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Efficient transcription of the human T-cell leukemia virus type 1 (HTLV-1) genome requires Tax, a virally
encoded oncogenic transcription factor, in complex with the cellular transcription factor CREB and the
coactivators p300/CBP. To examine Tax transactivation in vitro, we used a chromatin assembly system that
included recombinant core histones. The addition of Tax, CREB, and p300 to the HTLV-1 promoter assembled
into chromatin activated transcription several hundredfold. Chromatin templates selectively lacking amino-
terminal histone tails demonstrated enhanced transcriptional activation by Tax and CREB, with significantly
reduced dependence on p300 and acetyl coenzyme A (acetyl-CoA). Interestingly, Tax/CREB activation from the
tailless chromatin templates retained a substantial requirement for acetyl-CoA, indicating a role for acetyl-
CoA beyond histone acetylation. These data indicate that during Tax transcriptional activation, the amino-
terminal histone tails are the major targets of p300 and that tail deletion and acetylation are functionally
equivalent.

Tax is a regulatory oncoprotein produced by the human
T-cell leukemia virus type 1 (HTLV-1) that is required for
high-level expression of the viral genome. The mechanism of
Tax activation of HTLV-1 transcription has been intensely
studied over the past several years, and many of the molecular
events that lead to Tax transactivation have recently been
characterized (see reference 50). The HTLV-1 promoter car-
ries three highly conserved 21-bp enhancer elements, called
viral CREs, which are critical to Tax-activated transcription.
The cellular transcription factor CREB binds to the core viral
CRE sequence, and Tax associates with CREB through pro-
tein-protein interactions (1, 16, 24, 83). Tax also forms protein-
DNA interactions with GC-rich minor groove DNA sequences
that immediately flank the CREB binding site, further stabi-
lizing the nucleoprotein complex (39, 49, 55). The Tax-con-
taining ternary complex serves as a high-affinity binding site for
the recruitment of the multifunctional cellular coactivators
p300/CBP (20, 44). Tax recruits the coactivators through mul-
tiple interactions with both the amino- and carboxy-terminal
regions of p300/CBP (20, 28, 37, 44, 47, 70). The interaction
between Tax and p300/CBP likely tethers the coactivator to the
HTLV-1 promoter, leading to high-level transcription of the
viral genome.

CBP and its paralog, p300, are very large, highly conserved
coactivator proteins that serve as central mediators in the reg-
ulation of gene expression in metazoans (for reviews, see ref-
erences 23 and 77). p300/CBP are conserved from Caenorhab-
ditis elegans to humans and appear to be involved in essentially
all known pathways regulating gene expression. These path-
ways include signal-dependent and -independent activation,

cellular differentiation programs, and the execution of pro-
grammed cell death (for reviews, see references 21 and 23).
p300/CBP are utilized by many structurally distinct transcrip-
tion factors, such as c-fos, MyoD, and YY1, that represent
nearly all known classes of DNA binding proteins (6, 18, 69).

The p300/CBP coactivators may function in a variety of ways
to activate transcription. There is evidence that both p300 and
CBP are intrinsic components of the RNA polymerase II ho-
loenzyme complex and are therefore brought to target promot-
ers simultaneous with polymerase recruitment (38, 61, 81).
Perhaps consistent with these observations, several studies
have demonstrated that p300 acts to enhance the formation of
productive transcriptional initiation complexes (13, 41, 51).
Recent studies have also suggested that p300/CBP may stabi-
lize components of the general transcription machinery, in-
cluding TFIIB and TBP (12, 45). Perhaps the best character-
ized coactivation property of p300 and CBP is their intrinsic
histone acetyltransferase (HAT) activity (5, 62). Both p300 and
CBP have been shown to acetylate lysine residues in the ami-
no-terminal tails of all four core histones (H2A, H2B, H3, and
H4), both free in solution and assembled into chromatin (42,
62). Following recruitment to a promoter, these coactivators
have been shown to locally hyperacetylate the amino-terminal
tails of nucleosomal histones assembled on the target promoter
(43, 64). Although all four histones are acetylated by p300/
CBP, studies have suggested that the H3 and H4 amino-ter-
minal tails are the preferred substrates (5, 62).

Each of the four core histones consists of two structural and
functional domains. The first is an �-helical histone fold do-
main that participates in formation of the histone octamer, the
protein core of the nucleosome. The second domain is the
apparently unstructured, lysine-rich amino-terminal tail. In na-
tive chromatin, these tails interact with DNA and �-helical
regions of histones located outside their nucleosome of origin.
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Histone tails also participate in determining nucleosome struc-
ture and DNA sequence accessibility, but removal or acetyla-
tion of the N-terminal tails does not significantly affect histone
octamer stability or nucleosome formation (3, 4, 52, 63, 73, 79).
It appears that the primary structural role of the histone tails
is the formation of higher-order folding of the chromatin fiber,
which compacts and organizes the DNA in chromosomes (9,
19, 25, 58, 73, 75). It is through their role in chromatin com-
paction that the histone tails exert their greatest repressive
effect on transcription factor access and transcriptional activa-
tion (25–27, 76). This repression is believed to be reversed
through coactivator acetylation of histone tails. This nucleoso-
mal modification is believed to increase the accessibility of the
promoter DNA to binding by regulatory proteins and/or com-
ponents of the basal transcription machinery, a critical and
perhaps rate-limiting step in gene activation (22, 46, 78).

The HTLV-1 genome is naturally integrated into chromatin
following retroviral infection, and thus, transcriptional activa-
tion by Tax requires interaction with the viral CRE enhancer
elements as they exist in a chromatin environment. We de-
signed this study to analyze the mechanistic role of p300 in
Tax/CREB-mediated transcriptional activation in a chromatin
context. We wished to distinguish between the functions of
p300 as an acetyltransferase and as a mediator of basal factor
recruitment. We also investigated the acetyl coenzyme A
(acetyl-CoA) requirement in Tax transcriptional activation.
Furthermore, we wanted to define the point in the HTLV-1
transcription process when histone tails exert their greatest
regulatory effect. To address these questions, we utilized chro-
matin templates assembled with recombinant core histones.
This system provides a powerful means to examine activator-
coactivator interactions in a biochemically defined chromatin
context. The recombinant histones in our system lack post-
translational modifications and can be manipulated to form
chromatin templates lacking any or all of the histone amino-
terminal tails.

We found that nucleosome assembly strongly repressed
transcription from the HTLV-1 promoter, but the addition of
Tax/CREB countered the repression in an acetyl-CoA-depen-
dent fashion, leading to a �100-fold increase in RNA synthe-
sis. The addition of exogenous p300 further increased tran-
scriptional activation to a level greater than 300-fold over the
basal level. Removal of the amino-terminal histone tails en-
hanced Tax/CREB transcriptional activation; however, the
mutant chromatin templates exhibited a reduced dependence
on p300 HAT activity. This suggests that histone tail deletion
functionally mimics acetylation in the transactivation process.
We also examined the role of acetyl-CoA in transcriptional
activation from the wild-type and tail mutant chromatin tem-
plates. Although tailless templates displayed decreased sensi-
tivity to acetyl-CoA than wild-type chromatin, transcriptional
activation remained significantly dependent on the cofactor.
Together, these results indicate that robust Tax transactivation
is dependent upon the presence of chromatin and acetyl-CoA
and is potentiated by the addition of the coactivator p300.
These studies reveal the critical role of the histone tails in
coactivator-mediated transcriptional activation and suggest
that the primary role for p300 in Tax/CREB transcriptional
activation is the acetylation of the core histone tails.

MATERIALS AND METHODS

Purification of recombinant proteins. The four core histones, both as wild-type
and deletion mutant proteins, were individually expressed in Escherichia coli and
purified to homogeneity as previously described (53). Histone octamers were
prepared by denaturation, then renaturation with high levels of salt, followed by
purification of the octamers by gel filtration and ion exchange chromatography.
Drosophila NAP-1 (dNAP-1) (His6 tagged) was expressed from recombinant
baculovirus (31) in Sf9 cells cultured in spinner flasks. The protein was purified
by Ni2�-agarose batch binding and elution followed by Source 15Q column
chromatography (33). We coexpressed FLAG-tagged ISWI and Acf1 from bac-
ulovirus in Sf9 cells and purified the complex by anti-FLAG affinity batch binding
and elution as previously described (34). Full-length, recombinant CREB (16)
was expressed and purified as previously described (20). Tax was expressed from
the pTaxH6 expression plasmid (84), and purified as previously described (20).
His6-tagged p300 wild-type and p300MutAT2 proteins were expressed from
recombinant baculoviruses in Sf9 cells and purified as previously described (42).

Chromatin assembly and topological assays. Chromatin templates were as-
sembled as previously described (33). Briefly, histone octamers were incubated
with an eightfold (wt/wt) excess of dNAP-1 on ice for 30 min. The core histone–
dNAP-1 mixture was then added together with ACF (Acf1/ISWI; 0.87 fmol per
ng of core histone octamer) and DNA to provide the empirically determined
optimal core histone to DNA ratio. The p4TxRE/G-less plasmid DNA used in
the assembly reactions carried four tandem copies of the HTLV-1 promoter-
proximal viral CRE, cloned upstream of the HTLV-1 core promoter (2). Fol-
lowing the addition of the DNA, ATP (3 mM), creatine phosphokinase (1
�g/ml), and phosphocreatine (30 mM) were added to a 70-�l reaction mixture
containing 10 mM HEPES (K�) (pH 7.6), 50 mM KCl, 5 mM MgCl2, 5%
(vol/vol) glycerol, and 1% (wt/vol) polyethylene glycol. Assembly reaction mix-
tures were incubated for 4 to 18 h at 27°C. For topological assays, the p4TxRE/
G-less plasmid DNA template was relaxed prior to assembly with 0.05 U of
topoisomerase I (purified recombinant Drosophila topoisomerase I) per �g of
DNA for 60 min at 37°C in a mixture of 50 mM Tris-HCl (pH 7.5), 50 mM KCl,
5 mM MgCl2, 1 mM dithiothreitol, 0.5 mM EDTA, and 30 �g of bovine serum
albumin per ml. Immediately prior to assembly into chromatin, an additional 0.29
U of topoisomerase I per �g of DNA was added to the DNA template. Assembly
reactions were stopped by the addition of 2 mM Na-EDTA (pH 8), 100 mM
Tris-HCl (pH 7.5), 1% sodium dodecyl sulfate (SDS), 2 mM CaCl2, and 16 �g of
proteinase K, and the samples were incubated at 45°C for 30 min. The samples
were extracted, precipitated, and analyzed on a 1% agarose gel, and the degree
of supercoiling was visualized by ethidium bromide staining.

In vitro transcription. The supercoiled p4TxRE/G-less plasmid template was
assembled into chromatin using NAP-1, ACF, and recombinant Xenopus his-
tones, at a histone/DNA ratio that had been empirically determined to give full
chromatin assembly. Following assembly, preinitiation complexes were formed
on 75 fmol of the plasmid DNA in the absence or presence of Tax (8 nM), CREB
(8 nM), p300 (3 nM), and p300 MutAT2 (3 nM). All reaction mixtures contained
100 �M acetyl-CoA unless indicated otherwise. CEM (HTLV-1-negative human
T-lymphocyte) nuclear extract (70 �g) (14) was added immediately after the
transcriptional activators. Following a 60-min preincubation reaction, RNA syn-
thesis was initiated by the addition of 250 �M ATP, 250 �M CTP, 12 �M UTP,
and 0.8 �M [�-32P]UTP (3,000 Ci/mmol). Transcription from unassembled tem-
plates was performed as described above but without the chromatin assembly
step. Transcription reactions were processed and analyzed as previously de-
scribed (48). Molecular weight markers (radiolabeled HpaII-digested pBR322)
were used to estimate the size of the RNA products.

In vitro acetylation assay. The p4TxRE/G-less plasmid template was assem-
bled into chromatin using recombinant Xenopus histones (2 �g), NAP-1, and
ACF as described above. Chromatin assembly was performed at empirically
determined histone/DNA mass ratios. p300 (12 nM) and 14C-labeled acetyl-CoA
(0.9 mM; 57 mCi/mmol) were added following chromatin assembly, along 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 dithiothreitol, and 1 mM
phenylmethylsulfonyl fluoride. Samples were incubated at 30°C for 60 min, and
protein was precipitated by methanol-chloroform extraction and analyzed by
SDS–18% polyacrylamide gel electrophoresis (PAGE).

RESULTS

Transcriptional activation by Tax/CREB and p300 on unas-
sembled templates in vitro. Several previous studies have sug-
gested that the HTLV-1 Tax protein utilizes the coactivators
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p300/CBP to mediate transcriptional activation from the viral
promoter (20, 28, 37, 44, 47, 70). We were interested in deter-
mining the mechanistic role of p300 in Tax/CREB-mediated
transcriptional activation. Figure 1 shows the purified re-
combinant Tax, CREB, and p300 proteins used in this study
(panels A to C). We tested the transcriptional activity of
these proteins on unassembled DNA templates. We used the
p4TxRE/G-less circular plasmid DNA template (Fig. 1D, sche-
matic), which carries four copies of the Tax-responsive viral
CRE driving synthesis of a 380-nucleotide (nt) guanine-less

transcript (2). Transcription was examined in the presence of
nuclear extracts prepared from the CEM cell line (HTLV-1-
negative human T-lymphocyte). Figure 1D shows that the ad-
dition of Tax and CREB stimulated transcription from the
p4TxRE/G-less template 4.5-fold. We analyzed p300 activity
on a wide range of Tax/CREB levels and found that the coac-
tivator produced only modest effects on activated transcription
(an average of 1.6-fold above that of Tax/CREB alone) (Fig.
1D, lane 4; also data not shown). The addition of exogenous
p300 had no effect on basal transcription (data not shown).
Consistent with other studies, these results suggest that p300
may not function in the absence of chromatin (41, 43).

Recombinant chromatin assembly system. To test whether
p300/CBP utilization by Tax might require a chromatin con-
text, we developed a biochemically defined system for as-
sembling chromatin templates from purified, recombinant
proteins. The recombinant Drosophila chromatin assembly
proteins NAP-1 and ACF (34), together with recombinant
Xenopus core histones (54), provide the foundation for this
system. NAP-1 is an H2A-H2B histone chaperone (31), and
ACF is a two-subunit complex containing Acf1 and ISWI. The
ACF complex acts catalytically in chromatin assembly and in
the nucleosome remodeling that accompanies transcriptional
activation (32). These assembly proteins are sufficient for the
ATP-dependent formation of evenly spaced nucleosomal ar-
rays (32, 34). Although these histone assembly and remodeling

FIG. 1. Analysis of the purified proteins used in the in vitro tran-
scription assays. Purified recombinant Tax (A), purified recombinant
CREB (B), and purified p300 and p300MutAT2 (C) were analyzed by
SDS-PAGE and staining with Coomassie brilliant blue. The positions
of molecular mass markers (lanes M) (in kilodaltons) are indicated
to the left of the gels. In panel C, purified wild-type p300 (wt) and
p300MutAT2 (mut) are shown. (D) Tax transactivation on unas-
sembled DNA templates. The in vitro transcription assay was per-
formed on a p4TxRE/G-less cassette template (2) shown schematically
above the gel. Transcription reaction mixtures contained the p4TxRE/
G-less template and CEM nuclear extract in the absence (�) or pres-
ence (�) of purified, recombinant Tax/CREB and p300, as indicated.
All reactions were performed in the presence of acetyl-CoA. The
positions of full-length 380-nt RNA transcript, labeled DNA recovery
standard, and labeled DNA molecular size markers (in nucleotides)
are indicated. This experiment is representative of at least five inde-
pendent experiments.
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proteins are of Drosophila origin, they can be used with his-
tones from several sources due to the evolutionary conserva-
tion of the histone proteins (P. J. Laybourn, unpublished ob-
servations). In addition, the Drosophila assembly system is
compatible with transcriptional activators and nuclear extracts
derived from human cells (41, 42, 57, 60, 65, 72). We have
chosen to use recombinant Xenopus core histones as a source
of nucleosomes in the assembly reaction. These histones are
expressed in E. coli and are therefore unmodified and better
suited than native histones for studies examining the HAT
activity of p300 in Tax-activated transcription. Furthermore, a
recombinant chromatin assembly system enables characteriza-
tion of the roles of the core histone tails in transcriptional
repression, transcriptional activation, and coactivator function
through selective histone tail deletions. Finally, the templates
are free of histone variants that are known to be present in
native core histone preparations (see reference 80). The puri-
fied chromatin assembly factors Acf1, ISWI, and NAP-1, and
the recombinant Xenopus core histones are shown in Fig. 2A to
C.

We used DNA topological analysis to determine whether
our recombinant assembly factors efficiently deposit recombi-
nant Xenopus histone octamers onto the HTLV-1 transcription
template. Figure 2D compares the ability of native Drosophila
core histones versus recombinant Xenopus core histones to
assemble chromatin onto the p4TxRE/G-less template (lanes 3
to 10). In the presence of the assembly factors, increasing
ratios (wt/wt) of the core histones to the DNA produced a
concomitant increase in DNA supercoiling, indicating that nu-
cleosomes were deposited onto the template. Figure 2D shows
that at a recombinant Xenopus histone/DNA ratio of 1.2:1
(wt/wt), the DNA template was fully assembled into chromatin
(lane 9). The highest recombinant Xenopus histone/DNA ratio,
1.6:1, produces an inhibition of the apparent supercoiling by
interfering with DNA topoisomerase I activity (Fig. 2D, lane
10).

We were next interested in determining whether increasing
nucleosome density produced an associated increase in repres-
sion of basal transcription. An in vitro transcription assay was
performed following chromatin assembly with the recombinant
Xenopus core histones (Fig. 2E). The core histone/DNA ratio
that gave complete nucleosome assembly in the supercoiling
assay (1.2:1) (Fig. 2D, lane 9) produced strong repression of
basal HTLV-1 transcription (Fig. 2E, lane 5). These results
indicate that our recombinant system efficiently forms chroma-
tin and is functional for repression of basal transcription in
vitro.

Transcriptional activation by Tax and p300 in a chromatin
context. We next tested whether the p4TxRE/G-less template,
assembled into chromatin with the unmodified recombinant
Xenopus histones, could support Tax/CREB- and p300-medi-
ated transcriptional activation. Figure 3 shows that the addi-
tion of Tax and Ser133-phosphorylated CREB (pCREB) to-
gether strongly activated transcription �100-fold (lane 7).
Transcription was also stimulated by Tax and acetyl-CoA
alone, presumably through interactions with endogenous
CREB present in the nuclear extract (Fig. 3, lane 5). Exoge-
nous p300 addition enhanced activated transcription by Tax/
pCREB an additional threefold, leading to an overall activa-
tion level of �300-fold over basal transcription (Fig. 3, lane 9).
This fold activation by p300 is consistent with the results of
other studies (13, 41–43). We did not detect p300 stimulation
of transcription in the absence of added Tax/pCREB (data not
shown). Comparable Tax/pCREB and p300 stimulatory effects
were observed on transcription templates assembled with na-
tive Drosophila core histones (data not shown). Transcriptional
stimulation in the presence of the activators and coactivator
was absolutely dependent upon the presence of acetyl-CoA in
the reaction mixtures (Fig. 3, lanes 4 to 9); however, acetyl-
CoA had no detectable effect on basal transcription (Fig. 3,
lanes 2 and 3). These results are in agreement with several
other studies showing that acetyl-CoA is required for transcrip-
tional activation within a chromatin context (13, 36, 43). The
overall degree of Tax/pCREB/p300 activation is far greater
than that observed on unassembled templates. This result in a
recombinant chromatin environment is similar to the strong
Tax/CREB-dependent activation of HTLV-1 transcription and
p300-mediated coactivation that is seen in vivo (8, 15, 40, 71,
74).

Deletion of histone tails abolishes p300 function. The ami-
no-terminal histone tails are thought to play a prominent role
in the formation of higher-order chromatin structure. Post-
translational modification of the histone tails has been hypoth-
esized to participate in the conversion of transcriptionally si-
lent, highly compacted chromatin to a more relaxed chromatin
that is accessible to the transcriptional machinery. We investi-
gated whether the histone tails would be required for transcrip-
tional repression as well as for the high levels of transcriptional
activation mediated by Tax/CREB and p300. We expressed
and purified each of the four recombinant Xenopus histones
carrying amino-terminal deletions. The sites of proteolytic
cleavage on nucleosomal histones have been previously char-
acterized (7); we used these sites to define our deletion mu-
tants. We then combined our histone tail mutants to generate

FIG. 2. Analysis of the purified proteins used in the chromatin assembly assay. Purified recombinant ACF (consisting of Acf1 and ISWI) (A),
purified recombinant dNAP-1 (B), and purified recombinant Xenopus core histones were analyzed by SDS-PAGE and stained with Coomassie
brilliant blue. The positions of molecular mass markers (lanes M) (in kilodaltons) are indicated to the left of the gels. (D) One-dimensional DNA
topological assays comparing chromatin templates assembled with native Drosophila and recombinant Xenopus (rXenopus) core histones in the
presence of ACF and NAP-1. The DNA topoisomers were resolved on an agarose gel, and the DNA was stained with ethidium bromide. The
supercoiled (S), relaxed (R), and nicked DNA populations and the histone/DNA ratio are indicated over the gel. Relaxed DNA samples normally
consist of multiple topoisomers (�2 to �2 supercoils) that resolve as multiple bands. A negative image of the ethidium-stained gel is shown to
enhance visibility of the bands. Topoisomerase I-treated p4TxRE/G-less plasmid DNA was assembled with increasing amounts of purified, native
Drosophila core histones (lanes 3 to 6) or recombinant Xenopus core histones (lanes 7 to 10). (E) Basal transcription from the p4TxRE/G-less
template was assayed in the presence of increasing amounts of recombinant Xenopus core histones. Naked (unassembled) DNA was assayed as
a positive control for basal transcription (lane 2). The positions of labeled DNA size markers (in nucleotides), recovery standard, and full-length
G-less transcripts are indicated.
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the two types of histone octamers used in this study. The first,
which we call �H3/H4, contains wild-type H2A and H2B as-
sembled together with the H3 and H4 tail deletion mutants
(H3�1-27 and H4�1-19) (Fig. 2C). The second, which we call
tailless, contains deletion mutations in all four core histones
(H2A�1-12,119-128, H2B�1-23, H3�1-27, and H4�1-19) (Fig.
2C).

DNA topological analysis demonstrated that both mutant
octamers assembled onto the p4TxRE/G-less plasmid tem-
plate, with a degree of assembly comparable to that observed
with wild-type octamer (Fig. 4). This is consistent with previous
studies using both native, proteolyzed and recombinant histone
tail deletion mutants that have demonstrated that removing
the histone tails does not adversely affect nucleosome assem-
bly, structure, or stability (3, 4, 11, 29, 52, 59).

We tested whether the mutant histones affected Tax/CREB-
and p300-mediated transcriptional activation. Nucleosomal
templates formed with wild-type, �H3/H4, and tailless histone
octamers each strongly repress basal transcription relative to
transcription from naked DNA templates (Fig. 5A, lanes 2, 3,
8, and 13). Thus, the levels of transcriptional repression were
not significantly affected by the deletion of the H3/H4 tails or
of all four histone tails (Fig. 5A, compare lanes 3, 8, and 13).
The addition of Tax/CREB produced robust transcriptional
activation from both chromatin templates carrying the histone
tail deletions, with a 1.7-fold increase in activation over that of

wild-type chromatin (Fig. 5A, lanes 4, 9, and 14). The level of
Tax/CREB activation from fully tailless templates was still
30-fold greater than that on free DNA templates (Fig. 1). We
then compared the role of p300 in Tax/CREB-activated tran-
scription using these mutant chromatin templates. Exogenous
p300 activated Tax/CREB transcription approximately four-
fold from the wild-type templates (Fig. 5A, lanes 4 and 5). In
contrast, chromatin formed with histones carrying the H3/H4
tail deletions supported less than a twofold enhancement by
p300, and the fully tailless histones were essentially unaffected
by p300 addition (Fig. 5A, lanes 9 and 10 and lanes 14 and 15).
The approximately twofold p300 stimulation from the �H3/H4
chromatin may be mediated through p300 acetylation of the
intact H2A and H2B tails on these templates (Fig. 5B, lane 4).

To distinguish the role of acetylation from the role of basal
factor recruitment by p300 in transcriptional activation, we
tested a p300 mutant with compromised acetyltransferase
function. This protein, called p300MutAT2, carries six point
mutations located within the acetyltransferase domain and has
been found to have �1% of the acetyltransferase activity of the
wild-type p300 (42). SDS-PAGE was performed on purified
p300MutAT2, and the result is shown in Fig. 1C (lane 3). We
tested the transcriptional activation by p300MutAT2 in the
presence of Tax and CREB on wild-type, �H3/H4, and tailless
chromatin templates. Relative to wild-type p300, transcrip-
tional coactivation by p300MutAT2 is reduced on all templates

FIG. 3. Transcriptional activation from recombinant chromatin templates is dependent on acetyl-CoA. Transcriptional activation on p4TxRE/
G-less chromatin templates was analyzed in the presence (�) of Ser133-phosphorylated CREB (pCREB), Tax, and p300 in the presence (�) and
absence (�) of acetyl-CoA. The positions of molecular weight size markers, recovery standard, and full-length G-less transcripts are indicated.
Basal transcription levels, although not visible in this exposure, were measurable and upon subtraction of the background signal generated a
nonzero number that was set equal to 1 in terms of relative transcription. In this experiment, protein kinase A-phosphorylated CREB was used.
However, we have found essentially no difference in the transcriptional activity of Tax in the presence of CREB versus pCREB. We have therefore
used only unmodified CREB in subsequent experiments.

132 GEORGES ET AL. MOL. CELL. BIOL.



(Fig. 5A, compare lanes 5, 10, and 15 with lanes 7, 12, and 17,
respectively). RNA synthesis levels produced by Tax/CREB/
p300MutAT2 are approximately equal to that observed with
Tax/CREB in the absence of added coactivator (Fig. 5A, com-
pare lanes 4, 9, and 14 with lanes 7, 12, and 17, respectively).
These data further support the idea that the transcriptional
stimulation by p300 is largely due to the intrinsic histone
acetyltransferase activity of the coactivator.

An acetyl-CoA requirement beyond histone tail acetylation.
We have already established a strong dependence on acetyl-
CoA for Tax/CREB- and p300-mediated transcriptional acti-
vation from wild-type chromatin templates (Fig. 3). Since we
have observed that p300 functions primarily through its intrin-
sic HAT activity in Tax transactivation, we were interested in
assessing the requirement for acetyl-CoA in transcription from
the mutant chromatin templates. As shown in Fig. 5A, we find
a strong, but not complete, dependence on the addition of
acetyl-CoA for Tax/CREB and p300 transcriptional activation
on the wild-type, �H3/H4, and tailless templates. However,
when the histone tails are progressively deleted, there is a
concomitant decrease in the dependence on acetyl-CoA for
transcriptional activation on these templates (Fig. 5A, com-
pare lanes 6, 11, and 16). For example, on wild-type templates,
transcription appears to be 95% dependent on acetyl-CoA
(Fig. 5A, compare lanes 5 and 6), whereas on tailless tem-
plates, transcription is 60% dependent on acetyl-CoA (Fig. 5A,
compare lanes 15 and 16). This observation demonstrates that
histone tail acetylation promotes transcriptional activation and

that acetylation becomes less important as the histone tails are
removed. It is noteworthy that there is a significant acetyl-CoA
requirement for transcriptional activation even in the absence
of tails.

Tax/CREB stimulation of p300 HAT activity. Recent studies
have demonstrated that histone acetylation by p300 requires
targeted recruitment by activators at promoter elements (43,
64). To directly measure the level and specificity of p300-
dependent acetylation of the histones assembled into the chro-
matin templates and to determine the dependence upon Tax
and CREB, we performed p300 acetylation assays on chroma-
tin templates using 14C-labeled acetyl-CoA. Figure 5B shows
that the addition of Tax/CREB strongly enhanced acetylation
of all four core histones by p300, as assembled into chromatin
(lanes 1 and 2). However, Tax and CREB do not stimulate
p300-mediated acetylation of free histones (data not shown).
As expected, acetylation of H3 and H4 was significantly re-
duced on chromatin formed with the �H3/H4 histones, with-
out affecting H2A and H2B acetylation (Fig. 5B, lanes 3 and 4).
We did not detect significant acetylation of chromatin formed
with the fully tailless histones (Fig. 5B, lanes 5 and 6). We also
assayed free wild-type, �H3/H4, and tailless histones in the
absence of Tax and CREB as a positive control for p300 ac-
tivity and histone acetylation (Fig. 5B, lanes 7 to 9). Our results
confirm that p300 acetylates the amino-terminal tails of the
recombinant Xenopus core histones assembled into chromatin.
Additionally, p300 acetylation of histone tails on chromatin is
strongly stimulated by Tax and CREB. This result, together
with Fig. 5A, directly correlates core histone acetylation with
p300 function in Tax/CREB-mediated activation of the
HTLV-1 promoter.

DISCUSSION

The HTLV-1 genome is naturally integrated into chromatin
following retroviral infection, and thus, transcriptional activa-
tion by Tax requires interaction with the viral CREs and stim-
ulation of preinitiation complex formation in a chromatin en-
vironment. In this study, we have developed a biochemically
defined chromatin template to examine the functional role of
p300 in Tax transcriptional activation. To generate this tem-
plate, we assembled recombinant core histones into nucleo-
somes on a Tax-responsive HTLV-1 template DNA. We se-
lected recombinant Xenopus core histones as our source of
nucleosomes, as these histones are expressed in E. coli, and
therefore do not carry posttranslational modifications that
might obscure or alter coactivator acetyltransferase function in
the transcription assay. In addition, we can readily examine the
role of histone tails in transcriptional regulation by forming
octamers that selectively lack any or all of the tails. Finally,
since the template is assembled in a defined system, it is free of
histone variants that are known to be present in native core
histone preparations (see reference 80). Our results indicate
that the primary function of p300 in Tax/CREB-activated tran-
scription from the HTLV-1 promoter is to counteract repres-
sion by the core histone tails through acetylation. By examining
the activity of chromatin templates selectively lacking core
histone tails, we observe that tail deletion functionally mimics
acetylation and in fact abrogates the requirement for p300 for
maximal transcriptional activation.

FIG. 4. One-dimensional DNA topological analysis of histone mu-
tants. Topoisomerase I-treated p4TxRE/G-less cassette templates
were assembled with �H3/H4 (A) and fully tailless (B) recombinant
Xenopus (rXenopus) core histones in the presence of ACF and NAP-1.
The DNA topoisomers were resolved on an agarose gel, and the DNA
was stained with ethidium bromide. The supercoiled (S), relaxed (R),
and nicked DNA populations and the histone/DNA ratio, are indi-
cated over the gels. A negative image of the ethidium-stained gel is
shown to enhance visibility of the bands.
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We found that the recombinant histones efficiently assemble
into nucleosomes on the template DNA, resulting in strong
repression of basal transcription. This is consistent with nu-
merous studies demonstrating that nucleosomes are repressive
to basal transcription in vitro (see reference 80). The addition
of Tax and CREB reversed nucleosomal repression in an

acetyl-CoA-dependent fashion and strongly stimulated RNA
synthesis. This derepression and activation combined to in-
crease RNA synthesis nearly 100-fold, which was further aug-
mented three- to fourfold by the addition of the coactivator
p300. Together, the activator/coactivator complex gave �300-
fold activation relative to transcription observed in the absence

FIG. 5. Analysis of transcriptional activity and acetylation states of chromatin templates assembled with recombinant Xenopus histone tail
deletion mutants. (A) In vitro transcription assay of tail mutant chromatin templates. The p4TxRE/G-less template was assembled into chromatin
using wild-type, �H3/H4, or tailless recombinant Xenopus histone octamers in the presence of NAP-1 and ACF. Transcriptional repression and
activation on the assembled templates were analyzed in the presence (�) of CREB, Tax, wild-type p300, and the HAT-defective p300 mutant
p300MutAT2, as indicated over the gel. Transcription was assayed in the presence (�) and absence (�) of acetyl-CoA. The positions of labeled
DNA size markers (in nucleotides), recovery standard, and full-length G-less transcripts are indicated over the gel. Fold activation was calculated
within each chromatin type (Fold activation*) and calculated relative to basal transcription from wild-type chromatin (Fold activation‡). (B) In
vitro acetylation assay of recombinant histones. Wild-type (lanes 1 and 2), �H3/H4 (lanes 3 and 4), or tailless histones (lanes 5 and 6) were
assembled into chromatin on the p4TxRE/G-less template in the presence of NAP-1 and ACF. Both assembled chromatin templates and free core
histones (lanes 7 to 9) were acetylated in vitro in the presence of p300 and 14C-labeled acetyl-CoA. Tax and CREB were added to the acetylation
reaction mixtures, as indicated over the gel.
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of activators from the chromatin assembled HTLV-1 pro-
moter. This degree of activation is far greater than that ob-
served on unassembled templates and is comparable to the
level of HTLV-1 Tax transactivation observed in vivo (8, 15, 40,
71, 74), suggesting that our chromatin-based transcription sys-
tem accurately recapitulates critical aspects of viral gene reg-
ulation within the environment of an infected T cell. Using a
p300 mutant, we demonstrate that p300 primarily functions as
a HAT in HTLV-1 transcription, as mutations in the HAT
domain abrogate the ability of p300 to augment Tax transac-
tivation. This result is in agreement with previous work show-
ing that p300 HAT mutants fail to activate Tax-dependent
transcription from the HTLV-1 promoter in vivo (35). Consis-
tent with this observation, wild-type p300-mediated activation
is strongly dependent on the presence of acetyl-CoA in the
transcription reaction mixtures. Finally, our in vitro HAT assay
on the assembled templates reveals a strong dependence on
Tax and CREB for efficient p300 acetylation of the four core
histone tails. This effect is likely due to the targeted recruit-
ment of p300 to the chromatin template by the Tax/CREB
complex. Overall, we observe that maximal transcriptional ac-
tivity (360-fold activation) from the wild-type chromatin tem-
plate is dependent on p300 and acetyl-CoA. Furthermore, Tax
and CREB strongly stimulate the HAT activity of p300. To-
gether, these data provide direct functional evidence support-
ing a role for p300 HAT activity in mediating Tax transactiva-
tion.

We also examined the roles of the core histone tails in
Tax/CREB- and p300-mediated activation of the HTLV-1 pro-
moter. We generated mutant chromatin templates lacking ei-
ther H3/H4 or all four core histone tails. We found that pro-
gressive removal of the amino-terminal histone tails resulted in
modest derepression of basal transcription and enhanced ac-
tivation by the Tax/CREB complex. The level of Tax/CREB
activation from fully tailless templates was 30-fold greater than
that on free DNA templates. This effect is primarily due to the
tailless nucleosomes still retaining significant ability to repress
basal transcription while lacking any ability to inhibit Tax/
CREB transcriptional activation. We found that Tax/CREB
activation from tail deletion templates was refractory to stim-
ulation by p300. Specifically, p300 addition modestly enhanced
transcription from the �H3/H4 chromatin templates and had
essentially no effect on the fully tailless chromatin templates.
The approximately twofold p300 stimulation on the �H3/H4
chromatin was likely mediated through acetylation of the H2A
and H2B tails, which were present (and acetylated) on the
�H3/H4 chromatin templates. It is interesting to note that the
absolute levels of Tax/CREB activation from the �H3/H4 and
tailless chromatin templates were comparable to that observed
from the wild-type templates in the presence of Tax/CREB and
p300. This suggests that tail removal obviates the requirement
for the coactivator. Together these observations suggest that
all four histone tails serve as p300 acetylation targets in tran-
scriptional activation.

Acetyl-CoA has previously been shown to be required for
transcriptional activation from chromatin; however, its exact
function in this process remains unknown (13, 36, 43). It has
been widely speculated that acetyl-CoA is primarily utilized for
histone tail acetylation during transcriptional activation. Yet,
here we show that transcription in the absence of histone tails

still exhibits a substantial requirement for acetyl-CoA. This
result suggests the involvement of other acetyltransferases in
HTLV-1 transcription, since addition of p300 had no effect on
transcriptional activation from tailless templates. The basis for
the acetyl-CoA requirement remains to be characterized but
could reflect a number of recent observations concerning the
role of acetyl-CoA during the transactivation process. Acetyl-
CoA has been shown to enhance basal transcription on non-
chromatin templates through a mechanism not involving
acetyltransferase activity (17). Components of the RNA poly-
merase I and II general transcription machinery, such as UBF,
TFIIE, and TFIIF, can also be acetylated, but the functional
consequences of acetylation are unknown (10, 30, 66). Acety-
lation can increase the protein-DNA and protein-protein bind-
ing affinities of a variety of transcription factors, including
EKLF, MyoD, and c-Myb (10, 67, 82). Unfortunately, we have
found no evidence that Tax and CREB are acetylated. In
summary, this is the first study to separate the requirement for
acetyl-CoA in histone tail acetylation from other acetylation
targets in Tax transcriptional activation. Our observations have
significant implications for the role of acetyl-CoA as a critical
cofactor in transcription beyond the process of histone tail
acetylation.

The primary consequence of core histone tail deletion,
which functionally mimics tail acetylation, during Tax/CREB
transcriptional activation may be to reduce the chromatin bar-
rier to activator function. It is possible that deletion of the
histone tails increases the accessibility of the core promoter to
preinitiation complex formation. It is also possible that dele-
tion of histone tails serves to facilitate elongation by RNA
polymerase II. For example, histone tail removal has been
shown to enhance the elongation rate of T7 RNA polymerase
through nucleosomes (68). However, the primary effect we
observed is on activator function. The degree to which histone
tail deletion contributes to enhanced regulatory protein bind-
ing, enhanced RNA polymerase recruitment, or enhanced
rates of elongation, remains to be elucidated.

Although p300 functions primarily to acetylate core histone
tails in Tax activated transcription, this does not appear to be
generally true for all activators that utilize p300/CBP. For
example, investigation of a panel of transcription factors dem-
onstrated a differential requirement for p300 HAT activity
during transcriptional activation (42). Because of the mul-
tifunctional nature of the p300/CBP coactivators, we have
considered the possibility that p300 may have additional,
HAT-independent functions in mediating Tax transcrip-
tional activation that cannot be detected in our system. A
recent study indicates that p300 forms a stable, template com-
mitted complex with chromatin, perhaps through interaction
with histone H3 (56). This association of p300 with chromatin
may serve to bring the coactivator into the vicinity of target
genes, with promoter localization achieved following stable
association with promoter-bound activators. Our �H3/H4 and
tailless chromatin may be unable to carry out this first step in
p300 recruitment, and therefore, the additional activation
functions of p300, such as recruitment and/or stabilization of
the general transcription machinery, would not be detected
using the mutant chromatin templates. A second possibility is
that p300 is present in the RNA polymerase II holoenzyme
complex and that specific p300 activation functions distinct
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from histone acetylation accompany the RNA polymerase II
holoenzyme that is supplied by the nuclear extract (38, 61, 81).
The contribution of endogenous p300 in the nuclear extract
used in these studies remains unknown.

In summary, these studies represent a major advance in our
understanding of Tax- and p300-mediated transcriptional ac-
tivation function and have the clear potential to extend our
fundamental knowledge of coactivator-mediated transcription
in a chromatin environment. The observation that progressive
deletion of the histone tails is inversely proportional to coac-
tivator utilization and acetyl-CoA dependence is a direct dem-
onstration of the connection between p300 acetyltransferase
activity, histone tail acetylation, and transcriptional activation.
This supports the idea that histone tail deletion and acetylation
are functionally equivalent during the transcriptional activa-
tion process. Finally, we uncover a prominent role for acetyl-
CoA beyond histone acetylation during the transactivation
process.
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