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Patients with AIDS are at increased risk for developing
various neoplasms, including Hodgkin’s and non-
Hodgkin’s lymphomas, Kaposi’s sarcomas, and anal-
rectal carcinomas, suggestive that human immunodefi-
ciency virus type-1 infection might promote establish-
ment of AIDS-related cancers. Tat, the viral trans-
activator, can be endocytosed by uninfected cells and has
been shown to inhibit p53 functions, providing a candi-
date mechanism through which the human immunodefi-
ciency virus type-1 might contribute to malignant trans-
formation. Because Tat has been shown to interact with
histone acetyltransferase domains of p300/cAMP-respon-
sive element-binding protein (CREB)-binding protein and
p300/CREB-binding protein-associated factor, we have in-
vestigated whether Tat might alter p53 acetylation and
tumor suppressor-responsive transcription. Here, we
demonstrate that both Tat and p53 co-localize with p300/
CREB-binding protein-associated factor and p300 in nu-
clei of IMR-32 human neuroblastoma cells and in PC-12
pheochromocytoma cells. Further, p53 trans-activation of
the 14-3-3� promoter was markedly repressed by Tat-
histone acetyltransferase interactions, and p53 acetyla-
tion by p300/CREB-binding protein-associated factor on
residue Lys320 was diminished as a result of Tat-histone
acetyltransferase binding in vivo and in vitro. Tat also
inhibited p53 acetylation by p300 in a dosage-dependent
manner in vitro. Finally, HIV-1-infected Molt-4 cells dis-
played reduced p53 acetylation on lysines 320 and 373 in
response to UV irradiation. Our results allude to a mech-
anism whereby the human immunodeficiency virus
type-1 trans-activator might impair tumor suppressor
functions in immune/neuronal-derived cells, thus favor-
ing the establishment of neoplasia during AIDS.

Although the most frequent malignancies observed in AIDS
patients are non-Hodgkin’s lymphomas, central nervous sys-
tem non-Hodgkin’s lymphomas, and Kaposi’s sarcomas, com-
partmentalization of human immunodeficiency virus, type-1
(HIV-1)1 in the central nervous system might be associated
with the recent increase of rare intracranial tumors, such as
glioblastomas, anaplastic astrocytomas, and subependymomas
(1–3). The viral trans-activator, Tat, can be endocytosed by
surrounding uninfected cells and has been demonstrated to
inhibit the G1/S arrest-inducing functions of p53, providing a
candidate mechanism through which HIV-1 might contribute
to malignant transformation in the central nervous system
(4–7). Tat is a 82–101-amino acid peptide that contains an
arginine-rich motif required for binding a uracil-containing
bulge in the Tat-associated region (TAR) of HIV-1 transcripts
(8). Interactions between Tat/TAR-RNA stabilize viral mRNAs;
thus, Tat principally acts as an elongation factor to enhance
long terminal repeat trans-activation. The arginine-rich motif
of Tat interacts with the catalytic histone acetyltransferase
(HAT) domains of transcriptional co-activators, p300/CREB-
binding protein (CBP) and p300/CBP-associated factor (P/
CAF):hGCN5 (9–15), and Tat is acetylated by p300 on lysine
residues Lys50/Lys51 (Lys51 is only weakly acetylated) and by
P/CAF on Lys28 (12, 16–18). Acetylation of Tat on Lys50 dimin-
ishes its binding affinity for TAR-RNA, and acetylation on
Lys28 enhances Tat binding to the Tat-associated kinase com-
plex containing cdk9 and human cyclin T1 (16, 17). Impor-
tantly, Mujtaba et al. (19) demonstrated that acetylated Tat
peptide interacts with the bromodomain of P/CAF, and this
interaction could play an important role in dissociation of Tat/
TAR-RNA complexes (20–22). Tat/co-activator interactions are
essential for HIV-1 long terminal repeat trans-activation (9,
12–18). Because the HAT domains of p300/CBP and P/CAF also
target p53 for acetylation on residues Lys373/Lys382 and Lys320,
respectively, we hypothesized that Tat-HAT interactions might
competitively interfere with p53 acetylation and, consequently,
tumor suppressor-responsive transcription functions (23–25).

MATERIALS AND METHODS

Cell Culture, Immunofluorescence Laser Confocal Microscopy, and
FACS—IMR-32 human neuroblastoma cells (ATCC number CCL-127)
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were cultured in ATCC 2003, Eagle’s minimum essential medium sup-
plemented with 10% fetal bovine serum, 100 units/ml penicillin, and
100 �g/ml streptomycin-sulfate (Invitrogen). PC-12 rodent pheochromo-
cytoma cells (ATCC number CRL-1721) were cultured in ATCC F-12K
medium supplemented with 5% fetal bovine serum, 15% horse serum,
100 units/ml penicillin, and 100 �g/ml streptomycin-sulfate. All of the
cells were grown either in tissue culture dishes or eight-chamber slides
(Nalge Nunc International) coated with mouse type IV collagen (In-
vitrogen) and were incubated under 10% CO2 at 37 °C. The transfec-
tions were performed using a calcium-phosphate system as recom-
mended by the manufacturer (Invitrogen). Calu-6 carcinoma cells
(ATCC number HTB-56) were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum, 100 units/ml pen-
icillin, and 100 �g/ml streptomycin-sulfate and were transfected using
LipofectAMINE reagent (Invitrogen) as recommended in the manufac-
turer’s protocol. Molt-4 CD4� lymphoblastic leukemia cells were grown
at 37 °C under 10% CO2 in RPMI medium supplemented with 20%
human donor serum (Sigma), 100 units/ml penicillin, and 100 �g/ml
streptomycin-sulfate. The protein extracts were prepared by rapid
freeze-thawing followed by centrifugation at 14,000 rpm at 4 °C and
quantified using the Bradford microassay and spectrophotometric anal-
yses at 595 nm; 20 �l from each sample was measured using a luciferase
assay kit (Promega Corp.) and a Lumat model LB 9501 luminometer
(Berthold, Inc.). All of the experiments were carried out as dose re-
sponses in two different cell-lines (IMR-32 and PC-12) or in duplicates
for single-point analyses (error bars representative of standard devia-
tions are shown). Immunofluorescence laser confocal microscopy was
performed on IMR-32, PC-12, or HIV-1-infected Molt-4 cells using a
Leica TCS spectrophotometric confocal microscope equipped with kryp-
ton and argon lasers, controlled by a Windows NT-based work station.
Relative fluorescence intensities were quantified using TCS linear
quantification software. Briefly, the cells were fixed in 0.2% glutaral-
dehyde and 1% formaldehyde in PBS, and nonspecific antigens were
blocked by incubation with 3% (w/v) bovine serum albumin, 0.5% (v/v)
Tween 20 in PBS. HIV-1 Tat was detected using the rabbit primary
antibody, C-2145, and p53 was detected using either a monoclonal
anti-p53 antibody (BP53–12; Upstate Biotechnology, Inc.) or an anti-
p53 rabbit polyclonal antibody (Santa Cruz Biotechnologies, Inc.). p300
was detected using a monoclonal anti-p300 CT antibody (RW-128; Up-
state Biotechnology, Inc.) or a rabbit polyclonal antibody (N-15; Santa
Cruz Biotechnology, Inc.); P/CAF was detected using a goat polyclonal
antibody (C-16; Santa Cruz Biotechnology, Inc.). Fluorescent secondary
antibodies were used in appropriate combinations: rhodamine red-con-
jugated donkey anti-mouse IgG, fluorescein isothiocyanate- or Cy-3-
conjugated donkey anti-goat IgG, fluorescein isothiocyanate-conjugated
donkey anti-rabbit IgG, or rhodamine red-conjugated donkey anti-rab-
bit IgG (Jackson ImmunoResearch Laboratories, Inc.). For apoptosis
and cell cycle analyses, transfected IMR-32 cells were treated with an
arrest-inducing concentration of adriamycin (100 �M) and incubated for
24 h at 37 °C. The cells were harvested, washed twice with PBS, and
either resuspended in 1� annexin-buffer and stained for annexin-V
surface expression for 10 min (Pharmingen, Inc.) or fixed in 3.7%
formaldehyde/PBS for 10 min, washed, and permeabilized in 0.1%
IGEPAL CA-630 (Sigma)/PBS containing 5 �g/ml RNase and incubated
on ice for 15 min. The samples were then stained using acridine orange
(Molecular Probes, Inc.) at 4 °C for 30 min. FACS analyses were per-
formed using a Becton Dickinson, FACSCalibur flow cytometer. The cell
cycle analyses were gated to exclude aggregates and fragments.

Protein Purification and in Vitro Acetylation—GST-Tat, GST-
TatK28A/K50A, and GST-p53 fusion proteins were expressed in Esche-
richia coli, strain DH5�, by induction with 100 �M isopropyl-�-D-thio-
galactopyranoside (Invitrogen) in LB broth containing 100 �g/ml
ampicillin at 37 °C overnight. The cells were pelleted at 5000 rpm,
washed twice with PBS, centrifuged, and resuspended in 5 ml of cold
PBS containing the protease inhibitors antipain-dihydrochloride, besta-
tin, chymostatin, leupeptin, and pepstatin (Roche Molecular Biochemi-
cals) at 50 ng/ml each. Bacteria were lysed by sonication over an ice
bath using a Bronson sonic dismembrator equipped with a microtip and
operated at 70% duty cycle. The lysates were clarified by centrifugation
at 14,000 rpm in a Sorvall SS-34 rotor (DuPont/Sorvall) for 30 min at
4 °C, and the supernatants were incubated for 2 h at 4 °C with 500 �l
of a 50% mixture of equilibrated glutathione-Sepharose 4B (Amersham
Biosciences). Following incubation, the matrices were pelleted by cen-
trifugation at 2500 rpm at 4 °C and then washed twice with PBS (with
protease inhibitors). Bound GST fusion proteins were eluted in four
200-�l fractions of 10 mM reduced glutathione (Sigma) in PBS (with
protease inhibitors). The eluted fractions were analyzed by electro-
phoresis through a 12.5% SDS-polyacrylamide gel; the proteins were

visualized by Coomassie staining. Purified proteins were dialyzed over-
night at 4 °C against 25 mM Hepes, pH 7.9, 5 mM KCl, 0.5 mM MgCl2, 0.5
mM EDTA, 0.25 mM dithiothreitol, and 10% glycerol; the fractions were
stored in 20-�l aliquots at �80 °C. For in vitro acetylation, 100 ng of
purified GST-p53 was mixed either with 5 units of purified p300 or

FIG. 1. HIV-1 Tat inhibits p53-responsive transcription func-
tions. A, IMR-32 neuroblastoma cells were co-transfected with 1 �g of
14-3-3� luciferase and 1 �g of CMV-p53 in the presence of 0.5, 1.5, or 3
�g of RSV-Tat, RSV-TatK28A/K50A, or pcDNA 3.1 green fluorescent pro-
tein (GFP) (Invitrogen). Relative protein levels of p53, Tat, TatK28A/K50A,
and actin were detected by standard immunoblotting techniques using
30 �g of total proteins. B, PC-12 cells were co-transfected and assayed
as in A.
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P/CAF (Upstate Biotechnology, Inc.) in acetylation buffer containing 50
mM Tris-HCl, pH 8.0, 1 mM dithiothreitol, 0.1 mM EDTA, 50 �g/ml
bovine serum albumin, 10% glycerol, and 5 �l of [acetyl-1-14C]acetyl
coenzyme A (51.60 mCi/mmol, NEC-313; PerkinElmer Life Sciences) in
the presence or absence of increasing concentrations of GST-Tat or
GST-TatK28A/K50A (25, 50, or 100 ng) or Tat synthetic peptides (Tat23–43,
TatK/A23–43, Tat41–61, or TatKK/AA41–61: 50, 100, or 200 ng; Biosynthesis,
Inc.). The samples were incubated at 37 °C for 30 min, then the reac-
tions were quenched by the addition of 6 �l of 5� SDS-PAGE loading
buffer, and the acetylated products were resolved through 4–20% Tris-
glycine gels (Invitrogen, Inc.) and visualized by autoradiography/fluo-
rography using ENHANCE reagent (PerkinElmer Life Sciences).
Kodak XAR scientific imaging film was exposed for 72 h at �80 °C.

Effects of HIV-1 Infection upon UV-responsive p53 Acetylation—To
assess effects of HIV-1 infection upon p53 acetylation in response to UV
irradiation in vivo, we infected 3 � 106 Molt-4 CD4� lymphoblastic
leukemia cells with 150 �l of an infectious stock of HIV-1, HXB2IIIB

(HXB2IIIB virus stock and Molt-4 cells were generously provided by Dr.
G. Roderiquez, Food and Drug Administration, Center for Biologics
Evaluation and Research, National Institutes of Health, Bethesda,
MD), titered at �2 � 105 pg/ml of p24gag protein determined by a
standard anti-p24gag enzyme-linked immunosorbent assay method. Ali-
quots were taken from HIV-1-infected samples on consecutive days
(4–6 days post-infection), and half of the volume of infected cells were
UV-irradiated for 1.5 min (Fisher UV-Crosslinker at 120 mJ/cm2 energy
level), before culturing for an additional 3 h at 37 °C under 10% CO2.
Induction of p53 protein by UV treatment was confirmed by immuno-
fluorescence laser confocal microscopy and immunoblotting using un-
infected or HIV-1-infected cells and a p53-specific monoclonal antibody
(Upstate Biotechnology, Inc). Tat expression was measured in lysates
prepared from infected cells by immunoblotting using a rabbit poly-
clonal anti-Tat antibody or by direct visualization by immunofluores-
cence laser confocal microscopy. Co-localization of Tat and p53 in UV-
irradiated cells was determined and quantified by immunofluorescence

laser confocal microscopy. The status of p53 acetylation on lysine resi-
dues Lys320 and Lys373 was detected by immunoprecipitating total
intracellular p53 from untreated or UV-irradiated, HIV-infected Molt-4
cells. The protein G-agarose immune complexes were washed, and the
bound products were resolved by 12.5% SDS-PAGE and immunoblot-
ting using rabbit polyclonal antibodies that specifically recognize
Lys320-acetylated p53 or Lys373-acetylated p53 (Upstate Biotechnology,
Inc.).

RESULTS

Inhibition of p53-dependent Transcriptional Activation by
HIV-1 Tat—We first assayed whether Tat-HAT interactions
might interfere with neuronal p53-responsive transcription in
human IMR-32 neuroblastoma cells and rodent PC-12 pheo-
chromocytoma cells. Because p53 regulates G2/M cellular ar-
rest by driving 14-3-3� promoter trans-activation, we investi-
gated the effects of HIV-1 Tat expression upon a 14-3-3�
promoter luciferase reporter construct containing three p53-
responsive elements (other regulatory elements are deleted in
this plasmid. Refs. 26 and 27). As shown in Fig. 1, HIV-1 Tat
effectively inhibited p53 trans-activation from the 14-3-3� pro-
moter in IMR-32 and PC-12 cells, respectively, whereas neither
the TatK28A/K50A mutant nor green fluorescent protein signifi-
cantly influenced p53 transcription. Consistently, Tat expres-
sion did not seem to alter p53 protein levels, suggesting that
Tat causes functional impairment of p53 (Fig. 1A).

Ectopic P/CAF and p300 Counter Inhibitory Effects of HIV-1
Tat upon 14-3-3� Promoter trans-Activation—To evaluate the
relative contributions of Tat-p300 or Tat-P/CAF interactions
toward the inhibition of p53 transcription, we analyzed a panel

FIG. 2. HIV-1 Tat and adenoviral
E1A 12S proteins repress p53-respon-
sive transcription to similar degrees.
A, IMR-32 cells were co-transfected with
expression constructs for Tat acetylation-
defective mutants (3 �g), RSV-TatK28A
and RSV-TatK50A, and 1 �g of CMV-p53
(or CMV-p53R175H) with 1 �g of 14-3-3�
luciferase. The protein levels are shown
for p53, p53R175H, Tat, TatK28A, TatK50A,
and actin for extracts (30 �g of total pro-
teins) used in A. B and C, PC-12 cells (B)
and IMR-32 cells (C) were co-transfected
with 14-3-3� luciferase and CMV-p53 in
the presence of increasing amounts of
CMV-E1A 12S or CMV-E1A 12S�N (0.5,
1.5, or 3 �g). D, IMR-32 cells were co-
transfected with 14-3-3� luciferase, CMV-
p53, and 3 �g of RSV-Tat, either in the
presence of increasing amounts of CMV-
P/CAF or CMV-p300 (1.5, 2.5, or 5 �g).
WT, wild type.
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of previously characterized Tat mutants; the TatK28A mutant is
defective for acetylation by P/CAF, and TatK50A is impaired for
acetylation by p300/CBP (17). The results in Fig. 2A indicate
that TatK28A and TatK50A mutants are partially impaired in
their abilities to repress p53-responsive 14-3-3� transcription
as compared with wild-type Tat. The differences in biological
activities were not due to fluctuations in protein expression
because these mutants were detected at levels comparable with
wild-type Tat (Fig. 2A, lower panel). The trans-dominant-neg-
ative p53 mutant, R175H, which is defective for p53-responsive
element DNA binding, was used as a control to verify the p53
dependence of 14-3-3� promoter luciferase reporter gene activ-
ity (Fig. 2A and Ref. 26). Because the adenoviral E1A 12S
factor also interacts with the CH3/HAT domains of both p300/
CBP and P/CAF, inhibiting their acetyltransferase activities,
we compared the effects of E1A 12S upon p53-responsive, 14-
3-3� transcription in PC-12 and IMR-32 cells (28–30). In both
cell-types, E1A 12S inhibited p53 trans-activation in a dosage-

dependent manner that resembled HIV-1 Tat (Fig. 2, B and C).
An amino-terminal deletion mutant, E1A 12S�N, defective for
interactions with the HAT domains of these co-activators did
not affect p53 transcription, which is consistent with the notion
that p53 trans-activation functions require co-activator acetyl-
transferase activities (Fig. 2, B and C, and Refs. 23–25, 30, and
31). Indeed, co-expression of increasing amounts of either
P/CAF or p300 significantly countered the repressive effects of
Tat upon 14-3-3� transcription, although ectopic p300 restored
p53 trans-activation somewhat better than P/CAF (Fig. 2D).

Nuclear Localization of p53, HIV-1 Tat, and TatK28A/K50A in
Transfected IMR-32 Cells—HIV-1 Tat and p53 were expressed

FIG. 3. Nuclear expression of p53, HIV-1 Tat, and TatK28A/K50A
in transfected IMR-32 cells. IMR-32 neuroblastoma cells were trans-
fected with 0.5 �g of CMV-p53 (A), RSV-HIV-1 Tat (B), or RSV-
TatK28A/K50A (C) and immunostained for laser confocal microscopy using
a rabbit polyclonal antibody against p53 (Santa Cruz Biotechnologies,
Inc.) and fluorescein isothiocyanate-conjugated anti-rabbit secondary
antibody. HIV-1 Tat and TatK28A/K50A proteins were visualized using an
anti-HIV-1IIIB Tat, rabbit polyclonal antibody (C-2145), and fluorescein
isothiocyanate-conjugated anti-rabbit secondary antibody. Endogenous
p300 was detected using a monoclonal antibody against the carboxyl
terminus of p300 (Upstate Biotechnology, Inc.) and rhodamine red-
conjugated anti-mouse secondary antibody. Endogenous P/CAF was
detected using a goat polyclonal antibody against P/CAF (Santa Cruz
Biotechnology, Inc.) and Cy-3-conjugated anti-goat secondary antibody.
All of the fluorescence-conjugated secondary antibodies were obtained
from Jackson ImmunoResearch Laboratories, Inc. The nuclei were
stained with DAPI (Molecular Probes, Inc.) and are shown for reference.
The merged images are at the right of each panel. Immunofluorescence
laser confocal microscopy was performed using a 63� objective in com-
bination with 13� digital zoom.

FIG. 4. Tat inhibits p53 acetylation in vivo and in vitro. A, a
diagram of CBP (p300 synologue) and P/CAF depicting functionally
overlapping binding sites for HIV-1 Tat, E1A 12S, and p53 in acetyl-
transferase domains. B, IMR-32 cells were co-transfected with 1 �g of
CMV-p53 and 3 �g of RSV-Tat, or various Tat mutants (RSV-TatK28A,
RSV-TatK50A, or RSV-TatK28A/K50A), extracts were prepared in RIPA
buffer, and immunoblotting was performed using 30 �g of total proteins
to detect p53, acetyl-p53Lys-320, acetyl-p53Lys-373, and actin. C, nuclear
extracts were prepared from 3 � 106 IMR-32 cells co-transfected with 1
�g of CMV-p53 and either 3 �g of RSV-Tat, RSV-TatK28A, RSV-TatK50A,
or RSV-TatK28A/K50A and used to detect binding to 32P-radiolabeled,
consensus cyclic AMP-responsive element (5�-CTAGGATCTTGAT-
GACGCAATACGCCATGGTCGA-3�) and p53-responsive (5�-TACA-
GAACATGTCTAAGCATGCTGGGG-3�) oligonucleotide probes. D,
amino acid sequences of wild-type Tat and Tat-derived synthetic pep-
tides (Tat23–43, Tat K/A23–43, Tat41–61, and TatKK/AA41–61) used in in vitro
acetylation assays. E and F, acetylation of GST-p53 by recombinant
P/CAF (E) or p300 (F) in the presence of increasing amounts of GST-
Tat, GST-TatK28A/K50A, or Tat-derived peptides was performed as de-
scribed under “Materials and Methods.” GST fusion proteins (GST-p53,
GST-Tat, and GST-TatK28A/K50A) were detected using a goat anti-GST
antibody (Amersham Biosciences).
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in nuclei of transfected IMR-32 neuroblastoma cells, as deter-
mined by immunofluorescence laser confocal microscopy, and
both proteins displayed varied levels of co-localization with the
transcriptional co-activator/acetyltransferase p300 (Fig. 3, A
and B). The subcellular distribution of Tat was observed to be
both nucleoplasmic and nucleolar by immunostaining (Fig. 3B).
Importantly, the Tat-derived mutant, TatK28A/K50A, was pres-
ent in the nuclei of IMR-32 cells (Fig. 3C). We examined the
localization of TatK28A/K50A because the K50A mutation is tar-
geted within the nuclear localization sequence of Tat, and it
was therefore necessary to establish whether the mutant pro-
tein is properly expressed in the nuclei. In addition, we ob-
served that nuclear P/CAF levels appeared to be somewhat
limiting in IMR-32 neuroblastoma cells, as revealed by com-
paratively weak, P/CAF-specific nuclear immunostaining (Fig.
3, A–C, lower panels).

HIV-1 Tat and Tat Synthetic Peptides Inhibit p53 Acetylation
by P/CAF and p300—Direct interactions of co-activator HATs
with Tat, p53, and E1A 12S provide a plausible basis for com-
petitive inhibition of factor acetylation (Fig. 4A and Refs. 17,
23, 25, and 30). In IMR-32 cells co-transfected with p53 and
either Tat or various Tat mutants, the wild-type Tat caused
markedly diminished p53Lys-320 acetylation by P/CAF in vivo,
whereas no significant difference was observed for p300-de-
pendent, p53Lys-373 acetylation (Fig. 4B). The Tat-derived mu-
tants did not affect p53 acetylation, despite having partially
repressive effects upon p53-responsive transcription. These
discrepancies may derive from weakened co-activator-binding
affinities for the mutants or could suggest that alternate sig-
naling interactions contribute to Tat-repression of p53 tran-
scription. Overexpression of p53 did not result in increased
levels of p53-acetylated forms (compare lanes 1 and 2 of Fig.
4B), supporting reports that nuclear co-activator concentra-
tions are limiting (32, 33). That no apparent difference was
observed for p300-dependent, p53Lys-373 acetylation suggests
that the restoring effect of ectopic p300 upon 14-3-3� transcrip-
tion may have resulted from enhanced factor recruitment (e.g.
P/CAF) to p53-responsive elements (Fig. 2E). The results from
electrophoretic mobility shift/DNA binding assays using a radio-
labeled, p53-responsive oligonucleotide probe revealed that de-
creased p53-specific DNA binding in nuclear extracts prepared
from IMR-32 cells, expressing p53 in the presence of Tat or
various Tat mutants, coincided with diminished p53Lys-320 acety-
lation (Fig. 4C, lower panel). The DNA binding activities of
IMR-32 nuclear extracts were normalized to yield similar binding
to a radiolabeled, consensus cyclic AMP-responsive element
probe (Fig. 4C, top panel); the same amounts of nuclear extracts
were then used to quantify p53-responsive element binding.

We next tested whether GST-Tat or GST-TatK28A/K50A pro-
teins or various Tat-derived synthetic peptides (Biosynthesis,
Inc.) might influence the acetylation of GST-p53 in vitro by
recombinant P/CAF or p300 (Upstate Biotechnology, Inc.).
Amino acid sequences of full-length Tat and peptide derivatives
(wild type and mutants) used in these analyses are provided in
Fig. 4D. Relative input levels of GST-Tat, GST-TatK28A/K50A,
and GST-p53 are shown in Fig. 4E. GST-Tat inhibited p53
acetylation by P/CAF and p300 in a dosage-dependent manner;
in contrast, GST-TatK28A/K50A had no significant effect upon
acetyltransferase activities (Fig. 4, E and F). Synthetic pep-
tides spanning residues 23–43 (Tat23–43) and 41–61 (Tat41–61)
of Tat inhibited p53 acetylation by P/CAF and p300, re-
spectively, whereas mutant derivatives of these peptides
(TatK/A23–43 and TatKK/AA41–61) did not (Fig. 4, E and F). In-
terestingly, the Tat41–61 peptide did not alter p53 acetylation
by P/CAF, whereas p53 acetylation by p300 was slightly inhib-
ited by Tat23–43. These results may reflect differences in sub-

strate affinities between p300 and P/CAF. The wild-type Tat
peptides (residues 23–43 or 41–61) were weakly acetylated in
our in vitro assays (data not shown); we did not observe GST-Tat
acetylation under the conditions promoting p53 acetylation. In
addition, Tat-HAT binding inhibited acetylation of histones
H3/H4 in vitro (data not shown). We infer, based upon these
results, that the release (or “turnover”) kinetics of Tat acetylation
by p300 and P/CAF are comparatively slow versus p53/histone
acetylation consistent with the acetyltransferase inhibitory func-
tions of Tat.

Because others have previously demonstrated that HIV-1
Tat directly interacts with p53 (6), we attempted to determine
whether observed differences in co-activator-mediated p53
acetylation between wild-type Tat and the TatK28A/K50A mutant
might be attributed to differences in p53 binding. The results
from co-immunoprecipitation experiments in Fig. 5A indicate
that both purified recombinant GST-HIV-1 Tat and GST-
TatK28A/K50A interact with GST-p53 in vitro with similar ap-
parent affinities. In addition, we have also tested whether
Tat-P/CAF acetyltransferase domain interactions might inter-
fere with binding of p53 to the catalytic acetyltransferase site of
the co-activator and thereby competitively inhibit p53 acetyla-

FIG. 5. The HIV-1 Tat23–43 peptide competes against p53 for
binding to the minimal acetyltransferase domain of P/CAF. A,
purified recombinant GST-p53 (500 ng) was mixed with recombinant
GST-Tat or GST-TatK28A/K50A proteins (125, 250, and 500 ng), and the
reactions were immunoprecipitated overnight at 4 °C using an anti-p53
monoclonal antibody (Upstate Biotechnology, Inc.) and protein G-aga-
rose. Affinity matrices were washed, the samples were electrophoresed
through a 4–20% SDS-PAGE precast gel (Invitrogen, Inc.), and bound
HIV-1 Tat was detected using purified anti-HIV-1 Tat polyclonal anti-
body. B, p53-null, Calu-6 carcinoma cells were transfected with 3 �g of
CMV-p53 or CMV-vector control, the extracts were prepared in RIPA
buffer, and equivalent amounts of total cellular proteins were used in in
vitro binding assays. Increasing amounts of synthetic HIV-1 Tat23–43 or
TatK/A23–43 peptides (250 ng, 500 ng, and 1 �g) were mixed with Calu-6
extracts expressing p53, and 15 units of purified recombinant GST-P/
CAF352–382 were added to each sample. 30 �l of 50% glutathione-Sepha-
rose 4B in PBS was added to each reaction, and GST-pull-down assays
were carried out overnight at 4 °C. Affinity matrices were washed twice
with PBS, the samples were resolved by 12% SDS-PAGE, and bound
p53 was detected using an anti-p53 monoclonal antibody. Input levels of
synthetic Tat23–43 and TatK/A23–43 peptides were detected by electro-
phoresis through a 4–20% SDS-PAGE precast gel and Coomassie
staining.
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FIG. 6. HIV-1 Tat causes bypass of G2/M arrest induced by adriamycin. A, IMR-32 cells were transfected with RSV-Tat, RSV-TatK28A/K50A,
RSV-TatK28A, or RSV-TatK50A, and certain samples were treated with 100 �M adriamycin (Adr) and stained for annexin-V surface expression. B,
overlays of FACS profiles for annexin-V staining in the presence of adriamycin and either wild-type (WT) Tat or TatK28A/K50A. C, IMR-32 cells were
transfected and treated with adriamycin as in A and were stained to determine nuclear contents using acridine orange as described under
“Materials and Methods.”
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tion. To address this question, we expressed p53 in the back-
ground of p53-null, Calu-6 carcinoma cells and used equivalent
amounts of total cellular proteins from prepared extracts in
GST pull-down experiments. Increasing amounts of synthetic
wild-type Tat23–43 or TatK/A23–43 mutant peptides were added
to binding reactions in the presence of purified recombinant
GST-P/CAF352–382, comprising the minimal acetyltransferase
domain of P/CAF. As shown in Fig. 5B, the p53-P/CAF352–382

interaction was significantly diminished in a dosage-dependent
manner in the presence of wild-type Tat23–43 peptide but was
unaffected by the TatK/A23–43 mutant peptide. Indeed, because
Tat23–43 peptides lack amino acid residues that are essential
for p53 binding by Tat, we infer that HIV-1 Tat competes
against p53 for binding to the minimal acetyltransferase do-
main of P/CAF in our in vitro assays.

Wild-type HIV-1 Tat, but Not TatK28A/K50A, Facilitates By-
pass of 22/M Cellular Arrest Induced by Adriamycin in IMR-32
Cells—Because 14-3-3� regulates p53-induced G2/M arrest un-
der conditions of genotoxic stress, we addressed whether inhi-
bition of p53 functions as a consequence of Tat-HAT binding
might weaken the G2/M checkpoint in the presence of adria-
mycin (100 �M; Refs. 26 and 27). IMR-32 cells were transfected
with Tat or various Tat mutants; after 48 h, the cells were
treated with adriamycin and incubated for an additional 24 h
prior to FACS analyses to evaluate apoptosis and cellular ar-
rest using annexin-V (Pharmingen Corp.) and acridine orange
(Molecular Probes, Inc.) staining methods. As shown in Fig. 6A,
neither adriamycin treatment nor Tat alone caused apoptosis
in IMR-32 cells. However, cells expressing Tat in the presence
of adriamycin exhibited considerable programmed cell death
(62.8%) as determined by annexin-V staining (Fig. 6, A and B).
Of the Tat mutants, only TatK50A was associated with signifi-
cant apoptosis (43.3%), suggesting that P/CAF-binding by Tat

might be an important contributing factor for the bypass of
G2/M arrest. The results from this “mitotic trap” assay suggest
that Tat-expressing cells not arrested in G2/M enter mitosis (M
phase) and are killed through the action of adriamycin. Acri-
dine orange staining/cell cycle analyses revealed that IMR-32
cells were arrested in G2/M (G1, 27.5%; G2/M, 47.0%) as a result
of adriamycin treatment (Fig. 6C). Expression of various Tat
mutants had no effect upon cellular arrest in G2/M (G1, �24%;
G2/M, 50% for each). The wild-type Tat significantly prevented
cellular arrest in the presence of adriamycin (G1, 43.7%; G2/M,
34.4%) coincident with increased apoptosis (Fig. 6C; see also
Fig. 6, A and B). A minor population of IMR-32 neuroblastoma
cells that contained greater than G2/M DNA content were
reproducibly detected in each sample, and these cells presum-
ably possess inherent growth-regulatory defects resulting in
deregulation of cytokinesis and S phase entry (Fig. 6). This
aberrant cellular population did not appear to be affected by
expression of HIV-1 Tat or Tat-derived mutants.

HIV-1 Infection Interferes with p53 Acetylation in Response
to UV Irradiation—Finally, we examined the influence of
HIV-1 infection upon acetylation of the p53 tumor suppressor
in response to genotoxic stress caused by UV irradiation (24,
25, 34). CD4� Molt-4 lymphoblastic leukemia cells were in-
fected with HIV-1, HXB2IIIB, over a 6-day period, and consec-
utive aliquots were removed and exposed to UV irradiation.
The cells were cultured for an additional 3 h before extracts
were prepared for immunoprecipitation and immunoblot anal-
yses. HIV-1 Tat protein expression was significantly detectable
by the fourth day of infection and continued to increase through
the sixth day (Fig. 7A). Ultraviolet irradiation is known to
induce increased intracellular p53 levels (35, 36), and indeed,
p53 expression was detectable in uninfected UV-treated cells
(Fig. 7B, upper left panel). Uninfected control cells or HIV-1-

FIG. 7. HIV-1 infection inhibits p53 acetylation in response to UV irradiation in Molt-4 cells. A, Molt-4 cells were infected with HIV-1,
HXB2IIIB, and Tat expression was monitored on consecutive days by immunoblotting using an anti-Tat rabbit polyclonal antibody as described. B,
induction of p53 protein expression by UV irradiation was verified by immunofluorescence laser confocal microscopy in uninfected or HIV-1-
infected cells in the presence or absence of UV treatment. C, nuclear co-localization of Tat and p53 in UV-irradiated, HIV-1-infected Molt-4 cells
was detected by immunofluorescence laser confocal microscopy as described. Relative fluorescence intensities and signal overlaps were quantified
and are shown below the micrographs. D, actin and p53 protein levels were determined by immunoblotting whole cell extracts prepared from
uninfected or HIV-1-infected Molt-4 cells in the presence or absence of UV irradiation (top panels). Total intracellular p53 was immunoprecipitated
(IP), and immunoblots were performed using antibodies that specifically recognize Lys373-acetylated p53 or Lys320-acetylated p53 (bottom panels).
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infected Molt-4 cells that were not exposed to UV irradiation
did not contain high p53 protein levels as determined by im-
munofluorescence laser confocal microscopy (Fig. 7B, upper
middle and right panels) and immunoblotting using an anti-
p53 monoclonal antibody (Fig. 7D). Nuclear Tat and p53 co-
localized in HIV-1-infected cells, consistent with reports by
others that Tat directly interacts with the p53 tumor suppres-
sor (6); relative fluorescence intensities and signal overlaps for
both proteins were measured by linear quantification and are
shown below the micrographs in Fig. 7C. To assess the status of
p53 acetylation in response to UV irradiation in HIV-1-infected
cells, we prepared whole cell extracts and examined the levels
of intracellular p53 (Fig. 7D). Actin is shown as an input
control. Immunoprecipitations were performed, and the acety-
lated forms of p53 were identified by immunoblotting using
antibodies that discriminate between Lys320-acetylated p53 or
Lys373-acetylated p53 (Fig. 7D). As demonstrated in Fig. 7D,
there was slight diminishment of p53Lys-320 acetylation in HIV-
1-infected cells on the fifth day of infection in the absence of UV
treatment. More apparent, however, was the decrease in both
p53Lys-373 and p53Lys-320 acetylation induced by UV irradiation
on the fifth and sixth days of HIV-1 infection. Interestingly, the
observed reduction in UV-responsive p53 acetylation did not
correlate with intracellular levels of Tat, suggesting that other
virally encoded proteins or host factors might influence p53
acetylation and responses to genotoxic stress (Fig. 7A). These
results indicate that HIV-1 infection significantly prevents
acetylation of p53 by co-activators/acetyltransferases in re-
sponse to UV irradiation, and our in vitro evidence suggests
that Tat could play an important role in mediating this inhib-
itory effect.

DISCUSSION

The tumor suppressor p53 induces the arrest of cell cycle
progression in G1/S and G2/M under conditions of genotoxic
stress (26, 27, 37, 38). Because AIDS-affected individuals dem-
onstrate increased risks for developing various neoplasms, in-
hibition of p53Lys-320 acetylation/transcription by Tat-HAT
binding could promote the acquisition of deleterious mutations
by subverting p53-regulated checkpoint defenses. p53 trans-
activation functions and G2/M cell cycle control are regulated
by post-translational modifications, e.g. acetylation and phos-
phorylation, and destabilization of p53 by Mdm2 is dependent
upon p400/TRRAP-associated chromatin-remodeling com-
plexes (39–46). Mdm2 and adenoviral E1A 12S and E1B pro-
teins have been shown to inhibit p53 acetylation by P/CAF, and
therefore, the P/CAF co-activator/acetyltransferase may be a
key modulator of p53 tumor suppressor-associated activities
(47–49).

Recently, others have demonstrated that Tat inhibits acetyl-
transferase activities of the co-activators Tip60 and TAFII250,
thereby causing repression of cellular transcription (50, 51).
Extracellular Tat produced by surrounding, infected cells
might also enter and target p53 in nuclei of adjacent cells to
create a local “by-stander” effect that might allow Tat to coop-
erate with oncogenic factors encoded by �-herpesviruses, such
as Epstein Barr Virus and Kaposi’s Sarcoma herpes-like virus,
during co-infections frequently observed in AIDS patients (4, 5,
52, 53). The mechanism by which extracellular Tat enters
surrounding cells is largely unknown but requires cell surface
heparan sulfate proteoglycans (54). In this study, we have
shown that Tat-HAT interactions inhibit p53Lys-320 acetylation
as well as p53 DNA binding and transcription in neuronally
derived cells. Both Tat and adenoviral E1A 12S repressed p53
trans-activation to similar degrees through co-activator/HAT
binding. The unusually high percentages of cells affected by
Tat in our cell cycle and apoptosis analyses are consistent with

observations by others that Tat produced in transfected cells
enters nuclei of surrounding untransfected cells, inhibiting p53
transcription functions. Our subsequent immunofluorescence
microscopy experiments using CMV-HIV-1 Tat-transfected
IMR-32 neuroblastoma cells also support this finding (data not
shown). Col et al. (10) have reported that inhibition of CBP-
associated acetyltransferase activity by HIV-1 Tat prevents
histone acetylation but not p53 or MyoD acetylation; however,
that study dealt exclusively with basal level p53 acetylation,
whereas our present work summarizes effects of Tat-co-activa-
tor interactions upon basal level as well as UV-induced p53
acetylation (24, 25, 34). Our findings indicate that p53 acety-
lation on lysines 320 and 373 induced by UV irradiation is
significantly diminished in HIV-1-infected Molt-4 cells in vivo
(24, 25, 34). Inhibition of p53 acetylation did not strictly corre-
late with levels of intracellular Tat, and it is likely that other
virally encoded factors, such as Nef, that also interact with p53
may influence the p53 response under conditions of genotoxic
stress (24, 25, 34, 55). Alternatively, host cellular factors in-
duced by HIV-1 or the viral trans-activator, Tat, could antag-
onize Tat/co-activator interactions during certain stages of the
infection process. Interestingly, the majority of viral factors
that interact with p300/CBP are derived from oncogenic vi-
ruses. Indeed, Tat has been demonstrated to transform pri-
mary B-cells and induce lymphomas in transgenic mice, sug-
gesting that Tat might contribute to certain hematological
malignancies (56). Seo et al. (57) have reported that p300 and
P/CAF acetyltransferases are inhibited by a cellular complex,
INHAT (inhibitor of acetyltransferases), associated with the
Set/TAF-I� oncoprotein involved in myeloid leukemia, indica-
tive that inhibition of co-activator acetyltransferases might be
generally linked to neoplastic transformation. Our results al-
lude to a mechanism whereby HIV-1 Tat might impair tumor
suppressor functions in immune/neuro-immune cells of the cen-
tral nervous system, thus supporting the establishment of
AIDS-related cancers.

Acknowledgments—We thank Dr. B. Vogelstein for generously pro-
viding CMV-p53, CMV-R175H, and 14-3-3� (BDS-2, 3X) promoter lu-
ciferase constructs and Dr. J. Brady for the GST-p53 expression con-
struct. We also thank Dr. K. T. Jeang for providing CMV-Tat that was
used in immunoconfocal microscopy experiments, Dr. Y. Nakatani for
permission to use CMV-P/CAF, CMV-E1A 12S, and CMV-E1A 12S�N
expression constructs, and Dr. B. C. Nair for purified anti-Tat antibody,
C-2145.

REFERENCES

1. Blumenthal, D. T., Raizer, J. J., Rosenblum, M. K., Bilsky, M. H., Hariharan,
S., and Abrey, L. E. (1999) Neurology 52, 1648–1651

2. Moulignier, A., Mikol, J., Pialoux, G., Eliaszewicz, M., Thurel, C., and
Thiebaut, J. B. (1994) Cancer 74, 686–692

3. Neal, J. W., Llewelyn, M. B., Morrison, H. L., Jasani, B., and Borysiewicz, L. K.
(1996) J. Infect. 33, 159–162

4. Mann, D. A., and Frankel, A. D. (1991) EMBO J. 10, 1733–1739
5. Ensoli, B., Buonaguro, L., Barillari, G., Fiorelli, V., Gendelman, R., Morgan,

R. A., Wingfield, P., and Gallo, R. C. (1993) J. Virol. 67, 277–287
6. Clark, E., Santiago, F., Deng, L., Chong, S., de La Fuente, C., Wang, L., Fu, P.,

Stein, D., Denny, T., Lanka, V., Mozafari, F., Okamoto, T., and Kashanchi,
F. (2000) J. Virol. 74, 5040–5052

7. Li, C. J., Wang, C., Friedman, D. J., and Pardee, A. B. (1995) Proc. Natl. Acad.
Sci. U. S. A. 92, 5461–5464

8. Puglisi, J. D., Tan, R., Calnan, B. J., Frankel, A. D., and Williamson, J. R.
(1992) Science 257, 76–80

9. Nakatani, Y. (2002) Structure 10, 443–444
10. Col, E., Gilquin, B., Caron, C., and Khochbin, S. (2002) J. Biol. Chem. 277,

37955–37960
11. Sterner, D. E., and Berger, S. L. (2000) Microbiol. Mol. Biol. Rev. 64, 435–459
12. Benkirane, M., Chun, R. F., Xiao, H., Ogryzko, V. V., Howard, B. H., Nakatani,

Y., and Jeang, K. T. (1998) J. Biol. Chem. 273, 24898–24905
13. Hottiger, M. O., and Nabel, G. J. (1998) J. Virol. 72, 8252–8256
14. Marzio, G., Tyagi, M., Gutierrez, M. I., and Giacca, M. (1998) Proc. Natl. Acad.

Sci. U. S. A. 95, 13519–13524
15. Col, E., Caron, C., Seigneurin-Berny, D., Gracia, J., Favier, A., and Khochbin,

S. (2001) J. Biol. Chem. 276, 28179–28184
16. Deng, L., de La Fuente, C., Fu, P., Wang, L., Donnelly, R., Wade, J. D.,

Lambert, P., Li, H., Lee, C. G., and Kashanchi, F. (2000) Virology 277,
278–295

HIV-1 Tat/Co-activator Binding Inhibits p53Lys-320 Acetylation 12317

 by on M
arch 23, 2007 

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org


17. Kiernan, R. E., Vanhulle, C., Schiltz, L., Adam, E., Xiao, H., Maudoux, F.,
Calomme, C., Burny, A., Nakatani, Y., Jeang, K. T., Benkirane, M., and Van
Lint, C. (1999) EMBO J. 18, 6106–6118

18. Ott, M., Schnolzer, M., Garnica, J., Fischle, W., Emiliani, S., Rackwitz, H. R.,
and Verdin, E. (1999) Curr. Biol. 9, 1489–1492

19. Mujtaba, S., He, Y., Zeng, L., Farooq, A., Carlson, J. E., Ott, M., Verdin, E., and
Zhou, M. M. (2002) Mol. Cell 9, 575–586

20. Dorr, A., Kiermer, V., Pedal, A., Rackwitz, H. R., Henklein, P., Schubert, U.,
Zhou, M. M., Verdin, E., and Ott, M. (2002) EMBO J. 21, 2715–2723

21. Zeng, L., and Zhou, M. M. (2002) FEBS Lett. 513, 124–128
22. Pantano, S., Tyagi, M., Giacca, M., and Carloni, P. (2002) J. Mol. Biol. 318,

1331–1339
23. Gu, W., and Roeder, R. G. (1997) Cell 90, 595–606
24. Liu, L., Scolnick, D. M., Trievel, R. C., Zhang, H. B., Marmorstein, R.,

Halazonetis, T. D., and Berger, S. L. (1999) Mol. Cell. Biol. 19, 1202–1209
25. Sakaguchi, K., Herrera, J. E., Saito, S., Miki, T., Bustin, M., Vassilev, A.,

Anderson, C. W., and Appella, E. (1998) Genes Dev. 12, 2831–2841
26. Hermeking, H., Lengauer, C., Polyak, K., He, T. C., Zhang, L., Thiagalingam,

S., Kinzler, K. W., and Vogelstein, B. (1997) Mol. Cell 1, 3–11
27. Chan, T. A., Hermeking, H., Lengauer, C., Kinzler, K. W., and Vogelstein, B.

(1999) Nature 401, 616–620
28. Arany, Z., Newsome, D., Oldread, E., Livingston, D. M., and Eckner, R. (1995)

Nature 374, 81–84
29. Hamamori, Y., Sartorelli, V., Ogryzko, V., Puri, P. L., Wu, H. Y., Wang, J. Y.,

Nakatani, Y., and Kedes, L. (1999) Cell 96, 405–413
30. Somasundaram, K., and El-Deiry, W. S. (1997) Oncogene 14, 1047–1057
31. Yang, X. J., Ogryzko, V. V., Nishikawa, J., Howard, B. H., and Nakatani, Y.

(1996) Nature 382, 319–324
32. Kamei, Y., Xu, L., Heinzel, T., Torchia, J., Kurokawa, R., Gloss, B., Lin, S. C.,

Heyman, R. A., Rose, D. W., Glass, C. K., and Rosenfeld, M. G. (1996) Cell
85, 403–414

33. Nicot, C., and Harrod, R. (2000) Mol. Cell. Biol. 20, 8580–8589
34. Apella, E., and Anderson, C. W. (2001) Eur. J. Biochem. 268, 2764–2772
35. Latonen, L., Taya, Y., and Laiho, M. (2001) Oncogene 20, 6784–6793
36. Ponten, F., Lindman, H., Bostrom, A., Berne, B., and Bergh, J. (2001) J. Natl.

Cancer Inst. 93, 128–133
37. Deng, C., Zhang, P., Harper, J. W., Elledge, S. J., and Leder, P. (1995) Cell 82,

675–684

38. Taylor, W. R., DePrimo, S. E., Agarwal, A., Agarwal, M. L., Schönthal, A. H.,
Katula, K. S., and Stark, G. R. (1999) Mol. Biol. Cell 10, 3607–3622

39. Grossman, S. R. (2001) Eur. J. Biochem. 268, 2773–2778
40. Livengood, J. A., Scoggin, K. E., Van Orden, K., McBryant, S. J.,

Edayathumangalum, R. S., Laybourn, P. J., and Nyborg, J. K. (2002)
J. Biol. Chem. 277, 9054–9061

41. Scolnick, D. M., Chehab, N. H., Stavridi, E. S., Lien, M. C., Caruso, L., Moran,
E., Berger, S. L., and Halazonetis, T. D. (1999) Cancer Res. 57, 3693–3696

42. Nakamura, S., Gomyo, Y., Roth, J. A., and Mukhopadhyay, T. (2002) Oncogene
21, 2102–2107

43. Barlev, N. A., Liu, L., Chehab, N. H., Mansfield, K., Harris, K. G., Halazonetis,
T. D., and Berger, S. L. (2001) Mol. Cell 8, 1243–1254

44. Prives, C., and Manley, J. L. (2001) Cell 107, 815–818
45. Espinosa, J. M., and Emerson, B. M. (2001) Mol. Cell 8, 57–69
46. Ard, P. G., Chatterjee, C., Kunjibettu, S., Adside, L. R., Gralinski, L. E., and

McMahon, S. B. (2002) Mol. Cell. Biol. 22, 5650–5661
47. Yang, X. J., and Lu, H. (2002) J. Biol. Chem. 277, 30838–30843
48. Chen, H., Nakatani, Y., and Evans, R. M. (1999) Cell 96, 393–403
49. Liu, Y., Colosimo, A. L., Yang, X. J., and Liao, D. (2000) Mol. Cell. Biol. 20,

5540–5553
50. Creaven, M., Hans, F., Mutskov, V., Col, E., Caron, C., Dimitrov, S., and

Khochbin, S. (1999) Biochemistry 38, 8826–8830
51. Weissman, J. D., Brown, J. A., Howcroft, T. K., Hwang, J., Chawla, A., Roche,

P. A., Schiltz, L., Nakatani, Y., and Singer, D. S. (1998) Proc. Natl. Acad.
Sci. U. S. A. 95, 11601–11606

52. Chang, Y., Cesarman, E., Pessin, M. S., Lee, F., Culpepper, J., Knowles, D. M.,
and Moore, P. S. (1994) Science 266, 1865–1869

53. Horenstein, M. G., Nador, R. G., Chadburn, A., Hyjek, E. M., Inghirami, G.,
Knowles, D. M., and Cesarman, E. (1997) Blood 90, 1186–1191

54. Tyagi, M., Rusnati, M., Presta, M., and Giacca, M. (2001) J. Biol. Chem. 276,
3254–3261

55. Greenway, A. L., McPhee, D. A., Allen, K., Johnstone, R., Holloway, G., Mills,
J., Azad, A., Sankovich, S., and Lambert, P. (2002) J. Virol. 76, 2692–2702

56. Kundu, R. K., Sangiorgi, F., Wu, L. Y., Pattengale, P. K., Hinton, D. R., Gill,
P. S., and Maxson, R. (1999) Blood 94, 275–282

57. Seo, S. B., McNamara, P., Heo, S., Turner, A., Lane, W. S., and Chakravarti,
D. (2001) Cell 104, 119–130

HIV-1 Tat/Co-activator Binding Inhibits p53Lys-320 Acetylation12318

 by on M
arch 23, 2007 

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org

