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Five regions of the human immunodeficiency virus (HIV) long terminal repeat (LTR) serve as binding sites
for cellular proteins as demonstrated by DNase I footprinting. These include the negative regulatory, enhancer,
SP1, TATA, and untranslated regions. The HIV enhancer region contains two direct repeats of a sequence,
GGGACTTTCC, which is also found in the enhancer sequences of simian virus 40, cytomegalovirus, and the
immunoglobulin kappa gene. To further characterize binding to the enhancer sequences in the HIV LTR,
DNase I footprinting was performed using extracts prepared from several different cell lines. Extracts prepared
from lymphoid cells gave altered binding over the enhancer region as compared with extracts prepared from
either monocytes or HeLa cells. This altered binding in extracts prepared from lymphoid cells resulted in
protection of both direct repeats in the HIV LTR in contrast to complete protection of only one direct repeat
with HeLa cell extracts. When HeLa cells were treated with phorbol esters in either the presence or absence
of the protein synthesis inhibitor cycloheximide, the binding characteristics over the enhancer element became
similar to those seen in extracts prepared from lymphoid cells. These results suggest that phorbol esters may
induce posttranslational modifications of cellular transcription factors that alter their DNA-binding charac-
teristics.

The human immunodeficiency virus (HIV) is the etiologic
agent of the acquired immunodeficiency syndrome (AIDS)
(3, 12, 29). The virus has been shown to infect both lymphoid
and nonlymphoid cell lines which possess the T4 receptor (6,
23, 30-32). In addition, the virus expresses its gene products
when transfected into a number of cell lines including HeLa
cells (28). These results imply that the virus is able to use
general cellular transcription factors for its gene expression.

Genetic analysis of the HIV long terminal repeat (LTR)
has revealed several cis-acting regions which are important
for gene expression of the virus (21, 35, 38, 44, 57). These
include a negative regulatory region, an enhancer element,
SPl-binding sites, and the TAR element, which includes a
portion of the untranslated region of DNA (21, 35, 38, 44,
57). Experiments indicate that both the enhancer and the
untranslated region are important for complete tat-induced
trans-activation (38, 44). In addition, mutagenesis studies
and DNase I footprinting studies using purified SP1 protein
indicate that SP1 binding sites are important for in vitro
transcriptional regulation of the HIV LTR (21).
To identify cellular proteins involved in the genetic regu-

lation of HIV, DNase I footprinting of the HIV LTR was
performed, using partially purified HeLa cell extracts and
oligonucleotide affinity column-purified SP1 (J. Garcia, F.
Wu, R. Mitsuyasu, and R. B. Gaynor, EMBO J., in press).
Five regions of the HIV LTR, including the negative regu-
latory, SP1, enhancer, TATA, and untranslated regions,
gave DNase I protection. Mutagenesis of several of these
regions, followed by assays of gene expression, revealed
their importance in transcriptional regulation (21, 34, 35, 44;
Garcia et al., in press).
The HIV enhancer region has been found to induce

transcription from heterologous promoters in an orientation-
independent manner (44). The HIV enhancer region contains
two direct repeats of the sequence GGGACTTTCC (35).
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This sequence is also present in the enhancer elements of
simian virus 40 (SV40) (19, 54), the immunoglobulin kappa
gene (39, 48), and cytomegalovirus (5). In SV40, this se-
quence, located in the B domain of the enhancer, has been
shown to be a part of an important binding domain required
for transcriptional regulation (56, 58). Altered binding was
seen over this sequence in extracts prepared from B-lym-
phoid cells as compared to HeLa cells (7). In the kappa
enhancer, this sequence has shown binding in gel retardation
assays using extracts prepared from mature B cells, but not
other cells (48). However, binding to this region of the kappa
enhancer could be detected by pretreating pre-B cells with
lipopolysaccharide in the presence or absence of cyclohex-
imide, by treating T cells with phytohemagglutinin (PHA) or
the phorbol ester phorbol 12-myristate 13-acetate (TPA), or
by treating HeLa cells with TPA (1, 49). It was found that the
factor which binds to the HIV enhancer region was not
detectable in unstimulated T cells, but could be induced by
treatment of a T-cell line (Jurkat) with PHA and phorbol
esters (35). HIV gene expression was also found to increase
in these activated T cells, possibly due to an increase in the
level of this enhancer-binding factor (35).

Since a variety of enhancer-binding proteins show tissue-
specific patterns of regulation (2, 8, 14, 24-26, 33, 42, 46, 47,
50, 51), we investigated the binding to the HIV LTR en-
hancer region by using DNase I footprinting with HeLa,
monocyte, and T-cell extracts. The binding to the enhancer
region was altered in extracts from T-lymphoid cells as
compared with HeLa cells such that both direct repeats were
completely protected in lymphoid extracts whereas only one
repeat was completely protected in HeLa cell extracts.
Addition of TPA to HeLa cells resulted in the appearance of
binding to the enhancer region similar to that seen in
lymphoid cellular extracts. The ability of phorbol esters to
induce this change in DNase I protection patterns of the
enhancer-binding factor in the presence of cycloheximide
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suggests that this effect is mediated by a posttranslational
modification.

MATERIALS AND METHODS

Cell lines and tissue culture conditions. HeLa cells were
maintained in suspension culture in minimal essential me-
dium with 5% newborn calf serum. H9, a human T4-positive
lymphoid cell line (12); U937, a human monocyte cell line
(52); and SLB cells, a human T-cell lymphotropic virus type
I (HTLV-I)-transformed T4-positive lymphoid cell line (24),
were grown in RPMI with 10% fetal calf serum. HIV
infection of cells was performed by coculture of irradiated
HIV-infected H9 cells with either H9 or U937 cells. Unin-
fected cells were added twice weekly to the infected cell
cultures. Reverse transcriptase and Western blot (immuno-
blot) analyses with antibody to the HIV gp24 protein were
performed. For treatment of HeLa cells with cycloheximide
and TPA, the cells were treated with cycloheximide (25
,ug/ml) for 1 h before the addition of 100 ng of TPA per ml.
Cells were harvested 1 h postaddition of TPA.

Preparation of cellular extracts. For all extracts, a mini-
mum of 7 ml of packed cell volume was used. Nuclear
extracts were prepared as described (9). Extracts were
dialyzed versus a buffer containing 20 mM Tris (pH 7.9), 100
mM KCl, 0.2 mM EDTA, 0.5 mM phenylmethylsulfonyl
fluoride, 0.5 mM dithiothreitol, and 20% glycerol. This
extract was then loaded onto a heparin-agarose column,
washed with 5 column volumes of this same buffer, and then
eluted with 0.5 M KCl. This extract was dialyzed into 20 mM
Tris (pH 7.9)-100 mM KCl-0.2 mM dithiothreitol-0.2 mM
phenylmethylsulfonyl fluoride and used in DNase I foot-
printing assays (11).

Transfections and CAT assays. To make the HIV LTRCAT
constructs used in transfections, the HIV LTR was first cut
in the upstream region with either HaeIII (-70) or AvaI
(-160) (the numbers in parentheses indicate the position
from the cap site [45]). Each fragment was then cut with
HindIll (+80) and cloned into a plasmid containing the Rous
sarcoma virus (RSV) LTR fused to the chloramphenicol
acetyltransferase (CAT) gene from which the RSV sequence
was removed by cutting with NruI and HindIll. To make the
expression vector for tat, a fragment from a pUC19 deriva-
tive containing nucleotides 5792 to 6087 of the AIDS-asso-
ciated retrovirus type 2 genome was inserted into the Hin-
dIII-BgIII sites of the vector RSV-beta globin (15), thus
replacing the globin-coding sequence with the tat coding
sequence as described (Garcia et al., in press).
For each transfection, 5 jig of each HIV LTR3CAT

construct and S p,g of either RSV-beta globin or RSV-tat
were used. Transfections onto 70% confluent HeLa cells by
the calcium phosphate method were performed, and the
HeLa cells were maintained in Dulbecco modified minimal
essential medium with 5% newborn calf serum. At 24 h
posttransfection, 100 ng of TPA per ml was added to the
medium, and the cells were harvested 20 h later. CAT assays
were performed as described (16), and each reaction was
harvested at 10 and 50 min to assure linear conversion of the
chloramphenicol with each extract. The conversion of chlor-
amphenicol in each assay was determined by scintillation
counting of both unacetylated and acetylated chloramphen-
icol.
DNase I footprinting. To make the HIV LTR constructs

used for DNase I footprinting, the LTR was first cut in the
upstream region at either AvaI (-160) or ThaI (-218); the
numbers in parentheses indicate the position from the cap

site (45). These fragments were then cut with HindIII (+80),
treated with T4 polymerase, cloned into the SmaI site of
pUC19, and screened for orientation. Each clone was di-
gested with EcoRI or HindIII, treated with alkaline phos-
phatase, and end labeled with y-32P to generate labeled
fragments used in footprinting. Fragments were gel isolated
(EcoRI-HaeII for the coding strand or HindIII-PvuI for the
noncoding strand), electroeluted, and used for DNase I
footprinting assays. End-labeled probe (1 to 5 ng) was added
to each 50-,ul reaction along with extract (0 to 200 ,ug),
poly(dI-dC) (3 ,ug), and final concentrations of 10 mM Tris
(pH 7.4), 50 mM KCI, 1 mM EDTA, 1 mM dithiothreitol, and
5% glycerol. The DNA and extract were allowed to bind for
30 min at room temperature, and then the reaction volume
was increased to 100 ,ul and final concentrations of 0.4 to 2.0
,ug of DNase I per ml, 5 mM MgCl, and 2.5 mM CaCl2 were
added. The reaction was stopped after 30 s with phenol-
chloroform and then ethanol precipitated and loaded on a
10% 8 M urea sequencing gel. G+A and C+T Maxam-
Gilbert sequencing reactions were performed for each probe.
All gels were then subjected to autoradiography.

RESULTS

Identification of DNA-binding regions in the HIV LTR. To
identify DNA-binding proteins in the HIV LTR, we per-
formed DNase I footprinting of the HIV LTR, using partially
purified extracts prepared from HeLa, monocyte, and lym-
phoid cells. Each experiment was repeated several times
with each extract to rule out variations seen with the DNase
I footprinting technique. By use of a clone extending from
-218 to +80 in the HIV LTR (-218 LTR3) and partially
purified HeLa cell extract, three DNase I-protected regions
were seen on the coding strand (Fig. 1A). No other protected
regions were seen in the HIV LTR, either upstream or
downstream of the -218 to +80 fragment (data not shown).
These protected areas on the coding strand of the HIV LTR
correspond to a negative regulatory element (44) between
-173 and -159, an enhancer element (34, 35) and a portion
of the third SPl-binding site (21) between -97 and -78, and
the TATA and untranslated region (34, 44) between -42 and
+28 (Fig. 1A). Deletion analysis of the HIV LTR revealed
that the region between -42 and +28 consists of at least two
protein-binding domains, one domain over the TATA se-
quence extending from -42 to -13 and the other domain
extending from -13 to +28 (Garcia et al., in press). On the
HIV LTR noncoding strand, there were no differences in the
extent of the binding domains, except that binding over the
untranslated region extended to +52 rather than +28 (Garcia
et al., in press). The binding between -13 and +52 occurs in
a region previously referred to as the TAR region. This
region is necessary, but not sufficient, for complete tat-
induced activation, which also requires the presence of
upstream regulatory elements (38, 44). The factor or factors
binding to this region have been referred to as the TAR
factor(s) (Fig. 1B) on the basis of earlier terminology, but
additional cellular binding proteins are required for complete
tat-induced activation.

Protection over all three SPl-binding sites between -82
and -44 in the HIV LTR which was previously detected by
DNase I footprinting using oligonucleotide affinity column-
purified SP1 (21) was not detected with these partially
purified extracts. However, oligonucleotide competition
studies using an oligonucleotide made to the high-affinity
SPl-binding site in SV40 (22) indicated that the third SPl-
binding site, which has the highest affinity of the three SP1
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sites, was protected with our extracts (Garcia et al., in
press). Mutagenesis of several of these regions has con-
firmed their importance in both basal and tat-induced tran-
scription of the HIV LTR (21, 34, 35, 44; Garcia et al., in
press). A summary of the binding domains in the HIV LTR
for cellular proteins is shown in Fig. 1B.
When another HIV LTR clone extending from -160 to

+80 (-160 LTR3) was used for DNase I footprinting on the
coding strand, there was protection over the untranslated
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FIG. 1. DNase I footprinting of the HIV LTR. (A) HeLa cell
extracts were used for DNase I footprinting of the HIV LTR
fragment extending from -218 to +80. Lane 0 contains no extract,
lane 1 has 25 jig, lane 2 has 50 jig, and lane 3 has 200 jig. G+A and
C+T, Maxam-Gilbert sequencing lanes. (B) Schematic illustration
of HIV LTR binding domains.

TATA region between -42 and +28, but a decrease was
seen in the amount of clearing over the enhancer region
between -97 and -78 (Fig. 2A). Complete clearing of this
enhancer region did not occur with 200 ,ug of partially
purified HeLa cell extract per reaction (Fig. 2A, lane 3),
whereas in the presence of the negative regulatory element,
clearing occurred with 50 jig of partially purified HeLa cell
extract (Fig. 1A, lane 2). These data suggested that the
region between -173 and -159 may influence protection
patterns over the enhancer region. Because HeLa cell ex-
tracts gave altered binding characteristics over the enhancer
region in response to different fragments (-218 LTR3 com-
pared to -160 LTR3), we used each of these fragments to
examine enhancer factor binding in extracts prepared from
different cell lines.

Alterations of binding characteristics of the HIV enhancer
factor. Studies have shown that the HIV enhancer-binding
protein is important in transcriptional regulation of the HIV
LTR (35). A number of enhancer-binding factors have been
shown to have tissue-specific binding alterations (2, 8, 14,
24-26, 33, 42, 46, 47, 50, 51). Since HIV infects a variety of
cells including both T-lymphoid cells and monocytes (6, 23,
30-32), we studied potential tissue-specific alterations in the
HIV enhancer-binding factors. Extracts were prepared from
both HIV-infected and uninfected H9 T-lymphoid cells and
HIV-infected and uninfected U937 monocyte cells. The
DNase I protection patterns in extracts prepared from these
cell lines were compared with the protection patterns ob-
tained with HeLa cell extract.
When the -160 LTR3 fragment was used (Fig. 2A), there

was a difference in DNase I protection over the enhancer
region between extracts from H9 cells and extracts from
either U937 cells or HeLa cells. There was only partial
protection over the enhancer region when up to 200 jLg of
HeLa cell extract was added (Fig. 2A, lanes 1 through 3),
and only moderate protection over this region in infected
(lanes 13 through 15) or uninfected (lanes 10 through 12)
U937 extracts. In contrast, with both infected (Fig. 2A, lanes
7 through 9) and uninfected (lanes 4 through 6) H9 extracts,
there was complete protection over the enhancer region
when 50 jig of extract was added. The amount of protection
over the region between -42 and +28 was similar in all of
the cell extracts tested (Fig. 2A). Thus, the enhancer-binding
factor in T-lymphoid cell extracts completely protects the
enhancer region in the absence of the negative regulatory
element, in contrast to results found in both HeLa and
monocyte extracts. There was no difference in binding
characteristics of our extracts in the presence of HIV
infection (Fig. 2A).

There was no difference in protection of the -218 LTR3
fragment in the protected regions between -173 and -159
and between -42 and +28 for either HeLa, H9, or monocyte
extracts (data not shown). However, in the enhancer region,
there was protection between -97 and -78 in HeLa cell
extract (Fig. 2B, lanes 1 and 2) and U937 cell extract (data
not shown) as compared to the protection seen between
-107 and -80 with H9 cell extract (Fig. 2B, lanes 3 and 4).
In both HeLa cell and monocyte extracts, there was com-
plete protection over only one direct repeat with the se-
quence GGGACTTTCC when the -218 LTR3 fragment was
used. In T-cell extracts, there was complete protection over
both direct repeats containing this sequence when either the
-218 LTR3 or the -160 LTR3 fragment was used. Thus, in
the enhancer region there are changes in both the extent of
protection (-107 to -80 with lymphoid extract compared to
-97 to -78 with HeLa extract, using the -218 LTR3
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fragment) and amount of protection at low protein concen-
trations (complete protection with lymphoid extracts as
compared with partial protection with HeLa extracts, using
the -160 LTR3 fragment). The HIV enhancer region se-
quences protected in lymphoid extracts, compared with
HeLa cell extracts, are shown in Fig. 2C.

Effect of phorbol esters on binding to the HIV enhancer
region. The presence of TPA has also been shown to induce
binding to the sequence GGGACTTTCC in the kappa en-
hancer in both HeLa and T cells (49). In addition, TPA has
been shown to induce transcription of a number of genes (16,
20, 27, 41, 53), including those of HIV (18, 35). To study the
effect of TPA on binding of cellular proteins to the HIV
LTR, extracts were made from TPA-treated HeLa cells.
HeLa cells were also treated with TPA for 1 h after a 1-h
pretreatment with cycloheximide. Extracts were prepared
from these cells, and their pattern of DNase I protection was
compared with those of untreated HeLa cells or an HTLV-

I-transformed T-cell line, SLB. Extracts prepared from
HeLa cells treated with phorbol esters, in either the pres-
ence or absence of cycloheximide, exhibited an alteration in
binding over the -160 LTR3 fragment enhancer region as
compared with untreated HeLa cells (Fig. 3A). There was
only partial protection over the enhancer element in extracts
prepared from HeLa cells (Fig. 3A, lanes 1 to 3) even at 150
,ug of added protein. Complete protection at lower protein
concentrations was seen with extracts prepared from SLB
cells (Fig. 3A, lanes 4 through 6) and with extracts prepared
from HeLa cells treated with TPA in the presence or absence
of cycloheximide (lanes 7 through 12).
When the -218 LTR3 fragment was used, HeLa cell

extracts prepared in the presence of TPA with or without
cycloheximide resulted in complete protection over the
enhancer region from -107 to -80 (Fig. 3B, lanes 9, 10, 12,
and 13). This was the same pattern seen with extracts
prepared from two T-cell lines, SLB (Fig. 3B, lanes 5
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FIG. 2. Comparison of different cellular extracts on DNase I footprinting of the HIV LTR. (A) HeLa cell extracts (lanes 1 to 3), uninfected
(lanes 4 to 6) and HIV-infected (lanes 7 to 9) H9 extracts, and uninfected (lanes 10 to 13) and HIV-infected (lanes 13 to 15) U937 extracts were
used for DNase I footprinting of the -160 to +80 HIV LTR fragment. Lane 0 contains no extract; lanes 1, 4, 7, 10, and 13 have 25 ,ug; lanes
2, 5, 8, 11, and 14 have 50 ,g; and lanes 3, 6, 9, 12, and 15 have 200 ,ug. G+A and C+T, Maxam-Gilbert sequencing lanes. (B) HeLa (lanes
1 and 2) and H9 (lanes 3 and 4) extracts were used for DNase I footprinting of the -218 to +80 HIV LTR fragment. Only the portion of the
gel containing the enhancer region is shown. Lane 0 contains no extract, lanes 1 and 3 have 100 ,ug, and lanes 2 and 4 have 200 ,ug. (C) HIV
LTR sequences protected by extracts prepared from both lymphoid and HeLa cells.
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through 7) and H9 (Fig. 2). In contrast, protection using
untreated HeLa cell extracts extended from -97 to -78
(Fig. 3A, lanes 3 and 4). TPA did not induce a change in the
extent of protection of the other domains, nor did cyclohex-
imide alone cause a change in the binding over the enhancer
region (data not shown). Thus, the treatment of HeLa cells
with TPA, in the presence or absence of cycloheximide,
resulted in characteristics of binding to the HIV enhancer
region similar to those seen in extracts prepared from
lymphoid cells.

Effect of phorbol esters on gene expression of the HIV LTR.
To test the effect of TPA on the ability to alter gene
expression from the HIV LTR, we performed transfection
assays of two HIV LTR fragments fused to the CAT gene,
-160 LTR3CAT and -70 LTR3CAT. The -160 LTR3CAT
construct contains four HIV LTR binding domains (en-
hancer, SP1, TATA, and untranslated), while the -70
LTR3CAT construct lacks the enhancer sequences and third
SPl-binding site. These constructs were transfected either in
the presence of a control plasmid (RSV-beta globin) or in the
presence of an expression plasmid containing a portion of
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the tat gene (RSV-tat). To one set of these transfections no
TPA was added, and to the other 100 ng of TPA per ml was
added at 24 h posttransfection. Transfections were harvested
at 44 h. CAT conversion in the presence of tat for -160
LTR3CAT was 22% and increased to 84% in the presence of
TPA. However, for the -70 LTR3CAT construct there was
minimal change in CAT conversion in the presence of TPA.
Thus, TPA increases the level of gene expression from the
HIV LTR in the presence of the enhancer region but not in
its absence.

DISCUSSION
Both viral and cellular genes which are linked to enhancer

elements frequently exhibit transcriptional activity in a
highly cell-type-specific manner (2, 8, 14, 24, 25, 42). Cellu-
lar proteins have been shown by both in vitro and in vivo
transcriptional and DNA-binding assays to mediate this
tissue-specific enhancer function (26, 33, 34, 46, 47, 50, 51,
55). Thus, it is likely that the cell specificity found in some
enhancer elements is dependent on trans-acting cellular
proteins present only in certain types of cells (2, 8, 14, 24-26,
33, 34, 42, 46, 47, 50, 51).
The study of in vitro tissue-specific DNA binding of

cellular proteins has been performed for several regulatory
elements including the octamer sequence upstream of the
immunoglobulin heavy- and light-chain genes (4, 10, 17, 37,
40), the SV40 enhancer (7, 56), and the immunoglobulin
kappa gene enhancer (1, 49). The octamer sequence
ATTTGCAT is found upstream of both the heavy- and
light-chain promoters (4, 10, 17, 37, 40) and is required for
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FIG. 3. DNase I footprinting of the HIV LTR with HeLa cell extracts in the presence and absence of TPA. (A) Extracts from untreated
HeLa cells (lanes 1 to 3), SLB cell extracts (lanes 4 to 6), extracts from HeLa cells treated with TPA (lanes 7 to 9), or extracts from HeLa
cells treated with both TPA and cycloheximide (lanes 10 to 12) were used for DNase I footprinting of the HIV LTR fragment from -160 to
+80. Only the portion of the gel containing the enhancer region is shown. Lane 0 contains no added extract; lanes 1, 4, 7, and 10 have 25 p.g;
lanes 2, 5, 8, and 11 have 50 Rg; and lanes 3, 6, 9, and 12 have 150 p.g. G+A and C+T, Maxam-Gilbert sequencing lanes. (B) The same cell
extracts were also used for DNase I footprinting of the HIV LTR fragment from -218 to +80. Only the portion of the gel containing the
enhancer region is shown. Lane 0 contains no added extract; lane 1 has 15 ,ug; lanes 2, 5, 8, and 11 have 25 ,ug; lanes 3, 6, 9, and 12 have
50 ,ug; and lanes 4, 7, 10, and 13 have 200 ,ug. G+A and C+T, Maxam-Gilbert sequencing lanes.
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transcriptional regulation of immunoglobulin genes. Two
species of binding to this sequence were detected by gel
retardation assays using the octamer sequence (26, 57). One
form was found in all cell lines tested (50, 51), and another
form was restricted to cells of lymphoid lineage (26, 51). The
SV40 enhancer consists of multiple sequence motifs which
bind cellular proteins (56, 58). Both HeLa and B-lymphoid
extracts bind to specific and overlapping elements of the
SV40 enhancer (7). Several sequence elements of the SV40
enhancer are recognized by using B-cell extracts, but not
when using HeLa extracts. For instance, the octamer motif
is not protected by HeLa cell extracts, but is protected by
B-cell extracts; the domain containing the sequence GG
GACTTTCC exhibits altered protection characteristics with
B-cell extracts as compared with HeLa cell extracts (7). It
has been shown for the kappa enhancer that this latter
sequence is recognized with extracts prepared from B cells,
but not other cell lines (48), unless stimulated by agents such
as TPA, PHA, or lipopolysaccharide (1, 49). These results
suggest that different or posttranslationally modified cellular
proteins can bind to a single regulatory sequence.

In addition to altering binding of cellular proteins to DNA
regulatory sequences (49), phorbol esters have been shown
to induce transcription from a number of different genes (27)
including c-fos (17, 41) and both the SV40 (20) and polyo-
mavirus (53) enhancers. This increase in transcription may
involve the induction or modification of a cellular transcrip-
tion factor by protein kinase C, through which phorbol esters
likely exert their effects (36). However, with the c-fos gene,
this increase in transcription with TPA is not accompanied
by an increase in binding to the enhancer domain required
for growth factor stimulation (41). Treatment with epidermal
growth factor does induce binding to this region (41). These
data suggest that the effect of phorbol esters on the c-fos
gene, in contrast to results with the kappa enhancer (49),
does not involve a mechanism of increased binding of this
factor to the c-fos enhancer element.
A previous study showed that TPA and PHA treatment

induced HIV gene expression 50-fold in Jurkat cells (35).
This induction was additive to the induction seen with the tat
protein. No enhancer-binding protein was detected by gel
retardation assays in nonstimulated Jurkat cells, but when
these cells were activated there was the appearance of a
factor that bound to the HIV enhancer region. Our ability to
detect altered binding to the HIV enhancer region in unstim-
ulated cell lines by using DNase I footprinting as compared
to gel retardation assays is likely due to the difference in the
amount of protein used. For the gel retardation assays, only
5 to 10 ,ug of crude nuclear extract was used (35), whereas in
our DNase I footprinting experiments from 50 to 150 ,ug of
partially purified extract was used. Thus, it is likely that this
large amount of added protein increased our ability to detect
this enhancer-binding protein. The altered HIV enhancer

TABLE 1. CAT conversion of HIV LTRCAT constructs in the
presence and absence of TPA'

% CAT conversion

LTR construct -TPA + TPA

-tat + tat - tat + tat

-70 LTR3CAT 0.2 1.0 0.2 0.9
-160 LTR3CAT 0.4 22.0 1.4 84.0

a Constructs were transfected in the presence (+ tat) or absence (- tat) of
an expression plasmid containing the tat gene. See the text.

binding found in lymphoid cells is not restricted to activated
lymphoid cells such as the HTLV-I-transformed T-cell line
SLB (3, 24), but also occurs in H9 cells (12) and in extracts
prepared from calf thymus (unpublished data). Thus, this
alteration in binding appears to be present in a variety of
nonstimulated and stimulated lymphoid cell sources.
The level of induction of the HIV LTR by TPA in several

different experiments was only three- to fourfold. This was
less than that seen in Jurkat cells which were activated by a
combination ofTPA and PHA (35), but this effect was likely
due to the addition of both substances. It has been shown for
cellular genes such as c-fos that the effect of TPA occurs
maximally after 15 min of stimulation and decreases rapidly
by 2 h (16, 41). Thus, transient gene expression assays of
cells harvested 20 h after TPA treatment may not accurately
measure the immediate effect ofTPA treatment. In addition,
HeLa cell extracts treated with TPA showed an increase in
binding to the NF-kappa B region of the kappa enhancer at
1 to 2 h posttreatment, but extracts prepared at 8 h after
treatment failed to show this increase (49). Our TPA-treated
HeLa cell extracts are now being tested to determine
whether the altered binding to the HIV LTR seen at 1 to 2 h
posttreatment correlates with an increase in HIV LTR in
vitro transcription.
The alteration of factor binding to the HIV enhancer

region in response to TPA could be due to changes in the
concentration or binding activity of a factor or to the
induction of a novel cellular protein. Changes in the HIV
enhancer factor with TPA and cycloheximide suggest that
this occurs in the absence of de novo protein synthesis,
perhaps by a posttranslation modification. This modification
may alter the binding of the factor or affect its interaction
with other cellular proteins. The enhancer-binding factor in
untreated HeLa cells may be a completely different factor
from the one that binds to the HIV enhancer in TPA-treated
HeLa cells and lymphoid cells. Also, the enhancer factor in
TPA-treated HeLa cells may be different from the enhancer
factor in lymphoid cells. However, it is interesting that the
binding of the enhancer factor in the presence ofTPA results
in protection patterns similar to those found in extracts
prepared from lymphoid cells. The different binding to the
enhancer region seen in extracts prepared from lymphoid
cells may be one factor in the T-cell tropism of HIV. These
results are consistent with a model whereby transcription
factor binding could be altered in different cell types by
posttranslational modifications of common cellular tran-
scription factors. Both the cell type and the state of cellular
differentiation (43) are likely to be important in determining
the level and activity of specific DNA-binding proteins.
Characterization of these proteins in a number of different
tissues by immunoprecipitation using specific antibodies and
subsequent peptide mapping will be required to determine
the role of posttranslational modification in cell-specific gene
regulation.
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