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NMR Mapping of the HIV-1 Tat Interaction Surface of the KIX Domain of the
Human Coactivator CBP
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ABSTRACT: Tat is required for the expression of the HIV-1 genome. HIV-1 Tat interacts with the human
transcriptional coactivator and acetyltransferase CREB-binding protein (CBP) via the KIX domain of
CBP. Chemical shift perturbation mapping with nuclear magnetic resonance spectroscopy was used to
identify the surface of human KIX that interacts with Tat. It was found that Tat binds to the c-Jun/MLL/
Tax binding surface of KIX, as opposed to the CREB binding site. The results provide new insight into
the molecular basis of the assembly of protein complexes involving p300/CBP and Tat during HIV gene
expression.

Expression of the HIV genome requires both viral and implicated in the p300/CBP-mediated acetylation of histone
human proteins 1, 2). Viral transcription initiation is H4 and NF«B (14—16). In addition, human transcription
mediated by endogenous human transcriptional activatorsfactors involved in HIV-1 gene expression also bind p300/
such as NReB and SP-1, which presumably contribute to CBP 3, 4) and perhaps act in concert with Tat to recruit
the recruitment of the general transcription machinery to the p300/CBP during assembly of the transcription enhanceo-
viral promoter {, 2). Efficient elongation, however, requires some.
the HIV-1' transcriptional activator Tatl( 2). Tat binds the The KIX domain of p300/CBP binds several cellular and
nascent transcribed viral RNA and interacts with a number viral transcription factorsa’ 4) via two discrete modes that
of host transcription factor<(2). For example, Tat recruits  employ structurally distinct surfaces of KIX.{—21). One
PTEFb (cyclin T1-Cdk9), which phosphorylates the C- mode is represented by the phosphorylation-induced binding
terminal domain of RNA polymerase Il to promote transcrip- of the KID region of CREB to KIX (7). c-Myb also binds
tion elongation ). constitutively to a similar region of KIX as phosphorylated

The human transcriptional coactivator and acetyltransferaseKID (20). The second mode is exemplified by the human
CBP and the highly related but distinct p300 contribute to transcription factors c-Jun and MLL and by the viral
gene expression during cellular processes such as cell growthtranscriptional activator HTLV-1 Tax, which bind constitu-
differentiation, and tumor progressio8, @). In addition to tively to a different surface of KIX than phosphorylated KID
the acetyltransferase domain, CBP and p300 contain severa[18, 19, 21).

autonomously functional proteirprotein interaction domains We have demonstrated previously that Tat binds directly
that bind a large number of transcription factods4). The to the KIX domain of p300/CBP in vitro and that KIX
acetyltransferase activity and ability to mediate nUMerous jerferes with Tat-mediated transcription in human T cells
protein—protein interactions suggest that CBP and p300 (10) The interaction is localized to the N-terminal 24
contribute to transcription via assembly of the transcription asiques of Tat, with Tat,s, corresponding to the N-terminal
machinery and through nucleosome remodel®g4. 24 residues of HXB2 isolate Tat, forming a specific complex

A bevy of recent reports points to an important functional jth KIX (10). Here we extend our previous studies of the
relationship between Tat and p300/CBP during HIV gene Tat—K|X complex by identifying the Tat »4 binding site
expression. Tat interacts with the acetyltransferase and KIX on Kix with heteronuclear NMR spectroscopy. Our results
domains of p300/CBP and with the bromo domain of the show that Tat binds to the c-Jun/MLL/Tax binding surface
p300/CBP-associated factor PCAF—10). Tat can also be  of KIX, as opposed to the CREB/c-Myb binding site and
acetylated by p300, CBP, and PCA; {1-13), and Tatis  contribute to our understanding of the molecular basis of
the Tat-p300/CBP interaction.
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1 Abbreviations: CBP, CREB-binding protein; CREB, cyclic AMP . . -
response element binding protein; DSS, sodium 2,2-dimethyl-2- ing to residues +24 of HXB2 isolate HIV-1 Tat, was

silapentane-5-sulfonate; HPLC, high-performance liquid chromatog- Synthesized using manual Boc chemistry and purified with
raphy; HSQC, heteronuclear single-quantum coherence; HIV-1, humanreverse-phase g HPLC as described previousl{®. The
immunodeficiency virus type 1; KID, kinase-inducible domain of ; ; ; i

CREB; KIX, KID-interacting domain of CBP; MLL, mixed lineage identity of Tai—,4 was confirmed with electrospray mass
leukemia protein; NMR, nuclear magnetic resonance; PCAF, p300/ SPectrometry, and the observed and expected masses agreed

CBP-associated factor; ppm, parts per million. to within 1 Da.
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Ficure 1: Detail of the HNCA and HN(CO)CA spectra showing sequential and intraresidue connectivities used to assign the resonances
of His 592 to Thr 596 of KIX in the Tat 4,—KIX complex (10°C, pH 7).
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i FiIGURE 3: H—1N HSQC spectrum ofN-labeled KIX bound with
' YB58//635 Tat—,4. Resonances that have a significant chemical shift change
120.6 upon binding Tat »4 are underlined.
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FiGURE 2: Detail of the!H—15N HSQC spectrum ofN-labeled gos] 310 @l 3o o2 od
KIX showing changes in KIX chemical shifts upon binding aj 1
(10 °C, pH 7). Resonances of free KIX and Tat-bound KIX ]
are shown in black and red, respectively. 0.2
=3 ]
5N and**C'*N-labeled KIX (residues 589679 of human 2 015
CBP with an additional N-terminal Met) was expressed in ~ J
Escherichia colistrain BL21(DE3) pLysS and purified as < 013
described previouslylQ). Cells were grown in M9 medium T
supplemented with thiamine containingNH,4).SO, and/or ]
[*C]glucose as the sole nitrogen and carbon sources, e i il
respectively 22). Final purification was by reversed-phase ] I||||Hﬁ1|||'|T||||I| |||||"|I|Ii| m [
Cis HPLC. The identity of KIX was confirmed with 0 JHHERIRAIEIL AR Al ol
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electrospray mass spectrometry, and the observed and

expected masses agreed to within 1 Da. CBP Residue Number

Protein Concentration Determinatioi€oncentrations of  Figure 4: Chemical shift changes induced in KIX by Tat. 15N
protein stock solutions used to prepare NMR samples wereand'H changes are shown as open and filled bars, respectively.
determined by absorbance 6 M GuHCI, 10 mM sodium  The secondary structure of KIX comprises thieend two 3o
phosphate, and 150 mM sodium chloride, pH 6.5 af@5 geélé:es (7) and is shown as a schematic. The horizontal line at

L - .03 ppm denotes the average combined changéNnand *H

(23). Extinction coefficients at 280 nm for KIX and Thaps chemical shift.
of 12090 and 5690 M cm were used, respectively.

NMR SpectroscopyNMR spectra were acquired with a increment. Spectra comprised 1024, 64, and 32 complex
Varian Unity Inova operating at 500.1 MHz fédH and points in the'H, 13C, and'>N dimensions, respectively. Data
referenced to internal DSS at zero ppm. Data were processedvere resolution enhanced and zero filled once prior to Fourier

with NMRPipe and analyzed with NMRView24, 25). All transformation. Samples contained 0@ °C,**N-labeled
spectra were acquired at 2C on samples prepared in 10 KIX and 2 mM Ta_»a.
mM sodium phosphate and 150 mM NacCl, pH 7.0. Gradient!H—15N HSQC spectra9) consisted of 256

Gradient sensitivity-enhanced HNCA and HN(CO)CA complex increments defined by 128 transients and 1024
spectra 26—28) were collected with 16 transients per complex points. Data were resolution enhanced and zero
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Ficure 5: (A) Chemical shift perturbation mapping of the Tat binding site. (B) Chemical shift perturbation mapping of the Jun binding
site, as reported previoushy §). (C) Chemical shift perturbation mapping of the CREB binding site, as reported previdigs|31).

Regions of KIX that experience significant chemical shift changes upon binding Tat, &8urafd CREB 17, 18) are shown in red,

purple, and yellow, respectively. Regions of KIX that are unaffected by binding are shown in blue. The KID region of CREB is shown as
a yellow ribbon. (D) Sequence alignments of the KlIX-interacting regions of HIV-1 T@)t HTLV-1 Tax (21), human c-Juni@), and

human MLL (19). c-Jun and MLL share some sequence similarity. However, meaningful sequence similarity or a common sequence motif
between Tat and the two human proteins is not apparent. Figures created with the PDB fil@I)kamd| PyMOL 5).

filled once prior to Fourier transformation to give a final mediated transcription from the HIV-1 promoter in human
digital resolution of 3 and 4 Hz/point in thé#d and **N T cells (10). Tat is intrinsically disordered in isolation and
dimensions, respectively. Samples contained 286°N- may fold to a helical structure upon binding KIX@). Here
labeled KIX or 225«M **N-labeled KIX and 55@:M Tat; .. we further define the interaction between Tat and CBP with

NMR chemical shift perturbation mapping8Q) to identify
RESULTS AND DISCUSSION the Tat binding surface on KIX.

We have shown previously that Tat interacts with the KIX It is generally not possible to ascribe changes in chemical
domain of CBP in vitro and that KIX interferes with Tat- shift to specific conformational changes due to the multifari-
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ous contributions to the chemical shif8(). Nonetheless, site of KIX binding site may be disrupted directly by the
the recognition interface may be mapped by chemical shift competitive sequestration of p300/CBP by Tat. Since p300/
changes upon complex formation if the perturbed residuesCBP is believed to be present at limiting quantities in the

form a contiguous surface of the bound proted®)( For
example, chemical shift mapping identified correctly the
CREB binding site on KIX known from a structural
determination of the pKIB-KIX complex and was used to
map the KIX interaction surfaces of c-Jun, MLL, c-Myb,
and HTLV-1 Tax (8—20, 31).

The NMR assignments 8#C,'*N-labeled KIX bound with
Tat;—»4 were obtained directly from HNCA and HN(CO)-

cell (32—34), sequestration of p300/CBP by Tat may have
significant consequences for deregulating cellular processes
that depend in part on interactions mediated by the KIX
domain during gene expression.

In conclusion, we have used NMR spectroscopy to identify
the Tat-interacting surface of the KIX domain of CBP. We
find that Tat binds the same site of KIX that recognizes c-Jun
and MLL, which is distinct from the site used by CREB

CA spectra (Figure 1). Assignments were obtained for 75 and c-Myb. The results provide new insight into the
residues of KIX in the complex from an expected total of molecular basis of the assembly of protein complexes
90 (94 residues minus three Pro residues and Met 1). Changesvolving p300/CBP and Tat during HIV gene expression

in the'H and®>N chemical shifts of KIX were then obtained
with greater precision from gradiefti—>N HSQC spectra
of °N-labeled KIX bound with unlabeled Tab, (Figures
2 and 3) to obtain the changes in chemical shift of KIX
resonances upon binding Tat, (Figure 4).

The largest chemical shift perturbations induced in KIX
upon binding Tat ,4 are seen for F612, T614, L620, D622,

R624, E626, V629, K659, Q661, K662, and E665 (Figure

4). The changes ifH and >N chemical shifts of these

and provide a rational framework for future structdre
function studies of the Tat-p300/CBP interaction.
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