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We have analyzed protein-DNA interactions at the long terminal repeat of human immunodeficiency virus
type 1 in a productively infected T-cell line by in vivo dimethyl sulfate footprinting. Major footprints are
evident at the basal promoter and enhancer elements. In particular, proteins appear to occupy the TATA box,
the Sp1 sites, and the two repeats of the enhancer region. In the negative regulatory element, protections are
detected over the USF/MLTF and NFAT-1 sites. Furthermore, two previously unrecognized sites, from
nucleotides —260 to —275 and from nucleotides —205 to —216, respectively, appear to be involved in
protein-DNA interactions. These two sites are purine rich and share a common sequence motif.

Gene expression and viral replication of human immuno-
deficiency virus type 1 (HIV-1) is controlled by complex
regulatory mechanisms involving transcriptional as well as
posttranscriptional events in which both cellular and virus-
encoded proteins take part (5, 8). In particular, transcrip-
tional regulation of HIV-1, exerted by the 5’ long terminal
repeat (LTR) of the provirus, appears to be strictly related to
the establishment of, and to the escape from, latency (31).

A large number of cis-acting viral regulatory elements has
been identified in the LTR (Fig. 1 and references therein);
from a functional point of view, the LTR can be divided into
three main regions: the basal promoter region, the enhancer
element, and the negative regulatory element (NRE). The
basal promoter region, encompassing the transcription start
site, includes a TATA box (13, 14), three Spl binding sites
(17, 23), and sites for the UBP-1/LBP-1 factor (18, 19, 36); it
exerts a positive basal effect on transcription. The enhancer
region (containing two repeats of a sequence recognized by
several proteins [1, 7, 11, 20-22, 28, 36, 37]) increases the
effect of the basal region and renders the promoter inducible
by different stimuli (6). The NRE, extending upstream of the
enhancer site and having not precisely defined boundaries,
contains binding sites for several factors with activating (9,
12), repressing (15, 24), or unknown (4, 16, 29) activity; the
overall function of the NRE is to downregulate transcription
(32).

Protein-DNA interactions at most of these sites have been
recognized by in vitro binding studies and by in vitro
transcription and transient transfection assays. However,
the interaction of specific DNA-binding proteins with their
corresponding sites may not always occur in the living cell
(2, 27), where it is affected by several other parameters, such
as chromatin structure, interactions with other proteins,
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conformational changes, and epigenetic modifications of
DNA such as methylation.

To identify the DNA sites actually occupied in vivo in a
chronically infected HIV-1-producing cell line, we analyzed
H9 cells infected with HIV-1;1; vins by in vivo dimethyl
sulfate (DMS) footprinting, using the ligation-mediated poly-
merase chain reaction (PCR) technique (27).

HIV-1y1p vins-infected H9 cells were grown in RPMI
1640 supplemented with 10% fetal calf serum. Ten millions
of exponentially growing cells were treated by adding to the
medium freshly prepared DMS (0.1% final concentration) for
5 min. Under these conditions, partial methylation of gua-
nine residues at position N-7 is obtained (10). The reaction
was stopped by the addition of 10 volumes of ice-cold
phosphate-buffered saline (PBS); cells were collected by
centrifugation and washed twice with PBS. Nuclei were
isolated by lysis with 0.1% Nonidet P-40, and DNA was
extracted according to standard procedures. In parallel; 200
ng of naked genomic DNA (1 pg/ul in water) extracted from
untreated cells was reacted in vitro with 1 pl of DMS for 30
s at room temperature. The reaction was stopped by the
addition of B-mercaptoethanol (0.2 M final concentration),
and DNA was precipitated twice with sodium acetate. G+A
and C+T reactions were performed on naked genomic DNA
according to the sequencing protocol of Maxam and Gilbert
(25). Restriction enzyme digestion of the DNA preparations,
strand scission with piperidine, and precipitation were per-
formed according to Pfeifer and Riggs (30). Ligation-medi-
ated PCR was performed essentially as described by Mueller
and Wold (27) with four sets of oligonucleotides able to
identify both coding and noncoding strand of the U3 region
of HIV-1 LTR (Fig. 1). For each set, primer 1 was annealed
to DNA and extended with Sequenase to generate molecules
that have blunt ends on one side. A common linker (same as
described by Mueller and Wold {27]) was ligated to the blunt
ends, and PCR of the ligated fragments was performed by
using the longer oligonucleotide of the linker (linker primer
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PRIMER SET C PRIME!';!sSET A
(-352) (+18)
B PRIMER SETD
(-157)
PRIMER SET A PRIMER SET C

1. 5-TATTGAGGCTTAAGCAGTGGGTTCC-3'

2. 5-CCCTAGTTAGCCAGAGAGCTCCCAG-3'

1. 5-AGGCTACTTCCCTGATTAGCAGAAC-3'
2. 5-TAGCAGAACTACACACCAGGGCCAG-3'

3. 5-GCCAGAGAGCTCCCAGGCTCAGATCTG-3' 3. 5-TAGCAGAACTACACACCAGGGCCAGGG-3'

PRIMER SET B
1. 5-AGCAAGCTCGATGTCAGCAGTTCTT-3'

2. 5-GAAGTACTCCGGATGCAGCTCTCGG-3'

PRIMER SET D

1. 5-AGTGTTAGAGTGGAGGTTTGACAGC-3'
2. 5-GCCGCCTAGCATTTCATCACGTGGC-3'

3. 5-GGATGCAGCTCTCGGGCCACGTGATGA-3' 3. 5-CCGCCTAGCATTTCATCACGTGGCCCG-3'

FIG. 1. Schematic representation of the HIV-1 LTR and sequences of the oligonucleotide primers used for this study. (A) Representation
of the LTR and of the nuclear proteins known to interact by in vitro experiments. References are indicated in parentheses. The scale indicates
nucleotides upstream of the transcription start site, which is shown by an arrow. On the lower part, the locations and orientations of the four
oligonucleotide sets used are shown; the numbers in parentheses refer to the positions of the 3’ nucleotide of primer 3 of each set. (B)

Sequences of the four oligonucleotide sets.

[27]) and primer 2 of each set. After 18 cycles, the amplifi-
cation products were labeled by nine cycles of primer
extension with 3>P-end-labeled primer 3 and visualized by
sequencing gel electrophoresis. To overcome problems due
to high G+C content, the nucleotide analog 7-deaza-2'-GTP
was included in the primer extension and the PCR reaction
steps (26).

The patterns of DMS methylation of the upper, coding
strand (obtained by using primer sets A and B) and lower,
noncoding strand (primer sets C and D) are shown in Fig. 2
and 3, respectively, and the results are summarized along
with the LTR sequence in Fig. 4. The guanines with altered
DMS sensitivity indicated in the figures are those which have
been reproducibly detected in at least three independent
experiments. In Fig. 2 to 4, the regions of the LTR recog-
nized as binding sites for nuclear proteins by in vitro
experiments are also shown.

In HIV-1y11 yine-infected H9 cells, supporting a highly
productive viral infection, major footprints appear at the
basal promoter and enhancer elements; in particular, pro-
teins appear to be located over the TATA box, the three Spl
sites, and the two repeats of the enhancer region (primer sets
A and D). Most of the bases protected or hypersensitive to
DMS methylation in this region correspond to those detected
by in vitro methylation interference studies (18, 20). Inter-
estingly, no sites in close proximity to or downstream of
transcription start site appear to contact specific proteins by
this technique. In the NRE, protections appear over the
USF/MLTF site (15) on both strands (primer sets A and C)
and over the binding site for NFAT-1 (33), mainly on the

coding strand (primer set B); in the same region, the two
adenines at positions —247 and —249 appear clearly hyper-
sensitive. Although the piperidine treatment used mainly
favors cleavage at alkylated guanines, it may also reveal,
with reduced sensitivity, adenine residues that are particu-
larly reactive with DMS (27). Few protections are also
visible in the region from nucleotides —285 to —315 (primer
sets B and C), where the binding sites for several proteins,
including the AP-1 factor (12) and a factor named Al (16),
are located and where purified c-myb protein was shown to
interact in vitro (9). Finally, two protected guanines are
evident at positions —331 and —338 on the noncoding strand
(primer set C), in a region containing a palindromic sequence
with homology to the steroid/thyroid hormone response
element (29).

Very interestingly, two novel sites, located between nu-
cleotides —260 and —275 and nucleotides —204 and —216,
respectively, appear to be involved in protein-DNA interac-
tions in vivo (primer sets B and C). Both sites are purine rich
and share the common sequence 5'-GGAGAGA-3' (posi-
tions —269 and —216, respectively, on the coding strand),
with the first two guanines protected from DMS methylation.
Adenines at position —274, —262, and —260, surrounding the
consensus sequence of the upstream site, are hypersensitive.

Finally, the guanine at position —132 on the coding strand
(primer set A) is clearly hypersensitive, possibly as a con-
sequence of interactions of factors bound on the LTR both
upstream and downstream of this location.

Together, these data suggest that in a highly productive
cell line the enhancer and Spl sites on the LTRs are fully
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FIG. 2. In vivo DMS footprinting of the coding strand of the
HIV-1 LTR. Lanes were obtained by amplification with primer sets
A and B, as indicated. Lanes 1, 2, 5, and 6 are sequencing controls
(G+A, T+C). Naked DNA controls (in vitro-treated DNA from
HIV-infected H9 cells) are in lanes 3 and 7. In vivo DMS-treated
samples from the same cells are in lanes 4 and 8. The locations of the
bands with respect to the transcription start site are indicated at the
left. Protected guanines are shown by arrows pointing leftward;
hypersensitive purines are indicated by arrows pointing rightward.
To allow easy location of the purines with altered sensitivity, on the
right sides of the autoradiograms the regions protected by in vitro
footprinting experiments reported in the literature are indicated by
open boxes; black boxes represent the locations of the consensus
sequences of the factor binding sites.
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FIG. 3. In vivo DMS footprinting of the noncoding strand of the
HIV-1 LTR. Lanes were obtained by amplification with primer sets
C and D, as indicated. Lanes 1, 2, 5, and 6 are sequencing controls
(G+A, T+C). Naked DNA controls (in vitro-treated DNA from
HIV-infected H9 cells) are in lanes 3 and 7. In vivo DMS-treated
samples from the same cells are in lanes 4 and 8. Symbols are as in
Fig. 2.

engaged in protein-DNA interactions, as expected from the
well-demonstrated role of these regions in the promotion of
transcription (6, 17). Somewhat surprisingly, however, clear
interactions are also present in the NRE for the USF/MLTF
and NFAT-1 sites, which were shown by two independent
groups to behave as downregulators of transcription (15, 24).
One possible explanation is that USF/MLTF and NFAT-1,
despite their residing on DNA, might not work as repressors
in chronically infected H9 cells because they are inactive or
because they do not interact with ancillary factors required
for function. Alternatively, the NFAT-1 and USF/MLTF
sites could be occupied by different proteins that mask the
repressor binding sites and prevent negative regulation.

Altered DMS sensitivity at positions —260 to —275 and
—204 to —216 suggests that these sites also are occupied by
proteins in vivo. Both of these sites contain a purine-rich
tract very similar to a sequence of a protein binding site
present in the fibronectin promoter (from —414 to —429), in
a region possibly involved in downregulation of transcription
(3). The biological significance of these interactions is cur-
rently under investigation.
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FIG. 4. Summary of the in vivo footprinting data. Protection of
specific guanines on the upper or lower strand is indicated by arrows
pointing inward. Hyperreactive sites are marked by arrows pointing
outward. Open boxes indicate locations of the regions protected by
in vitro footprinting experiments reported in the literature (see Fig.
1 for references); consensus sequences are underlined. The region
bound by the Al factor (16), for which no precise boundaries were
defined, is indicated by a straight line. The portion of the LTR
sequence reported corresponds only to that analyzed in this study
(from nucleotides —390 to +20 on the coding strand and from
nucleotides —343 to +20 on the noncoding strand).

The results described here represent a reliable, static
picture of the contact points of nuclear factors residing on
DNA in chronically HIV-1y1; vie-infected H9 cells. Stud-
ies are under way to extend this type of analysis to other
HIV-1-infected cell lines suitable for induction and repres-
sion by chemical and biochemical agents. By this means, we
should also be able to reconstruct a dynamic picture of the
traffic of factors on the LTR and ultimately to contribute to
unravelling the mechanism of viral latency and reactivation.

This work was partially supported by grant 6206-042 of the AIDS
program of the Istituto Superiore di Sanita (Rome).
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