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ABSTRACT: The HTLV-1 transcriptional activator Tax is required for viral replication and pathogenesis.
In concert with human CREB, Tax recruits the human transcriptional coactivator and histone acetyltrans-
ferase p300/CBP to the HTLV-1 promoter. Here we investigate the structural features of the interaction
between Tax and the KIX domain of p300/CBP. Circular dichroism spectroscopy, nuclear magnetic
resonance chemical shift perturbation mapping, and sedimentation equilibrium analysis show that KIX
binds a Tax subdomain corresponding to residues@®of Tax (called Tage-gs). Circular dichroism
spectroscopy suggests that gxs is intrinsically disordered (natively unfolded) in isolation and adopts

an ordered conformation upon binding KIX. The interaction is disrupted by a single amino acid variation
of Taxsg—9g in Which leucine 68 is substituted with proline. Chemical shift perturbation mapping reveals
that the Tax-binding surface of KIX is distinct from that utilized by CREB, and corresponds to the site
of KIX that interacts with the human transcription factors c-Jun and mixed lineage leukemia protein
(MLL). Sedimentation equilibrium analysis shows that Tax and the phosphorylated KID domain of CREB
can simultaneously bind KIX to form a ternary 1:1:1 complex. The results provide a molecular description
of the concerted recruitment of p300/CBP via the KIX domain by Tax and phosphorylated CREB during
Tax-mediated gene expression.

HTLV-1* predominantly infects CD# T-cells and is the CREB pKlD
etiological agent of adult T-cell leukemia and of the .
neurological disorder tropical spastic paraparesis/HTLV-1- region
associated myelopathyt); HTLV-1 replication and patho-
genesis are dependent on the virally encoded transcriptional
activator Tax 2—4). In addition to activating viral gene
expression, Tax alters the expression of numerous cellular
genes involved in cell cycle regulation and apoptosis
(2—4). The interference of Tax with normal cellular processes
likely contributes to the extensive modulation of the tran-
scriptional profile of HTLV-1-infected lymphocyte$)and
to HTLV-1-associated pathogenesis—@).

Tax contributes to the activation of HTLV-1 genes by
promoting the binding of human CREB at atypical CRE sites )
of the viral promoter2—4) (Figure 1). Tax and CREB then CREB bZIP domain
cooperate to recruit the related but distinct human transcrip- Ficure 1: Schematic representation of the assembly of the CREB
tional coactivators p300 and CBR—4). The interaction = Tax—CBP complex on DNA in the absence of CREB phosphory-
between CREB and p300/CBP normally depends on CREB lation (8, 9, 51). In normal cells, the bZIP domain of CREB binds

- . to the CRE. Upon phosphorylation, the KID region of CREB
phosphorylation in a region of CREB called KIB, (7). In interacts with the KIX domain of the multidomain protein p300/

contrast, during Tax-mediated expression at both viral and cBp. During HTLV-1-mediated gene expression, Tax binds the
host CRE-containing promoters, the requirement for CREB bZIP region of CREB and contacts DNA to stabilize formation of
the CREB-DNA complex at the atypical CRE sites of the HTLV-1
t Supported by the American Cancer Society (Grant RSG-02-051- Promoter. In the absence of KID phosphorylation, Tax binds KIX
GMC). to act as a molecular bridge between the bZIP domain of CREB
* To whom correspondence should be addressed. E-mail: lumb@ and p300/CBP4g, 9).
lamar.colostate.edu.
! Abbreviations: CBP, CREB-binding protein; CD, circular dichro- phosphorylation may be alleviated by Tax forming a mo-

ism; CRE, cyclic AMP response element; CREB, CRE-binding protein; : .
DSS, sodium 2,2-dimethyl-2-silapentane-5-sulfonate; HPLC, high- lecular bridge between the bZIP region of CREB and p300/

performance liquid chromatography; HSQC, heteronuclear single- CBP @, 9) (Figure 1).

guantum coherence; HTLV-1, human T-cell leukemia virus type 1; KID, ; ; ; ;
kinase inducible domain of CREB; KIX, KID-interacting domain of The mteractlop between p300/CBP and Tax is mediated
CBP; LB, Luria-Bertani; MLL, mixed lineage leukemia protein; NMR, by the KIX domain of p300/CBP, as demonstrated by several

nuclear magnetic resonance; TFA, trifluoroacetic acid. in vitro andin vivo studies 8—13). The region of Tax that
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binds KIX is localized in part to residues #85, since a
peptide corresponding to residues—8o of Tax disrupts the
association of full-length Tax and K vitro (10).

Vendel et al.

same way except cells were grown in M9 minimal medium
supplemented with thiaminQ, 27). Final purification was
by reversed phase;£HPLC using a linear water/acetonitrile

Tax-mediated gene expression likely relies in part on the gradient containing 0.1% TFA. The yield of KIX expressed
ability of p300 and CBP to interact with a range of host in LB or M9 medium was typically 6 or 3 mg/L, respectively.
transcription factorsl4) and the acetyltransferase chromatin The identity of KIX was confirmed with electrospray mass
remodeling activity of p300/CBP or the p300/CBP-associated Spectrometry, and the observed and expected masses agreed

factor (PCAF) (2, 13). In addition to a role in HTLV-1 gene
expression, p300 and CBP contribute to normal cellular

within 1 Da.
pKID corresponds to residues 8143 of human CREB

processes such as cell growth, differentiation, and tumor phosphorylated at Ser 118 (which is identical to residues

progression 15, 16). KIX interacts with numerous human
transcription factors such as p53, MLL, ¢c-Myb, and c-Jun
(15, 16). It is possible that competition for KIX between
Tax and human transcription factors contributes to the
development of HTLV-1-associated maladié3<{19).

KIX binds transcription factors via one of two modes that
employ structurally distinct surfaces of KIX(@, 21). One
surface of KIX is recognized by the KID region of phos-
phorylated CREBZ2), whereas a different surface is utilized
by the human transcription factors c-Jun and M20,(21).
The existence of two discrete binding sites on KIX allows
the formation of ternary complexes with two activation
domains 20, 21). For example, KIX forms ternary complexes
with the activation domains of CREB and MLI23), of
c-Myc and MLL 21), and of c-Jun and CRER().

Here we present an investigation of the FadX interac-
tion and the formation of a ternary complex involving a
domain of Tax corresponding to residues—38 (called
TaXsg-0s), the KIX domain of CBP, and the phosphorylated
KID region of CREB. Taxggs is intrinsically disordered in
isolation, and forms a stable complex with KIX. With NMR
chemical shift perturbation mappin@4), we show that
Taxse—9s binds to a contiguous site on KIX that corresponds
to the site recognized by human c-Jun and MLL, and which
is distinct from the binding site for CREB. In accord with
the presence of two distinct binding sites for CREB and Tax,
we show that KIX forms a ternary complex with TsgXog
and phosphorylated KID. These results suggest a modifie
view of the assembly of the T&xCREB—CBP complex
during Tax-mediated gene expression in which ternary
complex formation is facilitated by direct interactions
between KIX and the phosphorylated KID region of CREB
during p300/CBP recruitment.

EXPERIMENTAL PROCEDURES

Protein Preparation and PurificationTaXsg—gs, COrre-
sponding to residues 598 of HTLV-1 Tax with an
N-terminal Tyr for concentration determination, was syn-
thesized on MBHA (4-methylbenzhydrylamine hydrochloride
salt) resin (106-200 mesh) using manual Boc chemist2)
The side chains of Arg, Asp, GIn, His, Lys, Ser, Thr, and
Tyr were protected with Tos, Bzl, Xan, DNP, ClIZ, Bzl, Bz,
and Brz, respectively. Tax ¢s was purified by reversed
phase @ HPLC using a linear water/acetonitrile gradient
containing 0.1% TFA. The identity of Taxges was con-

102—-158 of mouse CREB phosphorylated at Ser133) with
an additional N-terminal Met. Purified pKID was the
generous gift of Y. Wei. KID was expressedHncoli strain
BL21(DE3) as a His-tagged fusion protein with a pET15b
plasmid harboring a PCR product encoding KID amplified
from a plasmid carrying human CREB-R§) (S. P. Mestas
and K. J. Lumb, unpublished results). KID was purified from
the soluble cell lysate fraction with Ni affinity chromatog-
raphy, and the His tag was cleaved with thrombin. KID was
phosphorylated with protein kinase A (Sigmd&)).(Final
purification was accomplished by reversed phaggHPLC
using a linear water/acetonitrile gradient containing 0.1%
TFA. The identity of KIX was confirmed with MALDI mass
spectrometry, and the observed and expected masses agreed
within 1 Da.

Proteins were stored lyophilized and dialyzed against 20
mM sodium phosphate and 50 mM NaCl (pH 7.0) before
being used.

Protein Concentration DeterminatiofConcentrations of
protein stock solutions were determined by absorbance in 6
M GuHCI, 10 mM sodium phosphate, and 150 mM NacCl,
pH 6.5, at 25°C using an extinction coefficient of 1450 ™
cm ! at 276 nm for Tax-os and pKID and of 12 090 M
cmt at 280 nm for KIX @9).

CD SpectroscopyCD spectra were acquired with a Jasco
J720 spectrometer. Samples were prepared in 20 mM sodium
phosphate and 50 mM NaCl, pH 7.0, and contained equimo-

glar amounts of each protein (20, 30, or 4M). Spectra

comprised 20 scans recorded at’@ Binding was detected

by differences between observed spectra and the spectra
expected if the two proteins do not interact, calculated as
the normalized sum of the spectra of the individual proteins
(20).

Analytical UltracentrifugationSedimentation equilibrium
analysis was performed with a Beckman XL-I analytical
ultracentrifuge. Data were collected at 280 nm at the rotor
speeds and protein concentrations listed in Table 1. Samples
were dialyzed against the reference buffer (20 mM sodium
phosphate and 150 mM NacCl, pH 7.0). Calculated partial
specific volumes at 10C of 0.75, 0.71, 0.73, 0.72, 0.74,
and 0.73 mL/g were used for TaXgs, pKID, KIX, pKID —

KIX, TaxXsg-9s—KIX, and Taxg—9s—pKID —KIX, respectively

(30). A calculated solvent density of 1.004 g/mL was used
(30). Data were fit to an ideal, single-species model with
ORIGIN (Beckman). Parameters that were allowed to float
during the fit were the mass and the baseline offset (i.e.,

firmed with electrospray mass spectrometry, and the observedabsorbance at;). Masses are reported as the mean of six

and expected masses agreed to within 1 Da.

KIX (residues 589-679 of human CBP with an additional
N-terminal Met) was expressed scherichia colistrain
BL21(DES3) pLysS in LB medium and purified as described
previously @0, 26). *N-labeled KIX was prepared in the

observed masses the standard deviation.

NMR SpectroscopyNMR spectra were acquired with a
Varian Unity Inova spectrometer operating at 500.1 MHz
for 1H. All spectra were acquired at 1. Samples were
prepared in 20 mM sodium phosphate and 50 mM NacCl (pH



Assembly of the KIX-KID —Tax Complex

Table 1: Sedimentation Equilibrium Analysis of Binary and
Ternary Complex Formatién

observed mass (kDa)

concentrationgM) 45 000 rpm 48 000 rpm
Taxss-9s (expected mass for monomer of 4607 Da)
250 4.0 4.7
400 45 4.6
500 4.7 4.6
observed mass (kDa)
concentrationgM) 40 000 rpm 45 000 rpm
KIX (expected mass for monomer of 11 139.8 Da)
40 11.7 11.4
50 11.7 115
60 11.8 121
observed mass (kDa)
concentrationgM) 45 000 rpm 48 000 rpm
pKID (expected mass for monomer of 6856 Da)
200 7.1 7.6
300 6.9 6.8
400 7.0 7.0
observed mass (kDa)
concentrationgM) 25 000 rpm 30 000 rpm
pKID and KIX (expected mass for 1:1 complex of 17 996 Da)
30 194 16.5
45 19.1 17.8
55 17.9 17.0
observed mass (kDa)
concentrationgM) 25 000 rpm 30 000 rpm
Taxss-9s and KIX (expected mass for 1:1 complex of 15 747 Da)
37 14.2 13.1
50 14.2 12.6
62 13.0 13.3
observed mass (kDa)
concentrationgM) 25000 rpm 30 000 rpm

Taxsg—os, PKID, and KIX (expected mass for 1:1:1 complex
of 22 603 Da)

35 23.0 21.3
45 21.0 215
55 20.2 21.8

aData were collected at two rotor speeds and three concentrations.
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FIGURE 2: CD analysis of Tage-gg binding to KIX. Mixing of
Taxse-g9s With KIX results in a CD spectrum with a negative
ellipticity at 208 and 222 nm greater than that expected from the
sum of the spectra of the two isolated proteins, suggesting that
Taxsg-og binds KIX. Experiments were performed at three equimolar
protein concentrations (20, 30, and 4®1) in duplicate with
reproducible results. From these six data sets, the error in the CD
signal is estimated to be 2%. This error is significantly smaller
than the difference of 20% at 222 nm between the calculated and
observed spectra.
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Ficure 3: Sedimentation equilibrium analysis of binding of
Taxse-9s t0 KIX. The data are consistent with an ideal, single-
species model, as shown by the random distribution of residues.

Samples contained the stated peptides in equimolar amounts with eachminimum at 200 nm and a lack of spectral characteristics

peptide at the listed concentration.

above 210 nm that are reflective of helix or sheet structure
(Figure 2). The CD spectrum of free KIX is indicative of a

7.0) and referenced to internal DSS at zero ppm. Gradientpgjical protein (Figure 2), in accord with previous CD results

IH-1N HSQC spectra 31) consisted of 256 complex

(7, 20, 26, 35 and the solution structure of KIX2@Q).

increments defined by 192 transients and 1024 complex addition of Taxs-es to KIX results in a significant increase
points. Data were processed with NMRPipe and analyzedi, g|lipticity over the calculated spectrum of noninteracting

with NMRView (32, 33). Chemical shift assignments for the
Taxse—9s—KIX complex were obtained by following changes
in HSQC spectra ofN-labeled KIX (550uM) upon addition

of increasing amounts of unlabeled Faxs (up to 1.1 mM).

IH and**N assignments of unbound KIX have been previ-
ously reported Z0). Changes in chemical shifA@) upon
complex formation were calculated ag(AHN)2 + (AN/
5)?], where AHN and AN are the changes in amide'tnd
15N chemical shifts, respectivelyd4).

RESULTS

Taxss-gg Binds the KIX Domain of CBPThe CD spectrum
of Taxsg-gs iS reminiscent of an unfolded protein, with a

Taxsg-9s and KIX (Figure 2). This result suggests that
Taxse—9s binds the KIX domain of CBP, in accord with
previous studies of a shorter Tax peptid®)( In addition,
the increase in ellipticity at the helical signature wavelengths
of 208 and 222 nm suggests an increase in helix content
upon binding.

Analytical ultracentrifugation also suggests that sag
and KlIX interact (Figure 3). The apparent mass of equimolar
Taxse—gg and KIX is 13.4+ 0.3 kDa, which is within 15%
of the mass of 15.7 kDa expected for the 1:1 complex (Table
1). If the complex did not form, then the apparent mass would
reflect the weighted mass average of the individual proteins
of 7.8 kDa. The lower-than-expected mass for the 1:1
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FIGURE 4. CD analysis of the L68P variant of Taxeg. Mixing of 2 1215
the L68P variant of Tag-g9g and KIX results in a CD spectrum -
that is very similar to the sum of the spectra of the two isolated
proteins, suggesting that the L68P variant of s5as does not bind 122
KIX.
. 1231
complex may reflect error (for example, in the calculated
: £ ; : @ He02 L599
partial specific volume), peptides that are not fully active, DE38LEO3 )
or incomplete formation of the complex, since 99% complex 124,
formation requires that the free ligand concentration be 100- 8.7 86 85 84 83 828180797877 7675
fold greater than th&y (36). "H Chemical Shift (ppm)

The observed mass of Téxes does not vary systemati-  figyre 5: 1H—15N HSQC spectrum ofsN-labeled KIX bound to
cally with concentration, as expected for a single species, Taxss o5 (10 °C, pH 7.0). Only resonances frotN-labeled KIX
and the mean mass of 4:5 0.3 kDa is within 1% of the are observed in this experiment. KIX resonances that have a
mass expected for a monomer of 4.6 kDa (Table 1). The significant chemical shift perturbation upon binding ¥axs are
observed mass for KIX of 11.Z 0.3 kDa is within 5% of  celored orangeAo = 0.05 ppm) or red46 > 0.08 ppm).
the value expected for the monomer (Table 1), in accord 0.15
with previous results20). Thus, the observed mass of the
equimolar solution of Tay-9g and KIX is not the result of
self-association of Tax gs or KIX as opposed to formation
of the Taxg—9s—KIX complex.

A Single-Point Variant of Tax-gg Disrupts KIX Binding
The CD results suggest an increase in helix content upon
binding of Taxg o to KIX. Two regions of Taxo og are 0.05
predicted with AGADIR 87) to have a propensity for helical
formation (residues 60671 and 83-89). If one of these two

0.10

Ad (ppm)

predicted helices is important for binding, then replacement 0.00 i
of a potential hydrophobic interface residue with the second- 591 600 609 618 627 636 645 654 663 672
ary structure breaker proliné3g) might be expected to CBP Residue Number

disrupt binding. The L68P variant of Taxos did not bind FIGURE 6: Chemical shift perturbations\@) induced in KIX by

KIX as monitored with CD spectroscopy (Figure 4) or with  Tax, o, Changes are normalized averages of the amiiumil
NMR spectroscopy by changes in tHel—N HSQC N chemical shift perturbations4).

spectrum of*N-labeled KIX upon the addition of the L86P

variant (data not shown). This result provides evidence for of the Taxgs-gs—KIX complex is 0.02 ppm (Figure 6).

a specific interaction between Tsaxgs and KIX. Significant changes in chemical shift 0.05 ppm) are seen
NMR Mapp|ng of the T%gﬁgg.Binding Surface of KIX for Thr 614, Ala 618, LyS 621, ASp 622, Glu 626, Ala 630,

The Taxs ozbinding surface of KIX was identified by ~— and Gln 661, with the largest shifts 0.08 ppm) observed

monitoring chemical shift changes in HSQC spectra of for Phe 612, Leu 620, Val 629, and Lys 659 (Figure 6). These

15N-labeled KIX upon the addition of increasing amounts residues form a contiguous surface on KIX containing both

of unlabeled Ta o5 at neutral pH (Figure 5). Although  hydrophobic and polar residues that define the sfax

absolute changes in chemical shift cannot usually be binding surface (Figure 7). The binding site of Taxs on

interpreted in detailed structural terms, residues that from a KIX corresponds to the site recognized by human c-Jun and

contiguous surface of a protein upon formation of a complex MLL (20, 21) and is distinct from the surface utilized by

map the recognition interface of the protejorotein complex ~ Phosphorylated KIDZ2) (Figure 6).

(24). Taxsg-gg induces progressive changes in thieand'>N Formation of the Ternary Ta¥-os—pKID—KIX Complex

chemical shifts of KIX, indicating that complex formation Sedimentation equilibrium analysis suggests thatsdax

is in the fast exchange regime on the chemical shift time pKID, and KIX form a ternary complex (Figure 8). The

scale. The average change in chemical shift upon formationobserved mass of 21.% 0.9 kDa is within 5% of the
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Ficure 8: Sedimentation equilibrium analysis suggests the forma-
tion of a ternary complex of Tay gs, pKID, and KIX. The data
are consistent with an ideal, single-species model with the mass

expected for the 1:1:1 Tax os—pKID—KIX complex (Table 1),
as shown by the random distribution of residues.

complex is not due to self-association of the individual pro-
teins or binary complexes.

DISCUSSION

Transcriptional activation requires the formation of numer-
ous proteir-DNA and proteinr-protein interactions 39).
During CREB-mediated gene expression, the human coac-
tivators CBP and p300 are recruited via KIX by the
phosphorylated KID region of CRE®(7). During HTLV-1
gene expression, CBP and p300 are recruited jointly by
HTLV-1 Tax and human CREBS( 9). Tax promotes the
binding of CREB at the atypical CRE sites of the HTLV-1
promoter and acts as a molecular bridge between the bZIP
domain of CREB and the KIX domain of p300/CBP (Figure
1) (8, 9). CBP and p300 may then contribute to transcrip-
tional activation by making contacts with the general
transcription machinery and by modifying the chromatin
architecture surrounding the promot&P{-16, 40). The KIX
FiGURE 7: Chemical shift perturbation mapping of the Taxg- dor_nain of CBP/p_3_00 also binds several human transcriptional
binding site of KIX. Residues of KIX with the largest chemical activators in addition to CREB, such as c-Jun, MLL, c-Myb,
shift changes form a contiguous surface of KIX that is distinct from and p53, and the viral activator HIV-1 T&tg, 16, 40). CBP
the site occupied by pKID and corresponds instead to the site boundand p300 are believed to be present at limiting quantities in
by human c-Jun20). KIX residues with normalized chemical shift . g ¢1-43), and so, as noted previousii7-19),

changes of 0.050.79 and >0.08 ppm are orange and red, . s
respectively. The helical ribbons of KIX and pKID are blue and COMPpetition for KIX between human transcription factors

wheat, respectively. This image was generated with PyMg) (  and HTLV-1 Tax may have significant consequences for
and Protein Data Bank entry 1kd23). deregulating cellular processes that depend in part on

interactions mediated by the KIX domain during gene

expected mass (22.6 kDa) of a 1:1:1 ternary complex (Table expression.
1). If the ternary complex did not form, then the apparent  preyious gel shift mobility studies of the competition for
mass would be significantly lower to reflect thg weight  k|x petween Tax and peptides derived from Tax suggest
average of the Tay o—KIX and pKID—KIX binary that the KIX-binding region includes residues—785 of Tax
complexes and the unbound proteins. (10). Here we used a peptide corresponding to residues 59

Sedimentation equilibrium analysis shows that pKID and 98 of HTLV-1 Tax to study the TaxKIX interaction. This
KIX associate to form a binary 1:1 complex, in accord with peptide incorporates the region of Tax previously shown to
previous results22, 26). The observed mass of 17490.5 bind KIX (10) and additional flanking residues that may
kDa is essentially identical to the expected mass of the binarystabilize the formation of the complex with KIX. Taxos
complex (Table 1). pKID is a monomer in solution with an and KIX do form a complex, as shown with a combination
observed mass of 74 0.3 kDa, which is within 3% of the  of CD spectroscopy, NMR spectroscopy, and sedimentation
expected mass of 6.8 kDa (Table 1). As noted above, KIX equilibrium results. Binding is disrupted by a single-site
behaves essentially as a monomer (Table 1). These resultsariation of Taxs ¢s, in which Leu 68, a candidate for
indicate that the observed mass of the shags—pKID —KIX participation in a hydrophobic TaxKIX interface, is re-
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Tax YIDGRVIGSALQFLIPRLPSFPTQRTSKTLKVLTPPITHTT

c-Jun YGSLKPHLRAKNSDLLTSPDVGLLKLASPELERLIIQSSNGHIT

MLL DCGNILPSDIMDFVLKNTP

FiIGurRe 9: Sequence alignments of the KlIX-interacting regions of
HTLV-1 Tax, human c-Jun, and human MLL. Similar residues are
linked with vertical bars. Meaningful sequence similarity or a
common sequence motif between Tax and the two human proteins
is not apparent.

placed with the secondary structure breaking amino acid
proline. The L68P substitution lies outside the region of Tax
that binds KIX identified with gel shift assay$@), implying

that the KIX-binding region of Tax likely spans a larger
region than previously identified.

The CD results suggest an increase in helix content upon
binding. Since KIX is an ordered, globular prote22) and
unbound Tayegg is devoid of significant regular helical or
strand structure, it is possible that Faxs folds to a more
helical structure upon binding KIX. Coupled folding upon
binding of KIX has been observed directly with NMR for
the phosphorylated KID region of CRERZ2), and has been
inferred from CD studies for the activation domains from
human c-Jun and HIV-1 Tat upon binding KI2 35).

KIX employs two distinct binding sites to recognize
activation domains 20, 21). One site is utilized by the
phosphorylated KID region of CREB and by c-My22( 44),
whereas the other site is utilized by c-Jun and MIA0,(
21). Using NMR spectroscopy, we find that Tax recognizes
the surface of KIX utilized by the human transcriptional
activators MLL and c-Jun, and not that utilized by CREB.

Although HTLV-1 Tax, human c-Jun and human MLL
bind the same surface of KIX, the sequences of the three

Vendel et al.

chemical shift mapping clearly shows that c-Myb occupies
the region of KIX that is bound by CRERBI{), and not the

site shown here to be occupied by Tax. On structural grounds,
therefore, it appears unlikely that Tax and c-Myb compete
directly for KIX as previously supposed9). Instead, our
structural results are consistent with the notion that c-Myb
responsive genes are suppressed by Tax indirectly through
activation of NF-kB, which in turn activates expression of
proteins that repress c-My@&, 50).

The structurally distinct CREB and Tax sites suggest that
KIX can bind simultaneously to Tax and CREB, which is
seen here directly with sedimentation equilibrium analysis.
This observation provides an additional perspective on Tax-
mediated gene expression. Tax has previously been consid-
ered to act as a bridge between the bZIP domain of the
HTLV-1 promoter-bound CREB and KIX to evade the
cellular requirement for CREB phosphorylation during p300/
CBP recruitment&, 9). However, our results show that Tax
and the phosphorylated KID region of CREB can together
directly bind KIX. Indeed, CREB phosphorylation markedly
stabilizes the assembly of KIX, CREB, and Tax at both
cellular and atypical viral CRE-containing promote8, (
supporting the notion that both Tax and phosphorylated
CREB bind KIX during p300/CBP recruitment.

In conclusion, Tax and phosphorylated KID employ
structurally distinct modes of KIX binding that allows Tax
and phosphorylated CREB to jointly interact with the KIX
domain of p300/CBP. Phosphorylated CREB may therefore
contribute more directly to p300/CBP recruitment during
Tax-mediated expression of both viral and host genes than
previously recognized. Although Tax may circumvent the
need for CREB phosphorylatior8,(9), it is an intriguing

transcriptional activators are not significantly similar within - notion that, through Tax, HTLV-1 may also take advantage
the KiX-interacting regions (Figure 9). The KiX-interacting of CREB phosphorylation during coactivator recruitment.
regions of c-Jun and MLL share a higher degree of sequence

similarity (Figure 9), but do not share an obvious common
sequence motif with Tax (Figure 9). The sequences of all
three peptides are predicted with AGADIR7j to form
helices, and quaternary interactions with KIX may impart a
common structural motif that defines the mode of binding
to the Tax/Jun/MLL site. Alternatively, the lack of sequence
identity between Tax and Jun or MLL may reflect a
structurally divergent binding mode for Tax. Further inves-
tigation with high-resolution structural methods is needed
to distinguish between these possibilities.

The identification of the Tax-binding site on KIX provides
a straightforward structural mechanism for Tax antagonism
of human transcriptional activators that occupy the same site
as Tax, and not the CREB-binding site of KIX. For example,
Tax and human c-Jun compete for binding KIX8], and
the structural insights presented here and previoualy (
show that this likely arises from direct competition for the
same surface of KIX. Likewise, the interference of Tax with
the binding of p300/CBP to p53 and Myollq, 45—47)
may also occur through direct competition for the Tax-
binding site of KIX [and not through the CREB-binding site,
as originally presumed for p5319)].

In contrast to the direct antagonism described above, Tax
interference with transcription factors that bind the CREB
site of KIX likely occurs through indirect mechanisms, rather
than by direct competition for KIX. For example, Tax
interferes with Myb-mediated transcriptiotd). NMR
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