTT-3�. The core CRE
region is indicated in boldface, and the conserved GC-rich flanks are underlined.
The immobilized viral CRE DNA (2 pmol) was incubated with Tax (10 pmol),

protein kinase A-phosphorylated CREB (10 pmol), p300 (10 pmol), GST-KIX or
GST-KIXmut (5 or 10 pmol), and GST-SREBP-1a or GST (10 or 50 pmol) as
indicated in the relevant figures. The reaction mixtures were incubated in binding
buffer (25 mM Tris, 50 mM KCl, 6.25 mM MgCl2, 0.5 mM EDTA, 10% glycerol,
0.05% Tween 20, 50 mM NaCl, 2 mM DTT, 1 mM PMSF) for 1 h at 4°C, washed
three times in binding buffer, resuspended in sodium dodecyl sulfate (SDS)
sample dyes, boiled, and analyzed by SDS-polyacrylamide gel electrophoresis
(SDS-PAGE) (5 to 20% polyacrylamide). Bound proteins were detected by
Western blot analysis with a mixture of anti-GST (to detect GST-KIX, GST-
KIXmut, GST, and GST-SREBP-1a; Sigma), anti-His6 (to detect Tax and p300;
Santa Cruz Biotechnology), and anti-CREB (Santa Cruz Biotechnology) antibod
ies.

GST pull-down assay. The GST pull-down assay was performed by incubating
10 pmol of GST or GST-SREBP-1a with 15 �l of swollen glutathione-agarose
(Sigma) in 400 �l of 0.5� Superdex buffer (12.5 mM HEPES [pH 7.9], 6.25 mM
MgCl2, 75 mM KCl, 5 �M ZnSO4, 0.5 mM EDTA, 10% glycerol, 0.05% NP-40)
at 4°C for 2 h. The beads were then washed twice with 0.5� Superdex buffer and
incubated with 2 pmol of p300 (in a total volume of 400 �l of 0.5� Superdex
buffer) at 4°C for 18 h. After being washed twice with 0.5� Superdex, the beads
were resuspended in SDS sample dyes, boiled, and analyzed by SDS-PAGE (5 to
20% polyacrylamide). Bound protein was detected by Western blot analysis with
an antibody against p300 (N-15; Santa Cruz Biotechnology).

In vitro acetylation assay. The p4TxRE/G-less plasmid template was assem-
bled into chromatin by using wild-type Xenopus histones (2 �g), or tailless
Xenopus histones (6 �g), NAP-1, and ACF as previously described (18). Chro-
matin assembly was performed at empirically determined histone/DNA mass
ratios; for samples containing tailless chromatin, this resulted in a 30% larger
amount of template than that in the wild-type chromatin samples. However, the
amounts of recombinant proteins and nuclear extract that were subsequently
added remained constant for all samples. p300 (12 nM) and [14C]acetyl-CoA
(0.09 mM; 57 mCi/mmol) were added following chromatin assembly, together
with 400 nM Tax and CREB where applicable, in a solution containing 50 mM
Tris (pH 8), 10% glycerol, 10 mM sodium butyrate, 1 mM DTT, and 1 mM
PMSF. Samples were incubated at 30°C for 60 min, and protein was precipitated
by methanol-chloroform extraction and analyzed by SDS-PAGE (18% polyacryl-
amide). For the acetylation assays using purified chromatin templates, chromatin
assembly was carried out as described above, and templates were preincubated
for 60 min at 30°C with 12 nM p300, 400 nM Tax, 400 nM CREB, and 400 �g of
CEM nuclear extract, where indicated. Following preincubation, samples were
fractionated by Sephacryl 200 chromatography, and the void volume eluate,
which contained the chromatin template (and associated proteins), was collected.
The samples were then incubated with [14C]acetyl-CoA (0.09 mM; 57 mCi/
mmol) as described above. Proteins were precipitated by methanol-chloroform
extraction and analyzed by SDS-PAGE (5 to 20% polyacrylamide).

RESULTS

The KIX domain of CBP/p300 mediates coactivator function
in Tax transactivation from chromatin templates. High-level
transcription of the HTLV-1 genome requires the binding of
the virally encoded Tax protein, in complex with the cellular
transcription factor CREB, to the viral CRE promoter ele-
ments. This promoter-bound complex is believed to recruit the
cellular coactivators CBP and p300 via interactions with the
KIX domain. The physical interaction between the KIX do-
mains of both CBP and p300 and the Tax/CREB complex has
been well characterized (9, 19, 26, 39, 65). However, the pre-
cise functional relevance of this interaction in Tax transac-
tivation remains unclear. We utilized a chromatin-based
transcription system that includes recombinant core his-
tones (2, 18) to characterize the mechanisms of Tax-acti-
vated transcription. Transcription reactions were performed
in the presence of acetyl-CoA and nuclear extract prepared
from CEM cells (HTLV-1-negative human T lymphocyte).
We used the p4TxRE/G-less template, which carries four cop-
ies of the Tax-responsive viral CRE driving synthesis of a
380-nt guanine-less transcript (4). This template was chosen
because the four viral CREs are the only known activator
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binding sites in the promoter region of the plasmid. Therefore,
the transcriptional readout should be fully dependent upon the
addition of Tax/CREB. This template was responsive to Tax/
CREB, both as free DNA and assembled into recombinant
chromatin (Fig. 1A, lanes 9, 10, 12, and 13). Exogenous p300
further activated Tax/CREB transcription from the p4TxRE/
G-less template, in a chromatin-specific manner (Fig. 1A, com-
pare lanes 10 and 11 with lanes 13 and 14). In contrast, a
template containing only the HTLV-1 core promoter sequence
(�52 to �1 relative to the transcription start site; designated
p-52/G-less) and lacking the viral CREs was minimally respon-
sive to Tax/CREB and Tax/CREB/p300 (Fig. 1A, lanes 1 to 5).
Additionally, this core promoter template was unresponsive to
Tax/CREB and Tax/CREB/p300 when assembled into chroma-
tin (Fig. 1A, lanes 6 to 8). Importantly, p300 coactivator func-
tion required Tax/CREB, suggesting that p300 cannot function
independently of promoter-bound activators in this system
(Fig. 1B).

In this study, we were interested in evaluating the role of
CBP/p300, and specifically the contribution of the KIX do-
main, in Tax-mediated transcriptional activation from chroma-
tin templates in vitro. To biochemically characterize the role of

KIX in CBP/p300 recruitment by the Tax/CREB complex, we
expressed and purified two polypeptides designed to specifi-
cally block the physical interaction between promoter-bound
Tax and CBP/p300. A schematic showing the relevant polypep-
tide interactions predicted to block coactivator recruitment is
shown in Fig. 2. The first polypeptide, KIX, carries CBP aa 588
to 683. (CBP and p300 share 93% homology within the KIX
domain.) This represents the minimal region of KIX required
for high-affinity binding to Tax (65). We hypothesized that the
binding of KIX to the Tax/CREB/viral CRE complex would
block CBP/p300 recruitment to the HTLV-1 promoter (Fig.
2A). The second polypeptide, SREBP-1a, carries the first 50 aa
of SREBP-1 (sterol regulatory element binding protein 1) and
has previously been shown to bind to the KIX domain of CBP
(50). We hypothesized that SREBP-1a would bind to the KIX
domain of CBP/p300, thus preventing association of CBP/p300
with the Tax/CREB/viral CRE complex (Fig. 2B).

We first asked whether addition of the KIX domain to in
vitro chromatin transcription reactions would inhibit Tax/
CREB/p300-mediated transcriptional activation. Figure 3A
shows that the addition of recombinant, purified Tax/CREB
and Tax/CREB/p300 strongly activated HTLV-1 transcription

FIG. 1. p300 coactivator function requires the viral CREs and Tax/CREB for HTLV-1 transcription. (A) The Tax-responsive viral CRE
enhancer elements are required for transcriptional activation. The p-52/G-less and p4TxRE/G-less cassette templates were assayed both as free
DNA and as DNA assembled into chromatin by using recombinant Xenopus histones. Transcription reaction mixtures contained CEM nuclear
extract and purified recombinant Tax, CREB, Tax/CREB, or Tax/CREB/p300 as indicated. The recovery standard, size markers, and the positions
of the full-length transcript are indicated. Relative transcription was calculated separately for each set of templates, with basal transcription set
equal to 1. (B) p300 coactivator function requires Tax/CREB for HTLV-1 transcriptional activation. The p4TxRE/G-less cassette template was
assayed as free DNA and as DNA assembled into chromatin by using recombinant Xenopus histones. Transcription reaction mixtures contained
CEM nuclear extract and purified recombinant p300 as indicated.
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(lanes 2 to 4). As hypothesized, the addition of purified GST-
KIX to the transcription reaction mixtures significantly dimin-
ished Tax transactivation in a dose-dependent manner (Fig.
3A, lanes 4 to 6). As a negative control, we tested a KIX
mutant (GST-KIXmut), carrying CBP aa 597 to 719. We have
previously shown that deletion of aa 588 to 597 abolishes KIX
interaction with Tax (65). The addition of GST-KIXmut to the
transcription reaction mixtures had only a modest effect on
Tax/CREB/p300 transcriptional activation (Fig. 3A, lanes 7
and 8).

Because the addition of KIX reduced activated transcription
to levels below that observed with Tax/CREB alone, we were
interested in testing the effect of KIX on Tax/CREB-activated
transcription in the absence of exogenous p300. Figure 3B
shows that GST-KIX strongly inhibited transcription in the
absence of the recombinant coactivator, suggesting that endog-
enous CBP/p300 present in the CEM nuclear extract partici-
pates in Tax-activated transcription from the chromatin tem-
plate. Interestingly, the addition of GST-KIX or GST-KIXmut
to non-chromatin, or naked, p4TxRE/G-less templates had
minimal effect on Tax/CREB-activated transcription (Fig. 3C).
These data are consistent with previous studies showing that
p300 does not activate transcription on naked DNA (6, 18, 36,
38, 45) (Fig. 3C, lane 3).

To directly test whether KIX blocks p300 recruitment to
Tax/CREB/viral CRE complexes, we performed a biotin-
streptavidin-agarose DNA pull-down assay using an immobi-
lized DNA fragment carrying a single viral CRE binding site
for the Tax/CREB complex. We used a naked DNA fragment
in this assay, since p300 has previously been shown to interact
directly with chromatin (49). As shown in Fig. 3D, full-length
p300 forms a quaternary complex with Tax and CREB on the
viral CRE DNA (lane 3). Addition of GST-KIX to the binding
reaction displaced p300 from the complex in a dose-dependent
fashion (Fig. 3D, lanes 3 to 5). Displacement of p300 from the
Tax/CREB/DNA complex likely occurred as a consequence of
GST-KIX binding, because GST-KIX association with the
DNA-bound fraction correlated directly with p300 dissociation
(Fig. 3D, lanes 3 to 5). As expected, GST-KIXmut was un-
able to compete with p300 for binding to the Tax/CREB/DNA

complex (Fig. 3D, lanes 6 and 7). The results of SDS-PAGE
showing purified GST-KIX and GST-KIXmut used in these as-
says are presented in Fig. 3E. Together, these data support a
model in which KIX inhibits Tax/CREB/p300-mediated tran-
scription via disruption of CBP/p300 binding to the Tax/CREB/
viral CRE DNA complex (Fig. 2A).

Although the KIX peptide repression data shown above are
consistent with inhibition of CBP/p300 recruitment, it is also
possible that the tight binding of KIX to the Tax/CREB com-
plex simply blocks access of another coactivator or ancillary
factor to the HTLV-1 promoter. To more specifically define a
role for CBP/p300 in Tax transactivation, we next tested wheth-
er the addition of purified GST-SREBP-1a could similarly in-
hibit activated transcription from the chromatin-assembled
HTLV-1 promoter. Since SREBP-1a binds directly to the CBP/
p300 KIX domain, it is a highly specific inhibitor of KIX func-
tion (50). Figure 4A shows that addition of GST-SREBP-1a
to the chromatin-based transcription reactions inhibited both
Tax/CREB-activated transcription (lanes 2 to 4) and Tax/CREB/
p300-activated transcription (lanes 6 to 8). GST-SREBP-1a-
mediated transcriptional inhibition was weaker in the presence
of exogenously added p300 (Fig. 4A, lanes 6 to 8), consistent
with the idea that saturation of CBP/p300 KIX domain is
required. Since SREBP-1a was expressed as a GST fusion, we
used GST alone as a negative control. GST had no effect on
Tax/CREB- or Tax/CREB/p300-activated transcription (Fig.
4A, lanes 5 and 9). Similar to our observation with the GST-
KIX polypeptide, addition of GST-SREBP-1a or GST alone
had minimal effect on Tax/CREB-activated transcription on
naked templates (Fig. 4B). Finally, the addition of GST-
SREBP-1a to immobilized biotin-streptavidin DNA pull-down
reaction mixtures containing Tax, CREB, p300, and the viral
CRE DNA inhibited p300 association with the Tax/CREB/
DNA complex in a dose-dependent fashion (Fig. 4C). Unlike
KIX, SREBP-1a did not replace p300 in the Tax/CREB/viral
CRE DNA complex (data not shown), consistent with our
model for SREBP-1a inhibition (Fig. 2B). The purified GST-
SREBP-1a and GST used in these experiments are shown in
Fig. 4D. The SREBP-1a used in these experiments was func-

FIG. 2. Strategies for the disruption of CBP/p300 recruitment to the Tax-responsive HTLV-1 promoter. (A) KIX binding to the promoter-
bound Tax/CREB complex blocks the recruitment of full-length CBP/p300. (B) SREBP-1a binding to the KIX domain of full-length CBP/p300
prevents binding of the coactivators to the Tax/CREB/viral CRE DNA complex.
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tional for binding to full-length p300, as shown by a GST
pull-down assay (Fig. 4E).

Together, these data suggest that KIX and SREBP-1a sim-
ilarly inhibit Tax transactivation by physically blocking coacti-
vator access to the Tax/CREB complex bound to the HTLV-1
promoter. Furthermore, the strong transcriptional inhibition
produced by KIX and SREBP-1a in the absence of exogenous
p300 strongly suggests that Tax-activated transcription in a
chromatin context in vitro is highly dependent upon CBP/p300
provided by the nuclear extract. Western blot analysis of the
CEM nuclear extracts reveals the presence of approximately

FIG. 3. The KIX peptide inhibits Tax-activated transcription on
chromatin templates. (A) KIX inhibits Tax/CREB/p300-mediated
transcription. The p4TxRE/G-less cassette template was assembled
into chromatin by using recombinant Xenopus histones. Transcription
reaction mixtures contained CEM nuclear extract and purified recom-
binant Tax/CREB or Tax/CREB/p300, as indicated. GST-KIX (aa 588
to 683) and GST-KIXmut (aa 597 to 719) were added to the transcrip-
tion reaction mixtures at equimolar concentrations (�) or fivefold
molar excess (��) relative to the Tax/CREB complex (see Materials
and Methods). Recovery standard, size markers, and the position of
the full-length transcript are indicated. (B) KIX inhibits Tax/CREB
transcriptional activation in the absence of exogenous p300. Transcrip-
tion reactions were performed as described in panel A, except in the
absence of exogenous p300. (C) KIX does not affect Tax/CREB tran-
scriptional activation on naked DNA templates. In vitro transcription
reactions were performed on the unassembled p4TxRE/G-less tem-
plate. Transcription reaction mixtures contained CEM nuclear extract
nd purified Tax/CREB, Tax/CREB/p300, GST-KIX, or GST-KIXmut,
as indicated. (D) KIX disrupts p300 binding to the Tax/CREB/viral CRE
DNA complex. Binding reaction mixtures contained a DNA fragment
carrying a single viral CRE linked to a streptavidin-agarose bead. CREB,
Tax, and p300 were added to the immobilized viral CRE DNA as
indicated. GST-KIX or GST-KIXmut was added at 0.5� molar (�) or
equimolar (��) amounts relative to the Tax/CREB complex. Reac-
tions were analyzed by Western blotting. For this experiment, Ser133-
phosphorylated CREB was used. (E) Analysis of purified proteins used
in the transcription and DNA binding reactions. Purified recombinant
GST-KIX and GST-KIXmut were analyzed by SDS-PAGE and stain-
ing with Coomassie brilliant blue. The sizes of molecular mass markers
(in kilodaltons) are indicated.
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0.7 pmol of CBP/p300 in each transcription reaction (data not
shown). This level of CBP/p300 in the nuclear extract is likely
sufficient for the strong Tax transactivation observed in these
assays and may account for the relatively modest stimulation
observed in the presence of exogenous p300.

We next examined the specificity of KIX and SREBP-1a
function by performing a p300 “add-back” experiment. We
reasoned that if KIX and SREBP-1a inhibited transcription by
blocking Tax/CREB access to the coactivator, then addition of
exogenous p300 would overcome the observed effect. Figure 5
shows that the GST-KIX inhibition was modestly relieved by
the addition of recombinant p300 (lanes 5 and 6). However,
GST-SREBP-1a inhibition was fully reversed in the presence

of the largest amount of added coactivator (Fig. 5, lane 9). This
difference in the degree of transcriptional response to exoge-
nous p300 in the presence of KIX and SREBP-1a is not unex-
pected, because the two polypeptides mediate transcriptional
inhibition via distinct mechanisms (Fig. 2). It is possible that a
slow off-rate of GST-KIX from the Tax/CREB complex in-
hibits access to the exogenous p300. Alternatively, SREBP-1a
transcriptional inhibition likely occurs via direct stoichiometric
binding to endogenous CBP/p300; therefore, the excess p300
should be available for recruitment to the Tax/CREB/viral
CRE complex.

The CBP/p300-selective acetyltransferase inhibitor Lys-CoA
inhibits Tax transactivation on chromatin templates. The ex-

FIG. 4. The SREBP-1a peptide inhibits Tax-activated transcription on chromatin templates. (A) SREBP-1a inhibits Tax/CREB/p300-mediated
transcription. Transcription reaction mixtures contained the chromatin-assembled p4TxRE-G-less template, CEM nuclear extract, and Tax/CREB
or Tax/CREB/p300, as indicated. GST-SREBP-1a and GST alone were added to the transcription reactions at equimolar concentrations (�) or
fivefold molar excess (��) relative to the Tax/CREB complex, as indicated. The recovery standard, size markers, and position of the full-length
transcript are indicated. (B) SREBP-1a does not affect Tax/CREB transcriptional activation on naked DNA templates. Transcription reaction
mixtures contained the unassembled p4TxRE-G-less template, CEM nuclear extract, Tax/CREB, SREBP-1a, or GST, as indicated. (C) SREBP
inhibits p300 binding to the Tax/CREB/viral CRE DNA complex. Streptavidin-agarose DNA pull-down reactions were performed as described in
Fig. 2D. GST-SREBP-1a or GST was added at equimolar concentrations (�) or fivefold molar excess (��) relative to the Tax/CREB complex,
as indicated. Reactions were analyzed by Western blotting. (D) Analysis of purified proteins used in the transcription and DNA binding reactions.
Purified recombinant GST-SREBP-1a and GST were analyzed by SDS-PAGE and staining with Coomassie brilliant blue. The sizes of molecular
mass markers (in kilodaltons) are indicated. (E) GST-SREBP-1a interacts with p300. The GST pull-down assay contained purified recombinant
p300 and GST or GST-SREBP-1a bound to glutathione-agarose, as indicated. p300 input (10%) is shown in lane 1. Reactions were analyzed by
Western blotting.
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periments presented above support a prominent role for CBP/
p300 in Tax/CREB-activated transcription from Tax-respon-
sive chromatin templates. Since these experiments reveal a
significant contribution of endogenous CBP/p300 present in
our transcription system, we were interested in selectively test-
ing whether the acetyltransferase function of endogenous
CBP/p300 was responsible for Tax/CREB transcriptional acti-
vation. We have previously observed that activation of Tax
transcription by exogenous p300 required intact acetyltrans-
ferase activity, because a p300 acetyltransferase mutant was
inactive for transcriptional stimulation relative to wild-type
p300 (18). However, these experiments did not address the
contribution of endogenous CBP/p300 acetyltransferases in
mediating Tax function.

To specifically evaluate the contribution of endogenous
acetyltransferase activity in our transcription system, we tested
the effect of the selective CBP/p300 inhibitor Lys-CoA on
Tax/CREB-activated transcription. Lys-CoA has previously
been shown to inhibit p300 (and by extension CBP) both in
vitro and in vivo, with a �100-fold selectivity for p300 relative
to P/CAF (6, 38, 41, 45, 54). Figure 6A shows that the addition
of 50 �M Lys-CoA to Tax-activated chromatin transcription
reaction mixtures containing 10 �M acetyl-CoA reduced RNA
synthesis by �90% (lane 4), consistent with a previous obser-
vation (46). The concentrations of Lys-CoA used in these ex-
periments have previously been shown to selectively inhibit
p300 acetyltransferase activity by �90% (41). We next tested
Lys-CoA inhibition in the presence of Tax/CREB and exoge-
nous p300 and found that Lys-CoA inhibited transcription to a
degree similar to that observed with Tax/CREB alone (Fig. 6B,
lanes 4 and 5). As expected, Tax/CREB/p300-activated tran-
scription was essentially abolished in the absence of acetyl-
CoA (Fig. 6B, lane 6). Lys-CoA had minimal effect on Tax/
CREB-activated transcription from naked DNA templates
(Fig. 6C).

The Lys-CoA inhibition data strongly suggest that Tax/
CREB transcriptional activation associated with CBP/p300 re-

FIG. 5. Exogenous p300 relieves KIX and SREBP-1a-mediated in-
hibition of Tax-activated transcription. Transcription reaction mixtures
contained the chromatin-assembled p4TxRE-G-less template, CEM
nuclear extract, and Tax/CREB, as indicated. GST-KIX and GST-
SREBP-1a were added to the indicated transcription reaction mixtures
at a fivefold molar excess (��) relative to the Tax/CREB complex.
Recombinant p300 was added at 0.05 and 0.1 pmol. Size markers and
the position of the full-length G-less transcript are indicated.

FIG. 6. The CBP/p300-selective HAT inhibitor Lys-CoA inhibits
Tax-activated transcription on chromatin templates. (A) Transcription
reaction mixtures contained the chromatin-assembled p4TxRE-G-less
template, CEM nuclear extract, and Tax/CREB, as indicated. Lys-CoA
was added to the transcription reaction mixtures at final concentrations
of 10 �M (�) and 50 �M (��), as indicated. Acetyl-CoA was added to
a final concentration of 10 �M in all samples. The recovery standard and
the position of the full-length G-less transcript are indicated. (B) Lys-CoA
inhibits Tax-activated transcription in the presence of exogenous p300.
Transcription reactions were performed as described in panel A, except in
the presence of exogenous p300, as indicated. Lane 6 shows Tax/CREB-
activated transcription in the absence of acetyl-CoA. (C) Lys-CoA
does not inhibit Tax-activated transcription on naked DNA templates.
Transcription reactions were performed on the unassembled p4TxRE-
G-less template. Transcriptional activation was analyzed in the presence
of Tax/CREB and 10 �M (�) or 50 �M (��) Lys-CoA, as indicated.
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cruitment results primarily from the intrinsic acetyltransferase
activity associated with the coactivator(s). If this is correct,
then it would follow that the transcriptional inhibition ob-
served in the presence of the KIX and SREBP-1a polypeptides
results from an inhibition of targeted p300 histone acetyltrans-
ferase (HAT) activity. To directly test this idea, we performed
an in vitro HAT assay in the presence of Tax/CREB and KIX.
Figure 7 shows that, as expected, Tax/CREB addition in-
creased the p300-dependent acetylation of histones assembled
on the Tax-responsive p4TxRE/G-less template (lanes 1 and
2). However, Tax/CREB did not increase p300-dependent
acetylation of histones assembled on the p-52/G-less plasmid
template lacking the Tax-responsive viral CRE enhancer ele-
ments (data not shown). The addition of GST-KIX reduced
histone acetylation to levels observed in the absence of added
activators, presumably through inhibition of p300 recruitment
(Fig. 7, lane 3). This inhibition was specific to chromatin,
because free histone acetylation and p300 autoacetylation were
unaffected by GST-KIX (Fig. 7, lane 3, and data not shown).
GST-KIXmut, which is defective for Tax/CREB binding, had
minimal effect on p300 HAT activity (Fig. 7, lane 4). As ex-
pected, 50 �M Lys-CoA completely inhibited p300 acetyltrans-
ferase activity (Fig. 7, lane 5). Together, these data indicate
that the primary mechanism of CBP/p300 transcriptional co-
activation on the HTLV-1 promoter is through the acetyltrans-
ferase activity of the coactivators.

Histone tail deletion reveals an unknown target for CBP/
p300 acetyltransferase function in Tax transactivation. The
data presented thus far support a role for the KIX domain in
Tax/CREB recruitment of CBP/p300 to the HTLV-1 pro-
moter. We also show data indicating that CBP and p300 co-
operate with Tax to activate transcription of the p4TxRE/G-
less chromatin template via their intrinsic acetyltransferase
activity. Since the histone tails are established targets of co-
activator acetylation during transcriptional activation, we rea-
soned that deletion of the histone tails would render the tran-
scription system insensitive to CBP/p300 inhibition. To test this
hypothesis, we used “tailless” histones carrying amino-terminal
deletions (H2A �1-12 and �119-128, H2B �1-23, H3 �1-26,
and H4 �1-19) to assemble chromatin on the p4TxRE/G-less
template as previously described (18). All of the previously
identified targets of CBP/p300 acetylation are deleted in our
tailless histones (57). We tested whether chromatin composed
of tailless histones was sensitive to KIX/SREBP-1a inhibition
of Tax/CREB-mediated transcriptional activation. As shown
before, nucleosomal templates formed with tailless histones
were strongly activated by Tax/CREB and insensitive to exog-
enous p300 (Fig. 8A, lanes 1 to 3) (18). Unexpectedly, the
addition of GST-KIX, but not GST-KIXmut, inhibited Tax/
CREB transcriptional activation over 80% on the tailless tem-
plates (Fig. 8A, lanes 4 to 7). Similar transcriptional inhibition
was observed with GST-SREBP-1a, in both the presence and
absence of exogenous p300 (Fig. 8B). These results were sur-
prising, because the tailless histones carry deletions of the
regions encompassing the previously characterized sites of
acetylation. We confirmed the specificity of the effects of KIX
and SREBP-1a on tailless chromatin by performing a p300
“add-back” experiment (Fig. 8C). Consistent with the results
for wild-type chromatin templates (Fig. 5), we found that in-
hibition by GST-KIX is highly stable and is not responsive to

exogenous p300, while inhibition by GST-SREBP-1a was re-
versed by exogenous p300. To determine if KIX- and SREBP-
1a-mediated transcriptional inhibition was associated with dis-
rupted recruitment of the acetyltransferase activity of CBP/p300,
we tested the effect of Lys-CoA on Tax-activated transcription
from the tailless chromatin templates. Figure 8D shows that 50
�M Lys-CoA inhibited transcription by up to 80%. Interest-
ingly, this effect was indistinguishable from the level of inhibi-
tion observed in the absence of acetyl-CoA, suggesting that
acetyl-CoA is utilized exclusively by CBP/p300 on these tem-
plates. Together, these data strongly support a role for CBP/
p300 acetyltransferase activity in Tax/CREB-dependent acti-
vation of transcription from tailless nucleosomal templates.

The CBP/p300 acetyltransferase inhibitor Lys-CoA strongly
inhibited transcription from both wild-type and tailless chro-
matin templates, but had a minimal effect on transcription
from naked DNA templates. These data suggest that chroma-
tin-related acetylation substrates, distinct from the histone
tails, are targeted by CBP/p300 to promote transcriptional
activation from the HTLV-1 promoter in vitro. Many previous
studies have identified a wide variety of non-histone proteins
that are acetylated by CBP/p300 (for review, see reference 59).
To determine what proteins might be acetylated during Tax-
activated transcription, we performed in vitro acetylation
assays on isolated transcription complexes formed on the
p4TxRE/G-less chromatin template. First, we prepared chro-
matin templates with full-length histones and incubated them
with Tax, CREB, p300, and CEM nuclear extract. These tem-
plate-bound complexes were then separated from unbound
proteins by gel filtration chromatography. Following incuba-
tion with [14C]acetyl-CoA, we examined the acetylation state
of the proteins associated with the chromatin-assembled tem-
plates. Figure 9A shows that in addition to the four core his-

FIG. 7. KIX disrupts the recruitment of p300 HAT activity to
chromatin templates in a Tax-dependent manner. Both chromatin-
assembled templates and free histones were acetylated in vitro in the
presence of p300 and [14C]acetyl-CoA. Tax/CREB, GST-KIX, and
GST-KIXmut were added to the indicated acetylation reaction mix-
tures. The CBP/p300-specific HAT inhibitor Lys-CoA was added to a
final concentration of 50 �M, as indicated. GST-KIX and GST-
KIXmut were each added at a fivefold molar excess relative to the
Tax/CREB complex.
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tones, many proteins present in the CEM nuclear extract used
in our transcriptional studies were acetylated in the presence
of p300 (lane 4). Acetylation of these proteins was highly
dependent on the acetyltransferase activity of CBP/p300, be-
cause the addition of 50 �M Lys-CoA strongly reduced the
appearance of labeled bands (Fig. 9A, lane 5). This is the same
concentration of Lys-CoA that strongly inhibited Tax transac-
tivation from chromatin templates (Fig. 6B). Interestingly,
core histone acetylation was only modestly affected by the
addition of Lys-CoA, suggesting a role for HATs other than
CBP/p300. These data correlate the acetylation of numerous
proteins by CBP/p300 with the transcriptional output of the
HTLV-1 promoter. As a control for acetylation events that
occur in the absence of nuclear extract, we performed p300

acetylation assays on chromatin-assembled templates that were
incubated with only Tax and CREB. Figure 9A reveals the
presence of several prominently labeled bands that appear to
correspond to the core histones H3 and H2A/2B, Tax, CREB,
p300, and the chromatin assembly protein NAP-1 (lane 3). The
acetylation of NAP-1 by p300 in vitro has been reported pre-
viously (7). As an additional control, we show that free full-
length histones are acetylated in a p300-dependent manner
(Fig. 9A, lanes 1 and 2). These data suggest that in addition to
many unidentified proteins in the nuclear extract, Tax and/or
CREB may also be targets for CBP/p300 acetylation.

We next examined the acetylation state of the proteins pres-
ent in transcription complexes formed on chromatin templates
assembled with the tailless histones. These templates were

FIG. 8. KIX, SREBP-1a, and Lys-CoA inhibit Tax-activated transcription on chromatin templates lacking histone amino-terminal tails.
Transcription reaction mixtures contained the p4TxRE-G-less template assembled into chromatin by using tailless histones, CEM nuclear extract,
and Tax/CREB, as indicated. The recovery standard and full-length G-less transcripts are indicated. (A) The KIX polypeptide specifically inhibits
Tax/CREB transcription on tailless chromatin. GST-KIX or GST-KIXmut was added at an equimolar concentration (�) or fivefold molar excess
(��) relative to the Tax/CREB complex, as indicated. (B) SREBP-1a specifically inhibits Tax/CREB transcription on tailless chromatin.
GST-SREBP-1a and GST were added at equimolar concentration (�) or fivefold molar excess (��) relative to the Tax/CREB complex, as
indicated. (C) Exogenous p300 relieves KIX and SREBP-1a-mediated inhibition of Tax/CREB transcription on tailless chromatin. GST-KIX and
GST-SREBP-1a were added to the indicated transcription reaction mixtures at fivefold molar excess (��) relative to the Tax/CREB complex.
Recombinant p300 was added at 0.05 and 0.1 pmol. (D) Lys-CoA inhibits Tax/CREB transcription on tailless chromatin. For this experiment,
acetyl-CoA was added to a final concentration of 10 �M in all samples. Lys-CoA was added to samples at final concentrations of 10 �M (�) and
50 �M (��).
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prepared and analyzed as described above for Fig. 9A. Similar
to our observations using templates assembled with full-length
histones, we found that many proteins present in preinitiation
complexes formed on the tailless chromatin templates were
also acetylated and that their acetylation was CBP/p300 de-
pendent (Fig. 9B, lanes 3, 4, and 6). Although we observed
acetylation of tailless histone H3 on chromatin templates pre-
pared in the absence of nuclear extract (Fig. 9B, lane 2), it was
unclear whether tailless H3 or any of the other tailless histones
were acetylated in the presence of the extract (Fig. 9B, lanes 3,
5, and 6). This result was not unexpected, because all four
tailless histones were only weakly acetylated in a p300-depen-
dent manner (Fig. 9C and data not shown), in agreement with
previous observations (3, 18). We were next interested in de-
termining whether the pattern of CBP/p300 acetylation was
Tax/CREB dependent. Figure 9B shows that a subset of CEM
nuclear extract proteins appeared to exhibit Tax/CREB-depen-
dent acetylation (lanes 5 and 6). It is not known whether this
was due to enhanced acetylation via Tax/CREB tethering of
p300 to the template or to enhanced recruitment of specific
factors to the template following Tax/CREB binding. To-
gether, the observations presented above support the idea that
CBP/p300 acetyltransferase activity is directed at multiple tar-
gets, in addition to the histone amino-terminal tails. Further-
more, these data correlate specific non-histone acetylation
events with transcriptional activation by Tax.

DISCUSSION

Several previous studies have characterized a physical inter-
action between the KIX domain of CBP/p300 and the viral
transcriptional activator protein Tax (19, 26, 39, 65). Here, we
provide the first direct evidence that KIX-mediated Tax re-
cruitment of CBP/p300 promotes strong Tax transactivation
from chromatin templates. Using specific polypeptide inhibi-
tors of the Tax-KIX interaction (GST-KIX and GST-SREBP-
1a), we find that Tax recruitment of CBP/p300 present in the
nuclear extract is a critical step in mediating Tax transactiva-
tion in a chromatin context, accounting for �80% of the ob-
served Tax stimulation in this system. The SREBP-1a inhibi-
tion is counteracted by the addition of recombinant p300 to the
transcription reactions, providing strong evidence that CBP
and p300 are the primary endogenous coactivators that medi-
ate Tax transactivation. The effect of the coactivators is depen-
dent on chromatin, because Tax transactivation from unas-
sembled (naked) templates is refractory to the stimulatory
effects of acetyl-CoA and p300 and is not inhibited by the
polypeptides.

We also investigated the specific role of the intrinsic acetyl-
transferase activity of CBP/p300 in Tax transactivation. As

FIG. 9. Histone tail-independent acetylation of nuclear extract pro-
teins by CBP/p300. Chromatin templates were assembled with NAP-1,
ACF, and wild-type or tailless histones, as indicated. These templates
were preincubated with Tax, CREB, p300, and CEM nuclear extract
(as indicated), and preinitiation complexes were isolated by gel filtra-
tion chromatography. The samples were incubated with [14C]acetyl-
CoA, and analyzed by SDS-PAGE (5 to 20% polyacrylamide). The
sizes of molecular mass markers (in kilodaltons) are indicated. (A)
CBP/p300-dependent acetylation of proteins associated with wild-type
chromatin templates. Free histones (0.5 �g) were assayed in the ab-
sence and presence of p300 as a positive control for acetylation (lanes
1 and 2). Chromatin-assembled templates were assayed in the absence
or presence of CEM nuclear extract, as indicated (lanes 3 to 5). Lys-
CoA was added to a final concentration of 50 �M (lane 5). (B) CBP/
p300-dependent acetylation of proteins associated with tailless chro-
matin templates. Free histones (2 �g) were assayed as a positive
control for acetylation (lane 1). Chromatin-assembled templates were

assayed in the absence or presence of CEM nuclear extract and/or
Tax/CREB, as indicated (lanes 2 to 6). Lys-CoA was added to a final
concentration of 50 �M (lane 4). The Tax/CREB-dependent acety-
lated protein bands are indicated (*). For this experiment, we used a
longer exposure of the image to provide band intensities comparable
to those in panel A. (C) Tailless histones are weakly acetylated by
p300. Equivalent amounts (2 �g) of wild-type and tailless free histones
were incubated in the presence of p300.
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previously shown, we find that Tax enhances nucleosomal hi-
stone acetylation by recruiting p300 to chromatin templates
(18, 45). We find that the addition of KIX peptide dramatically
inhibits this effect, directly coupling Tax recruitment of CBP/
p300, via the KIX domain, with nucleosome acetylation and
transcriptional activation. We find that the p300-selective in-
hibitor Lys-CoA significantly blocks Tax-activated transcrip-
tion, reducing transcription to the same levels observed with
the KIX-specific polypeptide inhibitors. This observation is
consistent with a prominent role for a CBP/p300 acetyltrans-
ferase activity in transcriptional initiation, as previously sug-
gested (36, 38). Additionally, a recent study has shown that a
p300 acetyltransferase mutant was unable to activate transcrip-
tion from the integrated HTLV-1 promoter in vivo (52). These
data provide further evidence that CBP and p300 are the
prominent coactivators mediating Tax transcription function
and, importantly, that the acetyltransferase activity intrinsic to
CBP/p300 provides the dominant transcriptional stimulatory
activity associated with coactivator recruitment to the Tax-
responsive promoter.

Although we observe residual Tax transactivation in the
presence of Lys-CoA, transcription is abolished in the absence
of acetyl-CoA. While this may represent incomplete Lys-CoA
inhibition of endogenous CBP/p300, it is also possible that
acetyltransferases unrelated to CBP/p300 participate in Tax
transactivation from chromatin templates. This observation is
not surprising, because a broad range of coactivators and an-
cillary factors utilize acetyl-CoA to activate transcription (59).
These additional coactivators may include proteins that acet-
ylate lysine residues on the core histone amino-terminal tails
that are distinct from those lysines targeted by CBP/p300.
These proteins may also include acetyltransferases that coop-
erate with CBP/p300. For example, lysine 14 of histone H3 is
acetylated not only by CBP/p300, but also by GCN5, P/CAF,
and TAFII250 (59). Of these acetyltransferases, P/CAF has
been shown to interact with Tax in both vitro and in vivo and
to activate HTLV-1 transcription in transient transfection as-
says (25, 31). It is possible that P/CAF cooperates with CBP/
p300 in histone tail acetylation and thus participates in Tax
transactivation of HTLV-1 transcription.

We previously reported that the amino-terminal histone tails
are required for Tax transactivation in response to exogenously
added p300 and that tail deletion rendered the chromatin
templates insensitive to recombinant p300 addition, while re-
maining moderately sensitive to acetyl-CoA (18). In the pre-
vious study, however, the role of endogenous CBP/p300 in Tax
transactivation was not addressed. In the present study, we
make the unexpected observation that the acetyltransferase
activity required for Tax transactivation on the tailless chro-
matin templates is contributed by CBP/p300 present in the
nuclear extract. We observe potent inhibition of Tax-activated
transcription from the tailless chromatin templates with both
Lys-CoA and the polypeptide inhibitors. Interestingly, Lys-
CoA inhibits transcription to the same level as that observed in
the absence of acetyl-CoA. These data indicate that CBP/p300
play a prominent and perhaps exclusive role in Tax transacti-
vation from tailless chromatin templates and that the acetyl-
transferase activity provides the coactivator function in this
context.

It seems paradoxical that tailless chromatin templates re-

quire CBP/p300 acetyltransferase activity and yet are unre-
sponsive to exogenous p300. However, responsiveness to ex-
ogenous p300 may be a function of the number of potential
acetylation sites present in the transcription system. For exam-
ple, previous characterization of CBP/p300 suggests that wild-
type chromatin templates contain up to 22 CBP/p300 acetyla-
tion targets per nucleosome, in addition to other potential
CBP/p300 acetyltransferase targets present in the nuclear ex-
tract (57). Although we have found a substantial concentration
of endogenous CBP/p300 in our CEM nuclear extract, it ap-
pears that the endogenous CBP/p300 may be limiting. There-
fore, Tax transactivation from wild-type chromatin templates is
enhanced by exogenous p300. However, in the absence of
histone tails, the number of potential CBP/p300 acetylation
substrates present in the transcription system is dramatically
reduced. Therefore, endogenous CBP/p300 acetyltransferase
activity may be saturating for strong Tax transactivation from
tailless chromatin templates; consequently, exogenous p300
has no effect. Consistent with the idea that a reduced number
of acetylation substrates leads to a reduced requirement for
acetyltransferase enzyme, we have previously observed that
tailless chromatin templates have a reduced requirement for
acetyl-CoA in Tax transactivation compared with that of wild-
type chromatin templates (18; data herein).

In vitro acetylation assays of transcription complexes formed
on tailless chromatin templates revealed the presence of CBP/
p300-specific acetylation targets that are histone tail indepen-
dent. These unidentified acetylation targets may be compo-
nents of the general transcription machinery and/or chromatin
remodeling factors that are acetylated to facilitate negotiation
of chromatin templates during transcriptional activation. In
recent years, the collective work of many groups has produced
an impressive list of non-histone CBP/p300 substrates. These
include HMG proteins, the general transcription factors TFIIE
and TFIIF, various transcriptional activators, and proteins in-
volved in nuclear import (reviewed in reference 59). Our data
also suggest that Tax, and/or CREB, may be acetylated by
CBP/p300. Whether these transcriptional activators are bona
fide acetylation substrates for CBP/p300 and whether acetyla-
tion has any effect on their function is not known. The role of
these known and unknown CBP/p300 acetylation substrates in
Tax transactivation remains to be elucidated.

Another intriguing possibility is that the nucleosomal core is
itself acetylated by CBP/p300. Recent studies indicate that
histones can be modified at lysine residues in regions other
than the well-characterized amino-terminal tails (14, 56, 61,
63). In the experiments presented herein, we used a histone H3
deletion mutant that carried a lysine residue at the amino-
terminal end of the protein (corresponding to aa 27). Although
lysine 27 may be acetylated in yeast (33), it is not one of the
previously identified CBP/p300 acetylation targets (57). It is a
formal possibility that this lysine residue is acetylated by CBP/
p300, because we observe tailless H3 acetylation on chromatin
templates. However, when these templates were incubated
with nuclear extract, the acetylated H3 band was not readily
discernible. It is therefore equivocal whether acetylation within
the globular domain of histone H3 plays a role in transcrip-
tional activation.

While our observation of strong transcriptional activation
from chromatin templates assembled with tailless histones is in
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contrast to a recently published study (2), it is consistent with
a number of previous studies showing that tailless chromatin
templates are more accessible to binding by transcriptional
activators (20, 53, 64) and are generally more transcriptionally
active than intact chromatin templates (12, 27, 55, 64). This
may reflect the ability of tailless chromatin to adopt a less-
condensed structure than intact chromatin (10, 15, 35, 62;
reviewed in reference 23). The fact that both our wild-type and
tailless chromatin templates respond similarly to Tax transac-
tivation suggests that histone acetylation and histone tail de-
letion are functionally equivalent at the HTLV-1 promoter.

In summary, the data presented in this study demonstrate a
prominent and perhaps exclusive role for the KIX domain in
CBP/p300 recruitment by the HTLV-1 Tax protein. We find
that Tax transactivation from chromatin templates is largely
dependent upon CBP/p300 present in the nuclear extract and
that the acetyltransferase activity is the prominent functional
property of the coactivators responsible for mediating tran-
scriptional activation. By specifically inhibiting CBP/p300 en-
zymatic activity in transcription from tailless chromatin tem-
plates, we have discovered a mode of CBP/p300 transcriptional
regulatory function that is acetyl-CoA dependent and histone
tail independent. We find that CBP/p300 acetyltransferase ac-
tivity may not be directed at the histone tails, but instead at
undefined targets whose acetylation is critical to the activation
of viral gene expression in a chromatin context. Our data
provide insight into a novel mechanism of HTLV-1 transcrip-
tional regulation by CBP/p300 that may have broad implica-
tions for CBP/p300 function.

ACKNOWLEDGMENTS
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