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Oncogenesis associated with human T-cell leukemia virus (HTLV) infection is directly linked to the virally
encoded transcription factor Tax. To activate HTLV-1 transcription Tax interacts with the cellular protein
CREB and the pleiotropic coactivators CBP and p300. While extensively studied, the molecular mechanisms
of Tax transcription function and coactivator utilization are not fully understood. Previous studies have
focused on Tax binding to the KIX domain of CBP, as this was believed to be the key step in recruiting the
coactivator to the HTLV-1 promoter. In this study, we identify a carboxy-terminal region of CBP (and p300)
that strongly interacts with Tax and mediates Tax transcription function. Through deletion mutagenesis, we
identify amino acids 2003 to 2212 of CBP, which we call carboxy-terminal region 2 (CR2), as the minimal region
for Tax interaction. Interestingly, this domain corresponds to the steroid receptor coactivator 1 (SRC-1)-
interacting domain of CBP. We show that a double point mutant targeted to one of the putative a-helical motifs
in this domain significantly compromises the interaction with Tax. We also characterize the region of Tax
responsible for interaction with CR2 and show that the previously identified transactivation domain of Tax
(amino acids 312 to 319) participates in CR2 binding. This region of Tax corresponds to a consensus
amphipathic helix, and single point mutations targeted to amino acids on the face of this helix abolish
interaction with CR2 and dramatically reduce Tax transcription function. Finally, we demonstrate that Tax
and SRC-1 bind to CR2 in a mutually exclusive fashion. Together, these studies identify a novel Tax-interacting

site on CBP/p300 and extend our understanding of the molecular mechanism of Tax transactivation.

Human T-cell leukemia virus type 1 (HTLV-1) is a complex
retrovirus etiologically linked to an aggressive and often fatal
malignancy called adult T-cell leukemia (ATL) (54). It is esti-
mated that between 5 and 20 million people are HTLV-1
carriers worldwide; however, only a small percentage of these
infected individuals develop ATL (12). ATL develops after a
prolonged latency period of up to 30 years postinfection (48)
and is characterized by lytic bone lesions, skin abnormalities,
and greater than 5% abnormal T cells (reviewed in reference
57). HTLV-1 infection is also associated with the neurodegen-
erative disorder known as tropical spastic paraparesis or
HTLV-1-associated myelopathy (reviewed in references 38, 54,
and 60). The disorder is often characterized by demyelination
of the nerves of the spinal cord, resulting in weakness or
paralysis in muscles of the lower extremities. The molecular
basis of HTLV-1-associated diseases is strongly linked to the
expression of the virally encoded Tax protein (34).

Tax is a potent transcriptional activator that stimulates
HTLV-1 viral gene expression, which leads to high-level virion
production in the infected T cell. Three highly conserved 21-bp
repeat enhancer elements, located in the HTLV-1 transcrip-
tional control region, are critical to Tax-activated transcription.
These elements, which are referred to as viral cyclical response
elements (CRE?s), carry a central binding site for the transcrip-
tion factor CREB, flanked by highly conserved GC-rich DNA
sequences. Tax associates with the HTLV-1 promoter through
protein-protein interactions with CREB (13, 61) and protein-
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DNA interactions with the minor-groove GC-rich sequence
(26, 27, 33, 37). The formation of this Tax-containing promot-
er-bound complex appears to be critical in the recruitment of
the multifunctional cellular coactivators CBP and p300. Sev-
eral previous studies indicate that Tax specifically binds to the
KIX and C/H1 domains of CBP/p300 to recruit the coactiva-
tors to the HTLV-1 promoter, resulting in strong transcrip-
tional activation of the virus (14, 25, 31, 32).

CBP and p300 are very large (2,441 and 2,414 amino acids,
respectively), highly conserved coactivator proteins that serve
as mediators in the regulation of gene expression in metazoans
(18, 52). Numerous pathways of regulated gene expression
converge at CBP and its paralog p300. These include signal-
dependent and independent activation, programs of differen-
tiation, embryogenesis, and modulation of apoptotic pathways
and pathways involved in transcriptional regulation (reviewed
in references 15, 16, 18, and 52). Although CBP was originally
named following its identification as a coactivator for Ser133-
phosphorylated CREB, the acronym is a misnomer, as CBP is
utilized by numerous cellular transcription factors and is likely
involved in the transcriptional regulation of nearly all protein-
coding genes in the cell. In addition, many viral activator pro-
teins have evolved strategies to take advantage of CBP’s coac-
tivator properties (4, 11, 31, 56).

Alterations in CBP expression levels appear to influence the
onset of certain types of cancers, as evidenced by Rubinstein-
Taybi patients. Rubinstein-Taybi syndrome is caused by muta-
tions or rearrangements in one CBP allele, underscoring the
importance of proper intracellular CBP concentrations in nor-
mal cellular processes and tumor suppression (40). Transloca-
tions into the genes that encode CBP and p300 have also been
strongly correlated with the development of treatment-related
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(chemotherapy) acute myeloid leukemia. Patients with this
ailment carry an in-frame translocation of the mixed lineage
leukemia (MLL) gene to the CBP gene, suggesting that dys-
regulation of CBP plays a role in leukemogenesis (42, 47).
Furthermore, defects in primitive hematopoiesis were ob-
served in the mice nullizygous for the CBP gene (39, 59).
Although about 50% of mice heterozygous for the CBP gene
are born alive, a significant percentage exhibit hematopoietic
defects and malignancies (30).

CBP recruitment by Tax to the HTLV-1 promoter has been
studied extensively in recent years, and the region of Tax in-
teraction with CBP has been mapped to the amino-terminal
C/H1 and KIX domains (14, 20, 31, 32, 55). In this report we
show that Tax also interacts strongly with another region of
CBP. This region, which we call carboxy-terminal region 2
(CR2), is located between amino acids (aa) 2003 and 2212.
CR2 is conserved in both CBP and p300, and not surprisingly,
we show that Tax binds strongly to the CR2 domain present in
both proteins. We identify a carboxy-terminal region of Tax
that is predicted to form an amphipathic helix and show that a
specific amino acid on the surface of this helix (aa Y312) is
responsible for the interaction with CR2. This CR2-interacting
carboxy-terminal region of Tax is distinct from the previously
identified KIX-interacting domain of Tax, which has been
shown to reside between amino acids 81 and 95 (20). Tran-
sient-cotransfection assays provide functional evidence sup-
porting the relevance of the Tax-CR2 interaction. Specifically,
Tax Y312—E is defective for transactivation in vitro and in
vivo, and two additional point mutations in this region of Tax
(I315—E and L319—R) are defective for Tax transactivation
in vivo. Interestingly, the CR2 region of CBP corresponds to
the steroid receptor coactivator 1 (SRC-1)-interacting domain
that is critical to coactivator utilization by liganded nuclear
hormone receptors (17, 35). Tax has previously been shown to
strongly repress transcription mediated through steroid and
retinoid receptors (9). We show in this report that Tax com-
petes for SRC-1 binding to CR2 in vitro, suggesting that the
mechanisms of Tax repression of nuclear hormone signaling
may be mediated through coactivator competition. Together,
these data indicate that Tax recruits CBP/p300 through bind-
ing to multiple independent sites, illustrating the complex na-
ture of activator-coactivator interactions in transcriptional reg-
ulation.

MATERIALS AND METHODS

Cloning, expression, and purification of recombinant proteins. The expression
and purification of GST-C/H1-KIX,,,30>_¢s3 and GST-CR2,,1g94 225, have pre-
viously been described (51). The six glutathione S-transferase (GST)-CR2 de-
letion mutants were prepared by PCR amplification of the mouse CBP cDNA
sequence (pRC/RSV-CBP) (36) corresponding to aa 1894 to 2150, 1894 to 2100,
1894 to 2003, 2003 to 2212, 2003 to 2150, 2100 to 2212, and 2055 to 2150.
These PCR fragments were inserted into the BamHI and EcoRI sites of
pGEX2T (Amersham Pharmacia Biotech) and transformed into Escherichia coli
BL21(DE3)pLysS cells, and the GST fusion proteins were purified by gluta-
thione-agarose chromatography. The four double point mutants of GST-
CR2,.5003-221> Were made by PCR amplification of the CBP ¢cDNA sequence
using the QuickChange site-directed mutagenesis kit (Stratagene). The PCR
products were cloned, and the proteins expressed and purified as described
above. Histidine-tagged CR2 (His,-CR2) was made by PCR amplification of the
CBP cDNA sequence corresponding to amino acids 2003 to 2212, with a#B and
attR sites at their respective 5’ and 3’ ends for cloning into the Gateway system
(Life Technologies, Inc.). This PCR fragment was inserted into the a#B and attR
sites of pDonr206 (Gateway) and subsequently cloned into pDest17 (Gateway),
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a Hisy fusion vector for expression and purification by nickel chelate chroma-
tography as previously described (14). The CR2 region from human p300, en-
compassing aa 1970 to 2193 (corresponding to mouse CBP CR2 aa 2003 to 2212)
was cloned by PCR amplification of the relevant sequence with a#tB and at(R sites
at their respective 5’ and 3’ ends and insertion into pDonr206 (Gateway) and
then into pDest15 (Gateway), a GST fusion vector. The final clone was trans-
formed in BL21(DE3)pLysS cells, expressed, and purified by glutathione-agarose
chromatography. All purified proteins were dialyzed against TM buffer (50 mM
Tris-HCI [pH 7.9], 100 mM KCl, 12.5 mM MgCl,, 1 mM EDTA [pH 8.0], 1 mM
dithiothreitol, 0.1% [vol/vol] Tween 20, 20% [vol/vol] glycerol) and stored at
—70°C.

CREB (13) and Tax-His, (62) were expressed and purified as previously
described (14). CREB was serine-133 phosphorylated by protein kinase A for use
in the in vitro transcription assays as previously described (14). Tax Y312—E was
made using the QuickChange site-directed mutagenesis kit (Stratagene) in the
pTaxHis, background (62) and purified by nickel chelate chromatography. Tax
K88—A was expressed and purified as previously described (20). GST-Tax (full
length) and GST-Tax, g6 337 (8) were made by appropriate PCR amplification
of the Tax ¢cDNA sequence and inserted into the BamHI site of pGEX2T
(Amersham Pharmacia Biotech). The GST-Tax proteins were purified using
glutathione-agarose chromatography as described above. Purified proteins were
stored at —70°C in TM buffer. Full-length SRC-1 (45) was transcribed and
translated using the TNT Quick-Coupled in vitro transcription/translation system
(Promega). SRC-1 was labeled with [**S]methionine during the in vitro tran-
scription-translation reaction.

GST pulldown assays. All GST pulldown experiments were performed using
12.5 pl of glutathione-agarose beads equilibrated in pulldown buffer (20 mM
HEPES [pH 7.9], 12.5 mM MgCl,, 10 pM ZnSO,, 25 mM KCI, 0.5 mM EDTA
[pH 8.0], 10% [vol/vol] glycerol, 0.05% [vol/vol] Nonidet P-40). The purified GST
proteins were incubated with the equilibrated beads for 2 h at 4°C, washed, and
incubated with the second protein overnight at 4°C. The reactions were washed
three times with pulldown buffer, and bound proteins were separated by elec-
trophoresis sodium dodecyl sulfate-12% polyacrylamide gel (SDS-12% PAGE),
transferred to nitrocellulose, and analyzed by Western blot. The following anti-
bodies were used in the GST pulldown experiments: anti-His antibody (H-15;
Santa Cruz Biotechnology), anti-GST antibody (Sigma), and anti-Tax antibody
(epitope corresponding to the 13 carboxy-terminal aa). The GST pulldown
competition assays were carried out by incubating 5 pmol of GST or GST-
CR2,.5003-2212 With 12.5 pl of glutathione-agarose beads equilibrated in pull-
down buffer for 2 h at 4°C, washed, and incubated with radiolabeled SRC-1 (0.1
wl) and increasing amounts of wild-type Tax or Tax Y312—E overnight at 4°C.
The reactions were washed four times with pulldown buffer, and bound proteins
were separated by electrophoresis on SDS-12% PAGE. Bound, labeled SRC-1
was detected by PhosphorImager analysis. Tax binding was detected by Western
blot analysis using an anti-His, antibody (H-15; Santa Cruz Biotechnology).

Yeast two-hybrid assay. Full-length Tax (pTaxHis,) (62) was cloned into a
TRPI-marked Gal4 activation domain construct, pDest22 (Gateway). The
KIX domain (aa 588 to 683) and the CR2 domain (aa 2003 to 2212) were
generated by PCR amplification of their respective domains from the CBP
c¢DNA sequence (pRC/RSV-CBP) and subsequently cloned into a LEU2-
marked Gal4 DNA-binding domain construct, pDest21 (Gateway). Different
fusion constructs and a promoter containing the HIS3 gene with four up-
stream Gal4 binding sites were transformed into Saccharomyces cerevisiae
strain MaV103 (relevant genotype: MATa leu2-3,112 trp1-901 his3A200 gal4A
gal80A GALI::LACZ GALI:HIS3@lys2 SPA-L10::URA3) for two-hybrid
analysis. Protein-protein interactions were detected by cell growth pheno-
types in the presence of aminotriazole on plates lacking histidine (21).

Mammalian expression plasmids, cell culture, and transient-cotransfection
assays. The Tax expression plasmid pHTLV-I Tax (6), the c-fos expression
plasmid RSV-c-fos (3), and the luciferase reporter plasmids viral CRE-Luc (14)
and AP-1-Luc (53) have been described previously. The cytomegalovirus (CMV)
expression plasmids for CR2,,5003221» and CR1,,;515_1395s Were prepared by
PCR amplification of the CBP cDNA sequence corresponding to their respective
amino acids, incorporating the a#B and attR sites on the ends of the PCR
fragment. The ACR2,,,003_221> L2068—A/L2071—A CMV expression plasmid
was prepared by PCR amplification of the GST-CR2,,5003 221> double point
mutant plasmid, incorporating the a#tB and attR sites on the ends of the PCR
fragment. These fragments were cloned into pDonr206 (Gateway) and then into
the CMV promoter-driven expression vector pDest26 (Gateway). The Gal4-Tax
point mutants Y312—E, 1315—E, and L319—R were made in the Tax cDNA
sequence in the pGal4-Tax-S expression plasmid (8) using the QuickChange
site-directed mutagenesis kit (Stratagene). Transient-cotransfection assays were
performed in the HTLV-I-negative human T-lymphocyte cell line Jurkat. Cells
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FIG. 1. Tax binds to both the CR2 and C/H1-KIX domains of CBP. (A) Schematic representation of the 2,441-aa cellular coactivator CBP. The
regions tested for Tax binding are indicated. HAT, histone acetyltransferase domain. (B) Tax binds to the CR2 domain in vitro. Purified
recombinant Tax (50 pmol) was incubated with GST alone or the indicated GST-CBP fusion protein (50 pmol each). As controls, Tax binding to
GST-C/H1,,305_400 and GST-C/H1-KIX,30,_6s3 Was also assayed. The bound proteins were separated by SDS-12% PAGE, transferred to
nitrocellulose, and detected using an anti-His, antibody. The positions of bound Tax and protein molecular size standards are indicated (in
kilodaltons). (C) Coomassie-stained SDS-12% PAGE showing the GST fusion proteins used in panel B. Asterisks denote GST fusion proteins,
and protein molecular size standards are indicated in kilodaltons. (D) Tax binds to the CR2 domain in vivo. Growth phenotypes of the designated
DNA-binding (DB) and activation domain (AD) constructs were assayed by streaking cells on plates lacking histidine and containing 10 or 20 mM
aminotriazole (AT). Plates were analyzed following 5 days of incubation at 30°C.

were cultured in Iscove’s modified Dulbecco’s medium supplemented with 10%
fetal bovine serum, 2 mM L-glutamine, and penicillin-streptomycin. Transient
cotransfections were performed with 10° cells in unsupplemented medium, a
constant amount of DNA, and Lipofectamine (Life Technologies, Inc.) for 5 h.
Supplemented medium was then added to each transfection and incubated for an
additional 24 h. Cells were lysed and assayed for luciferase activity using a Turner
Designs model TD 20-e luminometer. The Renilla luciferase plasmid was used as
an internal control.

Recombinant plasmids and in vitro transcription assays. The 4TxRE G-less
cassette carries four copies of the third 21-bp Tax-responsive elements (TxRE)
located upstream of the HTLV-1 core promoter (2). Preinitiation complexes
were formed on 100 ng of DNA template in TM buffer supplemented with 10 uM
acetyl-coenzyme A (Sigma) by the addition of the indicated amounts of CREB
and/or Tax and 70 pg of CEM nuclear extract (10) in a final reaction volume of
30 pl. The reactions were incubated for 60 min at 30°C. RNA synthesis was
initiated by the addition of 250 uM each ATP, CTP, and UTP and 12 pM GTP
plus 0.07 pM [a-**PJUTP (3,000 Ci/mmol) and incubated for an additional 35
min at 30°C. RNase T, was then added to the reaction for an additional 20 min
at 37°C. The reactions were terminated by the addition of stop solution (133 mM
NaCl, 0.5% [vol/vol] SDS, 3.3 mM Tris-HCI [pH7.9]) with recovery standard.
RNA was purified with phenol-chloroform, precipitated with ethanol, and ana-
lyzed by 6.5% urea denaturing PAGE. Gels were dried and visualized by Phos-
phorImager analysis.

RESULTS

Identification of carboxy-terminal region of CBP that inter-
acts with Tax. Several previous studies have shown that Tax
physically interacts with the C/H1 and KIX domains of CBP to
activate transcription (14, 20, 31, 32). We were interested in
testing whether additional regions of CBP may participate in
Tax transactivation. To test this hypothesis, several GST-CBP
fusion proteins spanning the carboxy-terminal half of the co-
activator were bound to glutathione-agarose beads and used in
a GST pulldown assay with full-length purified, recombinant
Tax. All of these GST-CBP fusion constructs are illustrated in
Fig. 1A. Tax bound strongly to one of the three carboxy-
terminal regions of CBP (Fig. 1B, lane 5). This region, which

we call carboxy-terminal region 2 (CR2), encompasses CBP aa
1894 to 2212. As positive controls, we also tested the binding of
Tax to the amino-terminal C/H1 domain (aa 302 to 409) and to
a region that encompasses both C/H1 and KIX (aa 302 to 683)
(Fig. 1B, lanes 2 and 3). We observed markedly stronger Tax
binding to CR2 than to these other CBP regions. A Coomass-
ie-stained gel showing the GST proteins used in the pulldown
assay is shown in Fig. 1C. The interaction between Tax and
CR2 was also confirmed using the yeast two-hybrid assay (Fig.
1D).

Critical CR2 amino acids required for Tax binding. We next
determined the minimal region of CR2 competent for Tax
binding. Progressive deletions of CR2 revealed that aa 2150
(Fig. 2A, lane 3) represents the carboxy-terminal border, and
aa 2003 (Fig. 2A, lane 6) represents the amino-terminal border
competent for wild-type interaction with Tax. Further dele-
tions from either terminus significantly reduced the CR2 in-
teraction with Tax (Fig. 2A). These data indicate that the
minimal region of CR2 competent for interaction with Tax
should reside between aa 2003 and 2150. Unexpectedly, this
region in isolation (GST-CR2,,,003 »150) Was not competent
for Tax binding (Fig. 2A, lane 8). Rather, a larger region,
encompassing aa 2003 to 2212, was required for Tax binding
(Fig. 2A, lane 6). This observation suggests that amino acids
near either end of this domain participate in Tax binding and
that while removal of one has no detectable effect on the
interaction, removal of both termini abolishes Tax binding.
This hypothesis fits with secondary structural analysis that pre-
dicts that this region of CBP has the potential to form multiple
a-helices (45). It is possible that a critical number of interact-
ing motifs are required for Tax binding and that the strength of
the Tax-CR2 interaction is a function of the absolute number
of helical motifs present in the fragment.
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FIG. 2. Identification and characterization of minimal CR2 domain. (A) Tax interacts with aa 2003 to 2212 of CBP in vitro. Purified
recombinant Tax (50 pmol) was incubated with GST alone or the indicated GST-CR2 deletion mutants (50 pmol). As a positive control, Tax
binding to the full-length region of GST-CR2,,,494 51> Was also tested. The bound proteins were separated by SDS-12% PAGE, transferred to
nitrocellulose, and detected using an anti-His, antibody. Positions of bound Tax and protein molecular size standards are indicated (in kilodaltons).
The Western blot was stripped and reprobed with anti-GST to ensure that equal amounts of GST fusion protein were used in the assay. (B) Tax
is defective for interaction with the double point mutant ACR2 L2068—A/L2071—A. Purified recombinant Tax (50 pmol) was assayed for its ability
to bind to GST alone or the GST-CR2,,,403_221> double point mutants F2101—=A/12102—A, L2068—A/L2071—A, L2072—A/L2075—A, and
L2140—A/L2143—A (50 pmol each). Tax binding to wild-type GST-CR2,,5003_2212 Was tested as a positive control. The bound proteins were
separated by SDS-12% PAGE, transferred to nitrocellulose, and detected using an anti-His, antibody. Bound Tax and protein molecular size
standards are indicated (in kilodaltons). Five percent of the Tax onput is shown in lane 1. (C) Tax binds equally well to the CR2 domains derived
from CBP and p300. Purified recombinant Tax (50 pmol) was incubated with GST alone or the GST-CR2 region from CBP (aa 2003 to 2212) or
p300 (aa 1970 to 2193) (50 pmol each). The bound proteins were electrophoresed on SDS-12% PAGE, transferred to nitrocellulose, and detected
using an anti-His, antibody. Bound Tax and protein molecular size standards are indicated. Asterisks indicate the double point mutant (in
kilodaltons) in GST-ACR2 L2068—A/L2071—A. Bound Tax was quantified using ImageQuant, and the results indicated that the intensities were
nearly equal. (D) Summary of CR2-Tax interactions.

In an effort to identify critical amino acids within the CR2
region responsible for the interaction with Tax, we prepared
and characterized double point mutations. The amino acids
selected for point mutagenesis were chosen based on homol-

ogy between mouse and human CBP as well as homology
between CBP and p300. We also used sequence gazing to
select leucine residues that had the potential to form a-helices
(and thus the potential to form protein-protein contacts). The
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selected residues were changed to alanines, as they are the
least disruptive to secondary and tertiary structure. Four CR2
constructs were prepared, each carrying two point mutations.
These double point mutations were F2101—A/12102—A,
L2068—A/L2071—A, L2072—A/L2075—A, and L2140—A/
L2143—A. Figure 2B shows that only the double point muta-
tion L2068—A/L2071—A had a significant effect on Tax bind-
ing (lane 5). Interestingly, this mutation disrupts one of the
four a-helices that have been predicted to reside within this
region (45). Although we cannot rule out the possibility that
this CR2 double point mutation disrupts the structure of the
full CR2 domain, the data provide further evidence for a spe-
cific interaction between Tax and CR2.

Although CBP and p300 are highly homologous, it is unclear
whether these two proteins are functionally redundant. CBP
and p300 have domains of high amino acid sequence homology
(e.g., KIX, >90%), whereas other regions, such as CR2, are
more divergent (~50%). We were therefore interested in test-
ing whether Tax interacts with the corresponding CR2 region
present in p300. To address this question, we cloned the cor-
responding region of p300 (aa 1970 to 2193), fused it to GST,
and tested Tax binding in a GST pulldown assay. Figure 2C
shows that Tax binds comparably to the CR2 regions from both
CBP and p300 (lanes 3 and 4). A summary of the Tax inter-
action with the various CR2 constructs from CBP/p300 is
shown in Fig. 2D.

CR2 domain represses Tax transactivation in vivo. The ob-
servation that Tax efficiently binds to the CR2 domain of CBP
in vitro led to the hypothesis that expression of CR2 in vivo
might compete with active CBP/p300 in the cell, thus inhibiting
Tax transactivation. To test this idea, we performed transient-
cotransfection assays in HTLV-1-negative Jurkat T cells using
a reporter plasmid carrying three copies of the Tax-responsive
viral CRE (viral CRE-Luc) driving expression of the luciferase
gene (Fig. 3A) (14). We measured Tax transactivation in the
presence of increasing amounts of an expression plasmid car-
rying the CR2 region (aa 2003 to 2212) under the control of the
CMYV promoter. As expected, expression of Tax strongly acti-
vated transcription from the Tax-responsive promoter (Fig.
3B, lanes 1 and 2). Cotransfection of increasing amounts of the
CR2 expression plasmid repressed Tax transactivation in a
dose-dependent fashion (Fig. 3B, lanes 3 to 5). While the
highest amount of CR2 (800 ng) strongly repressed Tax tran-
scription function, it had no effect on reporter plasmid expres-
sion in the absence of Tax, suggesting that the effect of CR2
was specific to Tax and that CR2 expression was not toxic to
the cells (Fig. 3B, lane 6). It is noteworthy that in these exper-
iments, CR2 may be directly affecting Tax protein levels, as the
expression plasmid uses the Tax-responsive HTLV-1 promoter
to drive Tax synthesis. Therefore, the repressive effect of CR2
may occur through both reductions in Tax levels and repres-
sion of the viral CRE-luciferase reporter plasmid. As a control,
we tested CR2 expression on c-fos-dependent transcription
from an AP-1-luc reporter plasmid (Fig. 3A). Figure 3C shows
that increasing concentrations of CR2 had no effect on c-fos-
dependent transcription (lanes 3 to 5), suggesting that CR2
disruption of transcriptional activity is specific to proteins that
bind to the CR2 domain. As additional controls, we also tested
expression of two CBP molecules that are negative for an
interaction with Tax. We have shown that Tax does not interact
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with CR1 (Fig. 1B) or a form of CR2 carrying the L2068—A/
L2071—A double point mutation (ACR2) (Fig. 2B). As ex-
pected, cotransfection of plasmids expressing these molecules
had no effect on Tax transactivation (Fig. 3D and E).

Critical Tax amino acids required for CR2 binding. To
further characterize the Tax-CR2 interaction, we were inter-
ested in determining the region of Tax that is involved in CR2
binding. We prepared deletion mutants of Tax, fused them to
GST, and tested their interaction with purified His,-
CR2, 50032212 Figure 4A shows that CR2 interacted compa-
rably with both full-length Tax and a carboxy-terminal frag-
ment of Tax encompassing aa 286 to 337, suggesting that the
CR2-interacting region of Tax resides near the carboxy termi-
nus of the protein. Interestingly, several previous studies have
identified several point mutations in this region that signifi-
cantly reduce or abolish Tax transactivation of HTLV-1 tran-
scription in vivo, suggesting that this region of Tax may serve as
an activation domain (43, 44, 46). Since one of the prominent
functions of an activation domain is coactivator recruitment,
we reasoned that specific amino acids in this region might
contact CR2. To address this possibility, we created a point
mutation specifically within a subdomain of this region (Tax aa
312 to 319) that we predicted would participate in amphipathic
helix formation. This prediction is based on the sequence aro-
X-X-p--X-X-¢ (aro represents F or Y, and ¢ represents
bulky hydrophobic groups), where the hydrophobic and aro-
matic amino acids are predicted to form the face of an amphi-
pathic helix and mediate protein-protein contacts (41). This
sequence has been identified in the activation domains of sev-
eral transcription factors, including CREB and p53 (41). The
Tax sequence 5,,-Y-T-N-I-P-I-S-L-;,, matches this conserved
sequence, suggesting that it might participate in coactivator
binding. To determine whether this sequence in Tax is involved
in CR2 binding, we targeted the critical tyrosine at aa 312 and
replaced it with a glutamic acid. Purified full-length Tax pro-
tein carrying the Y312—E mutation was tested in a GST pull-
down assay with GST-CR2,,,003_2212- As a control, we com-
pared the binding of Tax Y312—E with Tax K8§—A, a mutant
form of Tax that has been reported to be defective for KIX
binding (20). Figure 4B shows that Tax protein carrying the
Y312—E point mutation was significantly compromised for an
interaction with CR2 (lane 6), whereas Tax K88—A was not
(lane 5). Tax Y312—E bound GST-C/H1-KIX with apparent
wild-type affinity, indicating that the mutation is not globally
disruptive to the structure of Tax (Fig. 4B, lane 9). Interest-
ingly, we observed near wild-type binding of Tax K88—A to
our GST-C/H1-KIX construct. Although this binding was un-
expected, it is likely due to additional contacts between Tax
and the C/H1 portion of GST-C/H1-KIX, as we have previ-
ously observed strong binding of Tax to this region (32). Coo-
massie-stained gels of Tax and the GST fusion proteins used in
the GST pulldown assay are shown in Fig. 4C.

Functional studies of Tax-CR2 interaction. We were then
interested in testing whether point mutations in Tax that dis-
rupted the CR2 interaction also disrupted Tax transactivation.
We first examined Tax Y312—E activity in an in vitro tran-
scription assay using a plasmid carrying a Tax-responsive pro-
moter driving synthesis of two tandem G-less cassettes. The
G-less cassette allows synthesis of a defined 380-nucleotide
(nt) guanineless transcript from the closed circular template.
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FIG. 3. CR2,,5003-221» inhibits Tax-activated transcription in vivo. (A) Schematic illustration of the viral CRE and AP-1-luciferase reporter
constructs used in the transient-cotransfection assays. Transient-cotransfection assays were performed in HTLV-1-negative human Jurkat T cells.
(B) CMV-CR2,,5003_221> €xpression inhibits Tax transactivation. The Tax-responsive viral CRE-Luc reporter plasmid (100 ng) (14) was cotrans-
fected with a constant amount of the HTLV-1 Tax expression plasmid (6) (200 ng) (lanes 2 to 5) and an increasing amount of an expression plasmid
for CMV-CR2,5003.221» (lanes 3 to 6), as indicated. (C) CMV-CR2,,5003.221> €xpression does not affect c-fos-activated transcription in vivo.
Transient-cotransfection assays were again performed in Jurkat T cells; however, the AP-1-Luc reporter plasmid (400 ng) (14, 53) was cotrans-
fected with a constant amount of the RSV-c-fos (3) (400 ng) (lanes 2 to 5) and an increasing amount of the CR2 expression plasmid
CMV-CR2,,5003-201> (lanes 3 to 6), as indicated. (D and E) CMV-CR1,,;515_1305 €xpression and CMV-ACR2,,,003_221> expression of the
L2068—A/L2071—A double point mutation does not affect Tax-activated transcription in vivo. The viral CRE-Luc reporter plasmid (100 ng) was
cotransfected with a constant amount of the HTLV-1 Tax expression plasmid (6) (200 ng) (lanes 2 to 5) and an increasing amount of the expression
plasmid for CMV-CR1,,,5:5_1505 (panel D, lanes 3 to 6), as indicated, or CMV-ACR2, 5003 521> carrying the L2068—A/L2071—A double point
mutation (panel E, lanes 3 to 6), as indicated. In all experiments, a constant amount of the Renilla luciferase reporter plasmid (10 ng) was added
to each reaction as an internal control. Luminescence was quantitated with a luminometer, and activation was quantitated relative to expression
from the viral CRE-Luc reporter plasmid in the absence of Tax or from the AP-1-Luc reporter plasmid in the absence of c-fos. The values shown
are the mean fold activation (in duplicate) * the standard deviation. The experiments are representative of at least three independent experiments.
Western blot analysis using anti-His, antibody confirmed expression of CMV-CR2 and CMV-ACR?2 following transfection (data not shown).

The Tax-responsive promoter, which drives the G-less cassette, same amount of Tax protein carrying the Y312—E point muta-

carries four viral CRE elements cloned immediately upstream of
the core HTLV-1 promoter (2). A schematic representation of
the promoter construct is shown in Fig. SA. We performed in
vitro transcription assays using nuclear extracts prepared from the
HTLV-1-negative human T-cell line CEM. Figure 5A shows the
results of the in vitro transcription experiment. As expected, the
addition of wild-type Tax alone and in combination with the
Ser133-phosphorylated form of CREB produced an increase in
transcription from the 4TxRE/G-less template (8- and 15-fold,
respectively) (Fig. 5A, lanes 1 to 3). However, the addition of the

tion produced only a very modest increase in RNA synthesis
(twofold) (Fig. 5A, lane 4). The addition of Ser133-phosphory-
lated CREB to the Tax Y312—E reactions only partially rescued
transcriptional activation (fivefold) (Fig. 5A, lane 5). In an at-
tempt to directly evaluate an effect of the Tax Y312—E on coac-
tivator utilization, we tested the effect of full-length p300 in these
experiments. We did not, however, observe enhanced Tax trans-
activation upon p300 addition (data not shown). This observation
is consistent with previous reports showing that p300 does not
activate transcription in vitro in the absence of chromatin (28, 29).
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FIG. 4. Carboxy-terminal activation domain of Tax interacts with CR2. (A) CR2 binds to the putative transactivation domain of Tax. Purified,
recombinant Hisg-CR2,,,0032212 (50 pmol) was incubated with GST alone or the indicated GST-Tax fusion constructs (50 pmol). The bound
proteins were separated by SDS-10% PAGE, transferred to nitrocellulose, and detected using an anti-Hisg antibody. The positions of bound
Hisg-CR2,,5003-2212 and protein molecular size standards are indicated (in kilodaltons). (B) The Tax Y312—E point mutant is defective for
interaction with CR2. Purified recombinant wild-type Tax (lanes 1, 4, and 7), Tax K88—A (lanes 2, 5, and 8), or Tax Y312—E (lanes 3, 6, and 9)
(50 pmol each) were incubated with GST alone or the indicated GST-CR2,,5003_2212 0r GST-C/H1-KIX, 30, 6s3 fusion proteins. The bound
proteins were separated by SDS-12% PAGE, transferred to nitrocellulose, and detected using an anti-His, antibody. Bound Tax and protein
molecular size standards are indicated (in kilodaltons). (C) Coomassie-stained gels of the purified proteins used in the experiment shown in panel
B. The left panel shows the GST fusion proteins; asterisks denote the relevant protein band. The right panel shows both the wild-type and mutant
forms of Tax used in the experiment. Protein molecular size standards are indicated (in kilodaltons).

To further examine the role of the CR2-interacting domain
in Tax transactivation, we performed transient-cotransfection
assays. For these experiments, we used an expression plasmid
carrying the full-length Tax protein fused to the DNA-binding
domain of Gal4 (8). In this background, we introduced the
Y312—E point mutation and two additional point mutations in
the activation domain region of Tax. These two new mutations,
1315—E and L319—R, were also targeted to the putative am-
phipathic helix in Tax that likely plays a role in HTLV-1 tran-
scription (see above). Figure 5B shows, as expected, that co-
transfection of Gal4-wtTax strongly activated transcription
from a reporter plasmid carrying five copies of the Gal4 DNA-
binding site (Gal4-Luc; Fig. 5B, compare lanes 1 and 3). Each
of the Gal4-Tax point mutants, Y312—E, 1315—E, and
L319—R, were significantly compromised for Tax transactiva-
tion (Fig. 5B, lanes 4 to 6). As a control for promoter activity,
we also tested the activation domain of p53 (aa 1 to 42) fused
to the Gal4 DNA-binding domain (Gal4-p53,,, 4,) in the
transient-cotransfection assay (Fig. 5B, compare lanes 1 and
2). These data further support a functional role for this region
of Tax in the activation of transcription.

Tax and SRC-1 compete for CR2 binding in vitro. In addi-
tion to binding Tax, the CR2 region also corresponds to the
SRC-1-interacting domain of CBP that is critical to coactivator
utilization by liganded nuclear hormone receptors (17, 35).
Previously, Tax has been shown to strongly repress transcrip-
tion mediated through steroid and retinoid receptors (9). This

observation, together with the observation that both Tax and
SRC-1 physically interact with CR2, led to the hypothesis that
their binding may be mutually exclusive. To directly test this
idea, we examined whether increasing concentrations of Tax
can displace SRC-1 from CR2 in vitro. As a control, we also
tested Y312—E Tax, which is defective for CR2 binding. Glu-
tathione beads were bound with GST-CR2,,505_221» and then
incubated with in vitro-transcribed and translated full-length
SRC-1. Increasing amounts of wild-type Tax or Tax Y312—E
were included in the binding reactions containing SRC-1, and
the resulting protein-protein interactions were detected by
PhosphorImager and Western blot analysis. Figure 6 shows
that increasing amounts of Tax dramatically reduced SRC-1
binding to CR2, with a concomitant increase in Tax binding
(lanes 10 to 12). As expected, increasing amounts of Tax
Y312—E had no effect on SRC-1 binding to CR2 (lanes 13 to
15). Together, these data indicate that the binding of SRC-1
and Tax to CR2 is mutually exclusive in vitro.

DISCUSSION

The results presented in this report indicate that the
HTLV-1 Tax protein interacts with multiple domains of the
pleiotropic coactivators CBP and p300. In addition to the in-
teractions with the C/H1 and KIX domains, we show here that
Tax strongly interacts with a carboxy-terminal region of CBP,
encompassing CBP aa 2003 to 2212. Tax also binds strongly to
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a Tax-responsive element promoter. The in vitro transcription assay was performed on a 4TXRE G-less cassette (2) template that carries four
tandem copies of the third (promoter-proximal) viral CRE driving expression of a 380-nt RNA (shown schematically above panel 5A). Tran-
scription reaction mixtures contained the 4TXRE G-less template (100 ng), nuclear extract (70 wg of CEM, a human T-cell line) (lanes 1 to 5),
purified recombinant wild-type Tax (100 ng) (lanes 2 and 3), purified recombinant Tax Y312—E (100 ng) (lanes 4 and 5), and pCREB (50 ng)
(lanes 3 and 5). The positions of the full-length 380-nt RNA transcript, labeled DNA recovery standard, and molecular size markers are indicated
(in nucleotides). This experiment is representative of three independent experiments. (B) Tax Y312—E is defective for transactivation in vivo.
Transient-cotransfection assays were performed in HTLV-1-negative human T-lymphocyte Jurkat cells. The Gal4-luciferase reporter plasmid (400
ng) (8) (shown schematically above panel B) was cotransfected with Gal4-p53 (aa 1 to 42) (200 ng) (lane 2) or the indicated wild-type or mutant
Gal4-Tax expression plasmid (200 ng) (lanes 3 to 6) and a constant amount of Renilla luciferase reporter plasmid (10 ng). The Gal4-Tax point
mutations used in this study are Y312—E, I315—E, and L319—R. Luminescence was quantitated with a luminometer, and activation was
calculated relative to the activation from the Gal4 reporter plasmid alone in the absence of Tax or p53. The values shown are the mean fold
activation of duplicates * the standard deviation. The experiment shown is representative of three independent trials.

the corresponding CR2 region in p300. Expression of the CBP- 319, that participates in the interaction with CR2. A point

CR2 region alone in vivo represses Tax transactivation func- mutation in this region, Y312—E, causes defects in CR2 bind-
tion, suggesting that Tax binding to the isolated CR2 region ing and Tax transactivation. We show that other point muta-
prohibits recruitment of the full-length coactivators. We iden- tions (I315—E and L319—R) in this region also strongly com-

tified a carboxy-terminal region of Tax, encompassing aa 312 to promise Tax transactivation function. The data in this report
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FIG. 6. (A) Tax and SRC-1 binding to CR2,,,003 21> is mutually exclusive. SRC-1 [**S]-labeled transcription-translation product (0.1 pl) was
incubated with GST alone or GST-CR2,,503-221> (5 pmol) (lanes 4 and 9 to 15) in the presence of increasing amounts of wild-type Tax protein
(5, 50, and 100 pmol) (lanes 10 to 12) or Tax Y312—E (5, 50, and 100 pmol) (lanes 13 to 16). Wild-type (wt) and Y312—E Tax (50 pmol) were
also incubated with GST alone (5 pmol) (lanes 5 and 6) or GST-CR2,,5003.221» (5 pmol) (lanes 7 and 8). Bound proteins were separated by
SDS-12% PAGE. Top, PhosphorImager analysis of bound SRC-1. Bottom, Western blot analysis using anti-His, antibody. The positions of SRC-1
onput (100%) (lane 1), wild-type Tax (5 pmol) (lane 2), and Tax Y312—E (5 pmol) (lane 3) and molecular size markers are indicated (in
kilodaltons).
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suggest that the aa 312 to 319 region of Tax forms a potent
activation domain and that this region functions to contact
CR2 and thus participate in the recruitment of the coactivator
to the HTLV-1 promoter. Further evidence supporting a role
for the Tax activation domain in coactivator interaction comes
from a recent report showing that M47 Tax (L319—R,
L320—S) is partially defective for interaction with full-length
p300 in an electrophoretic mobility shift assay (20). Together,
these data strengthen previously published reports showing
that a variety of point mutations in this region strongly repress
Tax transcription function. These include double point muta-
tions at aa 310 to 311, 315 to 316, and 319 to 320 and single
point mutations at aa 316, 317, 318, and 320 (44, 46).

We have begun to delineate the molecular basis of the Tax-
CR2 interaction. A short sequence in the Tax activation do-
main conforms precisely to a consensus sequence found in the
activation domains of several other transcription factors (41).
This consensus sequence, aro-X-X-¢-b-X-X-¢- is predicted to
form an amphipathic helix and therefore participate in protein-
protein interactions. The Tax sequence 5;,-Y-T-N-I-P-I-S-L-
310 matches the reported consensus sequence precisely. Fur-
thermore, mutation of the critical tyrosine residue (Y312—E),
which is predicted to reside on the face of the helix, dramati-
cally reduced CR2 binding in vitro and Tax transactivation in
vitro and in vivo. Mutation of additional residues (I315—E and
L319—R) also predicted to reside on the face of the helix also
dramatically reduced Tax transactivation in vivo. These data
strongly suggest that the activation domain of Tax forms an
amphipathic helix-binding surface which mediates CR2 inter-
action. Previous research has also shown that the M47 Tax
mutant is defective for transcriptional activation from the
HTLV-1 long terminal repeat (LTR) while completely func-
tional for transactivation from the human immunodeficiency
virus type 1 LTR (1, 43). The other half of the activator-
coactivator interaction is contributed by CR2 aa 2003 to 2212.
Interestingly, this minimal CR2 region carries four predicted
a-helical domains (45), which may be critical for interaction
with the amphipathic helix of Tax. Consistent with this idea,
disruption of a single a-helix by point mutagenesis (L2068—A/
L2071—A) significantly reduced Tax binding to CR2. These
data define the Tax-CR2 interface and provide a framework
for further studies on the molecular structure of the Tax-CR2
interaction.

The observation that Tax contacts the CR2 region of CBP
and p300 indicates that at least three distinct sites on the
coactivator may participate in mediating Tax transactivation.
Several previous studies have shown that Tax also binds to the
KIX and C/H1 domains of CBP and that these interactions
may be relevant in Tax transactivation (14, 20, 31, 32, 55). It is
interesting that distinct regions of Tax (defined by the K8§—A
and Y312—E point mutations) make independent contacts on
CBP/p300, suggesting that discrete coactivator contacts can be
made simultaneously. Functional studies suggest that indepen-
dent coactivator contacts contribute to Tax function, such as
KIX and CR2, when expressed in isolation, each repressing
Tax transactivation approximately 50% (14) (Fig. 3B). This
evidence suggests that the distinct Tax-CBP interactions occur
simultaneously and perhaps cooperate to enhance coactivator-
mediated transcriptional activation. It is not currently known
whether Tax binding simultaneously at multiple sites in CBP/
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p300 leads to more efficient coactivator recruitment or whether
the individual interactions promote dissimilar effects on Tax-
activated transcription. It is interesting that other transcription
factors bind to multiple domains of CBP which could be im-
portant for reconfiguring the CBP molecule for chromatin
remodeling and/or recruitment of the RNA polymerase II
transcriptional machinery (22, 51). Most notably, the tumor
suppressor pS3 also binds to the KIX domain as well as a
C-terminal domain of CBP, whereby Tax and p53 exhibit mu-
tually exclusive binding to the KIX domain (19, 51). The fact
that Tax binds as a dimer on the HTLV-1 promoter in the
nucleoprotein complex also provides further potential for mul-
tiple interactions with CBP and p300 as well as with other
components of the transcription machinery (23, 50).

It is interesting that the CR2 region of CBP defined in this
study precisely overlaps the SRC-1 interaction domain of CBP
(24, 28, 45, 58). SRC-1 is a prominent member of a family of
coactivators that bind to this specific region of CBP and me-
diate transcriptional activation of nuclear hormone receptors
(17, 35). Given the overlap of the amino acids required for Tax
binding and SRC-1 binding (aa 2003 to 2212 and 2058 to 2130,
respectively), it not surprising that the binding of these two
proteins to CR2 in vitro is mutually exclusive. These data are
consistent with a recent study showing that Tax is a potent
inhibitor of nuclear receptor-activated transcription mediated
through SRC-1 (9). Interestingly, a double point mutation in
Tax, at aa 319 and 320 (M47) (46), relieved the repression of
nuclear hormone signaling. This observation is not unexpected,
as this double point mutation likely disrupts the amphipathic
helix in Tax and thus the Tax-CR2 interaction. Reduced Tax
binding to CR2 would give SRC-1 greater access to the limiting
coactivator and relieve the repression. Although the report did
not identify a mechanism of Tax repression of nuclear hor-
mone transcription function, the authors did suggest that CBP
may be involved. These data provide strong corroborating ev-
idence for a functionally relevant Tax-CR2 interaction in vivo.

In summary, the studies presented herein define a new do-
main on CBP/p300 that is involved in Tax transactivation and
demonstrate the complexity of activator-coactivator interac-
tions in mediating gene regulation. Several previous studies
have provided extensive evidence for Tax binding to the KIX
domain, and more recently to the C/H1 domain, resulting in
competition with other transcription factors that bind to these
regions (5, 7, 32, 49, 51, 53). Our demonstration here that Tax
binds to an additional region of CBP/p300 has further impli-
cations for Tax derailment of CBP coactivator function in the
HTLV-1-infected cell. These studies provide the biochemical
foundation for future work on the molecular interactions at the
CR2-Tax interface as well as the biological consequences of
this novel interaction.
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