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The human T cell leukemia virus | basic leucine zipper protein
(HTLV-1 HBZ) maintains chronic viral infection and promotes
leukemogenesis through poorly understood mechanisms involving
interactions with the KIX domain of the transcriptional coactivator
CBP and its paralog p300. The KIX domain binds regulatory
proteins at the distinct MLL and c-Myb/pKID sites to form binary
or ternary complexes. The intrinsically disordered N-terminal
activation domain of HBZ (HBZ AD) deregulates cellular signaling
pathways by competing directly with cellular and viral transcrip-
tion factors for binding to the MLL site and by allosterically
perturbing binding of the transactivation domain of the hemato-
poietic transcription factor c-Myb. Crystal structures of the ternary
KIX:c-Myb:HBZ complex show that the HBZ AD recruits two KIX:
c-Myb entities through tandem amphipathic motifs (L/V)(V/L)DGLL
and folds into a long a-helix upon binding. Isothermal titration
calorimetry reveals strong cooperativity in binding of the c-Myb
activation domain to the KIX:HBZ complex and in binding of HBZ
to the KIX:c-Myb complex. In addition, binding of KIX to the two
HBZ (V/L)DGLL motifs is cooperative; the structures suggest that
this cooperativity is achieved through propagation of the HBZ
a-helix beyond the first binding motif. Our study suggests that
the unique structural flexibility and the multiple interaction motifs
of the intrinsically disordered HBZ AD are responsible for its po-
tency in hijacking KiX-mediated transcription pathways. The KIX:
c-Myb:HBZ complex provides an example of cooperative stabiliza-
tion in a transcription factor:coactivator network and gives insights
into potential mechanisms through which HBZ dysregulates hema-
topoietic transcriptional programs and promotes T cell proliferation.

leukemogenesis | intrinsically disordered proteins | CREB-binding protein |
T cell leukemia virus

Cooperative binding is a ubiquitous mechanism by which
protein function is regulated in vivo (1). Eukaryotic tran-
scriptional activation is exquisitely regulated by cooperative in-
teractions between transcription factors and coactivators (2-4).
The CREB-binding protein (CBP) and its paralog p300 are
transcriptional coactivators that interact with numerous tran-
scription factors through their modular protein-binding domains
(5). Among these, the KIX domain integrates cellular signaling
pathways by cooperatively interacting with the intrinsically dis-
ordered activation domains of transcription factors (6). Through
its interactions with the transactivation domains of c-Myb, CREB,
the mixed lineage leukemia protein (MLL), E2A, FOXO3, and
other hematopoietic factors, KIX forms a critical node in the
pathways that regulate hematopoietic differentiation and pro-
liferation (7, 8).

The KIX domain is also the target for viral transcription
factors that compete with cellular transcription factors and
result in subversion of cellular processes following infection.
One such viral transcription factor is the human T cell leuke-
mia virus type I (HTLV-1) basic leucine zipper protein (HBZ),
which plays a crucial role in enhancing infectivity and main-
taining chronic viral infection and leukemogenesis (9, 10).
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HTLV-1 is an oncogenic retrovirus associated with multiple
lymphocyte-mediated diseases including adult T cell leukemia
(ATL), a fatal neoplastic disease of CD4" T lymphocytes (11).
It is estimated that 10-20 million people worldwide are asymp-
tomatic carriers of HTLV-1, with 1-5% of those expected to
develop ATL (12). Although the role of HBZ in HTLV-1
pathogenesis is at present poorly understood, it appears to in-
hibit viral gene transcription by disrupting Tax-dependent viral
transactivation. Upon HTLV-1 infection, the viral-encoded
transcription factor Tax activates viral gene transcription in the
early stages of leukemogenesis through recruitment of CBP by
binding to the KIX domain, inducing a strong cytotoxic T cell
response (13, 14). HBZ down-regulates Tax-induced transcrip-
tion, allowing HTLV-1 to evade immunodetection (14, 15).
Specifically, the isolated HBZ activation domain (HBZ AD,
residues 1-77; Fig. 14) directly competes with Tax by binding to
KIX (16, 17).

KIX consists of three a-helices (o, oy, and a3) and two 34¢
helices (G; and G,) that form two distinct binding surfaces: the
binding site for c-Myb and phosphorylated CREB, composed of
the a; and og helices (18, 19), and the MLL binding site at the
interface among oy, a3, and the L;,-G, loop that connects helices
a; and a, (Fig. 1B) (3). The HBZ AD contains two similar
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Fig. 1.

(A) HBZ AD constructs used in the experiments. The KIX-binding regions of the AD1 and AD2 domains are highlighted with gray boxes and the conserved

amphipathic @OXXP® (P is a bulky hydrophobic residue; X represent any hydrophilic amino acid) binding motifs within each domain are indicated. Two N-
terminal alanine residues in red were mutated from cysteines. Additional N-terminal residues in gray are from recombinant protein production. (B) Structure of
the KIX:cMyb:MLL ternary complex (6), showing the binding sites on KIX (gray) occupied by the activation domains of c-Myb (purple) and MLL (pink).

amphipathic motifs (L/V)(V/L)DGLL (residues 23-28 and resi-
dues 43-48, Fig. 14) that mediate binding to the MLL site on
KIX, with the N-terminal motif contributing most to the binding
affinity (16, 17). While the HBZ AD competes with the MLL
activation domain for binding to KIX, it cooperatively enhances
binding of c-Myb and the kinase inducible activation domain of
CREB (pKID) to the opposite surface of KIX (16, 20). Little is
known about the molecular mechanism through which HBZ AD
interacts with KIX and allosterically modulates binding of other
cellular factors.

Here, we report crystal structures of the ternary complex
(denoted KIX:c-Myb:HBZ) formed by HBZ AD, the KIX do-
main of CBP, and the activation domain of c-Myb, a transcription
factor that plays a crucial role in hematopoietic differentiation and
oncogenesis (21). Surprisingly, the intrinsically disordered HBZ
AD folds upon binding to form a single continuous a-helix, where
the N-terminal (AD1) and C-terminal (AD2) subdomains each
bind to one molecule of KIX. A number of biophysical techniques
confirmed the 2:2:1 stoichiometry of the ternary complex and the
reported cooperativity of c-Myb and HBZ AD binding to KIX
(16, 20). By competing with MLL and other transcription factors
for binding to KIX and by greatly enhancing binding of the c-Myb
activation domain, HTLV-1 HBZ can efficiently hijack the
cellular transcriptional machinery and deregulate CBP/p300-
mediated hematopoietic pathways.

Results

Conformation of the Free HBZ AD. The full-length HBZ AD [resi-
dues 3-77, henceforth abbreviated as HBZ (3-77)] and a truncated
construct HBZ (3-56) were used for structure determination,
affinity measurements, and NMR studies. To investigate the
function of the individual (L/V)(V/L)DGLL motifs, shorter
constructs spanning the AD1 and AD2 domains, designated
HBZ (3-36) and HBZ (33-56), respectively, were expressed
(Fig. 14). Far-UV circular dichroism (CD) and NMR 'H-'"N
heteronuclear single quantum coherence (HSQC) spectra show
that the full-length and truncated HBZ AD constructs are almost
entirely disordered in their free forms (SI Appendix, Fig. S1).

Structure of HBZ AD in Complex with KIX and c-Myb. The KIX do-
main of CBP recognizes transcriptional activation domains of
varying sequence through two distinct, conformationally dynamic
binding sites (Fig. 1B). To elucidate the structural basis for the
interactions among the HBZ AD, KIX, and the transactivation
domain of c-Myb (residues 284-315), we determined the crystal
structures of the ternary complexes KIX:c-Myb:HBZ (3-77) and
KIX:c-Myb:HBZ (3-56) at 2.35 A and 2.80 A, respectively (SI
Appendix, Table S1). The two structures have different crystal
forms, allowing intramolecular and intermolecular contacts due
to crystal packing to be distinguished from physiologically rele-
vant interactions that are conserved between the two structures.
The KIX:c-Myb:HBZ (3-77) complex crystallized in space group
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C2, with one molecule of HBZ (3-77) and two copies of the
KIX:c-Myb complex in the asymmetric unit. The asymmetric unit
of the KIX:c-Myb:HBZ (3-56) crystals, in space group P2,
contains two molecules of HBZ (3-56) and four copies of the
KIX:c-Myb complex. Nevertheless, the structures of the indi-
vidual molecules and their binding modes are very similar (Fig.
2A), and the higher-resolution KIX:c-Myb:HBZ (3-77) structure
will be used for further discussion. Inspection of 2Fo-Fc maps
contoured at 1.0c shows well-defined electron density for both
AD1 and AD2 and residues A3 through G56 of HBZ are visible
at 0.8c (SI Appendix, Fig. S2).

In both crystal forms, residues 16-54 of HBZ fold to form a
long a-helix that binds two KIX molecules through the (L/V)(V/
L)DGLL motifs and flanking residues (Fig. 24). The AD1 and
AD?2 domains bind in the hydrophobic groove that constitutes
the MLL site, while c-Myb occupies the c-Myb/pKID binding site
located on the opposite surface of KIX. The conserved hydro-
phobic residues of the AD1 (L23, V24, 127, L28, and L30) and
AD2 domains (V43, L44, 147, 148, and L50) make similar in-
teractions with hydrophobic side chains on the o2 and o3 helices
and in the L;,-G2 loop (residues 612-623) of KIX (Fig. 2B).
These hydrophobic contacts are supplemented by a network of
complementary electrostatic interactions, not all of which are
conserved between the AD1 and AD2 binding sites. The dif-
fering lengths of the side chains at the N-terminal of the
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Fig. 2. Crystal structures of KIX:c-Myb:HBZ (3-77) and KIX:c-Myb:HBZ (3-56)
complexes. (A) Overall structures of HBZ (3-77) (green) and HBZ (3-56)
(purple) in ternary complexes with KIX:c-Myb, illustrating their similarity.
AD1 is shown in yellow and AD2 in cyan. (B) The hydrophobic residues of the
AD1 LVDGLL (yellow) and AD2 VLDGLL (cyan) motifs pack in the MLL-
binding groove of KIX (gray surface).
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(L/V)(V/L)DGLL motifs result in a subtle reorientation of the
HBZ helix axis, relative to KIX, in the AD1 and AD2 binding
sites.

The structure of the L;»-G, loop differs between the KIX
molecules bound at the AD1 and AD?2 sites of HBZ (Fig. 3 4
and B and SI Appendix, Fig. S3). Although larger-than-average B
values indicate flexibility in both sites, the L,,-G; loop region in
the AD1-bound KIX forms a well-defined 3;(-helix, whereas the
loop is more flexible in the AD2 site and adopts a different
conformation (Fig. 3 A and B). The L;,-G, loop is more closely
packed against HBZ in the ADI site, burying a larger sur-
face area (210 A% on AD1 compared with 160 A% on AD2),
with residues 614—619 of KIX contributing the most to the
differences.

NMR Characterization of HBZ Interactions with KIX. The interactions
of the individual AD1 and AD2 domains of HBZ with KIX were
characterized using NMR titrations. 'H-">N HSQC spectra show
that binding of HBZ (33-56), which contains AD2, is in fast
exchange on the chemical shift timescale (SI Appendix, Fig. S44).
In contrast, a construct containing the AD1 motif, HBZ (3-36)
binds to KIX in intermediate exchange and extensive reso-
nance broadening (SI Appendix, Fig. S5) precludes quantitative
analysis of the binding affinity. The observation of intermediate-
exchange interactions for HBZ (3-36) and fast-exchange inter-
actions for HBZ (33-56) is consistent with higher affinity binding
by AD1 (17). The "H-""N HSQC spectrum of fully bound '*N-
labeled HBZ (33-56) shows increased dispersion in the 'H di-
mension compared with the free peptide, indicating folding of
AD2 upon binding to KIX (SI Appendix, Fig. S44). Singular
value decomposition (SVD) analysis (SI Appendix, Fig. S4C) of
the "N KIX titration with unlabeled HBZ (33-56) (SI Appendix,
Fig. S4D) confirms the 1:1 stoichiometry of the AD2:KIX com-
plex, while chemical shift changes and cross-peak broadening
show that AD2 binds preferentially in the MLL site (Fig. 4).
Fitting of the chemical shift titration curves (SI Appendix, Fig. S4
B and E) to a one-site binding model gives Ky values of 30 + 3
and 21 + 2 pM for titrations of unlabeled HBZ (33-56) into °N-
KIX and unlabeled KIX into'’N-HBZ (33-56), respectively.
Binding of KIX to '"N-HBZ (3-56), which contains both the
AD1 and AD2 domains, is in intermediate exchange and results in
extensive broadening of HBZ cross-peaks (SI Appendix, Fig. S6A4).
However, qualitative characterization of the interactions could be
accomplished by inspection of peak intensity changes. At a low
substoichiometric molar ratio of KIX to '°N-labeled HBZ (0.1:1),
the intensities of the AD1 cross-peaks in the HSQC spectrum
decrease drastically, whereas resonances of the AD2 motif are
much less severely affected (SI Appendix, Fig. S6 B and C).
Whereas the binary interaction between '°N-labeled HBZ (3-
56) and KIX leads to exchange broadening, interaction of HBZ
with the KIX:c-Myb complex occurs in slow exchange on the
chemical shift time scale. At 1:1:1 stoichiometry, the HSQC
spectrum contains cross-peaks arising from both free HBZ and
an KIX:c-Myb:HBZ complex (SI Appendix, Fig. S7); the cross-
peak of G26 (AD1) is close to its position in the 1:2:2 complex

(81 Appendix, Fig. ST7), whereas the cross-peak of G46 (AD2)
only undergoes a substantial shift after addition of the second
aliquot of KIX:c-Myb, showing that binding preferentially occurs
through the AD1 motif. At 1:2:2 HBZ:KIX:c-Myb stoichiometry,
no cross-peaks associated with free HBZ are observed and new
cross-peaks that indicate binding at the AD2 motif appear in the
spectrum. Thus, the NMR data confirm that the 1:2:2 stoichi-
ometry observed in the X-ray structures also occurs in solution.

Thermodynamic Basis for Cooperative Binding. Previous GST pull-
down and electrophoretic mobility shift assays indicated that
HBZ and c-Myb bind cooperatively to KIX and that AD1 con-
tributes more to KIX binding than does AD2 (16, 17). To
quantitate the contributions of AD1 and AD2 to KIX binding
and elucidate the thermodynamic basis of cooperativity, we
measured binding affinities for the binary and ternary complexes
using isothermal titration calorimetry (ITC) (Table 1 and SI
Appendix, Fig. S8). Binding of peptides containing the isolated
AD1 and AD2 motifs [HBZ (3-36) and HBZ (33-56), re-
spectively] is relatively weak (K4 8.2 pM for AD1; binding of
AD?2 is too weak to measure by ITC but is estimated to be 21—
30 pM from the NMR titrations). Longer HBZ constructs
containing both AD1 and AD2 bind to KIX with approximately
three- to eightfold higher affinity than the isolated AD1 peptide.
There is an increased entropic penalty for binding of the longer
peptides [e.g., TAAS = —8.1 kcal/mol for binary complex for-
mation by HBZ (3-56) relative to binding of HBZ (3-36)], which
is presumably associated with folding and propagation of the
helix spanning the AD1 and AD2 binding sites; this entropic
penalty is offset by a more favorable binding enthalpy [AAH =
—38.7 kcal/mol for HBZ (3-56); Table 1].

Formation of ternary KIX:c-Myb:HBZ complexes from either
of the binary complexes is strongly cooperative. The affinities of
HBZ (3-56) and HBZ (3-77) binding to the preformed KIX:c-
Myb complex are more than 20-fold higher than for binding to
free KIX (Table 1). A similar enhancement in affinity is observed
for the isolated AD1 peptide, HBZ (3-36). Conversely, binding
of the c-Myb peptide to the preformed KIX:HBZ (3-36) com-
plex is enhanced only eightfold relative to its affinity for free
KIX. In all cases, ternary complex formation is driven by a de-
crease in enthalpy, while the entropy change is unfavorable
(Table 1). The entropic penalties for binding of each of the three
HBZ constructs to the KIX:c-Myb complex are similar (TAAS = 2.2
to —2.7 kcal/mol), whereas binding of c-Myb to the KIX:HBZ (3-36)
complex incurs a larger entropic penalty (TAAS = —5.4 kcal/mol).
Since the 32-residue c-Myb peptide spontaneously forms a high
population of helix in the unbound state (22), the increased entropic
cost of ternary complex formation may reflect local ordering of the
KIX:HBZ (3-36) complex upon c-Myb binding.

Discussion

AD1 Dominates the Interactions Between KIX and the HBZ Activation
Domain. Using NMR titrations and ITC, we show that the iso-
lated AD1 peptide has a higher affinity for KIX (8.2 + 0.6 pM)
than does AD2 (21-30 pM). This is consistent with previous

Fig. 3. Differences in binding of AD1 and AD2. (A) AD1 (yellow) bound to the L;,-G, loop region of AD1-bound KIX (orange). (B) AD2 (cyan) bound to AD2-
bound KIX (blue). (C) Additional intermolecular contacts between residues in the N-terminal region of the AD1 domain (green) and KIX (gray).
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Fig. 4. The primary binding site of the HBZ AD2 motif is the MLL site of KIX.
(A) Histogram of the weighted average chemical shift differences Ag,, for
the backbone "HN and >N resonances of KIX between the free and AD2-
bound state [ratio of KIX:HBZ (33-56) is 1:6]. Residues with A&, greater than
the mean (dotted line) plus one SD are colored red; residues with A3, be-
tween mean and mean plus one SD are colored yellow; residues with A8,
between 0.05 and the mean are colored dark gray. The Ad,, values of resi-
dues 624 and 625 cannot be calculated due to line broadening upon in-
teraction with HBZ (33-56), and are therefore left blank and marked with
asterisks in the histogram. (B) When mapped onto the structure of KIX
bound to AD2, residues shown in red and yellow in A are primarily located in
the MLL binding site.

findings that AD1 contributes most to the interactions between
the HBZ AD and KIX as well as to the HBZ transcriptional
activity gl6, 17). Differential changes in cross-peak intensity in
the "H-""N HSQC spectrum of HBZ (3-56) upon binding to KIX
(SI Appendix, Fig. S6) confirm that AD1 is indeed the primary
interaction motif, even within the full-length HBZ activation
domain. The differences in binding affinity of the AD1 and AD2
domains arise from sequence differences in the regions flanking
the (L/V)(V/L)DGLL motifs. In AD1, the hydrophobic residues
L19 and V20, replaced by glutamates E39 and E40 in AD2, are
located one turn of helix before the LVDGLL motif, where they
make additional hydrophobic interactions with Y631 and 1660
of KIX (Fig. 3C). In addition, L34, located after the ADI1
LVDGLL motif, makes more intimate interactions with the L,-
G, loop than does the corresponding residue (S54) in AD2 (Fig.
3). As a consequence, AD1 buries a larger total surface area
(1,780 A? versus 1,600 A%) than does AD2.

Cooperativity Between AD1 and AD2 in Binary Complex Formation.
Intrinsically disordered proteins frequently contain multiple
conserved amphipathic or linear motifs that function synergisti-
cally to promote high-affinity binding, bridge signaling pathways,
and facilitate assembly of higher-order signaling complexes (5,
23, 24). In the case of HBZ, the disordered activation domain
utilizes the AD1 and AD2 domains synergistically to interact
with KIX; HBZ (3-56), which contains both AD1 and AD?2,
binds to KIX with approximately threefold higher affinity than

ligand when a second ligand is bound at the other site (20, 26).
With the pKID or c-Myb activation domains bound to KIX, the
affinity for binding the MLL peptide is enhanced approximately
twofold (3). Analogous complexes involving the HBZ activation
domain instead of MLL show a much larger allosteric effect. The
affinities of all HBZ constructs for KIX are increased by more
than 20-fold in the presence of c-Myb. In parallel with the KIX,
MLL, c-Myb system (3), cooperative formation of the KIX:
c-Myb:HBZ ternary complexes is achieved through a favorable
enthalpy change (AAH cmary-binary < 0) and an unfavorable entropy
change (TAAS cmary-binary < 0) for all constructs tested (Table 1).
Similarly, cooperative binding of the c-Myb activation domain to
KIX:HBZ (3-36) to form a ternary complex is also driven by a
large decrease in enthalpy, which counteracts an unfavorable de-
crease in entropy. The thermodynamic parameters measured ex-
perimentally do not support proposed mechanistic models in
which binding of either Myb or MLL at its cognate site stiffens the
KIX domain to prepay the entropic cost of binding the second
ligand (20, 27). Despite binding to the same site on KIX, c-Myb
and pKID differ in the thermodynamic driving force for formation
of ternary complexes with MLL. Whereas an entropic penalty is
incurred in forming ternary complexes of c-Myb, cooperative
binding of pKID and MLL is driven by a favorable increase in
entropy and an unfavorable change in enthalpy (3).

Structural Basis for Allostery in KIX. The structure of KIX bound to
the AD1 domain in the KIX:c-Myb:HBZ (3-77) ternary complex
is compared with published structures of KIX in binary com-
plexes and ternary complexes with bound MLL in Fig. 5. Al-
though the overall Ca rmsd values between the AD1-bound KIX
and other KIX structures are relatively small (<1.5 A in all cases
shown in Fig. 5), the structures of the o5 helix and L;,-G, loop
regions differ substantially in complexes that lack bound MLL.
The C terminus of the a3 helix is disordered beyond E665 in the
KIX:pKID and KIX:c-Myb binary complexes and in the co-
valently stabilized KIX:1-10 complex (19, 26, 28), whereas it is
fully structured in HBZ-bound KIX (Fig. 5 B-D). Substantial
differences are also observed in the L,,-G; loop; the local rmsd
values computed using all backbone heavy atoms for residues
611-620 relative to AD1-bound KIX are 3.0 A for KIX:pKID,
2.5 A for KIX:c-Myb, and 4.9 A for KIX:1-10 (Fig. 5I). In
contrast, the oz helices of all KIX complexes with HBZ or MLL
bound in the MLL site are well defined and extend to R671 and

Table 1. Thermodynamics measurements (ITC) for binary and ternary complex formation between HBZ AD, KIX, and c-Myb
—TAS, kcal‘m0|_1 AA'I'Iternary-binary, 'TAAStemary-binary:

Ligand Binding partner Kg, pM AG, kcal-mol™"  AH, kcal-mol~! T =301K kcal-mol™" kcal-mol™"
HBZ (3-77) KIX* 1.0+ 0.1 -8.2 +0.1 -149+04 —6.3 + 0.6 -4.2 -2.7
HBZ (3-77) KIX:c-Myb* 0.042 + 0.005 -10.2 + 0.1 -19.1+0.3 -9.0+03 -4.2 =27
HBZ (3-56) KIX* 24 +0.2 -7.7 £ 0.05 -11.1+ 0.1 -35+0.2 -4.6 -24
HBZ (3-56) KIX:c-Myb* 0.11 + 0.01 -9.6 + 0.1 -15.7 £ 0.2 -5.9+0.2 -4.6 -24
HBZ (3-36) KIX* 8.2+ 0.6 —7.0 + 0.04 -24+0.2 46 +0.3 -4.2 -2.2
HBZ (3-36) KIX:c-Myb* 0.34 + 0.05 -89 + 0.1 -6.5+0.9 24 +0.9 -4.2 -2.2
c-Myb KIXT 0.19 + 0.003 -9.3 +£0.01 -3.2 +0.02 —6.1 +0.02 -6.6 -5.4
c-Myb KIX:AD1" 0.029 + 0.004 —-10.4 + 0.01 -9.8 + 0.1 0.63 + 0.08 -6.6 -5.4

*The Kq, AH, and —TAS values are the average and SD of triplicate experiments. AG values were calculated with AG = —RTInKy. All measurements were taken
at T=301K.
"Thermodynamic values are the average and SD of duplicate experiments.
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Fig. 5. The structure of KIX in ternary complexes resembles the MLL-bound
form. (A-D) Structure of AD1-bound KIX in the KIX:c-Myb:HBZ (3-77) ternary
complex (pink) superimposed with KIX:pKID binary complex (PDB ID code
1KDX) (A), KIX:c-Myb binary complex (PDB ID code 1SB0) (B), and KIX (C)
covalently tethered to small molecule ligand 1-10 (PDB ID code 4190). (D)
Superposition of the AD1-bound KIX structure with KIX structures in com-
plexes in which the MLL site is unoccupied (1KDX, 1SB0) or occupied by a
small molecule ligand (4190) reveals large structural differences in the C-
terminal region of the as helix and in the L;,-G; loop. All ligands are omit-
ted for clarity. (E-H) Superposition of the structure of AD1-bound KIX in the
KIX:c-Myb:HBZ (3-77) complex (pink) with the structures of KIX in the KIX:
MLL binary complex (PDB ID code 2LXS) (E), the KIX:pKID:MLL ternary
complex (PDB ID code 2LXT) (F), and the KIX:c-Myb:MLL ternary complex
(PDB ID code 2AGH) (G). (H) Superposition of the structure of KIX bound to
the HBZ AD1 domain and the structures of KIX in ternary complexes with
bound MLL (2LXS, 2LXT, and 2AGH). The o3 helix of KIX is well formed and
extended and the L;,-G, loop adopts a similar conformation in all four
structures with the MLL site occupied. (/) Local rmsd (A) of the Ly»-G> loop
regions (residues 611-620, computed using all backbone heavy atoms) be-
tween AD1-bound KIX and the structure of KIX in other complexes. In
making comparisons with solution structures, the local rmsd values were
calculated using the average of all structures in the ensemble.

the L;»-G; loop regions in each structure adopt similar confor-
mations, with local rmsd values relative to AD1-bound KIX of
0.9 A for the KIX:MLL binary complex, 1.0 A for the KIX:
pKID:MLL ternary complex, and 2.0 A for the KIX:c-Myb:MLL
ternary complex (Fig. 5 E-H).

The o5 helix and L;,-G; loop are thought to play an important
role in cooperative ligand binding to KIX (6, 27-31). Molecular
dynamics simulations suggest that cooperativity is associated
with a redistribution of the conformational ensemble of the Li,-
G loop and o3 helix upon binding of the first ligand to populate
a state that favors binding of the second ligand (27, 30, 31).
Binding of HBZ or MLL stabilizes the helical structure in the C-
terminal region of the a3 helix of KIX (Fig. 5) and provides a
more favorable binding surface for c-Myb (6, 29). The o3 helix
plays an important role in maintaining the integrity of the MLL
site; truncation of oz at E665 removes part of the MLL contact
surface and severely impairs binding of the HTLV-1 Tax
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oncoprotein in the MLL site while binding of pKID in the c-Myb
site is unaffected (13). Changes in the conformation and dy-
namics of the L;,-G; loop and the C-terminal region of the aj
helix, implicated in allosteric communication between the Myb
and MLL binding sites, have been observed directly by NMR
relaxation measurements (28, 29).

Although the L;,-G, loop adopts a similar conformation in the
KIX:c-Myb:MLL and KIX:c-Myb:HBZ ternary complexes (Fig.
5G), the HBZ and MLL helices bind in different orientations (S/
Appendix, Fig. S9) such that HBZ side chains bury a greater
surface area of the L,,-G; loop than do those of MLL (1§0 AZin
the KIX:c-Myb:HBZ complex versus an average of 140 A2 in the
family of NMR structures of KIX:c-Myb:MLL). HBZ displays
more than 10-fold greater cooperativity in binding to KIX:c-Myb
than does MLL (Table 1 and ref. 3), lending support to mech-
anistic models that attribute allosteric communication between
the Myb and MLL sites to changes in the conformational en-
semble and dynamics of the L;,-G; loop and a3 helix (28, 30, 31).
Importantly, the large differences in cooperativity exhibited by
HBZ and MLL show that the ligand itself plays a functional role
and that the magnitude of the allosteric effects cannot be
explained by consideration of the properties of KIX alone.

Potential Selectivity in KIX-Mediated Cooperative Interactions. The
HBZ activation domain and c-Myb display exceptionally strong
cooperativity in ternary complex formation with KIX. In the
presence of c-Myb, the affinity with which the HBZ AD binds to
KIX is increased by more than 20-fold, while c-Myb binds sev-
enfold more tightly when the HBZ AD1 is prebound to KIX.
Although KIX is well-established as a promiscuous interaction
site for numerous transcription factors and cooperativity is ob-
served for several ligand pairs (3, 20, 26), the synergy between
the HBZ AD and c-Myb appears to be much stronger than for
other ligands. In a recent kinetic study by Shammas et al. (20),
cooperativity in binding of c-Myb and HBZ to KIX was shown to
be mediated by changes in dissociation rate, with an apparent
cooperativity constant o of 18.7 for binding of the HBZ AD to
the KIX:c-Myb complex and with a = 5.2 for binding of c-Myb to
KIX:HBZ. The remarkably strong enhancement of c-Myb binding
to KIX in the presence of the HBZ activation domain has im-
portant implications for leukemogenesis.

Implications for HTLV-1 Pathogenesis. HBZ is the only HTLV-1
gene that is uniformly and constantly expressed in leukemic cells
of ATL patients and asymptomatic carriers (32). HBZ plays a
key role in leukemogenesis by repressing viral gene transcription
and promoting T cell proliferation (33). The structure of the
KIX:c-Myb:HBZ ternary complex provides insights into the
molecular mechanism by which HBZ could hijack the basal
transcriptional machinery and alter the transcription level of
viral and cellular genes. In the early stages of leukemogenesis,
the HTLV-1 protein Tax activates transcription of viral genes by
forming a complex with CREB and the KIX domain of CBP/
p300 (13). Tax is strongly immunogenic and is down-regulated
after infection. By competing with Tax for binding to the MLL
site on KIX, HBZ functions to repress viral transcription and
help the virus evade detection by the host immune system (17).
In addition, by directly competing with c-Jun, MLL, E2A, and
other transcription factors that utilize the MLL surface of KIX,
HBZ is expected to disrupt key hematopoietic transcriptional
programs (16). In contrast, HBZ and c-Myb bind synergistically
to KIX, mutually enhancing each other’s binding affinity.
Through its interaction with CBP/p300, c-Myb regulates differ-
entiation and proliferation of hematopoietic stem and progenitor
cells and is implicated in development and growth of leukemia
and other cancers (21, 34-38). By strongly enhancing binding of
c-Myb to KIX, HBZ would be expected to up-regulate c-Myb
transcriptional programs and thereby contribute to aberrant
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T cell proliferation and progression of leukemia. Although the
role of HBZ in HTLV-1 pathogenesis remains a subject of intense
investigation, our data establish the HBZ and c-Myb activation
domains as highly synergistic KIX domain ligands that reprogram
CBP/p300-mediated transcription and deregulate hematopoiesis.

Materials and Methods
A full description of the materials and methods is provided in S/ Appendix.

Protein Preparation. Peptides corresponding to the HTLV-1 HBZ activation
domain were coexpressed with KIX in Escherichia coli as Hiss-tagged GB1 or
SUMO fusion proteins. A 32-residue peptide spanning the mouse c-Myb
transactivation domain (Myb32, residues 284-315) was expressed in E. coli
as a Hise-SUMO fusion protein. Fusion proteins were cleaved after purifica-
tion with TEV protease or Ulp1 protease and further purified by reverse-
phase HPLC. The KIX domain of mouse CBP (residues 586-683) was expressed
and purified as described (39).

Crystallization and Structure Determination of HBZ AD:KIX:Myb Ternary
Complexes. Crystals were cryoprotected and flash-cooled in liquid nitrogen.
Diffraction data were collected at Stanford Synchrotron Radiation Light-
source (SSRL) beamline 9-2 and processed with HKL-2000 (40). Molecular
replacement was performed using Phaser (41) with KIX:c-Myb25 chains from
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the solution structure ensemble of KIX:c-Myb25:MLL (6), where all 20 NMR
structures were used as ensemble input.

NMR Spectroscopy. '°N-labeled and '3C, *N-labeled proteins were prepared
in E. coli using isotope-enriched M9 minimal media. NMR spectra were ac-
quired on Bruker spectrometers, and data were processed and analyzed
using NMRPipe (42) and NMRView (43).

ITC. ITC measurements were performed using a MicroCal iTC200 instrument.
CD. CD spectra were measured on an Aviv62DS spectropolarimeter.
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