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The human transcription factor USF, purified from HeLa cells, and its recombinant 43-kDa component bind
to the long terminal repeat (LTR) of human immunodeficiency virus type 1. The proteins footprint over
nucleotides from position —173 to —157 upstream of the transcription start site, generating strong DNase I
hypersensitivity sites at the 3’ sides on both strands. As detected by methylation protection studies, the factor
forms symmetric contacts with the guanines of the palindromic CACGTG core of the recognized sequence. Its
binding ability is abolished by the mutation of this core sequence and is strongly reduced by the cytosine
methylation of the central CpG dinucleotide. Upon binding, both recombinant and purified USFs bend the LTR
DNA template. The role of USF in the control of transcription initiation from the LTR was tested by in vitro
transcription assays. Upon addition of the protein, transcription from constructs containing an intact binding
site is increased, while the responsiveness in constructs with a mutated sequence is abolished. Furthermore,
the addition of a decoy plasmid which contains multiple repeats of the target sequence results in downregu-
lation of transcription from the LTR. These results suggest that USF is a positive regulator of LTR-mediated

transcriptional activation.

Like that of all retroviruses, the rate of transcription of the
integrated proviral form of human immunodeficiency virus
type 1 (HIV-1) is one of the major determinants of the levels
of viral gene expression and replication. A single viral tran-
script originates from the transcription start site at the long
terminal repeat (LTR) at the 5’ end of the provirus and fin-
ishes at the polyadenylation site at the 3" LTR. From this
genome-length transcript, which corresponds to the viral RNA
eventually to be encapsidated, different gene products arise
through the extensive use of differential processing events,
translation frameshifts, and proteolytic cleavage of precursor
polypeptides. Several groups have shown that although viral
replication can be detected in all clinical stages of the infection
(40, 46, 50), the levels of viral expression correlate with disease
progression (2, 57). For this reason, it appears that the study of
the molecular mechanisms controlling the rate of transcription
initiation could offer useful insights into the mechanisms of
disease development.

The regulation of HIV-1 transcription initiation is achieved
through the recognition of the 5" LTR by human nuclear fac-
tors and through their interactions with the basal transcrip-
tional machinery. In this respect, the regulation of transcrip-
tion of the integrated provirus does not differ from that of any
other cellular gene. Only one viral protein (the product of the
tat gene) cooperates with this machinery to increase the rates
of transcription initiation and elongation.

A number of reports indicate that the U3 and R regions of
the LTRs (~550 bp) contain the target sites for several nuclear
factors and that many of these factors can bind to the LTR in
vitro (for a review, see reference 44). With the use of an in vivo
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footprinting technique with infected cell lines, we have shown
that most of the LTR regions are indeed engaged in protein-
DNA interactions also in vivo, although the pattern of these
interactions is different in different cell lines (15, 16). All of the
protein binding sites of the LTR are recognized by nuclear
proteins physiologically controlling the expression of a variety
of cellular genes, indicating that the LTR represents a very
interesting biological example of evolutionary tinkering. The
reasons for the need for such a complex regulation in the
HIV-1 life cycle still remain to be fully understood.

We have previously reported that a sequence of the LTR
centered at position —164 upstream of the transcription start
site contains the binding site for a constitutive binding activity
of lymphoid and nonlymphoid cells (25). This region, which is
located at the 3’ end of the so-called negative regulatory ele-
ment of the LTR (55), contains the hexanucleotide CAC(A/G)
TG (E box), which is the consensus target sequence of proteins
of the B class of the basic-helix-loop-helix-leucine zipper (b-
HLH-Zip) family (14). Members of this family are the c-Myc
(43), Max (8), Mad (1), Mxil (72), USF (27, 65), TFE3 (3), and
TFEB (11) proteins. All of these factors are characterized by
the presence of a specific DNA binding domain (basic region)
and of two motifs involved in the formation of homo- and
heteromultimers (HLH and leucine zipper domains) (20, 43).
Binding sites for b-HLH-Zip proteins and cognate binding
activities are very conserved through evolution (24, 25), and
they control the expression of several unrelated genes. For
example, for the human genome, there have been descriptions
of binding sites in the globin locus control region (10); in the
promoter regions of the L-type pyruvate kinase gene (68), of
the heme oxygenase 1 gene (58), of the class I alcohol dehy-
drogenase gene (18), of the type 1 plasminogen activator in-
hibitor gene (54), of the human growth hormone gene (48), of
the N-ras gene (67), and of the topoisomerase I gene (29); in
the enhancer of the insulin gene (53); and in a region which, as
we have recently demonstrated, contains an origin of DNA
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replication (6, 13, 26). Additionally, it recently has been shown
that the E box of the LTR of HIV-1 is also essential for the
transcriptional control of the negative strand of the provirus
exerted by the LTR at the 3" end (41).

Among the members of the b-HLH-Zip family, transcription
factor USF (also known as MLTF [12] or UEF [42]) was
originally identified as a human cellular factor which binds to
the upstream sequence of the adenovirus major late promoter
(MLP) at position —63 to —52 upstream of the transcription
start site and stimulates transcription in vitro (60). USF is the
major binding activity detected by in vitro assays with crude
nuclear extracts from several cell types and species, including T
cells and monocytes (16); after extensive purification, it ap-
pears to be composed of two polypeptides with apparent mo-
lecular masses of 43 and 44 kDa (13, 61), both of which are
capable of binding independently to the DNA recognition site,
even if they preferentially bind as heterodimers (20). The 43-
kDa form of USF (USF**) was cloned and shown to belong to
the b-HLH-Zip family (27). More recently, the full-length
RNA of the 44-kDa form was also isolated, and it showed a
striking similarity to USF* (65).

In this paper, we report the results of our studies on the
molecular features of the in vitro interactions of both purified
human USF and recombinant USF** (rUSF*?) with the E box
of the HIV-1 LTR, as well as the effects of this interaction on
the regulation of transcription.

MATERIALS AND METHODS

Purification of USF from HeLa cells. The procedure for the purification of
USF from HeLa cells has already been reported (13). Briefly, a nuclear extract
was precipitated by 35% ammonium sulfate; the precipitated protein fraction
was subsequently purified through BioRex 70, HiLoad S-Sepharose, and Mono
Q columns. The active fractions from the Mono Q column were loaded on a
specific DNA-Sepharose affinity column containing ligated concatemers of the E
box site. The purified binding activity consists of a protein doublet with molecular
masses of 43 and 44 kDa. The binding activity was monitored throughout the
purification by gel retardation and Southwestern (DNA-protein) assays.

Cloning, expression, and purification of rUSF*3. The plasmid pGST-USF*
was constructed by cloning the coding region of USF* in the commercial vector
pGEX2T (Pharmacia, Uppsala, Sweden). This plasmid expresses the glutathio-
ne-S-transferase (GST) gene in Escherichia coli, under the control of a promoter
inducible by isopropyl-galactopyranoside (IPTG). The coding sequence of USF*?
was rescued by PCR amplification from the plasmid pBSAIMLTF (a kind gift of
Giuseppe Biamonti), which contains the coding sequence of USF** under the
control of the human Al gene promoter (unpublished). The primers for ampli-
fication (RUSF1 [5-CGAGGATCCAAGGGGCAGCAGAAAACA-3'] and
RUSF2 [5'-GCTGAATTCCTTAGTTGCTGTCATTCTTGATGAG-3']) were
designed in order to generate a DNA fragment containing the restriction sites for
EcoRI and BamHI at the two extremities, allowing oriented cloning in the vector.
Amplification was carried out in 50 pl of a solution containing 10 mM Tris (pH
8.0), 50 mM KCl, 1.5 mM MgCl,, 0.01% gelatin, 200 pM each deoxynucleoside
triphosphate (ANTP), 1 uM the two primers, 1 ng of template plasmid DNA, and
2.5 U of Tag DNA polymerase (Perkin-Elmer Cetus, Norwalk, Conn.), with 35
repetitions of a cycle of 45 s at 94°C, 45 s at 52°C, and 45 s at 72°C in a
Perkin-Elmer 480 Thermal Cycler. The sequence of the plasmid insert was
verified by DNA sequencing.

A colony of the SF8 strain of E. coli transformed by pGST-USF*® was grown
overnight in 100 ml of Terrific Broth containing 50 g of ampicillin per ml at
30°C. The culture was diluted by the addition of 900 ml of fresh medium and was
allowed to grow until an optical density of 0.6 to 0.8 at 600 nm was reached;
protein expression was then induced by the addition of IPTG (Sigma, St. Louis,
Mo.; 1 mM final concentration). After an additional 3 to 5 h of incubation, the
culture was centrifuged at 5,000 X g at 4°C, and the bacterial pellet was resus-
pended in 10 ml of cold phosphate-buffered saline (PBS) containing 4 mM
dithiothreitol (DTT). Cells were sonicated in ice by three pulses of 20 s each.
After centrifugation of the lysate, the supernatant was mixed with 1 ml of a 50%
(volvol) slurry of glutathione-cross-linked agarose beads (Sigma). The fusion
protein was allowed to bind to the beads at 4°C on a rotating wheel for 1 h. The
suspension was then loaded on an empty plastic column (Bio-Rad, Richmond,
Calif.), letting the unbound proteins pass through, and the beads were subse-
quently washed with 50 ml of PBS containing 4 mM DTT. Finally, rUSF** was
eluted in 1 ml of 100 mM Tris containing 4 mM DTT and 20 mM free glutathione
(Sigma). With this procedure, 2 to 3 mg of protein per liter of medium was
usually obtained. The purity and integrity of the protein were checked by sodium
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dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Coomassie
blue staining.

Western blotting (immunoblotting). Fifteen nanograms of recombinant pro-
tein was resolved on an SDS-12% polyacrylamide gel and transferred to a
nitrocellulose filter by electroblotting. The filter was then incubated in 10%
milk-TBS buffer (10% [wt/vol] nonfat dried milk in 125 mM NaCl-10 mM Tris,
pH 7.4) for 1 h at 37°C. Incubation with antibodies against full-length rUSF*?
(kindly donated by R. G. Roeder) was performed in 5% milk-TBS for 1 h at
room temperature. The filter was then washed in TBS-0.1% Tween 20 and
incubated in 5% milk-TBS with alkaline phosphatase-conjugated swine anti-
rabbit immunoglobulins for 1 h at room temperature. After several washes,
bound antibodies were revealed with BCIP-NBT (5-bromo-4-chloro-3-in-
dolylphosphate toluidinium-nitroblue tetrazolium) color development solution
(Bio-Rad).

Gel retardation and competition assays. All of the oligonucleotides used in
this work were synthesized by the International Centre for Genetic Engineering
and Biotechnology Oligonucleotide Synthesis Service on an Applied Biosystems
380B synthesizer by using phosphoramidite chemistry. The sequences of the
double-stranded oligonucleotides oligo B48BS, oligo AAMLP, and oligo HIV
(25) and oligo GAL2, oligo Met-I, and oligo Met-III (24) have already been
described. Oligo Sp1 contains the sequence of the HIV-1 LTR from nucleotide
—69 to —46 upstream of the transcription start site, which contains two binding
sites for transcription factor Spl. Oligo MUT is a derivative of oligo HIV in
which the core E box sequence (CACGTG) was mutated to CATATG.

The synthesized oligonucleotides were resolved by PAGE, eluted from the
gels, purified, annealed with the complementary strand, and end labelled with
[y->P]ATP (Amersham, Little Chalfont, United Kingdom; 3,000 Ci/mmol, 10
mCi/ml) and T4 polynucleotide kinase.

Gel retardation assays were carried out by the incubation of end-labelled DNA
probes (10* cpm) with 1 to 5 ng of purified rUSF*® or 2 pl of purified HeLa USF
(Mono Q fraction [13]) and 0.25 ug of poly[d(A-T)] - poly[d(A-T)] or 1.5 pg of
poly[d(I-C)] - poly[d(I-C)], respectively, in binding buffer (20 mM HEPES [N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid] [pH 7.3], 50 mM NaCl, 4 mM
DTT, 0.2 mM EDTA, 5% glycerol) in a 10-pl final volume. The addition of 1 pl
of heat-treated (95°C for 5 min) normal human serum to the binding reaction
mixture was used to stabilize the protein-DNA complex. After 20 min of incu-
bation at 30°C, samples were resolved by 5% PAGE in 0.5X Tris-borate-EDTA;
the gel was then dried and exposed. Under these conditions, 1 ng of rUSF* is
able to generate a retarded complex which can be detected after an overnight
exposure, with an estimated molar DNA/protein ratio of 1:5.6.

Competition experiments were carried out by mixing a 6- to 150-fold excess of
cold oligonucleotides with the probe before the addition of the protein. Super-
shifting of the retarded complex was obtained by the addition to the reaction
mixture of 1 pl of a 1:10 dilution of immune serum before the addition of the
protein.

Circular permutation assay. A set of six probes (B1 to B6; see Fig. 6A) for the
circular permutation assay was generated by PCR amplification with the pL-
TRCAT plasmid (25) as a template. The locations on the LTR of the oligonu-
cleotides utilized for the amplifications are indicated in Fig. 6A. Amplifications
were carried out in 50 pl of a solution containing 10 mM Tris (pH 8.0), 50 mM
KCl, 1.5 mM MgCl,, 0.01% gelatin, 200 uM each dNTP, 0.1 pM both primers
(one of which was previously end labelled with [y-*2P]ATP and T4 polynucle-
otide kinase), 1 ng of template plasmid DNA, and 2.5 U of Tag DNA poly-
merase, with 35 repetitions of a cycle of 45 s at 94°C, 45 s at 60°C, and 45 s at
72°C. PCR products were resolved on a 5% polyacrylamide native gel and eluted
for a few hours at 65°C in 10 mM Tris (pH 8.0)-0.1 mM EDTA. Curve fitting was
performed with the Curve Fit program on a Macintosh computer by the appli-
cation of a cosine function.

DNase I footprinting. The probes for DNase I footprinting were generated by
PCR amplification of the HIV-1 LTR from the plasmid pLTRCAT. For the
experiments with purified USF, the primers for amplifications were FOOTP
(5'-GCAAGCTTGAAGAGGCCAAT-3") and USF1 (5'-AGCAAGCTCGAT
GTCAGCAGTTCTT-3"); for the experiments with rUSF*3, the primers used
were from position —256 to —220 and from position —46 to —70, respectively,
relative to the LTR sequence numbering of the transcription start site. One of
the two primers was end labelled with [y->*P]ATP and T4 polynucleotide kinase
before PCR amplification in order to generate an asymmetrically labelled DNA
fragment.

Plasmid pLTRAUSF was obtained by PCR amplification from plasmid pL-
TRCAT with primers pLTR-GlessI (5'-GCGAATTCTAGGGCGAATTGGG
TACC-3") and AUSF (5-GCTCTCGGGGCGAATTCATGAAATGCTAGG
CGGC-3'), the latter bearing the CACGTG sequence mutated into an EcoRI
(GAATTC) restriction site. The amplification product was purified, cut with
Aval and Kpnl, and ligated between the Aval and Kpnl sites of pLTRCAT,
thereby substituting for the wild-type sequence.

In the experiments with USF purified from HeLa cells, about 10° cpm of the
probe was incubated with 20 wl of purified protein (Mono Q fraction), with 2 pg
of poly[d(I-C)] - poly[d(I-C)], in the same buffer as was used for the gel retar-
dation assays. After 20 min of incubation at room temperature, the sample was
mixed with an equal volume of a solution containing 5 mM CaCl, and 10 mM
MgCl,. DNase I (Boehringer, Mannheim, Germany) was added to a final con-
centration of 6 ng/ul. After 1 min, DNase I activity was stopped by the addition
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of SDS and EDTA (1% and 25 mM final concentrations, respectively). Proteins
were removed by phenol extraction, and the DNA fragments were precipitated,
dissolved, denatured, and loaded on an 8% polyacrylamide sequencing gel. As a
control, the probe was incubated under the same conditions as described above
without the addition of the protein. In this case, DNase I was used at a concen-
tration of 2 ng/pl.

When the recombinant protein was tested, 10 ng of rUSF*? or GST (in the
control reaction) was mixed with 5 X 10* cpm of the probe under the same
conditions as described above. DNase I was allowed to digest for 30 s at a final
concentration of 0.5 ng/ul.

A G+A ladder of the probe, obtained by the Maxam-Gilbert chemical cleav-
age method (38), was loaded alongside to align the DNase I digestion products.

Methylation protection assay. Methylation protection assays with dimethyl
sulfate were carried out essentially as described previously (47). Briefly, fivefold-
scaled-up gel retardation assays were assembled; after electrophoresis, the gel
was immersed in a 0.2% (vol/vol) dimethyl sulfate solution for 4 min, and the
methylation reaction was stopped by soaking the gel in a 0.5 M B-mercaptoetha-
nol solution. After autoradiography, the free and retarded bands were excised
separately, and DNA was eluted and cleaved by piperidine treatment (38). The
products were resolved on a sequencing gel alongside a G+A ladder.

In vitro transcription assays. The LTR-containing G-less plasmids for in vitro
transcription assays are derivatives of the pUGL400 plasmid, which contains an
EcoRI-Xhol fragment from plasmid Syn-O-TG (62), carrying a G-free cassette of
~380 bp (59), cloned between the EcoRI and Sall sites of pUC19. The HIV-1
promoter element to be cloned upstream of the G-less cassette was obtained by
PCR amplification from plasmid pLTRCAT (25), with primers pLTR-GlessI
(containing an EcoRI restriction site at the 5’ end continuing with the HIV-1
sequence upstream of the LTR) and pLTR-GlessII (5'-CGGAGCTCAGGCA
AAAAGCAGCTGCTTA-3', containing a Sacl site at the 5" end in the corre-
sponding part of the LTR transcription start site); the amplification product
obtained was cloned between the EcoRI and Sacl sites of pUGL400 to obtain
plasmid pGLA. Plasmid pGLE was obtained by the same strategy, with the
exception that the plasmid pLTRAUSF was the template DNA for PCR ampli-
fication. As a consequence, the nucleotides at position —162 to —167 are
GAATTC (containing an EcoRI site) instead of CACGTG.

Plasmid pFN2, containing the fibronectin promoter upstream of a ~200-
nucleotide G-less cassette, was used as an internal control for the in vitro
transcription experiments. It is a derivative of plasmid pUGL200, which was
obtained by cloning a PCR amplification product between the EcoRI and Hin-
dIII sites of pUC19. The amplification product is derived from plasmid
pUGLA400 and was obtained by using the M13 universal primer and primer
GL202 (5'-GGAAGCTTGGATCCCGGGATAAGATTG-3'). The latter con-
tains at the 3’ end a region complementary to the sequence from position 187 to
108 of the ~380-nucleotide G-less cassette (59); PCR amplification was followed
by digestion with EcoRI and HindIII. Plasmid pFN2 was obtained by cloning of
a ~710-bp fragment obtained by partial digestion with Aa¢II and Sacl of plasmid
p-220 (a kind gift of Alberto Kornblihtt), into the corresponding sites of
pUGL200. The cloned fragment contains the human fibronectin promoter.

HeLa nuclear extracts for in vitro transcription assays were prepared according
to the protocol of Hattori et al. (28) and modified as follows: cells were washed
twice in PBS, washed once in RSB (10 mM HEPES, 10 mM KCl, 3 mM MgCl,,
0.1 mM EDTA, 0.74 mM spermidine, 1 mM DTT, 0.5 mM phenylmethylsulfonyl
fluoride, 2 pg of aprotinin [Sigma] per ml, 2 ug of leupeptin [Sigma] per ml, 5
mM bestatin [Sigma]), and resuspended in RSB; following a 20-min incubation
on ice, the cells were lysed with a Dounce homogenizer.

Transcription reactions were carried out in a 25- to 30-pl final volume con-
taining 250 ng (in the experiments monitoring the effects of rUSF*?) or 750 ng (in
the competition experiments with the E box decoys) of DNA templates, 75 pg of
nuclear extract, 500 uM (each) ATP and CTP, 25 pM UTP, 10 nCi of
[«-**P]UTP (Amersham); 3,000 Ci/mmol, 10 mCi/ml), 0.1 mM o-methyl-
guanosine, 10 mM HEPES (pH 7.4), 7.5 mM MgCl,, 5 U of RNase T, (Boehr-
inger), 30 U of RNasin (Promega, Madison, Wis.), and 4 mM DTT. Nuclear
extract was equilibrated for 15 min at 30°C with the addition of the appropriate
amounts of protein or decoy template. DNA was then added and preincubated
for 10 min at 30°C, and the reaction was initiated by the addition of the above-
described reaction mixture. Transcription was allowed to run at 30°C for 45 min
and was stopped by adding 175 pl of a solution containing 300 mM Tris (pH 7.4),
300 mM sodium acetate, 0.5% SDS, 2 mM EDTA, and 3 pg of tRNA per ml.
Proteins were then extracted with 200 pl of phenol-chlorophorm-isoamilic alco-
hol (25:24:1), and RNA was precipitated with ethanol, dried, and run at 12 W on
a denaturing 8% polyacrylamide gel in 1X Tris-borate-EDTA-0.1% SDS. Fi-
nally, the gel was dried and exposed for autoradiography.

Plasmid pUF128 (a gift of Fabio Cobianchi) is a pUC19 derivative containing
128 copies, arranged in tandem, of a 65-bp Alul-FnuD2 sequence from the insert
of plasmid pL15 (25), containing the E box present in the human lamin B2 origin
of DNA replication (7, 26).

RESULTS

Purified USF and recombinant USF** bind to the LTRs of
HIV-1. The presence of a human nuclear factor binding to the
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FIG. 1. Expression and purification of rtUSF**. (A) Single-step purification of
USF*®. Protein samples were resolved on a 12% Laemmli gel and stained with
Coomassie blue. Lane 1, protein molecular weight markers (in thousands); lane
2, 10 pl of the supernatant of a bacterial lysate of the SF8 E. coli strain trans-
formed with pGST-USF*® after induction with IPTG; lane 3, 10 ul of the
flowthrough fraction from the agarose-glutathione column; lane 4, 40 wl of a
fraction obtained by elution of the column with free glutathione. The arrow
indicates the position of the GST-USF*® fusion protein. (B) Western blot anal-
ysis. Lane 1, purified rUSF*® (15 ng); lane 2, purified GST (15 ng). The arrow
indicates the position of the GST-USF* fusion protein. The positions of protein
molecular weight markers (in thousands) are indicated.

HIV-1 LTR region centered around nucleotide —164 up-
stream of the transcription start site was originally identified by
DNase I footprinting with HeLa cell nuclear extracts (23).
Subsequently, we have shown that the protein interacting with
this sequence also binds to the upstream element of the ade-
novirus MLP and to several other sequences containing the
hexanucleotide consensus sequence CAC(A/G)TG (25), which
is the E box target of members of the B class of the b-HLH
family of proteins (14).

By means of a combination of ion-exchange and sequence-
specific affinity chromatography techniques (13), we have pu-
rified to homogeneity a protein complex binding to the E box.
This complex is composed of two polypeptides of 42 and 44
kDa; its size, heat stability, and target DNA sequence suggest
that it corresponds to the transcription factor USF, a member
of the b-HLH-Zip family (27, 65). Furthermore, the 42-kDa
polypeptide is recognized by antibodies raised against USF**
(13).

In order to study in further detail the interactions of this
transcription factor with the HIV-1 LTR, we expressed and
purified USF* from bacteria as a recombinant protein fused to
GST. On the basis of the available cDNA sequence (27), the
coding region of USF*® was cloned in plasmid pGEX2T, at the
3’-end of the GST gene and maintaining the same open read-
ing frame. The resulting plasmid, pGST-USF**, expresses the
USF*’ protein as an extension of the C terminus of GST under
the control of a promoter inducible by IPTG. In Fig. 1A the
results of a single-step purification of rUSF** from bacteria are
shown. The identity of the purified protein was further con-
firmed by Western blot analysis with antibodies raised against
rUSF* (51) (Fig. 1B).

The interactions of USF purified from HeLa cells and of
rUSF* with the E box of the HIV-1 LTR and other E boxes
are shown in Fig. 2. A double-stranded oligonucleotide corre-
sponding to the sequence from position —174 to —151 of the
LTR (oligo HIV) specifically binds to purified USF in a gel
retardation assay, resulting in the formation of a retarded
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FIG. 2. Gel retardation and competition assays. (A) Sequences of the upper strands of the oligonucleotides (Oligo) used for the gel retardation and competition
assays (see Materials and Methods for their locations). The E box sequence is boxed. Mutations of this sequence in oligo MUT-III are indicated by boldface. The
locations of the methyl groups in oligos Met-I and Met-III are indicated. (B) Gel retardation and competition assays with purified USF and oligo HIV as a probe. For
the competition experiments, increasing amounts of competitor (6-, 20-, and 60-fold molar excesses with respect to the probe [but 60-fold only for the Sp1 competitor])
were added to the binding reaction mixtures as indicated at the top. The arrows indicate the positions of the free and retarded bands. Lane 1, probe without protein.
(C) Gel retardation and competition assays with rUSF** and oligo HIV as a probe. Lane 1, probe without protein. Competitor molar excesses were 6- and 30-fold for
each competitor. (D) Gel retardation-supershift analysis with anti-rUSF*® antiserum. The reaction mixture for binding between oligo HIV and rUSF*® was incubated
with anti-rUSF* antiserum (lane 2) or preimmune serum (lane 1). The arrows indicate the positions of the free, retarded, and supershifted bands. (E) Effect of cytosine
methylation on rUSF*? binding to oligo HIV. Lanes 1 to 4, oligo HIV plus rUSF*}; lanes 2 to 4, competition with a 30-fold molar excess of the indicated

oligonucleotides.

complex (Fig. 2B, lane 2). This complex can be inhibited by the
addition of an excess of cold oligonucleotides with the same
sequence (Fig. 2B, lanes 9 to 11) or corresponding to other E
box sequences (oligo B48BS, contained in a human origin of
DNA replication [26]; oligo AAMLP, the MLP upstream ele-
ment; and oligo GAL2, a sequence upstream of the yeast
GAL?2 gene [24]). An oligonucleotide encompassing the two
downstream-positioned Sp1 sites of the LTR (oligo SP1; Fig.
2B, lane 15) is ineffective in the competition assay.

Like the purified factor, the rUSF** protein also binds to
oligo HIV in gel retardation assays (Fig. 2C, lane 2). The
addition of anti-rUSF** antibodies to the binding reaction mix-
ture causes a supershift of the protein-DNA complex, in anal-
ogy with the effect described for the purified protein (13) (Fig.
2D). Again, the specificity of binding was challenged by the
addition of a 6- to 30-fold excess of other cold oligonucleotides
to the binding reaction mixtures. Competition was obtained
with the same HIV oligonucleotide (Figure 2C, lanes 3 and 4)
and with the related oligonucleotides oligo AAMLP and oligo
B48BS (lanes 5 to 8) but not with the oligonucleotide contain-
ing the Sp1 sites (lanes 11 and 12).

An oligonucleotide carrying a TpA dinucleotide in the core
position of the E box instead of CpG (CATATG, oligo MUT-

III) is not able to compete for binding (Fig. 2C, lanes 9 and 10).
This result indicates that these nucleotides are essential for the
specificity of sequence recognition by the protein, as already
suggested (5, 14). Since the CpG dinucleotide is the target for
physiological cellular methylation, we investigated the role of
cytosine methylation within the E box by competition experi-
ments using methylated oligonucleotides with the same se-
quence of oligo B48BS (Fig. 2E). The results indicated that
while methylation on both strands of a CpG outside the E box
consensus sequence (oligo Met-1II) has no effect on the com-
peting ability of the oligonucleotide with respect to the un-
methylated sequence (Fig. 2E; compare lanes 2 and 3), meth-
ylation of the core CpG dinucleotide of the E box (oligo Met-I)
greatly affects competition (lane 4). These results obtained
with the TUSF*? protein reflect those described for crude nu-
clear extracts from HeLa cells (24).

Interactions of USF with the E box of the HIV-1 LTR.
Further details of the interactions between purified USF or
rUSF* and the HIV-1 LTR were obtained by a DNase I
footprinting assay. As shown in Fig. 3A, the incubation of an
LTR DNA probe labelled at the 5’ end of the noncoding
strand with the purified factor (lane 3) prevents DNase I cleav-
age of a box centered around the CACGTG sequence (nucle-
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FIG. 3. DNase I footprinting assays. (A) DNase I footprinting with purified USF. Lane 1, G+A chemical cleavage ladder; lanes 2 and 3, DNA fragment pattern
generated by DNase I treatment after incubation of a 5'-end-labelled probe in the absence (lane 2) or in the presence (lane 3) of USF; lanes 4 and 5, same as lanes
2 and 3 but with a DNA probe with a mutated E box. The box and the arrows on the right indicate the protected region and the hypersensitive nucleotides, respectively,
of lane 3. (B) DNase I footprinting on the LTR coding strand with rUSF**. Lane 1, 10 ng of GST added; lane 2, 10 ng of recombinant GST-USF*? fusion protein. The
box and the arrows on the right indicate the protected region and the hypersensitive nucleotides, respectively, of lane 2. (C) DNase I footprinting on the LTR noncoding
strand with rUSF*3. Lane 1, 10 ng of GST; lane 2, 10 ng of recombinant GST-USF*® fusion protein. The box and arrows are as in panel B. (D) DNase I footprinting
on the region encompassing the transcription start site with rUSF*3. Lane 1, G+A chemical cleavage ladder; lane 2, 10 ng of GST; lanes 3 to 5, 10, 200, and 1,000 ng,
respectively, of recombinant GST-USF** fusion protein. A sequence with altered DNase I sensitivity appearing with 1,000 ng of protein, with the formation of two

hypersensitive sites (indicated by arrows), is shown on the right.

otides from position —173 to —157 upstream of the transcrip-
tion start site). Lanes 4 and 5 of Fig. 3A show the results of
DNase I digestion of a probe derived from plasmid pLTRA
USF, in which the CACGTG motif was mutated into an EcoRI
site (GAATTC). In this case, no difference in the DNase I
digestion pattern obtained in the presence or absence of the
protein can be detected, again indicating that the E box is
absolutely required for protein binding. Protein binding causes
the appearance of four strong hypersensitive sites at the 3’ end
of the recognized box, corresponding to a G at position —179,
an A at —178, a T at —177, and a T at —174 (arrows in Fig.
3A). A similar pattern of footprinting is produced by the bind-

ing of rUSF** (Fig. 3C). On the upper, coding strand, the
recombinant protein protects the E box from DNase I diges-
tion, footprinting over nucleotides —157 to —172, again gen-
erating three strong hypersensitive sites at the 3’ end (a C at
—152,a G at —150, and a C at —149) (Fig. 3B). The generation
of these DNase I hypersensitive sites is most likely due to a
structural alteration of the double helix upon protein binding,
resulting in a widened groove where nucleotides are more
accessible to DNase I digestion.

It has been reported that rtUSF*, in addition to binding E
box elements, can also bind to the initiator elements of the
adenovirus MLP and of HIV-1 (17, 56). Therefore, we chal-
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FIG. 4. Methylation protection assays. (A) Methylation protection on the
LTR coding strand with rUSF*. Lane 1, G+A chemical cleavage ladder; lane 2,
methylation pattern of the free band recovered from the gel shift assay; lane 3,
methylation pattern of the retarded band. The filled and empty circles on the
right indicate, respectively, protected and hypersensitive purines. (B) Methyl-
ation protection on the noncoding strand of the LTR with rUSF*3. Lane 1, G+A
chemical cleavage ladder; lane 2, methylation pattern of the free band recovered
from the gel shift assay; lane 3, methylation pattern of the retarded band. The
filled circles on the right indicate protected purines.

lenged a DNA probe encompassing the HIV-1 transcription
start site in DNase I footprinting experiments with increasing
amounts of highly purified (>95% homogeneity) rUSF*
(from 10 to 1,000 ng) (Fig. 3D). No changes were observed
with up to 200 ng of protein, in contrast to the clear protection
of the E box, which is complete with even 10 ng (Fig. 3B and
C). Only upon addition of 1 pg of protein were some changes
in the footprinting pattern detected in the region from nucle-
otide +42 to +47 relative to transcription start site, with the
formation of two hypersensitive sites corresponding to a C at
position 40 and a C at position 48. However, it should be
considered that this sequence does not fully match that of the
previously reported Inr elements of the HIV-1 promoter (17)
and that these changes could be nonspecific, because of the
very large amount of protein used.

A further insight into the pattern of interaction of USF with
the HIV-1 LTR was obtained by methylation protection ex-
periments with dimethyl sulfate, a sensitive chemical method
to probe DNA-protein contacts which allows the determina-
tion of the purines protected from methylation by DNA-bound
proteins. The results of methylation protection experiments
with rUSF** and the HIV-1 LTR as a probe are shown in Fig.
4A for the upper, coding strand and in Fig. 4B for the lower,
noncoding strand. Guanines at positions —162 and —164 on
the coding strand and at positions —165, —167, and —170 on
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FIG. 5. Summary of the interactions of USF with the LTR E box obtained by
DNase I footprinting and methylation protection experiments. The nucleotides
of the E box motif are in boldface. [, region protected from DNase I digestion;
A, nucleotide hypersensitive to DNase I digestion; @, nucleotide protected from
methylation; O, nucleotide hypersensitive to methylation.

the noncoding strand are clearly protected from methylation,
while a guanine at position —161 on the coding strand is
hypersensitive.

The results obtained from the DNase I and methylation
protection experiments are summarized in Fig. 5. It is evident
that the E box consensus sequence CACGTG is centered at
the twofold rotational axis of symmetry of protein-DNA inter-
action, with major contacts occurring at the 3’ half of the DNA
sequence on both strands. This pattern closely resembles the
one produced by USF binding to the MLP upstream element
(42, 60).

Template LTR bending upon USF binding. The generation
of sites of increased sensitivity to DNase I symmetrically lo-
cated on both strands and the presence of a site hypersensitive
to methylation on the coding strand (Fig. 5) suggest that DNA
undergoes a structural distortion upon protein binding.

The ability of USF to bend the LTR template upon binding
was tested by the circular permutation assay, a method based
on the position-dependent effect of DNA bends on the elec-
trophoretic mobilities of DNA fragments (71). To exploit this
technique, a set of six probes (B1 to B6) was obtained by PCR
amplification with the LTR as a template. All of these probes
have approximately the same length (from 244 to 246 bp) but
differ because of the position of the USF binding site (Fig. 6A).
They were tested in gel retardation assays both with rUSF*
and with purified USF (Fig. 6B and C, respectively). As ex-
pected, all of the probes gave rise to a retarded complex upon
incubation with both protein species. However, the relative
mobilities of the retarded bands of the probes containing the
binding site in the middle were lower than those of the probes
containing the binding site at one extremity, suggesting that the
template DNA becomes bent upon protein binding. The center
of the flexure was mapped by plotting the mobility as a function
of the distance of the binding site from the end of the probe
(Fig. 6B and C, bottom) and was found to correspond to the
position of the CACGTG box.

Estimation of the bending angle as described by Thompson
and Landy (66) indicates values of 90° of bending for purified
USF and 110° for rUSF*, as evaluated with the average values
obtained from three independent experiments.

As a negative control, the Ku protein, which binds to DNA
without an apparent sequence specificity, giving rise to several
retarded complexes due to multiple protein dimers bound to
the probe (13), was also tested in gel retardation assays with
the same probes. As shown in Fig. 6D, the retarded bands
generated by all of the probes migrate with the same mobility.

In vitro transcription assays. The role of USF in the control
of transcription from the HIV-1 LTR was determined by in
vitro transcription assays. For this purpose, the LTR region
upstream of nucleotide —1 was cloned upstream of a ~380-
nucleotide G-less cassette. Each in vitro transcription experi-
ment was simultaneously performed by the addition to the
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same tube of a plasmid template containing a shorter G-less
cassette (~200 nucleotides) under the control of the fibronec-
tin promoter, to be used as an internal control.

The addition of increasing amounts of highly purified
rUSF* to Hel.a cell nuclear extracts progressively upregulates
transcription from the LTR in a concentration-dependent
manner, while it does not affect the transcription driven by the
fibronectin promoter (Fig. 7A, lanes 2 to 6). Quantification by
scintillation counting and optical scanning of the autoradio-
grams indicated a reproducible three- to fourfold increase in
the LTR-driven signal intensity after normalization to the re-
sults for fibronectin; the ratio of the intensities of the RNA
bands for the two constructs for each experimental point is
reported in the graph below the gel.

Mutation of the CACGTG hexanucleotide to an unrelated
EcoRI restriction site abolishes the responsiveness of the LTR
construct to protein addition (Fig. 7B, lanes 2 to 6). Further-
more, the transcription efficiency of this mutated promoter is
invariably lower than that of the wild-type LTR (compare lanes
1 in Fig. 7A and C with lanes 1 in Fig. 7B and D).

The HeLa cell extract used in the in vitro transcription
experiments contains, among other E box-binding factors, an
endogenous amount of USF (estimated to be in the range of
0.15 to 1.5 ng/pg of extract [51]), which presumably contributes
to the basal level of transcriptional activation from the LTR
template. In order to saturate the endogenous E box-binding

proteins, increasing amounts of a plasmid (pUF128) carrying
128 copies of a human E box-containing sequence were added
to the transcription reaction mixtures (Fig. 7C, lanes 2 to 5).
The addition of this decoy progressively decreases the level of
transcription from the LTR compared with that from the fi-
bronectin promoter. The same molar amounts of vector
pUC19, used as a control, are ineffective (Fig. 7C, lanes 6 to 9).
Again, mutation of the E box of the LTR abolishes the respon-
siveness of the LTR construct to the specific decoy addition
(Fig. 7D, lanes 2 to 5).

Altogether, these results show that the E box in the context
of the U3 LTR region is a positive cis-acting element in the
control of transcription and that USF is a frans-acting factor
contributing to this function.

DISCUSSION

The regulation of the rate of transcription of the HIV-1
provirus is achieved by the interaction of several human tran-
scription factors with the LTR DNA and of the viral Tat
transactivator with the 5’ end of the nascent RNA. Although
the LTR appears as a highly inducible promoter responsive to
a number of stimuli which trigger cellular activation of prolif-
eration, it is interesting that most of the human factors binding
to the LTR are constitutively present in most cell types and
tissues. The reasons for this evolutionary outcome have still to
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on the LTRAUSF template. In vitro transcription assays were performed with plasmids pGLE and pFN2 and HeLa nuclear extracts. The amounts of pUF128 and

pUCI19 are the same as in panel C.

be understood. It is conceivable that this situation reflects the
need either for responsiveness to a variety of cellular environ-
ments or for fine tuning of viral transcription in response to a
variety of cellular events.

One of the LTR regions which are recognized by a consti-
tutive binding activity in human nuclear extracts is the E box
centered at position —164 upstream of the transcription start
site. This site is actively engaged in protein-DNA interactions
in an actively producing T-cell line in vivo (15) and appears to
be strictly conserved, despite the overall HIV-1 sequence vari-
ability, in DNA amplified directly from the peripheral blood
lymphocytes of patients with AIDS over several years (39).
Furthermore, this same site appears to play an active role in
the control of transcription by the recently described negative-
strand LTR promoter (41).

These observations, as well as the evolutionary conservation
of the E box motif and the cognate binding proteins in the
upstream sequences of several cellular genes (24, 25), suggest
that this sequence has an important biological role in the
context of the control of HIV-1 expression.

Interactions of USF with the LTR E box target site. Several
nuclear proteins are capable of specifically binding to the
CACPuTG sequence. In Southwestern experiments, at least
three species (of ~43/44, 70, and 110 kDa) are detectable (13,
25), and in the last few years, the cDNA sequences of several
proteins of the b-HLH-Zip family interacting with this E box
were cloned.

The major DNA-binding activity detectable by gel retarda-
tion assays in nuclear extracts corresponds to transcription
factor USF, which is purified as a heterodimer composed of
two polypeptides of 43 and 44 kDa encoded by two different
genes (27, 65). We have shown, with the experiments reported
in this work, that purified human USF specifically binds to the
E box at position —162 to —167 of the HIV-1 LTR. Indeed, the
39-kDa HIV-TF1 factor binding to this sequence, which was
purified by Maekawa et al., is likely to correspond to USF (36).

The 43- and 44-kDa polypeptides preferentially bind as a
heterodimer to the target site (20), even if each one is individ-
ually able to bind to DNA (51, 65), as demonstrated also by
Southwestern analysis (13). We exploited the available cDNA
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sequence for the 43-kDa form of USF to produce a recombi-
nant fusion USF* protein in bacteria. Both the purified
(USF**%) and the recombinant (rUSF*?) proteins show the
same binding specificity for the HIV-1 LTR and other targets
containing an E box sequence. As expected, rUSF*? binding is
affected in the same way by the mutations that abolish DNA
binding of the eukaryotic protein.

Analogous to the case of the interactions occurring at the
MLP upstream element (42, 60), the G residues which exhibit
decreased methylation in the presence of USF are symmetri-
cally situated in the two halves of the region of dyad symmetry.
This symmetry is consistent with the proposed binding of the
factor as a dimer to the target sequence, with each monomer
contacting the DNA sequence on the 3’ site of the dyad axis of
the E box element (20). It is likely that the protein dimer binds
at the center of the palindromic site with the basic domains
extending symmetrically into the major grooves of each half
site, as suggested previously (22).

Analogous to the sensitivity of the native factor (24, 69),
binding of rUSF** to the LTR is abolished by methylation of
the core CpG dinucleotide of the E box. This observation
suggests that a possible mechanism of control for the function
of USF (which is constitutively and ubiquitously expressed
[64]) could be through epigenetic modification of the target
site, namely, by altering the methylation state of DNA. Since it
has been shown that methylation of the LTR represses HIV-1
transcription (4), it is likely that the E box could be one of the
target sites mediating this effect. Finally, it is interesting that
the mechanism for preventing binding by target site methyl-
ation is not restricted to USF, since binding by other members
of the b-HLH-Zip family is also sensitive to methylation of the
core CpG sequence of the E box (52).

Template LTR bending upon USF binding. The circular
permutation analyses performed indicate that both USF puri-
fied from HeLa cells and rUSF** bend DNA upon binding to
the target site. It is likely that the sites of hypersensitivity to
DNA methylation and DNase I digestion detected in the meth-
ylation protection and footprinting experiments are generated
by an increase in the groove width, typical of DNA bending
upon protein binding. Although the circular permutation assay
alone does not allow the distinction between DNA bending
and increased DNA flexibility, the extent of bending detected
(90 to 110°) cannot be due only to a mere increase in flexibility.
DNA bending by a number of b-HLH-Zip proteins (including
USF and Max) has been reported (22, 70). However, crystal
analysis of the complex of DNA with Max (21) and with the
USF b-HLH-Zip regions (20) could not show any net bend in
the double helical axis. The reasons for this discrepancy are
likely to be related to the crystal packing mode of the two
structures.

In our experiments, the calculated bending angles induced
by HeLa-purified USF and rUSF** were 90 and 110°, respec-
tively. A trivial explanation for this difference could be that
rUSF*, bearing the GST extension, has a shape different from
and a size greater than those of HeLa-purified USF. However,
it was demonstrated that there is no significant correlation
between the molecular weight of the protein and the extent of
the induced DNA bending (33). Therefore, our preferred in-
terpretation is that the difference in the bending abilities is due
to the different molecular compositions of the dimers interact-
ing with DNA: an obligate USF** homodimer in the experi-
ments with the recombinant protein and a preferred USF*¥#4
heterodimer in the experiments with the purified factor. In the
latter case, the bending angle results from the vectorial sum of
the bending angles induced by the two different monomers. In
this respect, there are also other examples of differential bend-
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ing by monomeric or heteromeric forms, such as Myc/Max and
Fos/Jun heterodimers (33, 70).

In the context of HIV-1 transcriptional regulation, the stud-
ies on the functional role of LTR DNA bending by transcrip-
tional factors probably deserve further scrutiny. In fact, it
should be considered that, in addition to USF, other transcrip-
tion factors that also bind to the LTR (Jun/Fos [33], NF-xB
[63], TBP [30], YY1 [37, 45], and Sp1 [31]) are able to bend the
target DNA sequence. As a consequence, the traditional pic-
ture of the LTR as a linear structure should be replaced by a
more realistic three-dimensional view of a highly structured
promoter in which nonadjacent proteins also, by DNA bending
and looping, can interact among themselves and with the basal
transcriptional machinery. In accordance with this view, it has
been recently reported that Sp1 interacts with NF-«kB (49), that
both Spl and Tat bind to TBP (19, 32), that YY1 physically
interacts with Spl (34), and that Fos is able to bind to the
44-kDa form of USF (9). In this respect, it is also interesting
that the b-HLH-Zip domain of USF was reported to exist as a
bivalent tetramer, potentially able to bind simultaneously to
two independent sites, with a possible role in DNA looping
(20). However, despite reported evidence showing interactions
between USF and the initiator element of the HIV-1 LTR (17,
56), we were not able to obtain a clear footprint on this region,
even with the addition of an amount of protein 100-fold
greater than that needed to footprint over the E box. Accord-
ingly, the analysis of the USF binding sites by the random
oligonucleotide selection procedure showed that the E box
motif is almost absolutely required for binding (5).

Functional significance of USF binding to the LTR. In vitro
transcription experiments, performed either by the addition of
rUSF* or by the subtraction of endogenous E box-binding
proteins by E box decoys, indicate that USF acts as a positive
regulator of transcription driven by the LTR promoter. This
effect is strictly and solely dependent upon the presence of an
intact E box, since mutation of the E box impairs the respon-
siveness of the promoter in both types of experiments and
weakens its basal strength.

We have previously reported (25) that a human binding site
for b-HLH proteins, contained in a human origin of DNA
replication (6, 26), acts as a downregulator of transcription
when cloned upstream of the enhancer region of the LTR,
therefore replacing the whole negative regulatory element, in
agreement with the postulated negative function exerted by the
site in the context of the infectious virus (35). Several expla-
nations could be proposed to solve this apparent contradiction
between the in vitro and the in vivo experiments. Since the E
box is the potential target of different factors, the possibility
that USF is not the major protein binding to the LTR site
within the cell cannot be ruled out. Alternatively, it could be
argued that the major E box-binding factor interacting with the
human origin sequence is different from the one binding to the
HIV-1 LTR, since the sequences flanking the E box also are
important in determining the affinities of different b-HLH-Zip
proteins (5). Finally, we have recently shown that other pro-
teins also can modulate binding of USF to its target site (73);
similarly, the in vivo function of the USF site could necessitate
the presence of a complex combination of other DNA-binding
factors, a situation which is hardly reproducible in the in vitro
transcription assays. Further experiments are obviously needed
to clarify these points.
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