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The regulation of human immunodeficiency virus type 1 (HIV-1) gene expression involves a complex
interplay between cellular transcription factors, chromatin-associated proviral DNA, and the virus-encoded
transactivator protein, Tat. Here we show that Tat transactivates the integrated HIV-1 long terminal repeat
(LTR), even in the absence of detectable basal promoter activity, and this transcriptional activation is
accompanied by chromatin remodeling downstream of the transcription initiation site, as monitored by
increased accessibility to restriction endonucleases. However, with an integrated promoter lacking both Sp1
and NF-kB sites, Tat was unable to either activate transcription or induce changes in chromatin structure even
when it was tethered to the HIV-1 core promoter upstream of the TATA box. Tat responsiveness was observed
only when Sp1 or NF-kB was bound to the promoter, implying that Tat functions subsequent to the formation
of a specific transcription initiation complex. Unlike Tat, NF-kB failed to stimulate the integrated transcrip-
tionally silent HIV-1 promoter. Histone acetylation renders the inactive HIV-1 LTR responsive to NF-kB,
indicating that a suppressive chromatin structure must be remodeled prior to transcriptional activation by
NF-kB. Taken together, these results suggest that Sp1 and NF-kB are required for the assembly of transcrip-
tional complexes on the integrated viral promoter exhibiting a continuum of basal activities, all of which are
fully responsive to Tat.

In vivo studies of gene activation have revealed that changes
in chromatin are often associated with transcriptional activa-
tion (reviewed in references 21, 30, and 44). For example, in
erythroid cells where each globin gene is sequentially ex-
pressed during development, the human b-globin locus is hy-
persensitive to nucleases (19, 22). In contrast, the entire b-glo-
bin locus is condensed into a nuclease-resistant chromatin
structure in nonerythroid tissues, where the genes are not
transcribed. Thus, transcriptionally active chromatin domains
differ from the bulk of the genome in their susceptibility to
digestion by nucleases. Detailed studies of nuclease-hypersen-
sitive sites have suggested that interactions of sequence-spe-
cific DNA binding factors with chromatin alter the canonical
nucleosomal structure (for example, see references 2, 7, and
59). These conformational changes generate transcriptionally
competent chromatin templates that are accessible to general
transcription factors and the RNA polymerase II. In other
instances, complexes such as SWI-SNF, NURF, or RSC utilize
ATP-dependent nucleosome remodeling mechanisms for effi-
cient transcription activation (reviewed in reference 54). These
results, along with the biochemical and genetic studies of yeast
histones (29, 42), support the conclusion that nucleosomes
exert a repressor effect on a variety of genes and remodeling of
chromatin structure is a part of the transcription activation
process.

Because retroviruses such as human immunodeficiency virus
type 1 (HIV-1) must integrate a DNA copy of their genome
into the chromosomal DNA of newly infected cells, it is nec-

essary to characterize the nucleosomal organization of the
integrated viral promoter to understand the mechanism(s) as-
sociated with the induction of viral transcription. In this re-
gard, we have previously described several cloned human cell
lines containing stably integrated copies of the HIV-1 long
terminal repeat (LTR) linked to a reporter gene (15). Analyses
of the chromatin structure of these integrated HIV-1 tem-
plates, using nuclease hypersensitivity and restriction endonu-
clease accessibility, indicated that the LTR is incorporated into
two distinct nucleosomal regions, separated by a nuclease-
hypersensitive region containing enhancer and basal promoter
elements. The putative nucleosome located upstream of the
enhancer appears to be invariably resistant to nuclease diges-
tion. In contrast, the chromatin associated with sequences im-
mediately downstream of the transcription start site is acces-
sible to nucleases in a transcriptionally active HIV-1 LTR.
However, when these downstream sequences are incorporated
into a nuclease-resistant nucleosome as a consequence of mu-
tagenesis, the promoter becomes inactive. These observations
suggest that the organization of chromatin downstream of the
transcription initiation site reflects the functional state of the
promoter.

The HIV-1 enhancer and promoter are composed of two
NF-kB and three Sp1 binding sites located upstream of a
canonical TATA box. Binding sites for USF, Ets, and LEF-1
are located adjacent to these sequences and have also been
reported to modulate HIV-1 transcription (25, 29, 51). We
recently reported that cis-acting sequences, located down-
stream of the transcription start site and including AP-1, AP-
3-like, Sp1, and DBF1 binding sites, are also able to regulate
the activity of the viral promoter in the context of chromatin
(15, 16). Moreover, HIV-1 encodes a potent transcriptional
activator, Tat, that is required for viral gene expression and the
production of progeny virions. Tat activates transcription di-
rected by HIV-1 LTR by binding to an RNA structure, desig-
nated TAR, which is present at the 59 termini of all viral
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transcripts. The region of TAR located between residues 119
and 142 folds into a bulge-stem-loop structure that functions
in a position- and orientation-dependent manner (4, 47, 50).
However, the precise mechanism by which Tat binding to TAR
results in the activation of the HIV-1 promoter has not yet
been elucidated. Whether the higher steady-state levels of
HIV-1 RNA induced by Tat are a result of increased elonga-
tion rates or the stimulation of both transcription initiation and
elongation is presently unresolved. An elongation mechanism,
consistent with Tat acting on nascent RNA transcripts, is sup-
ported by steady-state RNA analyses in transient transfection
assays, transactivation experiments conducted in cell-free sys-
tems, and some studies of viral replication (20, 25, 26, 36).

In this study, changes in the chromatin structure associated
with the transcriptional activation of the integrated HIV-1
promoter have been examined. We show that when the inte-
grated HIV-1 promoter exhibits high levels of basal activity, it
can be activated by both NF-kB and Tat. In contrast, Tat, but
not NF-kB, is able to activate the integrated, transcriptionally
silent HIV-1 promoter, and this transactivation is accompanied
by remodeling of the chromatin structure downstream of the
transcription initiation site, as assayed by increased accessibil-
ity to endonucleases. Treatment of cells carrying the inactive
HIV-1 promoter with the histone deacetylase inhibitor tricho-
statin A (TSA) results in NF-kB activation, suggesting that the
histone acetylation increases the accessibility of the chromatin-
associated LTR to components of the transcription machinery,
thereby stimulating the levels of both basal and activated tran-
scription. Taken together, these results suggest that low levels
of HIV-1 expression are maintained by a suppressive chroma-
tin structure which is remodeled during transcriptional activa-
tion.

MATERIALS AND METHODS

Plasmid constructs and expression vectors. The HIV-1 wild-type LTR-chlor-
amphenicol acetyltransferase (CAT) construct has been previously described
(15). The mutations introduced in the DS-, KBmt- and IRF-LTRs were gener-
ated by oligonucleotide-mediated substitutions (49). In the DS-LTR, the down-
stream binding sites for AP-1, AP-3-like, DBF1, and Sp1 transcription factors
were deleted and replaced with an unrelated 120-bp sequence containing the
AvaI, EheI, and XbaI restriction sites as indicated in Fig. 5C. In the KBmt-LTR,
the nucleotide substitutions which changed the two NF-kB sites from AGGGA
CTTTCCGCTGGGGACTTTC (wild type) to ATCTACAGACCGCTGTCTA
CAGAC (mutated) are underlined. In the IRF-LTR, the sequence between
nucleotides (nt) 298 (AvaI site) and 410 (upstream of the TATA box) were
deleted and replaced with a DNA fragment containing six repeats of the inter-
feron-stimulated regulatory element sequence GAAAGCGAAAG. All of the
HIV-1 LTR-derived constructs were inserted upstream of the CAT gene be-
tween the SphI and XbaI restriction sites of the previously described pLCH
plasmid DNA (15).

The expression vectors used in these studies included pSV-Tat101 (27), pSV-
TatK41T, (derived from pSV-Tat101 and containing a lysine-to-threonine sub-
stitution at position 41; graciously provided by Julie A. Brown, National Cancer
Institute, Bethesda, Md.), pSV-Sp1 (48), NF-kB p50 and p65 (6), and pCMV-
IRF2/p65 (34). To construct expression vectors for interferon regulatory factor 2
(IRF2)-Tat fusion proteins, a DNA fragment encoding the IRF2 DNA binding
domain (34) was generated by PCR and subcloned either in frame upstream of
the tat gene at the BglII site in pSV-Tat101 to create IRF2 fused to the N
terminus of Tat or in frame with C terminus of Tat at the ApaI site to create the
Tat-IRF2 fusion. The later fusion construct was inserted into the mammalian
expression vector pcDN3.1/Myc-His (Invitrogen). All plasmids were prepared by
alkaline lysis and purified through a Qiagen column as recommended by the
manufacturer (Qiagen).

Cell culture, transfections, and CAT assays. The selection of HeLa cell clones
stably transfected with LTR-CAT constructs was performed as described previ-
ously (15). Cell clones containing integrated copies of LTR-CAT constructs were
propagated in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum, 100 U of penicillin-streptomycin per ml, 2 mM
L-glutamine, and 150 mg of hygromycin B (Calbiochem) per ml.

Transient transfections of HeLa cell clones were performed by using the
DOSPER liposomal transfection reagent as specified by the manufacturer
(Boehringer Mannheim). Briefly, subconfluent cells in 60-mm-diameter plates
were transfected with 5 mg of total plasmid DNA and 25 ml of DOSPER in 2.5

ml of serum-free Opti-MEM (Life Technologies) for 6 h at 37°C. For CAT
assays, cells were harvested 24 h posttransfection and assayed as described
previously (16). The acetylated and nonacetylated forms of [14C]chlorampheni-
col were quantitated with a Fuji phosphorimager, and percent acetylation was
determined. In each case, at least two independent transfections were per-
formed.

RNase protection assay. Total cellular RNA was isolated from unstimulated
subconfluent cells or 12 h posttransfection, using RNAsol B (Tel-Test Inc.).
Purified RNA (10 or 20 mg) was incubated overnight at 45°C with radiolabeled
probe (approximately 106 cpm) in a reaction mixture containing 20 ml of hybrid-
ization buffer (100 mM sodium citrate, 300 mM sodium-acetate [pH 6.4], 1 mM
EDTA, 80% formamide). The reaction mixtures were digested with RNases A
and T1, and subsequently analyzed by electrophoresis and autoradiography as
described previously (15). For RNase protection assays with a b-actin probe, 10
mg of RNA was used per reaction.

Treatment of cells with TSA and induction of endogenous NF-kB. In CAT
assays, cells were treated with 25 nM phorbol myristate acetate (PMA) plus 1
mM ionomycin, 10 ng of tumor necrosis factor alpha (TNFa) per ml, or 0.8 mM
TSA (histone deacetylase inhibitor) for 36 h (induction of NF-kB) or were first
treated with 0.8 mM TSA for 12 h, in the presence of 25 nM PMA plus 1 mM
ionomycin or 10 ng of TNFa per ml, for an additional 24 h. At 36 h postinduc-
tion, CAT activity in cell lysates was determined.

For assays of chromatin accessibility to restriction endonucleases, cells were
either untreated or treated with 25 nM PMA plus 1 mM ionomycin for 4 h or 0.8
mM TSA for 18 h or were first treated with 0.8 mM TSA for 18 h followed by
exposure to 25 nM PMA plus 1 mM ionomycin for an additional 4 h. Nuclei were
prepared and digested with restriction endonucleases in the appropriate buffer
for 30 min at 37°C as described previously (15).

Restriction endonuclease digestion of nuclei from transfected cells. Subcon-
fluent HeLa cell clones cultured in 10-cm-diameter plates were either main-
tained in DMEM or transfected with 5 to 7 mg of the appropriate expressing
vectors (see figure legends) supplemented with 5 mg of carrier plasmid DNA and
70 ml of the DOSPER transfection reagent, premixed in 0.5 ml of buffer as
recommended by the manufacturer (Boehringer Mannheim), and then added to
cells in 6.5 ml of Opti-MEM (Life Technologies). Nuclei were prepared from
untransfected or transfected cells 12 later and digested with restriction endo-
nucleases in the appropriate buffer for 30 min at 37°C as described previously
(15). Purified DNA was subsequently digested to completion with BglI and
HincII.

Southern blotting and indirect end labeling. Digested DNA (20 to 30 mg) was
electrophoresed through 1% agarose gels in 13 Tris-borate-EDTA, transferred
to a Nylon Plus membrane (Qiagen), and hybridized with [32P]dCTP-labeled
DNA probes for 2.5 h at 65°C in Quick-Hyb buffer (Stratagene). The blots were
washed four times with 23 SSC (150 mM NaCl, 15 mM sodium citrate [pH
7])–0.1% sodium dodecyl sulfate (SDS), washed two times with 13 SSC–0.2%
SDS at 65°C, and autoradiographed.

RESULTS

Most previously published studies evaluating the regulation
of HIV-1 gene expression have used transient transfection of
mammalian cells or in vitro transcription assays. In few reports
assessing the influence of chromatin structure on HIV-1 pro-
moter function, the expression of full-length proviral DNA in
chronically infected ACH2 and U1 cells was examined (56, 57).
The presence of both cellular and viral regulatory proteins
during activation of the viral promoter has complicated the
analysis of how these different factors contribute to HIV-1
gene expression. To examine the roles of cellular transcription
factors such as NF-kB and Sp1 or the virus-encoded Tat trans-
activator in the transcription activation process, we have de-
veloped a cloned HeLa cell system, consisting of integrated
copies of the wild-type or mutagenized HIV-1 LTR linked to a
CAT reporter gene (Fig. 1A). The derived HeLa cell clones,
containing one or two integrated copies of the viral LTR,
exhibit a continuum of basal transcriptional activities (fully
active to inactive). As previously reported (15), the integrated
full-length wild-type HIV-1 LTR (WT-LTR) and its associated
adjacent downstream regulatory sequences exhibit appreciable
levels of basal activity (Fig. 1B, clone WT3). When the two
NF-kB sites were inactivated by point mutations, the basal
activity of the integrated promoter was reduced 10- to 30-fold
(Fig. 1B, clone KB1). Furthermore, when the adjacent down-
stream regulatory sequences that include the AP-1, AP-3-like,
Sp1, and DBF1 binding sites are deleted (Fig. 1A, DS-LTR) or
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inactivated by point mutations (15), the basal activity of the
integrated HIV-1 promoter is barely detectable (Fig. 1B, clone
DS2). Similar results were obtained with pools of several cell
clones carrying each of the LTR-CAT constructs described
above (data not shown). Thus, the basal transcriptional activity
of the chromatin-associated integrated HIV-1 LTR is regu-
lated by both the upstream enhancer and promoter sequences
as well as cis-acting elements situated downstream of the tran-
scription start site.

NF-kB modestly stimulates the transcriptionally active in-
tegrated HIV-1 promoter but not the inactivate chromatin-
repressed promoter. To investigate whether the transcriptional
activators NF-kB and Sp1 could stimulate transcription di-
rected by the integrated viral promoter, WT3, KB1, and DS2
cells were each transfected with NF-kB- or Sp1-expressing
vectors. As shown in Fig. 1B, the expression of NF-kB in-
creased the levels of LTR-driven CAT activity fivefold in WT3
cells. Increased Sp1 expression, however, had little effect on
CAT activity. As expected, NF-kB failed to stimulate basal
levels of CAT activity in KB1 cells carrying the integrated LTR
with mutations affecting the NF-kB sites (Fig. 1B). Surpris-
ingly, the expression of NF-kB or Sp1 in DS2 cells, which carry

the integrated transcriptionally inactive HIV-1 promoter with
intact NF-kB sites, failed to induce increased CAT activity
(less than twofold). In contrast, the transiently transfected DS-
LTR, but not the KBmt-LTR, was fully activated by NF-kB
(Fig. 1C). These data suggest that NF-kB is able to activate
only HIV-1 LTRs directing basal levels of transcription (i.e., in
WT3 or transiently transfected cells). However, NF-kB failed
to stimulate transcription in the DS2 cells, in which the HIV-1
promoter is inactive, presumably because of a suppressive
chromatin structure.

TSA treatment of DS2 cells renders the inactive HIV-1 pro-
moter responsive to NF-kB. Acetylation of histones has long
been linked to transcriptionally active domains in chromatin
(reviewed in references 35 and 55). Because the acetylation of
nucleosomes may alter histone-DNA interactions and facilitate
the binding of transcriptional regulatory proteins to the HIV-1
LTR, we examined whether TSA, a known inhibitor of histone
deacetylase (55, 61), would affect the basal and inducible ac-
tivity of the integrated viral promoter. WT3, KB1, and DS2
cells were first treated with 0.8 mM TSA for 12 h in the pres-
ence or absence of either PMA plus ionomycin or TNFa, both
potent inducers of endogenous NF-kB, for an additional 24 h.
The results shown in Fig. 2A demonstrated that exposure of
WT3 cells to either PMA plus ionomycin or TNFa modestly
increased (2- to 4-fold) CAT expression, and treatment of
these cells with TSA alone or TSA in combination with PMA
plus ionomycin or TNFa greatly increased (8- to 16-fold) the
levels of LTR-driven CAT expression. As expected, exposure
of KB1 cells to PMA plus ionomycin or TNFa failed to stim-
ulate CAT expression (Fig. 2B), whereas TSA treatment stim-
ulated the levels of CAT activity in KB1 cells about two- to
threefold.

In contrast to the results obtained with WT3 cells, treatment
of DS2 cells with PMA plus ionomycin or TNFa had little
effect on CAT expression (Fig. 2B). Similarly, treatment with
TSA alone induced CAT activity about fourfold. However, the
combination of TSA plus NF-kB stimulation (exposure to
PMA plus ionomycin or TNFa) resulted in synergistic activa-
tion (15- to 38-fold) of CAT expression. These results suggest
that acetylation of histones induced by TSA activated LTR-
driven CAT expression, strongly implicating chromatin as a
potent suppressor of HIV-1 transcription in DS2 cells.

The chromatin structure of the HIV-1 LTR changes in re-
sponse to NF-kB activation in WT3 cells but not in KB1 and
DS2 cells. In eukaryotic cells, DNA that is assembled in chro-
matin and transcriptional activation has been often associated
with chromatin remodeling, as detected by nuclease-hypersen-
sitive sites analysis (2, 21). As previously reported (15), the
HIV-1 LTR in unstimulated WT3 cells is packaged into two
potential nucleosomes, Nuc A and Nuc C, separated by a large
nuclease-hypersensitive region encompassing the enhancer
and promoter (Fig. 3C). Nuc A, extending over the 39 portion
of U3, is relatively resistant to nuclease digestion, whereas Nuc
C, located downstream of the promoter, exhibits some sensi-
tivity to both micrococcal nuclease and restriction endonucle-
ases. Alterations in the nucleosomal structure of the integrated
wild-type HIV-1 LTR following a 4-h exposure to PMA plus
ionomycin was assessed with restriction endonuclease accessi-
bility as described in Materials and Methods. The results of
this analysis (Fig. 3A) revealed greater endonuclease sensitiv-
ity in stimulated cells of the Nuc C region encompassing the
AflII and EheI sites (compare 1 and 2 lanes). Digestions with
the other enzymes were essentially unchanged (EcoRV, AvaI,
and NheI) or slightly decreased (XbaI).

Accessibility of the integrated KBmt-LTR template to re-
striction endonuclease was also evaluated in uninduced and

FIG. 1. Effects of NF-kB and Sp1 on the activity of integrated HIV-1 LTRs.
(A) Schematic representation of the WT-, KBmt-, and DS-LTR CAT constructs.
The LTR (U3, R, and U5) and gag leader sequence (GLS) are represented by
open rectangles. Binding sites for the NF-kB, Sp1, TFIID (TATA box), AP-1,
AP-3-like, and DBF1 transcription factors are shown. The transcription initiation
site is indicated by the arrow at the junction between in U3 and R sites. In the
DS-LTR, the regulatory elements downstream of the transcription start site
(AP-1, AP-3, DBF1, and the downstream Sp1) were deleted and an unrelated
sequence (filled rectangle) was inserted between U5 and the CAT gene. (B) CAT
activities in unstimulated (Basal) or transfected (1 mg of Sp1 or NF-kB expres-
sion vector) WT3, KB1, and DS2 cells. (C) HeLa cells were transiently trans-
fected with WT-, DS- or KBmt-LTR-CAT reporter plasmid alone (Basal) or
along with 1 mg of vector expressing Sp1 or NF-kB as indicated at the bottom. At
24 h posttransfection, CAT activity was determined in cell lysates and expressed
as percent acetylated chloramphenicol (% acetylation). The bars show the results
from a representative transfection experiment; the numbers above the bars
indicate average fold induction.
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PMA-plus-ionomycin-stimulated KB1 cells (Fig. 3B). As ex-
pected, the EarI, AvaI, AflII, and EheI sites, located in the Nuc
A and Nuc C regions, are inefficiently cleaved in uninduced
KB1 cells, whereas the NheI site, situated in the promoter
region, is readily digested. Unlike the wild-type LTR in PMA-
induced WT3 cells, the cleavage pattern of the KBmt-LTR in
PMA-treated KB1 cells is virtually the same as in the untreated
cells. Taken together, these results demonstrate that NF-kB
induces transcriptional activation of the wild-type HIV-1 LTR
(Fig. 1 and 2) and localized chromatin remodeling. In contrast,
an integrated LTR lacking binding sites for NF-kB is refractory
to NF-kB stimulation, and its chromatin structure remains
unchanged following NF-kB induction.

Although the integrated LTR in DS2 cells contains two
intact NF-kB sites (Fig. 1A, middle), the expression of NF-kB
following either transfection (Fig. 1) or exposure of cells to
PMA plus ionomycin or TNFa (Fig. 2B) failed to activate
LTR-directed CAT activity. To ascertain whether treatment of
DS2 cells with PMA plus ionomycin might still induce changes
in the chromatin structure of DS-LTR, a restriction endonu-
clease analysis was carried out. As shown in Fig. 4, the diges-
tion pattern was either unchanged (EcoRV, NheI, and XbaI) or
slightly increased (AflII) in cells treated with PMA plus iono-
mycin compared to untreated cells (basal). These results sug-
gest that increased accessibility of the Nuc C to restriction
endonucleases (e.g., in PMA-stimulated WT3 cells) correlates
with elevated transcriptional activity, while in the absence of
detectable transcription activation (e.g., in DS2 cells), the ex-
pression of NF-kB is unable to induce chromatin remodeling.

TSA treatment of DS2 cells enhances endonuclease acces-
sibility of the integrated HIV-1 LTR. The results shown in Fig.
2B demonstrate that the histone deacetylase inhibitor TSA,
alone or in combination with inducers of NF-kB (PMA-iono-
mycin or TNFa), strongly stimulated CAT activity directed by
the inactive LTR present in DS2 cells. To determine whether
the chromatin structure of the HIV-1 LTR in DS2 cells has
been altered following exposure to TSA alone or in combina-
tion with PMA plus ionomycin, a restriction endonuclease
accessibility assay was performed. As shown in Fig. 4, the
sensitivity of the HIV-1 LTR to endonucleases was greater in
TSA-treated cells than in untreated cells (basal). The cleavage
by EcoRV, AflII, and XbaI was significantly increased in both
TSA alone and TSA-PMA-ionomycin-induced DS2 cells. Al-
though, the precise mechanism mediating this chromatin alter-

FIG. 2. Synergistic activation of the integrated HIV-1 promoter by treatment of cells with histone deacetylase inhibitor TSA and NF-kB inducers. WT3, DS2, and
KB1 cells were untreated (2) or treated (1) with PMA plus ionomycin, TNFa, and/or TSA as indicated at the bottom. At 36 h postinduction, CAT activity was
determined in cell lysates and expressed as percent acetylated chloramphenicol (% acetylation). The bars show the results from a representative transfection
experiment; the numbers above the bars indicate average fold induction.

FIG. 3. NF-kB stimulation induces increased accessibility of the integrated
HIV-1 WT-LTR to restriction endonucleases. (A and B) Nuclei isolated from
WT3 and KB1 cells maintained in DMEM (2) or stimulated with PMA plus
ionomycin (1) were digested with the restriction enzymes indicated at the top.
DNA was then purified, digested to completion with BglI and HincII, and ana-
lyzed by indirect end labeling. A molecular weight size marker was prepared by
digesting a previously described LTR-CAT plasmid, pLCH (15), with several
restriction enzymes. (C) Schematic representation of the putative nucleosomal
structure and partial restriction map of WT-LTR. Nuc A and Nuc C are posi-
tioned relative to micrococcal nuclease and restriction enzyme cleavage sites
(11). Nuc A is shown as three adjacent and overlapping structures to indicate that
it has not been precisely positioned. Nuc C is represented by a hatched structure
to indicate that its accessibility to endonucleases is increased following stimula-
tion with PMA plus ionomycin. GLS, gag leader sequence.
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ation is unknown, the simplest interpretation is that the ob-
served increase in accessibility to endonucleases is due to
acetylation of histones amino-terminal tails (36, 57, 63). The
resulting alteration of chromatin structure allows the DS-LTR
to respond to NF-kB and leads to strong transcriptional acti-
vation (Fig. 2B). These results indicate that nucleosomal struc-
ture of the integrated DS-LTR effectively blocks basal and
NF-kB-induced transcription and histone acetylation alleviates
this chromatin-mediated repression.

Unlike NF-kB, Tat strongly stimulates the chromatin-re-
pressed HIV-1 promoter. We next examined if the Tat respon-
siveness of the integrated HIV-1 LTR is similarly affected by
the level of basal transcriptional activity. WT3, DS2, and KB1
cells were transfected with increasing amounts of a Tat expres-
sion vector. As shown in Fig. 5, a concentration-dependent
stimulation of CAT by Tat was observed in the three cloned
HeLa cell lines. When levels of basal transcription were rela-
tively high (WT3 cells [Fig. 5A]) or low (KB1 cells [Fig. 5C]),
a 17- to 60-fold increase of CAT activity occurred. However, a
significantly greater (450-fold) activation was observed with
DS2 cells, which produced virtually no detectable CAT in the
absence of Tat (Fig. 5B). To further demonstrate that the
observed activation was Tat specific, a Tat expression vector
containing mutation affecting the activation domain (K41T)
was transfected into the three cell clones. In agreement with
previous reports (31), Tat (K41T) failed to activate the three
integrated HIV-1 LTRs. Thus, Tat strongly stimulates inte-
grated HIV-1 LTR-directed CAT expression; its transactiva-
tion capacity is not influenced by the levels of basal promoter
activity or mutations affecting the NF-kB sites.

Transcriptional activation by Tat correlates with chromatin
remodeling downstream of the transcription initiation site.
Much of our understanding of the mechanism underlying Tat
transactivation comes from transient transfections or cell-free
transcription assays in which the DNA template is chromatin
free. Therefore, to assess the effects of Tat expression on the
chromatin structure of the integrated HIV-1 promoter, WT3,
KB1, and DS2 cells were transfected with vectors expressing
the wild-type or mutated Tat protein. Twelve hours following
transfection, nuclei were isolated and digested by various en-
donucleases as described in Materials and Methods.

As a control for the steady-state levels of RNA synthesis
directed by the integrated HIV-1 promoter prior or 12 h after
transfection of Tat expression vector, total RNA was isolated
and analyzed by RNase protection assay using two radiola-
beled DNA probes: (i) an LTR probe designed to detect both
promoter-proximal short transcripts and long transcripts, ini-
tiated at the authentic transcriptional start site and elongated
up to 140 nt; and (ii) a CAT probe for detection of mRNAs
that extend 680 nt downstream of the initiation site (Fig. 6). In
absence of Tat, both short and long RNA transcripts were
synthesized in the WT3 and WT4 HeLa cell clones, containing
integrated, transcriptionally active, wild-type HIV-1 LTRs.
Substantial increases of all three classes of RNA were induced
within 12 h by Tat in these two cell lines. In agreement with the
CAT assay results (which were carried out 24 h after transfec-
tion), the RNA protection analysis (performed 12 h after trans-
fection) indicated that the inactive LTR in DS2 cells produced
very little RNA (detected only by phosphorimaging) in the
absence of Tat. In the presence of Tat, however, transcription

FIG. 4. TSA treatment of DS2 cells enhances endonuclease accessibility of
the integrated LTR. Nuclei isolated from DS2 cells maintained in DMEM
(Basal) or treated with either PMA plus ionomycin, TSA, or a combination of
both PMA, ionomycin, and TSA, as indicated, were digested with the restriction
enzymes indicated at the top. DNA was then purified, digested to completion
with BglI and HincII, and analyzed by indirect end labeling. (B) Schematic
representation of the putative nucleosomal structure and partial restriction map
of DS-LTR. Nuc C and Nuc D are represented by a hatched structure to indicate
that their accessibility to endonucleases is increased following treatment with
TSA.

FIG. 5. Tat strongly transactivates the integrated HIV-1 LTR. (A to C)
Titration of CAT activities in WT3 (A), DS2 (B), and KB1 (C) cell clones
transfected with either pSV-Tat (Tat) or pSV-TatK41T (TatK41T). (D) HeLa
cells were transiently transfected with WT- or DS-LTR-CAT reporter plasmid
and increasing amounts of Tat expression vector as indicated at the bottom. At
24 h posttransfection, CAT activity was determined in cell lysates and expressed
as percent acetylated chloramphenicol (% acetylation). The bars show the results
from a representative transfection experiment; the numbers above the bars
indicate average fold induction.
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was markedly stimulated (Fig. 6; compare lanes DS2 [2 and 1
Tat]). This response to Tat induction confirms the existence of
very small amounts of TAR-containing transcripts, presumably
products of deficiently processive transcriptional complexes.
Thus, in DS2 cells, the inactive HIV-1 promoter is associated
with an elongation-incompetent RNA polymerase II that tran-
scribes extremely low amounts of TAR RNA that are, none-
theless, fully responsive to Tat when it is subsequently ex-
pressed (Fig. 5 and 6).

The accessibility of the HIV-1 LTR, in nuclei prepared from
WT3 cells, to various restriction endonucleases was examined
in the presence and absence of Tat (Fig. 7). As previously
reported (16), several of the restriction enzyme sites associated
with the integrated wild-type HIV-1 LTR were cleaved in the
absence of Tat (Fig. 7A, left). Interestingly, the expression of
Tat in WT3 cells resulted in increased digestion at the AflII
and EheI sites without affecting the cleavage pattern of endo-
nucleases sites, located further upstream of the LTR (Fig. 7A,
upper NcoI and NheI bands). The increased accessibility of the
AflII, EheI, and, to a lesser extent, XbaI sites was also con-
firmed by phosphoimager analysis (not shown).

The sensitivity of the integrated KBmt-LTR template to
restriction endonuclease digestion was also evaluated in the
presence and absence of Tat (Fig. 7B). In uninduced KB1 cells,
the AflII, EheI, and XbaI sites, located in the Nuc C region, are
inefficiently cleaved, whereas the NcoI, NheI, and SstI restric-
tion sites, situated in the promoter region, are readily digested.
Following Tat transactivation, the AflII, EheI, and XbaI sites
become highly accessible to endonucleases, consistent with the
remodeling of chromatin, while digestion with NcoI and NheI
in the promoter region or upstream (upper bands in the NcoI
and NheI lanes) of the LTR were unchanged.

The effect of Tat on the chromatin structure of LTR was

even more apparent when the transcriptionally inactive HIV-1
promoter in DS2 cells was examined (Fig. 8). In unstimulated
DS2 cells, cleavage at the AflII, EheI, and XbaI sites is quite
inefficient, consistent with the presence of stable nucleosomes
associated with this region of the LTR and adjacent down-
stream sequences (Fig. 8B). Following Tat transfection, how-
ever, increased accessibility to AflII, EheI, and XbaI sites was
observed, while the cleavage by NcoI and NheI, within the LTR
and at other sites in the chromatin template, did not change
appreciably (Fig. 8A). The HIV-1 LTR present in DS2 cells
was designed to contain two AvaI sites; one is situated imme-
diately 59 of the enhancer/promoter in U3, and the other is
located within sequences downstream of U5 (Fig. 8B). This
combination of AvaI sites permits a more accurate estimation
of restriction enzyme accessibility of the Nuc C region in tran-
scriptionally active or inactive chromatin templates. As shown
in Fig. 8A, the downstream AvaI site (represented by the lower
of the two AvaI bands), located in Nuc C region, is efficiently
digested only following Tat transactivation, indicating that the

FIG. 6. Tat stimulates transcription directed by the integrated HIV-1 LTR.
RNase protection assays showing the levels of RNA synthesis in untransfected
(2 Tat) or transfected (1 Tat) HeLa cell clones carrying integrated copies of the
WT-LTR (WT3 and WT4), the DS-LTR (DS2), or the KBmt-LTR (KB1). The
probes used were (i) an HIV-1 LTR probe that detects both the short (ST) and
long (LT) transcripts, (ii) a CAT probe to detect CAT transcripts that extend 680
nt downstream of the transcription start site (CT), and (iii) a b-actin probe that
detects cellular actin mRNAs. Molecular weights (MW) are indicated in nucle-
otides.

FIG. 7. Accessibility of the integrated HIV-1 WT- and KBmt-LTRs to re-
striction endonucleases in the presence or absence of Tat. (A and B) Nuclei
isolated from WT3 (A) and KB1 (B) cells maintained in DMEM (2 Tat) or
transfected with a Tat expression vector (1 Tat) were digested with the restric-
tion enzymes indicated at the top. DNA was then purified, digested to comple-
tion with BglI and HincII and analyzed by indirect end labeling. A molecular
weight size marker was prepared by digesting a previously described LTR-CAT
plasmid, pLCH (15), with several restriction enzymes. (C) Schematic represen-
tation of the putative nucleosomal structure and partial restriction map of WT-
LTR. Nuc C is represented by a hatched structure to indicate that its accessibility
to endonucleases is increased following the expression of Tat protein. GLS, gag
leader sequence.
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chromatin downstream of the HIV-1 promoter undergoes re-
modeling in the presence of Tat.

We also tested whether the mutated Tat(K41T) protein,
capable of binding to TAR but transcriptionally inactive, is
able to alter chromatin structure. The expression of Tat(K41T)
in DS2 cells had no effect on either accessibility to the AflII,
EheI, and XbaI sites, or cleavage by NcoI and NheI, compared
to untransfected cells (Fig. 8A, right). Similarly, the expression
of Tat(K41T) in WT3 and KB1 cells had no effect on the
digestion of the integrated LTRs by any of the restriction
endonucleases tested (not shown). These results suggest that
(i) expression of a functional Tat is associated with the alter-
ation of chromatin structure downstream of the HIV-1 pro-
moter and (ii) the binding of Tat to TAR [as occurs with
Tat(K41T)] fails to induce chromatin remodeling.

Binding of Tat to DNA upstream of the HIV-1 core promoter
does not activate transcription or alter chromatin structure.
Although Tat binding to the TAR element is not dependent on
upstream promoter sequences, the inactivation of NF-kB and
Sp1 by point mutations completely abolishes Tat responsive-
ness (3, 14a). To ascertain whether binding of functional Tat
protein upstream the HIV-1 TATA box might activate tran-
scription or trigger chromatin remodeling in the absence of
Sp1 and NF-kB, we created a recombinant LTR construct in
which the two NF-kB and three Sp1 sites were deleted and
replaced with a tandem array of six binding sites for the IRF
family of factors (Fig. 9A). In transient transfection assays, this
IRF-LTR exhibited relatively high levels of basal activity but
was not significantly stimulated by Tat (;2-fold), despite the
presence of an intact TAR element (data not shown). To target
Tat to the IRF-LTR, two expression plasmids consisting of the
DNA binding domain of IRF2 fused at the C terminus (Tat-
IRF2) or N terminus (IRF2-Tat), respectively, of Tat were
constructed. Tat as well as both Tat-IRF2 fusion proteins
readily activated the integrated wild-type HIV-1 promoter
(data not shown). In contrast, neither Tat nor the Tat-IRF2

fusion proteins significantly affected the basal levels of CAT
expression directed by the integrated IRF-LTR (Fig. 9B, left).
To ascertain whether Tat tethered to the core promoter via
IRF binding sites could induce chromatin remodeling in the
absence of transcriptional activation, the chromatin structure
of the integrated IRF-LTR prior to and following transfection
of the Tat-IRF2 expression plasmid was analyzed by the restric-
tion endonuclease accessibility assay (Fig. 9C). With the excep-
tion of slightly increased AvaI cleavage, possibly reflecting the
binding of the Tat-IRF2 fusion protein adjacent to the AvaI site,
the digestion pattern obtained was essentially unchanged (Fig.
9C; compare Basal and 1Tat-IRF2). This experiment indicates
that when Tat is tethered to the HIV-1 core promoter, it is
unable to either activate transcription or induce chromatin
remodeling downstream of the transcriptional start site.

FIG. 8. Chromatin changes associated with Tat expression in DS2 cells. (A)
Nuclei isolated from cloned DS2 HeLa cells maintained in DMEM (2 Tat) or
transfected with either a Tat expression vector (1 Tat) or the Tat(K41T) ex-
pression vector (1 Tat K41T) were digested with the restriction enzymes indi-
cated at the top. DNA was then purified, digested to completion with BglI and
HincII, and analyzed by indirect end labeling. UD, undigested parental fragment;
#, an unrelated band that hybridizes to the probe but lacks any HIV-1 LTR
sequences. (B) Schematic representation of the putative nucleosomal structure
of DS-LTR. Nuc C and Nuc D are represented as hatched structures to indicate
that their structure is remodeled during Tat activation.

FIG. 9. Transcriptional activation and chromatin remodeling of the IRF-
LTR. (A) Schematic representation of the putative nucleosomal structure of the
IRF-LTR (14a). Nuc A, Nuc B, and Nuc C are represented as overlapping
structures to indicate that their positions have not been precisely determined.
The Nuc C segment is hatched to indicate that this region of chromatin is
accessible to AflII when the promoter is active. GLS, gag leader sequence. CAT
activities in HeLa cells transiently transfected with the WT- or IRF-LTR-CAT
reporter plasmid are shown at the right. (B) Left, HeLa cells carrying a single
copy of the IRF-LTR were transfected with increasing amounts of Tat, Tat-
IRF2, or IRF2-Tat expression vector, and CAT activities in cell lysates were
determined. Right, IRF-LTR containing cells were transfected with increasing
amounts of a vector expressing the IRF2-p65 fusion protein alone (2Tat) or
along with 1 mg of Tat expressing vector (1Tat), and CAT activities were
determined. (C) Cells carrying the IRF-LTR template were maintained in
DMEM (Basal) or transfected with the indicated expression vectors. At 12 h
posttransfection, nuclei were isolated and digested with AvaI, NheI, AflII, and
XbaI. DNA was purified and analyzed by indirect end labeling.
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What is required to restore Tat responsiveness? In an at-
tempt to restore the Tat responsiveness to the IRF-LTR, an
expression plasmid consisting of the IRF2 DNA binding do-
main fused to the NF-kB p65 activation domain (34) was
cotransfected with Tat into the cloned HeLa cell line carrying
integrated IRF-LTR. In the presence of the IRF2-p65 fusion
protein plus Tat, CAT activity increased 98-fold (Fig. 9B,
right); transfection of the IRF2-p65 expression vector alone,
however, resulted in only a 2- to 4-fold elevation of CAT.
Taken together, these experiments demonstrate that the tran-
scriptional complexes assembled on an integrated HIV-1 pro-
moter in the presence of Sp1 (Fig. 5 and 6, KBmt-LTR) or
NF-kB (Fig. 9B, right) are responsive to Tat, whereas tran-
scriptional complexes recruited by IRF1 and IRF2 transcrip-
tion factors (Fig. 9B, basal activity) are refractory to Tat acti-
vation.

The chromatin structure of the integrated IRF-LTR was
also examined in the presence of Tat and the IRF2-p65 fusion
protein. As shown in Fig. 9C, the accessibility of the IRF-LTR
to AvaI, NheI, AflII, and XbaI was unchanged in cells trans-
fected with IRF-p65 alone compared to the untransfected cells
(basal). In contrast, when the IRF2-p65 fusion protein and Tat
were coexpressed, digestion at the AflII site increased signifi-
cantly (Fig. 9C, 1Tat 1IRF2/p65). Digestion by AvaI was also
enhanced about twofold, presumably reflecting the binding of
IRF2-p65 to a region of the LTR adjacent to the AvaI cleavage
site (Fig. 9A). These data are yet another example linking
chromatin remodeling downstream of the HIV-1 promoter
with Tat-induced activation of RNA synthesis.

DISCUSSION

In this report, we have shown that when the integrated
HIV-1 promoter exhibits basal activity (as in WT3 cells), it is
responsive to both NF-kB and Tat stimulation. In contrast,
when the promoter is assembled into a suppressive chromatin
structure (as in DS2 cells), it is strongly activated by Tat but not
NF-kB. Treatment of cells with histone deacetylase inhibitor
TSA renders the inactive promoter responsive to NF-kB, sug-
gesting that chromatin exerts a repressive effect on HIV-1
basal transcription and NF-kB-dependent activation. In this
case, histone acetylation may increase the accessibility of the
chromatin-associated LTR to components of the transcription
machinery facilitating both basal and activated transcription.

Role of NF-kB and Sp1 in the establishment of transcrip-
tionally competent HIV-1 promoter in the context of chroma-
tin. The cellular transcription factors Sp1 and NF-kB are re-
quired for HIV-1 LTR-directed transcription (3, 20, 25) and
productive virus infections (9, 45). The p65 NF-kB subunit and
Sp1 protein have previously been shown to cooperatively acti-
vate transcription from transiently transfected DNA (44) and
chromatin templates in vitro (43). Our results indicate that
exogenously added Sp1 had little if any effect on the integrated
HIV-1 LTR, suggesting that the constitutive levels of Sp1 pro-
duction in cultured HeLa cells are not limiting. In contrast,
NF-kB modestly (four- to fivefold) activates an integrated
HIV-1 LTR exhibiting basal levels of transcription. However, if
the promoter is assembled into a repressive chromatin struc-
ture (as in DS2 cells), increased expression of p65 NF-kB
subunit is unable to stimulate RNA synthesis. This failure to
activate the chromatin-suppressed HIV-1 LTR cannot be due
to promoter inaccessibility since the NF-kB and Sp1 binding
sites are occupied in vivo (14) and are invariably situated in an
open chromatin structure, regardless of the basal promoter
activity (15, 45). Moreover, it has been recently shown that
both NF-kB and Sp1 are able to bind HIV-1 nucleosomal

DNA, at least in vitro (43, 53). On the basis of these observa-
tions and the results reported here, the inactive HIV-1 pro-
moter reported to be present in certain types of infected cells
(10–12, 18) may reside in chromosomal structure that is the
functional equivalent of the integrated DS-LTR. Such a pro-
moter may contain bound Sp1 and NF-kB components (such
as the p50 homodimer) that direct the assembly of a complex
capable of transcriptional initiation but only inefficient elon-
gation. Thus, the roles of Sp1 and NF-kB are to assemble
transcriptional complexes on the integrated HIV-1 promoter
exhibiting a continuum of basal activities, depending primarily
on the site of integration and the local chromatin structure.

Histone acetylation potentiates NF-kB-dependent activa-
tion of the integrated HIV-1 promoter. The results shown in
Fig. 2 suggest that the accumulation of acetylated histones
induced by TSA treatment stimulated basal and NF-kB-depen-
dent transcription directed by the integrated HIV-1 promoter
in both WT3 and DS2 cells. Therefore, the transcriptionally
silent HIV-1 LTR in DS2 cells was neither defective nor irre-
versibly inactive, since TSA treatment resulted in a significant
stimulation of the basal promoter activity (4-fold) and a syn-
ergistic activation by NF-kB (38-fold). Similar results have
been reported when HIV-1-infected cells or cells carrying sta-
bly integrated HIV-1 LTR were treated with the histone
deacetylase inhibitors n-butyrate (32, 33), TSA, and trapoxin
(56). These observations indicate that nucleosomes are able to
inhibit the transcriptional activity of the HIV-1 promoter, and
histone acetylation may partially alleviate chromatin-mediated
suppression. Consistent with this interpretation, we have
shown that treatment of cells with TSA enhanced also the
accessibility of the chromatin to restriction endonucleases (Fig.
4). Thus, acetylation of histone may facilitate the interactions
of transcription factors with the viral LTR, thereby allowing
the recruitment of RNA polymerases for efficient elongation
on a chromatin template.

Tat transactivation of the integrated HIV-1 promoter in-
volves both transcription stimulation and chromatin remod-
eling. Several previous reports have shown that exogenous Tat
activates HIV-1 gene expression in infected cells (1, 17), but
the effect of Tat on the chromatin structure of the integrated
HIV-1 LTR was not specifically examined. The results pre-
sented here demonstrate that Tat is a potent activator of the
integrated HIV-1 promoter even when the basal transcrip-
tional activity is quite low as well as in the absence of histone
deacetylase inhibitors. Tat transactivation is accompanied by a
local chromatin remodeling downstream of the transcription
initiation site (Nuc C region [Fig. 3]), as monitored by in-
creased accessibility to restriction endonucleases. However,
similar chromatin alterations (Fig. 3) were observed when
NF-kB was induced in cells carrying the wild-type HIV-1 pro-
moter (e.g., WT3 cells) or when DS2 cells were treated with
the histone deacetylase inhibitor TSA (Fig. 4). In both cases,
the integrated promoters were transcriptionally activated, sug-
gesting that chromatin remodeling downstream of the tran-
scription initiation site may simply be a consequence of in-
creased RNA synthesis.

The elongation capacity of RNA polymerase II can be reg-
ulated by a variety of mechanisms, including the recruitment of
general elongation factors (TFIIF, TFIIS, P-TEFb, ELL, and
elongin), phosphorylation of the carboxy-terminal domain
(CTD) of polymerase, modulation of the catalytic activity of
the polymerase, and the alteration of chromatin structure (re-
viewed in reference 54). Numerous reports suggest that Tat
utilizes some of these mechanisms to stimulate RNA polymer-
ase II processivity. First, Tat has been shown to stimulate or
recruit CTD kinases (5, 23, 41, 60, 62) to the transcription
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initiation complex, resulting in the phosphorylation of the
CTD and thereby converting the RNA polymerase II from a
nonprocessive to a processive enzyme (37, 39, 40). Second, Tat
has also been reported to interact directly with the RNA poly-
merase II in vitro (13, 38), which might induce conformational
changes of the polymerase and allow the subsequent recruit-
ment of factors required for efficient elongation. Finally, our
results indicate that Tat transactivation is accompanied by
chromatin remodeling downstream of the transcription start
site (Fig. 7 to 9). Chromatin remodeling and the stimulation of
RNA polymerase II processivity would facilitate the reinitia-
tion of transcription, resulting in increased levels of steady-
state RNA detected in presence of Tat (Fig. 6). Such a model
would be consistent with reports showing that nucleosomes
increase the pausing of RNA polymerase II in vitro (8, 24), and
the release in vitro and in vivo of stalled RNA polymerases, as
documented for a variety of inducible genes, including the
human c-myc and the Drosophila and human hsp70 genes (8,
30, 46), required the expression of specific activators. Similarly,
nucleosomes may inhibit HIV-1 LTR-directed gene expression
either by blocking access of the promoter to components of
transcription machinery or by impeding efficient elongation.
Tat alleviates this block to elongation by increasing the pro-
cessivity of RNA polymerase through the phosphorylation of
CTD and perhaps by facilitating recruitment of chromatin
remodeling activity. Together, these effects of Tat on elonga-
tion and chromatin remodeling account for most of the 450-
fold stimulation of CAT activity observed in the Tat-trans-
fected DS2 cells (Fig. 5B). In transient transfection assays, Tat
stimulated CAT activity driven by DS-LTR only 30- to 50-fold
(Fig. 5D). A simple interpretation of this result is that tran-
siently transfected DNA does not assemble into a functional
chromatin structure which, in the case of the stably integrated
DS-LTR, suppresses the basal promoter activity. Therefore,
the 30- to 50-fold stimulation of CAT activity observed in
transient transfections may represent primarily transcriptional
stimulation and not chromatin remodeling. In marked contrast
to the observed Tat activation, treatment of DS2 cells with
TSA, which led to alterations in chromatin structure (Fig. 4),
stimulated CAT activity only fourfold (Fig. 2). However, our
experiments (Fig. 9) clearly show that Tat itself does not di-
rectly alter chromatin structure. A major unanswered question
is whether Tat and or Tat-associated factors, via their interac-
tions with TAR, target chromatin remodeling activities to the
HIV-1 promoter, thereby creating a more permissive chroma-
tin environment for transcription, or whether Tat stimulates
the phosphorylation of RNA polymerase II, which binds addi-
tional chromatin-modifying coactivators, such as the SWI-SNF
complex (54, 58), or histone acetyltransferases and then in-
duces chromatin remodeling.

In summary, we have described a potentially useful model
system to investigate the roles of chromatin structure, cellular
transcription factors, and the virus-encoded Tat protein in
regulating proviral gene expression in HIV-1-infected cells. In
the context of the integrated HIV-1 LTR, Sp1 and NF-kB are
required to assemble transcriptional complexes exhibiting a
continuum of basal activities, depending primarily on the local
chromatin structure, but which are primed to be fully respon-
sive to Tat. The transactivation properties of Tat are not af-
fected by the chromatin structure or levels of basal transcrip-
tional activity. Unlike the case for Tat, activation by NF-kB is
strongly inhibited by suppressive chromatin structure and is
dependent on levels of basal promoter activity.
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