Histone acetyltransferases regulate HIV-1
enhancer activity in vitro
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Specific inhibitors of histone deacetylase, such as trichostatin A (TSA) and trapoxin (TPX), are potent inducers
of HIV-1 transcription in latently infected T-cell lines. Activation of the integrated HIV-1 promoter is
accompanied by the loss or rearrangement of a positioned nucleosome (nuc-1) near the viral RNA start site.
Here we show that TSA strongly induces HIV-1 transcription on chromatin in vitro, concomitant with an
enhancer factor-assisted increase in the level of acetylated histone H4. TSA treatment, however, did not
detectably alter enhancer factor binding or the positioning of nuc-1 on the majority of the chromatin
templates indicating that protein acetylation and chromatin remodeling may be limiting steps that occur only
on transcriptionally competent templates, or that remodeling of nuc-1 requires additional factors. To assess
the number of active chromatin templates in vitro, transcription was limited to a single round with low levels
of the detergent Sarkosyl. Remarkably, HIV-1 transcription on chromatin was found to arise from a small
number of active templates that can each support nearly 100 rounds of transcription, and TSA increased the
number of active templates in each round. In contrast, transcription on naked DNA was limited to only a few
rounds and was not responsive to TSA. We conclude that HIV-1 enhancer complexes greatly facilitate
transcription reinitiation on chromatin in vitro, and act at a limiting step to promote the acetylation of
histones or other transcription factors required for HIV-1 enhancer activity.
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Transcription activation of eukaryotic genes frequently
leads to specific alterations in chromatin structure sur-
rounding the induced promoter. In yeast, for example,
induction of transcription at the PHOS5 gene is accom-
panied by the loss of four translationally positioned
nucleosomes that are situated over the TATA box and
the proximal upstream region of the promoter (for re-
view, see Svaren and Horz 1997). Chromatin remodeling
at the PHObS promoter requires the binding of its natural
transcriptional activator Pho4 and can occur when the
transcription activation domain of Pho4 is replaced with
a heterologous transactivation domain, or even with re-
gions from the Galll or Srb2 proteins that direct their
interaction with an RNA polymerase Il (RNAP IlI) holo-
enzyme complex (Svaren et al. 1994; Gaudreau et al.
1997). These studies indicate that the assembly of a func-
tional preinitiation complex by RNAP Il may be a pre-
requisite for nucleosome disruption at inducible promot-
ers. Because chromatin remodeling at PHO5 does not
require an intact TATA box or actual initiation of tran-
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scription (Fascher et al. 1993), the assembly of a func-
tional RNAP Il preinitiation complex may even be suf-
ficient to induce chromatin remodeling at the PHO5
gene in vivo (Gaudreau et al. 1997).

Transcription induction of the integrated human im-
munodeficiency virus-1 (HIV-1) provirus in mitogeni-
cally stimulated T cells and macrophages is also accom-
panied by changes in chromatin structure at the pro-
moter (Verdin 1991; Verdin et al. 1993). The repressed
HIV-1 promoter in unstimulated ACH2 T cells contains
a positioned nucleosome located immediately upstream
of the enhancer (nucleosome 0; -415 to -255), and an-
other close to the viral RNA start site (nucleosome 1;
+10 to +155). Transcription induction in activated T cells
is accompanied by the specific disruption of the nucleo-
some at position 1 (nuc-1) and an extension of a DNase |
hypersensitive site to include DNA sequences (from -5
to +130) that were protected previously by nuc-1 (Verdin
et al. 1993; El Kharroubi and Verdin 1994; see Fig. 1A).
Nuc-1 obscures the HIV-1 initiator as well as the binding
sites for several transcription factors, including LBP-1
(=15 to +30; Yoon et al. 1994), AP-1, and NF-AT (+87 to
+177; Van Lint et al. 1997). Because T-cell activation
enhances the activity of LBP-1 (Volker et al. 1997) and
AP-1 (Karin 1995), and induces nuclear translocation of
NF-AT (Timmerman et al. 1996), these DNA-binding
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Figure 1. Addition of the histone deacetylase inhibitor TSA to chromatin assembly extracts strongly induces HIV-1 enhancer activity
in vitro. (A) Schematic diagram of the changes in chromatin structure that accompany TSA-mediated induction of HIV-1 transcription
in latently infected T cell lines (Van Lint et al. 1996a). (B) Addition of TSA at early stages in chromatin assembly enhances HIV-1
transcription on chromatin templates in vitro. HIV-1 DNA-binding proteins were added together with pHIV-1/LUC DNA during
nucleosome assembly at the following concentrations: NF-«kB (p65 subunit; 200 nm), LEF-1 (50 nm), Ets-1 (100 nm), TFE-3 (20 nm), Spl
(20 nm). These experiments used a partially purified Sp1l fraction that was obtained by wheat germ agglutinin chromatography of Jurkat
nuclear extracts. a-Globin gene DNA was added to the HeLa transcription extract as nonchromatin DNA. Relative HIV-1 transcription
levels from duplicate reactions were quantified by phosphorlmager scanning, and the specific HIV-1 and a-globin RNA transcripts are
indicated with arrowheads. (C) TSA does not affect transcription from naked pHIV-1/LUC DNA. Parallel transcription reactions were
carried out in HelLa nuclear extracts with or without TSA, as indicated above the panels. Reactions either lacked HIV-1 enhancer-
binding proteins (lanes marked -), or contained HIV-1 enhancer-binding proteins at identical levels to those listed in A (lanes marked
+) or at levels sixfold higher (lanes marked ++). The TSA stocks were prepared as suspensions in 10% DMSO and equivalent levels of

DMSO were added to the control reactions lacking TSA (although this had no effect on resulting transcription levels).

proteins could play a role in the disruption of nuc-1 in
stimulated T cells. Moreover, transcription elongation
promoted by the HIV-1 Tat protein could contribute to
chromatin remodeling, although de novo initiation of
HIV-1 transcription is known not to be required (Verdin
et al. 1993). A DNase | hypersensitive site that lies
downstream of nuc-1 (HS-1V; +201 to +265) becomes at-
tenuated in activated T-cells, possibly because of nucleo-
some rearrangements that occur subsequent to the loss
of nuc-1 (Van Lint et al. 1996a). Individually, the down-
stream AP-1, NF-AT and IRF-1 sites do not influence
HIV-1 transcription, although these proteins may con-
tribute collectively to HIV-1 promoter activity in in-
fected cells (El Kharroubi and Martin 1996; Van Lint et
al. 1997).

A central question raised by studies of HIV-1 and other
highly inducible genes is whether the disruption of po-
sitioned nucleosomes is a necessary early step for tran-
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scription on nucleosomal DNA or an indirect effect of
transcription initiation at active genes. The assembly of
a positioned nucleosome over the TATA box or tran-
scription start site has been shown to be sufficient to
inhibit transcription in vitro (Lorch et al. 1992), and, in
general, positioned nucleosomes are thought to repress
transcription by blocking the ability of DNA-binding
proteins or the general transcription machinery to bind
to the promoter. It is clear that chromatin disruption
alone is not sufficient to induce transcription, however,
because mutant transcription factors that bind DNA but
cannot activate transcription frequently retain the abil-
ity to alter chromatin structure (Pazin et al. 1994; Mym-
ryk and Archer 1995). Consequently, it is difficult to
distinguish whether the disruption of positioned nucleo-
somes near the TATA box or initiator is an important
step in gene activation or an inevitable consequence of
the formation of an active RNAP Il initiation complex.



Strong support for the idea that localized nucleosome
disruption is important for promoter activation comes
from studies in which histones have been altered either
by genetic manipulation (for review, see Grunstein 1997)
or by chromatin modification (for reviews, see Rothe and
Allis 1996; Sternglanz 1996; Wade et al. 1997). For ex-
ample, genetic alteration of histones H3 and H4 in yeast
is sufficient to induce PHOS5 gene transcription, al-
though the resulting RNA levels are significantly lower
than those observed for the fully induced gene (Straka
and Horz 1991; Wechser et al. 1997). Moreover, acetyla-
tion of specific lysine residues within nucleosomal his-
tones is closely linked to chromatin disruption and tran-
scriptional activation for many genes (Rothe and Allis
1996; Sternglanz 1996; Wade et al. 1997). This correla-
tion was strengthened significantly by the recent discov-
ery that a number of transcriptional coactivators, includ-
ing GCNS5, TAF,250, and CREB-binding protein (CBP)/
p300, possess intrinsic histone acetyltransferase (HAT)
activity that is critical for their function in vivo (Bannis-
ter and Kouzarides 1996; Brownell et al. 1996; Mizzen et
al. 1996; Ogryzko et al. 1996; Candau et al. 1997; Wang
et al. 1997), and that these coactivators may also exist in
the cell in complexes with other HATS (Yang et al. 1996;
Chen et al. 1997). Similarly, transcriptional repressors,
such as Mad/Max and unliganded nuclear receptors,
have been shown to recruit the histone deacetylases
HDAC1 and HDAC?2 as part of larger transcriptional co-
repressor complexes (Ayer et al. 1997; Heinzel et al.
1997; Laherty et al. 1997; Nagy et al. 1997). Collectively,
these studies provide strong evidence that both activa-
tion and silencing is mediated through the recruitment
of enzymes that control protein acetylation. It has not
been established that the nucleosome is the sole target
for transcriptional control by acetylation, however, and
other highly acetylated transcription factors and chro-
matin-associated proteins may also be critical targets for
enhancer-bound acetyltransferases (Gu and Roeder 1997;
for review, see Pazin and Kadonaga 1997).

HIV-1 transcription is also likely to be regulated by
enhancer-recruited HAT complexes, because treatment
of latently infected T-cell lines with specific histone
deacetylase inhibitors such as trichostatin A (TSA) has
been shown to induce viral transcription and chromatin
remodeling events that are the same as those observed in
activated T cells (Van Lint et al. 1996a). Although little
is known about the specific HAT and deacetylase com-
plexes that are targeted to the HIV-1 enhancer in resting
and activated T cells, the p65 subunit of NF-kB may
regulate protein acetylation in stimulated T cells
through its ability to interact with CBP/p300 (Gerritsen
et al. 1997; Parker et al. 1997). Because TSA can induce
viral transcription in resting T cells that lack NF-«B,
other HIV-1 enhancer-binding proteins must be able to
recruit acetyltransferase complexes as well.

To better understand the mechanisms that regulate
HIV-1 transcription, we have used a cell-free transcrip-
tion system with nucleosome-assembled DNA tem-
plates (Kamakaka et al. 1993; Bulger and Kadonaga 1994)
that supports HIV-1 enhancer activity in vitro (Sheridan
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et al. 1995; Pazin et al. 1996). We have shown previously
in this system that binding of Spl and NF-kB induces
DNase | hypersensitivity at the HIV-1 promoter and po-
sitions nuc-1 in its appropriate location at the promoter
(Pazin et al. 1996). Recent studies from other groups have
demonstrated that Spl and NF-xB can access their bind-
ing sites on nucleosomal DNA in an ATP-dependent
manner in vitro to organize chromatin structure and
form DNase | hypersensitive sites (Steger and Workman
1997; Widlak et al. 1997). In this report, we extend our
studies with the cell-free chromatin transcription sys-
tem to examine HIV-1 enhancer activity and remodeling
of nuc-1 under conditions that promote histone acetyla-
tion. The results presented here indicate that protein
acetylation is a critical step underlying HIV-1 enhancer
activity in vitro.

Results

Histone deacetylase inhibitors strongly induce HIV-1
enhancer activity on chromatin templates in vitro

Previously, we have shown that HIV-1 enhancer activity
can be modeled in a cell-free transcription system pro-
grammed with nucleosome-assembled DNA templates
and purified HIV-1 enhancer-binding proteins (Sheridan
et al. 1995; Pazin et al. 1996). To assess whether nucleo-
some acetylation plays an important role in HIV-1 en-
hancer activity in vitro, we tested two different chemical
inhibitors of histone deacetylase, TSA and trapoxin
(TPX) (Yoshida et al. 1995), which have been shown pre-
viously to be potent transcriptional inducers of latent
integrated HIV-1 proviruses in vivo (Van Lint et al.
1996a). HIV-1 enhancer complexes were assembled in
vitro with purified NF-kB (p65), LEF-1, ETS-1, TFE-3, and
Sp1, and TSA was added at different times during nucleo-
some assembly, as indicated in the reaction time-line
shown in Figure 1B. HIV-1 RNA was measured by primer
extension after transcription of the chromatin templates
with HelLa nuclear extract. Interestingly, addition of
TSA to the Drosophila S-190 extract before nucleosome
assembly enhanced HIV-1 transcription by as much as
50-fold in vitro, most notably in reactions that were
supplemented with purified HIV-1 enhancer-binding
proteins (Fig. 1B). TSA also potentiated HIV-1 enhancer
activity, albeit to a lesser extent, when added at later
times to the chromatin assembly reaction. In contrast,
TSA had no effect on transcription from naked «-globin
DNA that was mixed with the HIV-1 chromatin tem-
plates during transcription (Fig. 1B), nor did it affect basal
HIV-1 promoter activity on naked DNA in the Hela
transcription extract, even when the extract was supple-
mented with Spl and purified HIV-1 enhancer-binding
factors (Fig. 1C). Different levels of TSA ranging from 0.1
to 5 pum were found to be equally effective at inducing
HIV-1 transcription in vitro (data not shown), and thus
TSA acts in these reactions at levels comparable to those
used to induce viral transcription in vivo (Van Lint et al.
1996a). We conclude from this experiment that HIV-1
enhancer activity is strongly regulated in vitro by the
enzymes that control histone acetylation.
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To determine whether transcription induction by TSA
correlates with an increase in histone acetylation, and
more generally whether changes in histone acetylation
accompany enhancer activation even in the absence of
TSA, aliquots of the nucleosome assembly reactions
were analyzed in parallel for transcriptional activity and
for acetylated histone H4 content before transcription.
As shown in Figure 2A, addition of TSA at late times in
the assembly reaction (t = 4.5 hr) potentiated HIV-1 tran-
scription only in the presence of enhancer-binding pro-
teins. In contrast, addition of TSA at the beginning of the
nucleosome assembly (t =0 hr) enhanced transcription
both in the presence and in the absence of enhancer fac-
tors, although the magnitude of the induction was sig-
nificantly higher when the enhancer-binding proteins
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Figure 2. Activation of the HIV-1 enhancer in vitro is accom-
panied by increased levels of acetylated histone H4. (A) HIV-1
transcription reactions prepared in the presence and absence of
TSA. HIV-1 enhancer-binding proteins were added at the con-
centrations indicated in the legend to Figure 1A, except that the
concentration of Ets-1 was increased to 150 nm. (B) Western blot
analysis of the level of acetylated histone H4 from the same
chromatin assembly reactions shown in A, in which DMSO or
TSA was added at the beginning of nucleosome assembly (t =0
hr). Immunoblotting was carried out using antiserum specific
for the acetylated form of histone H4 (Lin et al. 1989). Reaction
volumes loaded on the SDS-polyacrylamide gel (18% polyacryl-
amide) are indicated above each lane. Total histone levels were
assessed by Coomassie blue staining of aliquots from the same
reactions that were analyzed by Western blot.
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were present. These results suggest that TSA treatment
modifies the chromatin template even in the absence of
exogenous enhancer-binding proteins to an extent that
permits a low level of transcription by factors present in
the HelLa nuclear extract.

The level of acetylated histones in the nucleosome
assembly reaction before transcription was assessed by
immunoblot experiments with an antiserum specific for
the acetylated form of histone H4 (Fig. 2B, top). Control
aliquots of the same chromatin reactions were run in
parallel on SDS-polyacrylamide gels and visualized with
Coomassie blue stain to confirm that the samples tested
contained comparable amounts of histones (Fig. 2B, bot-
tom). Interestingly, the level of acetylated histone H4
increased commensurately with HIV-1 enhancer activity
in these reactions. Thus, acetylated histone H4 levels
were consistently higher in reactions that contained ex-
ogenous enhancer-binding proteins, regardless of
whether the reactions contained TSA (Fig. 2B, top, cf.
lane 1 with lane 2), indicating that the HIV-1 enhancer
complexes are capable of recruiting acetyltransferases
from the Drosophila chromatin assembly extract. In ad-
dition, acetylated histone levels were higher in reactions
that had been supplemented with TSA (Fig. 2B, cf. lane 2
with lane 6), either with or without exogenous enhancer
factors (Fig. 2B, cf. lane 1 with lane 4). Histone acetyla-
tion was the highest in reactions that contained both
enhancer-binding proteins and TSA, which also sup-
ported the highest levels of transcription. Although the
changes in histone acetylation observed here are rela-
tively modest, a clear correlation was observed between
the overall level of histone acetylation and transcrip-
tional activity, indicating that HIV-1 enhancer activity is
accompanied by increases in HAT activity in vitro.

Different subregions of the HIV-1 enhancer are equally
responsive to inhibitors of histone deacetylase

The integrated HIV-1 promoter is very strongly induced
by TSA in vivo relative to most cellular genes (Van Lint
et al. 1996b); however, the reasons for this are not well
understood, and in particular it is not clear which en-
hancer elements mediate this response. NF-kB may nor-
mally play a role in recruiting protein acetyltransferase
complexes to the promoter through specific interactions
between the transactivation domain of p65 and the CBP/
p300 coactivator complex (Gerritsen et al. 1997; Parker
et al. 1997). NF-kB is clearly not the sole target for acet-
yltransferases on the HIV-1 enhancer, however, because
latent HIV-1 proviruses in resting T-cell lines are
strongly induced by TSA even in the absence of NF-xB
(Van Lint et al. 1996a). To determine which factors are
capable of responding to TSA in vitro, HIV-1 enhancer
complexes were assembled with different combinations
of NF-«B (p65), LEF-1, ETS-1, and TFE-3 and analyzed by
in vitro transcription reactions in the presence or ab-
sence of TSA. For these studies, TSA was added late in
the assembly reaction to ensure that basal transcription
would not be affected, and Sp1 was included to enhance
the overall level of transcription. High levels of tran-



scription were observed with chromatin templates con-
taining either NF-kB or a combination of LEF-1, ETS-1,
and TFE-3, and both of these enhancer constructs were
induced by TSA (Fig. 3). In contrast, TSA did not strongly
induce transcription from chromatin templates that con-
tained only recombinant Spl or TFE-3 (Fig. 3B). The ir-
reversible histone deacetylase inhibitor TPX was also
able to activate HIV-1 transcription in these studies (Fig.
3A). Induction of HIV-1 transcription by TSA did not
require Spl (see below), although partially purified frac-
tions of Spl derived by wheat germ affinity chromatog-
raphy of Jurkat (T cell) nuclear extracts were capable of
responding to TSA when it was present throughout the
assembly reaction (Fig. 4). These data indicate that dif-
ferent HIV-1 enhancer complexes are activated by TSA
in vitro, presumably reflecting their ability to act inde-
pendently to recruit protein acetyltransferase complexes
to the HIV-1 promoter.

In the experiments described above, TSA was added
simultaneously with the DNA and purified HIV-1 en-
hancer-binding proteins prior to nucleosome assembly.
We also asked whether TSA would induce transcription
when added together with the enhancer-binding factors
at a later step, after nucleosome assembly. As shown in
Figure 4, nucleosome assembly markedly reduced the
ability of the enhancer-binding proteins to activate
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Figure 3. The two functional subregions of the HIV-1 enhancer
can be induced independently by TSA in vitro. (A) NF-«B (p65
homodimer) enhancer complexes are activated by histone
deacetylase inhibitors. In vitro transcription experiments were
carried out with p65 (200 nm) and Spl (20 nm), in the presence or
absence of TSA and TPX, as indicated above each lane. (B) In-
duction by TSA of enhancer complexes containing LEF-1 (100
nwm), Ets-1 (150 nm), TFE-3 (20 nm), and Spl (20 nm), or equiva-
lent levels of recombinant Spl or TFE-3 in the absence of any
other proteins, as indicated above each lane.
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Figure 4. TSA activates HIV-1 transcription when the HIV-1
DNA-binding proteins are added simultaneously with the DNA
at an early (preassembly) step, or when the enhancer factors are
added at a late (postassembly, at t = 4.5 hr) step. Reactions were
carried out in the absence (top) or presence (bottom) of TSA.
These experiments used a partially purified Spl fraction that
was obtained by wheat germ agglutinin chromatography of Ju-
rkat nuclear extracts, which was tested alone or together with
recombinant LEF-1 (100 nm), Ets-1 (150 nm), and TFE-3 (20 nwm).
The relative HIV-1 transcription levels are listed below each
lane.

HIV-1 transcription in vitro, presumably by inhibiting
the ability of these factors to access their binding sites in
DNA. Nevertheless, enhancer-dependent transcription
from preassembled chromatin templates was strongly in-
duced (10- to 20-fold) by TSA under these conditions, and
we conclude that TSA potentiates HIV-1 enhancer activ-
ity regardless of whether the enhancer factors are added
before or after nucleosome assembly.

Transcription induction by TSA is not accompanied
by detectable changes in enhancer factor binding
or chromatin structure

To determine whether TSA had any effect on chromatin
structure under the conditions that were used in these
experiments, we examined the nucleosomal array and
DNase | hypersensitive sites on the same chromatin
templates that had been analyzed for transcription. Mi-
crococcal nuclease (MNase) digestion experiments (Fig.
5A) revealed that TSA had no detectable effect on
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nucleosome assembly or the regularity of nucleosome
spacing, either for bulk chromatin (as determined using a
probe located [l kb upstream of the enhancer), or for
chromatin in the vicinity of the promoter (detected using
a probe complementary to the TATA box). Because core
histone acetylation can facilitate the binding of tran-
scription factors to nucleosome-assembled DNA (for re-
view, see Wolffe and Pruss 1996; Wade et al. 1997), and
because protein acetylation can markedly alter the
DNA-binding activity of transcription factors (Gu and

A

Figure 5. TSA treatment does not detect-
ably alter HIV-1 enhancer factor binding or
chromatin structure before transcription.
(A) Analysis of nucleosome assembly by mi-
crococcal nuclease digestion of the chroma-
tin templates. Reactions shown in each
panel were incubated with micrococcal
nuclease for 3, 8, 16, and 25 min at 37°C.

— DMS0 — —— TS-A——

Roeder 1997), we also examined whether TSA had any
effect on the binding of the enhancer factors to the chro-
matin templates. Under conditions that support strong
induction of transcription by TSA, no changes in en-
hancer factor binding were evident by DNase | footprint
analysis of the chromatin templates (Fig. 5B; data for
LEF-1, ETS-1, and TFE-3 not shown), indicating that TSA
did not induce transcription by altering the affinity of
any of the factors for HIV-1 DNA.

We also examined whether treatment of the chroma-

Blots were hybridized to a control plasmid
DNA probe (located (11 kb upstream of the
enhancer) to assess the regularity of the
nucleosomal array in bulk chromatin, and B
with an HIV-1 primer that anneals to the
TATA box to analyze the disruption in the
nucleosomal array in the promoter region.
DNA-binding factors present in this experi- TSA _
ment were: NF-«kB (p50; 30 nm) and Sp1 (20 PO Sp1 ~
nm). (B) DNase | footprint analysis of the
binding of NF-«kB (p50; 200 nm) and Sp1 to
pHIV-1/LUC chromatin templates in the
presence or absence of TSA. (C) (DNase )
This panel displays the DNase | hypersen-
sitive sites that were generated with bind-
ing of different factors to pLTR/LUC chro-
matin templates, as indicated above each
lane. The panel marked MNase shows the

Spifps0

result of a micrococcal nuclease indirect — -

end-labeling experiment to assess the posi-
tioning of nuc-1 on pLTR/LUC chromatin
templates in the presence and absence of
TSA. Enhancer factors were used at the fol-
lowing concentrations: NF-kB (p50; 60 nwm),
Spl (20 nm), IRF-1 (45 nwm), and LBP-1 (150
nm). Spl was purified from HelLa nuclear ex-
tracts by WGA chromatography. Solid
boxes are used to indicate DNase | hyper-
sensitive sites, and the location of nuc-1 is
indicated with a circle.
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tin assembly extract with TSA influenced DNase | hy-
persensitive site formation and positioning of nuc-1 at
the HIV-1 promoter. Previously, we reported that bind-
ing of NF-xB (p65) and Spl generates strong DNase |
hypersensitive sites in the region corresponding to HS-II
and HS-1I1 in vivo, but does not generate DNase | hyper-
sensitivity in the HS-IV region that is located down-
stream of nuc-1 (Pazin et al. 1996). To determine which
factor might generate HS-IV, we tested the abilities of
recombinant AP-1 (c-jun), NF-ATc, or IRF-1, which bind
to the HIV-1 promoter DNA in the vicinity of HS-IV
(Van Lint et al. 1997), to generate hypersensitive sites in
vitro. Binding of IRF-1, but not any of the other proteins,
induced strong DNase | hypersensitivity in the region
corresponding to HS-1V (Fig. 5C; other data not shown).
None of these factors, including IRF-1, significantly ac-
tivated HIV-1 transcription on chromatin, either when
tested alone or in the presence of the upstream enhancer-
binding proteins (data not shown). Importantly, TSA had
no effect on the pattern or intensity of DNase hypersen-
sitive sites generated by IRF-1 or the enhancer factors.
To examine whether TSA altered nuc-1 in particular,
chromatin templates prepared with IRF-1 and the up-
stream enhancer-binding factors were treated with
MNase and analyzed by an indirect end-labeling tech-
nique, as described in Materials and Methods. The posi-
tioned nuc-1 was readily detected under these conditions
(Fig. 5C, right panel) and was unaffected in the presence
of TSA. Identical results were obtained when nuc-1 was
positioned by the binding of Sp1 and NF-«B to the pHIV/
LUC promoter, and we did not detect disruption of nuc-1
after transcription in the HelLa nuclear extract (data not
shown). Because the number of transcriptionally active
templates in cell-free transcription systems is generally
quite low, we cannot exclude the possibility that nuc-1
has been disrupted exclusively on a small fraction of
chromatin templates that are capable of supporting tran-
scription in vitro (see below).

Binding of the cellular factor LBP-1 to the HIV-1
promoter blocks the formation of nuc-1

The promoter-proximal boundary of nuc-1 overlaps with
the DNA-binding site for a cellular DNA-binding protein
called LBP-1 (also known as CP2 or LSF), which binds
most strongly to HIV-1 sequences between -15 and +33
of the HIV-1 promoter (Lim et al. 1992; Yoon et al. 1994).
T-cell activation induces phosphorylation of LBP-1 and
enhances its DNA-binding activity (Volker et al. 1997);
consequently, LBP-1 is most likely to bind to the HIV-1
LTR in activated T cells, either before or after the dis-
ruption of nuc-1. As a result, we asked whether nuc-1 is
capable of assembling on templates that are bound by
LBP-1 before nucleosome assembly. MNase digestion ex-
periments indicate that binding of LBP-1 prevented for-
mation of nuc-1 in vitro (Fig. 5C), and this was confirmed
by restriction enzyme susceptibility experiments (see be-
low). DNase | footprint experiments revealed that the
binding of LBP-1 to the chromatin was unaffected by
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TSA, regardless of whether LBP-1 was added before or
after nucleosome assembly (data not shown).

Analysis of nuc-1 remodeling by restriction
enzyme digestion of bulk and transcriptionally
active chromatin

Remodeling of nuc-1 was examined further using sensi-
tive restriction enzyme accessibility experiments that
rely on the relative inability of enzymes to cleave
nucleosomal DNA as compared to naked DNA. Chro-
matin templates prepared without HIV-1 enhancer-bind-
ing proteins were found to be resistant to cleavage by
restriction enzymes that cut either at the promoter
(Pvull), or within the nuc-1 region (Aflll; Hindlll). In con-
trast, nucleosomal DNA templates prepared with exog-
enous enhancer-binding proteins were much more sus-
ceptible to cleavage at the TATA box (-20) by Pvull,
although they remained resistant to digestion by Aflll
(+63) and HindlIll (+76; Fig. 6, top panel). Enhanced cleav-
age by Pvull is consistent with our previous observation
that the enhancer factors disrupt the nucleosomal array
specifically at the promoter (Pazin et al. 1996). Addition
of LBP-1 to the assembly reaction greatly facilitated
cleavage of nuc-1 sequences by Aflll and Hindlll, indi-
cating that nuc-1 has been disrupted or rearranged on
these templates. Binding of LBP-1 to the DNA before
nucleosome assembly resulted in only a very modest (10-
fold) activation or derepression of HIV-1 transcription,
which was significantly below the RNA levels observed
with enhancer-bound templates (data not shown), indi-
cating that the loss of nuc-1 alone does not lead to a high
level of transcription. TSA had no effect on restriction
enzyme digestion of nuc-1 sequences, indicating that
nuc-1 remains intact on most of the templates under
these conditions.

From these findings, we conclude that if nuc-1 is dis-
rupted before transcription, it does not occur on the ma-
jority of the chromatin templates. Consequently, the dis-
ruption of nuc-1 may be a limiting step that occurs only
on those templates that are actively transcribed, or, al-
ternatively, transcription might occur independently of
chromatin remodeling under the conditions we have ex-
amined here. To assess whether nuc-1 is intact on the
transcriptionally active templates, we tested whether
transcription was affected by digestion of the chromatin
templates with enzymes that cleave nuc-1 DNA se-
quences. For these experiments, the chromatin tem-
plates were cut with Aflll and Hindlll prior to transcrip-
tion in the HelLa nuclear extract, and transcription was
assessed using a primer that anneals downstream of the
restriction enzyme cleavage site. As shown in Figure 6
(bottom), cleavage with Aflll and Hindlll significantly
reduced the number of HIV-1 transcripts, indicating that
nuc-1 is disrupted on the majority of the actively tran-
scribed templates. In these and repeated experiments,
however, a significant proportion of the active chroma-
tin templates (10%-15%) were resistant to digestion by
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Figure 6. Analysis of HIV-1 chromatin structure by  FACTORS = = + + +
restriction enzyme digestion. (Top) Restriction en- L L r 1T LI 1
zyme accessibility studies carried out with HIV-1
chromatin templates. pLTR/LUC DNA was incu- — HIV-1
bated with a mixture of enhancer factors at the fol- - .. ..

lowing concentrations: NF-kB (30 nm), LEF-1 (40 nm),
TFE-3 (7.5 nm), Spl (WGA,; 20 nm), IRF-1 (45 nm), or
LBP-1 (150 nm) before transcription. The chromatin
templates were digested with 15 units of the various
restriction enzymes indicated above each lane, and
the DNA was analyzed by indirect end-labeling. The
Pvull and Aflll restriction enzyme digestion products
were detected using the Sphl primer, whereas the
HindlIl digests were detected using the Xmnl primer.
(Bottom) In vitro transcription experiments carried
out with chromatin templates that were either uncut
or incubated with AflIl or Hindlll (10 units per reac-
tion). The location of the restriction enzyme cleavage
sites relative to a downstream primer in the lucifer-
ase gene is indicated in the diagram at the bottom of
the figure. Enhancer factors were present at the con-
centrations listed above, except that LBP-1 and IRF-1
were omitted. No TSA was added to these transcrip-
tion reactions.

Aflll and Hindlll, whereas comparable levels of these en-
zymes completely eliminated transcription from naked
HIV-1 DNA templates. These data suggest that chroma-
tin remodeling of nuc-1 has occurred on most, but not
all, of the actively transcribed templates, even though it
was not detected from structural studies of the bulk
chromatin.

Assembled HIV-1 enhancer complexes support many
rounds of transcription in vitro

To assess the number of transcriptionally active HIV-1
enhancer templates in the chromatin transcription sys-
tem, reactions were carried out in the presence of low
concentrations of the detergent Sarkosyl, which effec-
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tively prevents reinitiation and limits transcription to a
single round (Hawley and Roeder 1985, 1987). RNA poly-
merase |l preinitiation complexes were formed on the
chromatin templates, and initiation was allowed to pro-
ceed for a short time before Sarkosyl was added to pre-
vent transcription reinitiation. Remarkably, the addition
of low levels of Sarkosyl (0.1%o) to the reactions reduced
dramatically transcription from the chromatin tem-
plates, indicating that the number of active HIV-1 en-
hancer templates in a single round of transcription is
extremely low (Fig. 7A). Phosphorimager scanning of the
gel indicates that each of the HIV-1 chromatin templates
supports an average of (1100 rounds of transcription in
vitro. Although the number of active templates in the
first round was increased severalfold in the presence of
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Figure 7. Analysis of single and multiple rounds of transcrip-
tion on chromatin or nonchromatin HIV-1 DNA templates. (A)
Transcription on chromatin templates in the presence and ab-
sence of TSA. Where indicated above the lanes, transcription
was limited to a single round by the addition of Sarkosyl (0.1%0)
shortly after initiation of transcription. Assembly reactions ei-
ther lacked (=) or contained (+) the following mixture of recom-
binant HIV-1 enhancer-binding proteins: NF-kB (p50/p65; 25
nMm), LEF-1 (40 nm), and TFE-3 (7.5 nwm). (B) Transcription of
naked pHIV-1/LUC DNA templates in the presence of different
levels of Sarkosyl, as indicated above each lane. Relative tran-
scription levels determined by phosphorlmager scanning are
listed below each lane.

TSA, the total number of transcriptionally competent
templates in these reactions remained quite low. Thus, if
chromatin remodeling occurs only on the small fraction
of transcriptionally active templates, we would not have
detected it in the structural studies shown in Figures 5
and 6. In contrast, comparable levels of Sarkosyl reduced
HIV-1 promoter activity six- to eightfold on naked DNA
(Fig. 7B), indicating that a larger fraction of the naked
HIV-1 DNA templates is transcribed actively and that
each active nonchromatin template supports only a few
(six to eight) rounds of transcription. Induction of tran-
scription by TSA on chromatin was found to be two- to
threefold lower in the presence of Sarkosyl than in its
absence (data not shown), indicating that TSA increases
the number of active chromatin templates in each round.
We conclude from these experiments that the HIV-1 en-
hancer-binding proteins greatly facilitate transcription
reinitiation on chromatin, and activate transcription
through a mechanism that is regulated by protein
acetylation.

Acetylation controls HIV-1 enhancer activity in vitro

Discussion

The results presented in this study provide strong bio-
chemical evidence that the acetylation of histones or
other, as yet undefined, regulatory transcription factors
plays a critical role in the regulation of HIV-1 enhancer
activity in vitro. First, we show that a specific inhibitor
of histone deacetylase (TSA) induces HIV-1 transcription
on nucleosomal DNA as much as 50-fold in vitro, and
that HIV-1 transcription in the chromatin transcription
system is invariably accompanied by an enhancer-depen-
dent increase in the level of acetylated histones. Second,
histone acetylation was also correlated with increased
HIV-1 transcription even in the absence of TSA, indicat-
ing that TSA potentiates enhancer function without al-
tering the normal mechanism of enhancer action. De
novo acetylation of histone H4 did not require that the
assembly extract be supplemented with exogenous ace-
tyl coenzyme A (CoA) substrate, indicating that the stan-
dard conditions we used previously to study enhancer
function (e.g., Sheridan et al. 1995; Pazin et al. 1996;
Mayall et al. 1997) can support significant levels of pro-
tein acetylation. Thus, our results provide general sup-
port for the proposal that the recruitment of coactivator
complexes that contain associated HAT activities is a
critical step in enhancer function (for reviews, see Rothe
and Allis 1996; Sternglanz 1996; Grunstein 1997; Wade
et al. 1997).

Although HIV-1 transcription was strongly induced by
TSA in vitro, we detected no specific remodeling of the
nucleosome located near the viral RNA start site (nuc-1)
by indirect end-labeling or restriction enzyme accessibil-
ity experiments carried out with the chromatin tem-
plates (Figs. 5 and 6). However, nuc-1 DNA sequences
were accessible to restriction enzyme cutting on most of
the actively transcribed HIV-1 chromatin templates (Fig.
6). Taken together, these findings raise the possibility
that acetylation and chromatin remodeling are limiting
steps that occur only on the small percentage of the tem-
plates that are competent for transcription in vitro (Fig.
7), and any changes in chromatin structure that might
occur only on active templates would therefore be diffi-
cult to detect by structural studies of the bulk chroma-
tin. In contrast, DNase | footprint experiments indicate
that HIV-1 enhancer complexes are assembled efficiently
on the majority of the chromatin templates, and there-
fore the interaction of DNA-binding proteins with the
enhancer is not a limiting step under the conditions that
were used here. Because evidence obtained from nucle-
ase susceptibility studies is indirect, and because nucle-
ase digestion of the chromatin templates did not elimi-
nate all HIV-1 transcription, it is possible that nuc-1 re-
mains intact on some of the active templates. Therefore
the specific loss or rearrangement of nuc-1 might also
require particular DNA-binding proteins (e.g., LBP-1,
AP-1) or actual transcription elongation through nuc-1,
which is stimulated by the HIV-1 Tat protein. Thus, fur-
ther studies will be needed to establish whether nucleo-
some remodeling can ever be dissociated from transcrip-
tion initiation in vitro. From the available evidence, we
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conclude that protein acetylation plays a major role in
the regulation of HIV-1 enhancer activity in vitro, and
that protein acetylation and nucleosome remodeling
may constitute limiting steps that restrict the number of
functional enhancer templates in vitro. The target for
acetylation could be either the nucleosome (i.e., nuc-1),
or a critical transcription factor that regulates HIV-1 en-
hancer activity on chromatin.

A model for the regulation of HIV-1 enhancer activity
by HAT complexes

These findings have several implications for models of
the regulation of HIV-1 enhancer activity by HAT com-
plexes, as outlined in Figure 8. The observation that his-
tone acetylation levels increased when HIV-1 enhancer-
binding proteins were added to the assembly reaction
(Fig. 2) suggests that these factors can recruit HAT com-
plexes from the Drosophila chromatin assembly extract,
which is known to contain functional homologs to the
human CBP/p300 and TAF,,250 proteins. The CBP/p300
protein has been implicated specifically in the regulation
of HIV-1 enhancer activity by virtue of its ability to in-
teract with the transactivation domain of the p65 sub-
unit of NF-xB (Gerritsen et al. 1997; Parker et al. 1997).
Because HIV-1 enhancer complexes that lack NF-«xB are

Regulatory
transcription factor

nuc-1

DNA-binding factors
. . (RNA Pol Il, LBP-1, AP1/NFAT?)
Chromatin Remodeling

ATP-dependent remodeling factors
(ACF, NURF, SNF/SWI?)

mediator

NF-xB  Sp1 {

LBP-1

Figure 8. A model for the role of histone acetylation and chro-
matin remodeling in regulating HIV-1 enhancer activity. Pos-
sible roles for DNA-binding proteins and chromatin remodeling
activities in the disruption of nuc-1 and establishing an open
chromatin structure within the initiator region of the HIV-1
promoter are discussed in the text.
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also responsive to TSA, both in vitro (Fig. 3) and in vivo
(Van Lint et al. 1996a), we postulate that one or more of
the other enhancer-binding proteins (e.g., LEF-1, ETS-1,
or TFE-3) can also recruit functional HAT coactivators,
such as CBP/p300 or TAF,250. As suggested in Figure 8,
it is possible that several HIV-1 enhancer-binding pro-
teins interact with different regions of CBP/p300 (or
with different components of a CBP/p300 coactivator
complex) to stabilize its association with the enhancer.
In this regard, the ability of LEF-1 to bend DNA strongly
(Giese et al. 1992) might play an important role in con-
figuring the structure of the enhancer to allow for opti-
mal interactions between the various enhancer-binding
proteins and the CBP HAT complex. Transcriptional ac-
tivation by LEF-1 has been shown to be highly sensitive
to the location of its binding site relative to those of
other enhancer-binding proteins (Carlsson et al. 1993;
Giese and Grosschedl 1993), and it is interesting to note
that the distance between the LEF-1 and NF-«kB-binding
sites on the HIV-1 enhancer is nearly identical to that
between LEF-1 and CREB (another CBP/p300-responsive
transcription factor) on the human T-cell receptor «
(TCRa) enhancer. Therefore, the HIV-1 and TCRa en-
hancers may be structured in a similar manner that fa-
cilitates the recruitment of the CBP/p300 HAT complex
in T cells.

Although histone deacetylase inhibitors, such as TSA,
strongly induced HIV-1 transcription in resting T cells,
only (2% of the active cellular genes were similarly in-
duced by TSA, as determined by differential display
analysis (Van Lint et al. 1996b). The ability of the HIV-1
enhancer to respond so markedly to TSA might reflect
the architectural organization of the repressed HIV-1
promoter, including the specific location of nuc-1 rela-
tive to the RNA start site, as well as the nature of the
histone deacetylase complexes that repress HIV-1 tran-
scription in resting T cells. Disruption of nuc-1 in acti-
vated T cells could be initiated by the binding of proteins
such as LBP-1 and AP-1 to the promoter, or alternatively,
it might be accomplished more simply through the re-
cruitment and assembly of a functional RNAP Il preini-
tiation complex, as has been proposed for the PHO5 gene
promoter (Gaudreau et al. 1997). Nucleosome remodel-
ing is an ATP-dependent process (Pazin et al. 1994, 1997)
that is carried out by multisubunit chromatin remodel-
ing complexes, such as ACT (Ito et al. 1997), NURF
(Tsukiyama et al. 1995), and SWI-SNF (Peterson and
Tamkun 1995). Therefore, the remodeling of nucleo-
some structure at the HIV-1 promoter is likely to involve
the coordinated assembly of an RNAP Il preinitiation
complex and recruitment of chromatin reconfiguring en-
zymes, and it will be interesting to learn in which order
these events occur and what signals attract the chroma-
tin remodeling activities to the HIV-1 promoter.

The observation that prebinding of LBP-1 to DNA is
sufficient to block the formation of nuc-1 (Fig. 6), raises
the possibility that LBP-1 might be needed to establish or
maintain an open chromatin structure at the HIV-1 pro-
moter in vivo. Remodeling of nuc-1 in activated T cells
exposes the high-affinity LBP-1 sites (-15 to +30), and the



DNA-binding activity of LBP-1 is also enhanced in acti-
vated T cells (Volker et al. 1997). Thus, LBP-1 might play
a positive role in HIV-1 transcription by binding to the
HIV-1 promoter after disruption of nuc-1 to ensure that
the RNA start site and Tat-responsive transactivation
response (TAR) region are not obscured by a repressive
nucleosome for subsequent rounds of transcription. The
LBP-1-binding site on the HIV-2 promoter spans an ex-
tensive (150 bp) region of the HIV-2 TAR region (Jones et
al. 1988), which suggests that LBP-1 may have a con-
served role in viral transcription. A positive role for
LBP-1 in the regulation of HIV-1 chromatin structure
contrasts with its repressive effect on HIV-1 transcrip-
tion on naked DNA, which is observed only at very high
concentrations of LBP-1 and results from its binding to
low affinity sites that surround the HIV-1 TATA box
(Kato et al. 1991). In contrast, the interaction of LBP-1
with its high affinity sites does not repress transcription,
and might instead serve to maintain an open promoter
configuration.

The disruption of nuc-1 by prebinding of LBP-1 to
DNA caused only a very modest derepression of HIV-1
transcription, which was not augmented by TSA, indi-
cating that the loss of nuc-1 is not sufficient to activate
transcription to the high levels that are observed with an
enhancer. It has not been established whether LBP-1 con-
tains a functional transactivation domain, and our re-
sults suggest that it is incapable of attracting HAT com-
plexes to the promoter. Thus, the failure of LBP-1 to
induce transcription strongly could reflect its inability to
sustain the high levels of transcription reinitiation,
which are observed with enhancer factors that are ca-
pable of recruiting the general transcription machinery
to the HIV-1 promoter. The conclusion that disruption of
nucleosome structure is not sufficient to activate tran-
scription is in general agreement with results of genetic
studies that have analyzed the consequence of specific
histone mutations on gene transcription in yeast (for re-
view, see Grunstein 1997). Thus, for example, PHO5
transcription is only modestly induced in yeast strains
that contain altered histones, and genes that are already
highly expressed appear not to be further induced in such
strains (Straka and Horz 1991; Wechser et al. 1997).
Thus, it appears that the simple disruption of repressive
nucleosomes, such as nuc-1, does not usually result in
high levels of transcription in the absence of a functional
enhancer.

Enhancer complexes assembled on chromatin are
stable to multiple rounds of transcription reinitiation

An interesting observation made in this study is that
HIV-1 enhancer-assembled complexes support ex-
tremely high levels of transcription reinitiation on chro-
matin templates relative to naked DNA (Fig. 7). Whereas
transcription complexes assembled on naked DNA are
stable to only a few rounds of transcription, enhancer
complexes on chromatin were found to support 1100
rounds of transcription in vitro. Thus, transcription on
naked DNA is dramatically different from transcription
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in a chromatin environment. Previous studies have
documented other important effects of chromatin on
transcription in vitro, including the ability of enhancer-
assembled chromatin templates to support long-range
activation from distal upstream or downstream enhanc-
ers and to discriminate between bona fide and cryptic
transactivation domains (for review, see Paranjape et al.
1994). In general, enhancers do not act to increase the
rate of transcription initiation from a promoter, but,
rather, increase the probability that a promoter will be
active (Walters et al. 1996). Therefore, the differences we
observe between transcription on chromatin and naked
DNA templates most likely reflect the influence of a
chromatin environment, rather than any intrinsic differ-
ence between an enhancer and a promoter. Most impor-
tant, these data suggest that once an enhancer complex
has successfully recruited a coactivator complex and re-
modeled chromatin structure, it becomes highly stable
to multiple rounds of transcription initiation.

In summary, we have shown that HIV-1 enhancer ac-
tivity is dramatically up-regulated under conditions that
support histone acetylation in vitro. The available evi-
dence indicates that enhancer complexes recruit protein
acetyltransferases with different substrate specificities
and potentially different target proteins, and the studies
presented here support the idea that protein acetylation
regulates a critical step in enhancer activity. To fully
understand the mechanism underlying the induction of
HIV-1 transcription in stimulated T cells, it will be im-
portant to determine the events leading to the selective
reconfiguration of nuc-1 and to identify the histone
deacetylase and acetyltransferase complexes that control
HIV-1 enhancer activity. In addition, it will be very im-
portant to determine which regulatory proteins are the
relevant targets for acetylation. The results presented in
this paper indicate that further experiments with the
cell-free chromatin transcription system should be use-
ful in resolving some of these interesting questions.

Materials and methods
DNA

pHIV-1/LUC contains HIV-1 (ARV-2) sequences from -340 to
+80 (relative to the RNA start site) in a luciferase vector (Sheri-
dan et al. 1995). The plasmid pLTR/LUC has been described
previously (Van Lint et al. 1997), and contains pLAI sequences
from —453 to +340. The HIV-1 primer (GCTTTATTGAGGCT-
TAAGCAGTGGG; +56/+79) was used to detect HIV-1 tran-
scripts. The +56/+79 and -267/-233 primers (GGAGAGAA-
CAACAGCTTGTTACACCCTATGAGCC) were used for DN-
ase | footprint analysis of pHIV-1/LUC templates, whereas the
+56/+79 or +340/+310 primers (GATCGCTAGACTCTCTC-
CTTCTAGCCTCCGCTAG) were used to assess factor binding
to pLTR/LUC in DNase | footprint experiments. Nucleosomal
ladder disruption studies carried out with pHIV-1/LUC DNA
were detected with a promoter-specific primer (-47/-15; GGC-
GTCCCTCAGATGCTGCATATAAGCAGCTGCTTTTTGC)

and a control (distal upstream region) primer (Ndel; GCACTCT-
CAGTACAATCTGCTCTGATGCCGC). DNase | hypersensi-
tive site studies and indirect end-labeling analyses of pHIV-1/
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LUC templates were detected using either the Ndel or the
Sphl primers (CGCAGGCAGTTCTATGCGGAAGGGCCA-
CACCC), whereas structural studies with pLTR/LUC were car-
ried out using the Sphl and Xmnl primers (TCGGGGCGA-
AAACTCTCAAGGATCTTACCGC), as indicated in the indi-
vidual figure legends.

Purification of HIV-1 enhancer-binding proteins

Full-length human NF-«kB (p50), LEF-1, Ets-1, and TFE-3 pro-
teins were expressed in bacteria and purified as described pre-
viously (Sheridan et al. 1995; Pazin et al. 1996). Homodimer
preparations of the p65 subunit of NF-xB were derived from
recombinant vaccinia virus-infected HelLa cells (Pazin et al.
1996). The experiment shown in Figure 7 was carried out using
a chimeric p50/p65 NF-kB protein that contains the high-affin-
ity DNA-binding region of murine p50 (amino acids 1-485) ex-
tended at the carboxyl terminus with the transcriptional acti-
vation of the murine p65 (amino acids 426-549). The composite
cDNA was cloned into peT28«(+) (Novagen) for bacterial ex-
pression as an amino-terminal (His)s-tagged protein (pET28p50/
65). The full-length human IRF-1 protein was expressed in bac-
teria as a carboxy-terminal (His)s fusion protein (pET28IRF-1).
This expression plasmid was constructed by inserting an AfllI1/
Hindlll PCR fragment from pUCIRF-1 (Maruyama et al. 1989)
into the Ncol/Hindlll site of pET28a(+) (Novagen). Both p50/65
and IRF-1 were purified as described previously for other His-
tagged proteins (Mayall et al. 1997). Briefly, plasmids were
transferred to Escherichia coli strain BL21(DE3) (Novagen) and
protein induction initiated with 1 mm IPTG for 2 hr. Bacterial
pellets were resuspended in lysis buffer [50 mm TRIS (pH 7.9),
0.1 m KCI, 1% Triton X-100, 12.5 mm MgCl,, 5 mm B-mercap-
toethanol, 0.1 mm PMSF, and 2 mg/ml of benzamidine] and
disrupted by sonication. The soluble proteins were removed by
spinning at 100,000g for 30 min and the pellet was resuspended
in lysis buffer containing 8 m urea. After repeated centrifugation
the supernatant was supplemented with 10 mm imidazole and
the salt was raised to 500 mm KCI before incubating with Ni-
NTA agarose resin (Qiagen) for 1 hr with constant agitation.
After extensive washing, the proteins were eluted with 200 mm
imidazole and peak fractions were pooled and dialyzed stepwise
to 25 mm HEPES (pH 8), 12.5 mm MgCI,, 0.4 m KCI, 10% glyc-
erol, 2 mm DTT, and 0.1 mm PMSF before freezing. Murine
CP2/LBP-1 (Lim et al. 1992) was produced as a glutathione S-
transferase fusion and purified as described by Ron and Dressler
(1992) using glutathione-Sepharose 4B affinity resin (Pharma-
cia). Spl was isolated from Jurkat T cells using wheat germ
agglutinin (WGA) affinity chromatography as described by
Sheridan et al. (1995) or was added as recombinant Spl (Pro-
mega), as indicated in the legends to Figures 1-6 (no Spl was
used in Fig. 7). DNA-binding activity and protein concentra-
tions were established by gel mobility-shift assay and SDS-
PAGE. HelLa nuclear extracts (10-20 mg/ml) and purified re-
combinant proteins (0.3-1 mg/ml) were stored at -100°C before
use.

Chromatin assembly reactions

HIV-1 chromatin templates were assembled in vitro with Dro-
sophila S-190 extract, core histones, histone H1, and an ATP-
regenerating system prepared as described previously (Ka-
makaka et al. 1993; Bulger and Kadonaga 1994). Typically, the
factors were allowed to bind their sites on DNA for 10-20 min
on ice before the addition of the S-190 assembly extract and
purified histone components as previously described (Sheridan
et al. 1995; Pazin et al. 1996). TSA (5 pum final concentration;
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Sigma) and TPX (1 pum final concentration) were added together
with acetyl CoA (3 pm final concentration) either before (t =0
hr), during, or after (t = 4.5 hr) the start of assembly of the chro-
matin templates. The assembly reactions were incubated for a
total of 5 hr before aliquots of the chromatin were removed for
transcription and structural studies. Although all of the chro-
matin transcription reactions shown in this paper were supple-
mented with exogenous acetyl CoA substrate, subsequently we
determined that this was unnecessary, indicating that the as-
sembly extracts contain sufficient levels of endogenous sub-
strate to support histone acetylation without supplementation.

For analysis of acetylated histone H4 levels by Western blot,
aliquots (>0.5 pl or 15 pl each) of individual chromatin assembly
reactions were resolved on an 18% polyacrylamide denaturing
gel (SDS-PAGE). Total histone levels were visualized by Coo-
massie blue staining and immunoblots were carried out using
anti-acetylated histone H4 antibody (Lin et al. 1989; 1:500 di-
lution) using the enhanced chemiluminescence detection sys-
tem (Amersham Life Science).

In vitro transcription reactions

HIV-1 transcription from chromatin and nonchromatin tem-
plates was analyzed by primer extension as described previously
(Sheridan et al. 1995; Pazin et al. 1996). Briefly, 100 ng of plas-
mid DNA or chromatin (taken as a 20-pl aliquot of the chro-
matin reconstitution reaction) together with 25 ng of «-globin
template, was preincubated in a 100-pl reaction with HelLa tran-
scription extract and buffer, followed by addition of rNTPs. For
the Sarkosyl inhibition experiments, transcription reactions
were incubated with different levels of Sarkosyl a short time (90
sec) after transcription was initiated by the addition of dNTPs.
HIV-1 and control a-globin RNAs were detected by primer ex-
tension and quantified using a phosphorlmaging scanner (Mo-
lecular Dynamics).

Chromatin structure analyses

Chromatin structure was analyzed by indirect end-labeling of
micrococcal nuclease-digested chromatin and DNasel hyper-
sensitive site formation as described previously (Pazin et al.
1996). For DNase | hypersensitive site mapping, the aliquots of
the same DNase | samples that were analyzed by primer exten-
sion footprinting were instead digested with Ndel (-1062) and
Sphl (+756) (for pHIV-1/LUC DNA), or Sphl (+756) and Xmnl
(-1096) (for pLTR/LUC DNA). The digests were analyzed by
agarose gel electrophoresis, transferred to nitrocellulose, and
sequentially hybridized with a template-specific primer as de-
scribed in the legend to Figure 5. For indirect end-labeling ex-
periments, MNase-treated chromatin was digested with Ndel
and Sphl (for pHIV-1/LUC DNA), or Xmnl and Sphl (for pLTR/
LUC DNA), resolved by agarose gel electrophoresis, and the
nitrocellulose blot was probed sequentially with primers spe-
cific for pHIV-1/LUC or pLTR/LUC DNA, as indicated in the
legend to Figure 5. In all cases, chromatin structure was ana-
lyzed before transcription on aliquots of the same templates
that were used in the in vitro transcription reactions. Restric-
tion enzyme accessibility experiments were carried out by in-
cubation of 40 pl of unpurified chromatin with individual re-
striction enzymes (at levels indicated in the legend to Fig. 6) for
15 min at 37°C. The DNA was isolated and digested with either
Sphl and Ndel (for pHIV-1/LUC DNA) or Sphl and Xmnl (for
pLTR/LUC DNA) before Southern blot transfer to nitrocellu-
lose. Blots were probed subsequently with template-specific
primers as defined in the legend to Figure 6.
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