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The HIV-1 LTR promoter proximal G/C box array has been demonstrated to
function by interacting with the Sp1 transcription factor family whose members
can act as either activators or repressors of transcription. In this regard, we
have examined the interaction of the HIV-1 Sp binding sites with nuclear factors
that are present in cell types that support HIV-1 replication, including those of
lymphocytic, monocytic, and astrocytic origin. As determined by electro-
phoretic mobility shift (EMS) competition analyses using oligonucleotides
containing the sequences of each of the Sp1 sites of HIV-1 strain LAI, the NF-kB-
proximal Sp site (site III) displayed the highest binding activity compared to
sites I and II with regard to Sp1 and related factors present in lymphocytic
(Jurkat) and astrocytic (U-373 MG) nuclear extracts. Sp1 and two Sp3 isoforms
were detected as the primary cellular constituents of DNA-protein complexes
formed with the NF-kB-proximal site. Only modest differences in Sp1:Sp3
binding ratios were observed when this site was reacted with either astrocytic
or lymphocytic nuclear extract. However, when nuclear extracts derived from
two monocytic cell types that differ in the degree of differentiation were reacted
with the HIV-1 LAI Sp site III, a large difference in Sp1 and Sp3 binding was
observed. To determine if naturally occurring and replication-competent
strains of HIV-1 contain base pair alterations within the Sp elements that affect
the ability of the site to interact with Sp1 and related factors, a series of Sp site III
variants were constructed and examined by EMS analyses. One of these sites,
obtained from the published sequence of the YU-2 strain (a brain-derived
macrophage tropic strain of HIV-1), displayed almost no Sp1 or Sp3 binding
activity as a result of a single base pair alteration in Sp site III. This base-pair
alteration, when placed in the context of an HIV-1 LAI LTR-luciferase
construct, resulted in a 40 ± 50% reduction in LTR activity in transiently
transfected Jurkat and U-373 MG cells. Overall, these results suggest that
speci®c G/C box sequence alterations present in the brain-derived HIV-1
variant YU-2, or possibly other brain-derived variants, may exhibit altered
replication properties as a result of the low af®nity of the NF-kB-proximal G/C
box for members of the Sp transcription factor family.
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Introduction

Human immunode®ciency virus type 1 (HIV-1)
infection of the central nervous system (CNS) can
result in the clinical appearance of cognitive,
behavioral, and motor abnormalities collectively
termed the AIDS-associated dementia complex
(ADC; Price, 1994). HIV-1-associated degradation

of CNS function during ADC involves infection of
neuroglial cells residing within the CNS. Although
early investigations into the pathogenesis of ADC
indicated that cells of monocyte-macrophage line-
age (including brain microglial cells) were the
predominant cell type infected within the CNS
(Koenig et al, 1986; Wiley et al, 1986), other cell
populations, including astrocytes, have been shown
to be susceptible to viral infection, as demonstrated
in recent in vivo investigations of HIV-1 infected
patients using more sensitive detection techniques
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(Nuovo et al, 1994; Tornatore et al, 1994; Bagasra et
al, 1996). In vitro studies have also shown that
astrocytic cells can support a more restricted level
of HIV-1 infection (relative to highly productive
lymphocytic infections) after a short burst of
productive viral replication (Dewhurst et al, 1987;
Tornatore et al, 1991; Brack-Werner et al, 1992).

HIV-1 replication in lymphocytes, monocytes,
astrocytes, and other cell types is highly dependent,
in part, on interactions between cellular transcrip-
tion components and the HIV-1 long terminal repeat
(LTR), which, in its 5' position in the proviral
genome, serves as the promoter for viral gene
expression (reviewed in Cullen, 1991; Jones and
Peterlin, 1994; Kingman and Kingman, 1996). The
LTR contains numerous cis-acting transcriptional
regulatory elements that participate in regulation of
viral gene expression and replication of the viral
genome under a wide variety of conditions, includ-
ing cellular stimulation, division, and differentia-
tion. These elements, which can confer both basal
and inducible functions on the HIV-1 LTR, function
by interacting with a variety of cellular transcription
factors. Important to the regulatory function of the
LTR are DNA elements located between nucleotides
777 and 745 (relative to the site of transcription
initiation). This region has been shown to possess
three tandem DNA elements which bind the Sp1
transcription factor (Jones et al, 1986). In studies
using both transient expression analyses and viral
replication assays, these sites have been shown to
have signi®cant roles in basal LTR function, NF-kB-
mediated LTR activation, and Tat transactivation
(Zeichner et al, 1991; Ross et al, 1991; Kim et al,
1993; Perkins et al, 1993; Majello et al, 1994).

Sp1 is a ubiquitously expressed nuclear protein
that has been shown to activate transcription of a
variety of promoters through its interaction with
GC-rich cis-acting binding sites (G/C boxes). Sp1
has a strong constitutive activity, although it can be
superactivated by the retinoblastoma gene product
Rb (Kim et al, 1992). Sp1 has recently been
demonstrated to be a member of a family of
transcription factors that can activate or repress
cellular and viral promoters. One member of the Sp
family, Sp3, is also ubiquitously expressed; its
isoforms can activate transcription or repress Sp-
mediated transcriptional activation, depending on
the context of the Sp binding sites (Birnbaum et al,
1995) and on the isoform of Sp3 expressed (Kennett
et al, 1997). In contrast to the ubiquitous expression
of Sp1 and Sp3, Sp4 appears to be expressed in a
more limited fashion within brain tissues (Kingsley
and Winoto, 1992). Sp3 and Sp4 share extensive
structural similarity with regions of Sp1, including
the glutamine-rich and serine/threonine-rich do-
mains. Amino acid sequence homology is particu-
larly strong in the DNA-binding zinc ®nger regions
of Sp1, Sp3 and Sp4 proteins. As a result, Sp1, Sp3
and Sp4 possess similar binding af®nities to cognate

DNA elements (Hagen et al, 1992; Kingsley and
Winoto, 1992). Sp2 shows greater sequence diver-
gence within the zinc-®nger domain and its DNA-
binding sequence speci®city has been shown to
differ signi®cantly from other Sp family members
(Kingsley and Winoto, 1992). With respect to the
HIV-1 LTR, Sp1 and Sp4 have been shown to be
activators of transcription whereas Sp3 has been
shown to repress basal and Tat-mediated activation
(Majello et al, 1994). Sp3 repression of HIV-1 LTR
activity is consistent with a general model in which
Sp3 repression is dependent on the number and
context of the Sp binding elements located within
the promoter of interest (Birnbaum et al, 1995).

Our understanding of the mechanism by which
Sp3 can activate or repress transcription has
improved with the report that Sp3 encodes multiple
proteins that differ in their capacity to activate or
repress transcription (Kennett et al, 1997). It was
reported that full-length Sp3 (a 110 kD protein) is an
activator, while internally initiated isoforms of 78 ±
80 kD, which lack sequence coding for transactiva-
tion domains, repress transcription mediated by Sp1
and full-length Sp3 (Kennett et al, 1997). These
results suggested that competition for binding site
occupancy between internally initiated Sp3 iso-
forms, Sp1, and full-length Sp3 could account for
the repression of transcription, although it was noted
that a more complex mechanism may exist since
Sp3-mediated activation was more sensitive to Sp3
repression than Sp1-mediated activation (Kennett et
al, 1997). It was suggested that regulation of the
levels of internally initiated Sp3 may play an
important role in cell-cycle and signal-induced
transcription of G/C box-containing promoters.

Modulation of HIV-1 LTR activity by members of
the Sp transcription family may also be impacted by
sequence variations that arise within the Sp binding
sites during in vivo replication. The genomic
sequence of HIV-1 evolves during the course of
replication due to selective pressures and nucleo-
tide misincorporation by reverse transcriptase
(Goodenow et al, 1989; Katz and Skalka, 1990).
Naturally occurring nucleotide changes that affect
the Sp binding sites affect the ability of the LTR to
support both transient transcription and viral
replication (Koken et al, 1992; Michael et al, 1994).

Given the recent advances in our understanding
of Sp-mediated transcriptional regulation and the
critical role that these elements play in LTR
activation, it has become important to reevaluate
the functional roles of the HIV-1 Sp elements in the
regulation of cell type-, cell cycle- and signal
transduction-dependent regulation of HIV-1 LTR
activity. Within CNS cell populations susceptible to
HIV-1 infection, differences in levels of Sp1 and
each of the Sp3 isoforms may impact the ability of
the HIV-1 LTR to support viral expression. Further-
more, HIV-1 Sp site sequence variations in LTR
quasispecies isolated from infected CNS tissues
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may affect function of these sites during viral
expression in these CNS cell populations. This
study was conducted to compare the HIV-1 LTR G/C
box array binding activities in a series of cell types
involved in HIV-1 infection and pathology (astro-
cytes, CD4-positive T lymphocytes, and cells of the
monocyte/macrophage lineage) and to examine the
impact of sequence variation in this region on Sp
factor binding and LTR function.

Results

To examine speci®c interactions between the HIV-1
G/C box array and Sp family members, double-
stranded DNA oligonucleotides were synthesized
with sequence homology to each of the three Sp
sites of HIV-1 strain LAI (Figure 1a). To facilitate
the identi®cation and characterization of proteins
that bind to these elements, each DNA oligonucleo-
tide was designed to simplify the DNA-protein
interactions by limiting binding to a single 10 bp
site ¯anked by ®ve nucleotides on either side. This
resulted in the preparation of three partially over-
lapping oligonucleotides designated LIII, LII and LI
(Figure 1a), which correspond to Sp sites III, II and
I, respectively, in the LAI strain of HIV-1 (Myers et
al, 1996). The sequence of the HIV-1 LAI G/C box
array was selected for analysis since the sequence is
commonly encountered in other LTRs contained
within replication competent HIV-1 strains. Also
shown (Figure 1b) are the published sequences of
HIV-1 Sp site III for two other HIV-1 variants, YU-2
and SF1701, that contain either one or two
nucleotide alterations, respectively, compared to
strain LAI.

Sp binding to each HIV-1 Sp element is not
equivalent
To characterize the factors that bind to these
elements, an LIII double-stranded oligonucleotide
probe was utilized in EMS analyses with nuclear
extracts prepared from astrocytic (U-373 MG) and
lymphocytic (Jurkat) cell lines (Figure 1c and d).
As shown, four DNA-protein complexes (desig-
nated A, B, C and D) formed when LIII probe was
reacted with either U-373 MG (Figure 1c, lanes 1,
7 and 13) or Jurkat (Figure 1d, lanes 1, 7 and 13)
nuclear extracts. Not shown is a signi®cant
amount of unbound probe that migrated to the
bottom of each lane in the gels. To characterize
the relative af®nity of the factors that bind to LIII
in comparison to LI and LII, unlabeled competitor
oligonucleotides (LI, LII and LIII) were included in
EMS reactions at a 2 ± 100-fold molar excess over
the probe concentration. In these studies, the
unlabeled LIII competitor (Figure 1c, lanes 2 ± 6)
showed substantially greater ability to compete for
the complexes formed with the LIII probe than did
LI (Figure 1c, lanes 8 ± 12) and LII (Figure 1c, lanes

14 ± 18) competitors. This observation was also
seen using Jurkat (Figure 1d) nuclear extracts.
Also noted was the fact that complex D was
competed less ef®ciently than complexes A, B and
C, indicating that complex D involves a molecular
interaction of lesser af®nity or sequence speci®city
than the interaction observed in the formation of
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Figure 1 (a) Oligonucleotides were derived from the sequence
of the HIV-1 LTR Sp family binding sites. Three tandem Sp
binding sites are located between the TATA box and two NF-kB
binding sites within the HIV-1 LTR. Double-stranded oligonu-
cleotides were constructed to span each of the Sp binding sites
found in the LTR of strain LAI. These oligonucleotides have
been designated LAI site I (LI), site II (LII) and site III (LIII). (b)
Two additional oligonucleotides were synthesized using se-
quences derived from Sp binding sites III in the SF1701 (SIII)
and YU-2 (YIII) LTRs (Myers et al, 1996). Nucleotides in SIII and
YIII which differ from the sequence of site III in LAI are boxed.
Nuclear proteins extracted from U-373 MG (c) and Jurkat (d)
cells bind to LAI Sp binding site III with higher af®nity than
sites I and II. EMS analyses were conducted as described in
Materials and methods. Binding reactions included 6 mg of
nuclear extract, 75 000 c.p.m. (approximately 1 ng) of each
radiolabeled probe, and competitor oligonucleotide (26, 56,
256, 506 and 1006) where indicated. The positions of
complexes A through D are indicated.
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complexes A, B and C. To quantitate these results,
the abundance of the complexes involving the
high af®nity interactions (complexes A, B and C)
were summed within each lane and plotted
against the competitor oligonucleotide concentra-
tion (data not shown). These results showed that
the amount of competitor required for 50%
complex reduction was approximatley 20- and
40-fold higher for LII and LI, respectively,
compared to LIII. These results suggest that the
HIV-1 LAI Sp1 site III has a signi®cantly higher
af®nity than either site II or I for nuclear factors in
both cell types tested. Experiments shown below
clearly demonstrate that complexes A, B and C
involve factors of the Sp1 family (Figure 2). These
results are consistent with the studies of Jones et
al (1986) in which it was reported that puri®ed
Sp1 binds site III with a higher af®nity than sites I
and II.

Sp1 and at least two Sp3 isoforms in astrocytic and
lymphocytic nuclear extracts interact with HIV-1
Sp binding site III
The U-373 MG and Jurkat nuclear factors involved
in formation of complexes A, B and C were shown
to be immunologically related to Sp1 and Sp3 by
antibody supershift EMS analyses (Figure 2a and
b). Speci®cally, DNA-protein complex A was
shown to be supershifted by Sp1 antisera in EMS
reactions utilizing either U-373 MG (Figure 2a,
compare lane 2 to lane 1) or Jurkat (Figure 2b,
compare lane 2 to lane 1) nuclear extracts while
complexes B and C were supershifted with Sp3
antisera in EMS reactions utilizing either nuclear
extract (Figure 2a and b, compare lane 3 to lane 1).
Sp4 antisera reacted to a much lesser extent with
complexes formed using either nuclear extract
(Figure 2a and b) although a supershifted complex
can be observed with longer exposures (data not
shown). Consistent with results obtained with
individual antisera, the combined use of Sp3 and
Sp1 antisera in EMS reactions resulted in abroga-
tion and/or supershift of a vast majority of the
DNA-protein complexes formed with either nucle-
ar extract (Figure 2a and b, compare lane 4 to lane
1). Similar types of complexes were formed using
LI and LII (data not shown). These observations, in
conjunction with previous studies (Kennett et al,
1997), indicate that complex A contains the Sp1
activator protein, complex B contains the 110 kD
full-length Sp3 activator and complex C contains
the truncated 78 ± 80 kD Sp3 repressor proteins.

Relative levels of Sp1 and Sp3 binding to LAI Sp
site III differ by a small amount between astrocytic
and lymphocytic nuclear extracts
It was observed in our initial studies that the ratio of
Sp1 to Sp3 may be lower in U-373 MG than in Jurkat
nuclear extracts. To more accurately assess this
possibility, we utilized each of these extracts in
probe titration analyses under conditions in which
each of the three Sp complexes could be separately
quantitated (Figure 3). Increasing amounts of LIII
probe (from 12 500 ± 200 000 c.p.m.) were reacted
with a constant amount of nuclear extract (6 mg).
Quantitation of the EMS analyses shown in Figure 3
is displayed graphically below the autoradiograph
with quantitative results obtained with U-373 MG
extracts shown on the left and quantitative results
obtained with Jurkat extracts shown on the right.
When the amount of probe is saturating with respect
to the available Sp proteins, the relative abundance
of each complex should primarily re¯ect the
relative amounts of proteins in the extracts that
are capable of binding DNA. Utilizing these
experimental conditions, the average ratio of Sp1
to either the large or small form of Sp3 from three
independent experiments was calculated to be 20 ±
30% higher when LIII was reacted with Jurkat
nuclear extract as compared to U-373 MG extract.
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Figure 2 Astrocytic and lymphocytic Sp family member
transcription factors bind to LAI site III. EMS supershift analyses
using the LAI site III probe (LIII) were performed as described in
Materials and methods. Binding reactions included 6 mg of U-373
MG nuclear extract (a) or 6 mg of Jurkat nuclear extract (b) with
75 000 c.p.m. (approximately 1 ng) of radiolabeled probe, and
1 mL antisera as indicated. The arrows indicate the positions of
supershifted bands.

Sp factors fail to interact with HIV-1 YU-2 sp site III
S Millhouse et al

315



Since Sp3 can function as a potent inhibitor of Sp1-
activated transcription with certain cis-acting ele-
ments, it will be of interest to determine whether
this modest difference in relative levels of astrocytic
and lymphocytic Sp1 and Sp3 binding to the NF-kB-
proximal Sp binding site is of functional signi®-
cance.

Naturally occurring HIV-1 Sp site III sequence
variation causes alterations in DNA-protein
complex formation using astrocytic and
lymphocytic extracts
Although the Sp sites of HIV-1 sequence variants
remain relatively well conserved across a number
of LTRs described in the Los Alamos National
Laboratory Sequence Database (Myers et al, 1996),
there are some alterations that can be found,
particularly in Sp site III. Such alterations include
insertion/deletion mutations of guanine nucleo-
tides at the extreme 5' end of site III (examples
include SF33 and SF1701), cytosine (C) to
thymidine (T) substitutions at position 5 of site
III (examples include NL43 and SF1701), guanine

(G) to adenine (A) substitutions at position 3 of
site III (examples include YU-2 and YU-10c), and a
variety of alterations in the 3' region of Sp site III
(examples include MAL, MANC and Z6). Based on
these observations, we have proceeded to examine
the impact of sequence variation in the high
af®nity Sp binding site III on overall binding of
Sp1 and related family members as determined by
EMS analyses. To initiate these studies, we
compared the sequence of Sp site III in a number
of HIV-1 quasispecies to identify nucleotide
variations that may affect Sp binding. Four
replication competent strains of HIV-1 were
selected that contained one or two base pair
changes within the Sp site III relative to the
sequence of the LAI strain. Site III oligonucleotide
probes for three of the four variant sites selected
(MAL, Z6, SF1701) exhibited binding af®nity for
Sp1 and related family members similar to that of
the LAI site III (data not shown). This is not
unexpected since alterations in the 3' half of Sp
sites, as is the case with these strains of HIV-1,
have less impact on Sp1 binding to the site than
nucleotide changes in the central and 5' region of
the DNA element (Kriwacki et al, 1992). In striking
contrast, one of the four site III probes exhibited a
signi®cant impairment in its ability to interact
with Sp1 or related factors. This probe, designated
YIII, contains the Sp site III of the brain-derived,
macrophage tropic YU-2 strain of HIV-1.

EMS analyses involving U-373 MG nuclear
extracts and YU-2 (YIII) and SF1701 (SIII) probes
are shown in Figure 4. A parallel set of EMS
reactions were also performed using Jurkat nuclear
extracts (Figure 5). Quantitation of complex abun-
dance is shown below the autoradiograph. The SIII
probe demonstrated strong binding to Sp1 and Sp3
isoforms (Figures 4a and 5a, lanes 1 ± 5) at levels
similar to those seen using LIII (Figure 1c and d,
lane 1; Figure 2a and b, lane 1). This evidence
indicates that alterations within the core 10 bp and
¯anking sequence of site III of SF1701 do not
strongly inhibit binding of Sp1-related factors.
However, the reactions containing the YIII probe
and U-373 MG nuclear extracts (Figure 4a, lanes 6 ±
10) and Jurkat nuclear extracts (Figure 5a, lanes 6 ±
10) were nearly devoid of Sp1 and Sp3 binding at all
probe concentrations examined. Although this
result is somewhat unexpected since the YIII probe
contains just one base-pair change at position 3 of
the Sp1 site compared to the LIII probe (Figure 1b),
position 3 is normally a highly conserved guanine
nucleotide and therefore it is likely that this is a
critical nucleotide required for high af®nity binding
of Sp1 to its DNA binding site (Kriwacki et al, 1992).
Given that site III is the strongest Sp1 site in LAI,
such a large loss in binding of Sp family members
due to a single nucleotide change in Sp site III of the
YU-2 LTR may have a signi®cant effect on YU-2
utilization of Sp factors during regulation of viral
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Figure 3 Relative levels of astrocytic and lymphocytic Sp1 and
Sp3 site III binding difer by small amount. EMS analyses using
the LAI site III probe (LIII) were performed as described in
Materials and methods. Binding reactions included 6 mg of U-373
MG or Jurkat nuclear extract and 12 500 ± 200 000 c.p.m. (0.09 ±
1.5 ng) of radiolabeled probe. DNA-protein complexes A through
D were quantitated and graphed as c.p.m. per complex in each
lane.
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Figure 4 Naturally-occurring Sp site III sequence variation alters
DNA-protein complex formation using U-373 MG nuclear
proteins. (a) EMS analyses using the SF1701 (SIII) and YU-2
(YIII) site III probes were performed as described in Materials and
methods. Binding reactions included 6 mg of U-373 MG nuclear
extract and 12 500 ± 200 000 c.p.m. (0.09 ± 1.5 ng) of radiolabeled
probe. DNA-protein complexes A through E were quantitated and
graphed as c.p.m. per complex in each lane. (b) Mutagenesis of
the LAI LTR Sp site III to the YU-2 sequence con®guration
reduced LAI LTR activity by 42% in U-373 MG cells. U-373 MG
cells were transfected with either LAI-Luc or LAI-YIII-Luc in
conjunction with pRL-SV40 internal control vector (Promega).
Three different clones of LAI-YIII-Luc (A, C and E) were utilized
to ensure that any alteration in LAI LTR activity was due to the
Sp site III mutation and not due to alterations that may have been
generated in areas of the plasmid not sequenced. Fire¯y
luminescence was normalized to the Renilla luminescence in
each experiment to control for variations in transfection
ef®ciency. Data is presented with the wild-type LTR values
(LAI-Luc) arbitrarily set to 1.0 for each experiment and the
relative activity of the mutagenized LTRs (LAI-YIII-Luc) normal-
ized to this value. Error bars indicate the standard error of data
obtained from four independent experiments.
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Figure 5 Naturally-occurring Sp site III sequence variation alters
DNA-protein complex formation using Jurkat nuclear proteins. (a)
EMS analyses using the SF1701 (SIII) and YU-2 (YIII) site III
probes were performed as described in Materials and methods.
Binding reactions included 6 mg of Jurkat nuclear extract and
12 500 ± 200 000 c.p.m. (0.09 ± 1.5 ng) of radiolabeled probe. DNA-
protein complexes A through E were quantitated and graphed as
c.p.m. per complex in each lane. (b) Mutagenesis of the LAI LTR
Sp site III to the YU-2 sequence con®guration reduced LAI LTR
activity by 52% in Jurkat cells. Jurkat cells were transfected with
either LAI-Luc or LAI-YIII-Luc in conjunction with pRL-TK
internal control vector (Promega). Three different clones of LAI-
YIII-Luc (A, C and E) were utilized to ensure that any alteration in
LAI LTR activity was due to the Sp site III mutation and not due to
alterations that may have been generated in areas of the plasmid
not sequenced. Fire¯y luminescence was normalized to the
Renilla luminescence in each experiment to control for varying
transfection ef®ciencies. Data is presented with the wild-type LTR
values (LAI-Luc) arbitrarily set to 1.0 for each experiment and the
relative activity of the mutagenized LTRs (LAI-YIII-Luc) normal-
ized to this value. Error bars indicate the standard error of data
obtained from two independent experiments.
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expression. To address whether the nucleotide
change in YU-2 Sp site III can affect LTR activity,
an LAI LTR-luciferase construct (LAI-Luc) was
compared in transient transfection analyses with a
construct in which the Sp site III of the LAI LTR was
changed to the YU-2 con®guration (LAI-YIII-Luc;
Figures 4b and 5b). To ensure that any changes in
promoter activity were due to the single nucleotide
alteration in Sp site III, data for three independent
plasmid clones generated by the mutagenesis
procedure are shown. Each of the three LTR clones
was sequenced on both strands to con®rm the
presence of the correct mutation. These studies
demonstrated that this single base-pair alteration
reduced basal activity of the LAI LTR by approxi-
mately 42% in U-373 MG cells (Figure 4b) and by
approximately 52% in Jurkat cells (Figure 5b). Since
this base-pair change is the only nucleotide
difference observed within the Sp1 elements of
LAI and YU-2, these studies demonstrate that the
YU-2 G/C box array is impaired in its ability to
stimulate basal transcription in both U-373 MG and
Jurkat cells. The fact that the functional impact of
this sequence alteration was similar in both U-373
MG and Jurkat cells is consistent with our observa-
tion that the relative levels of Sp1 and Sp3 binding
activity are similar in both cell types. Future studies
will examine the impact of the YU-2 G/C box
con®guration on Tat- and NF-kB-mediated transac-
tivation.

In EMS analyses involving SIII, we observed the
formation of an additional complex as a conse-
quence of the two nucleotide changes in SIII. EMS
reactions containing the SIII probe resulted in the
formation of a substantial amount of complex E
that was not detected in signi®cant quantities in
EMS reactions containing the YIII probe (Figures
4a and 5a, lanes 6 ± 10) or LIII probe (data not
shown). The cellular factor involved in this
complex does not appear to be cell type-speci®c
since it was detected in EMS reactions utilizing
either U-373 MG (Figure 4a, lanes 1 ± 5) or Jurkat
(Figure 5a, lanes 1 ± 5) nuclear extracts. In addi-
tion, it would appear that this factor binds to SIII
with lower af®nity than Sp1 and Sp3 since it
forms abundant complexes only when large
amounts of DNA probe are included in the binding
reactions. Although the identity of this factor is
not known, it does appear to be sequence-speci®c
since this complex is undetectable in studies
utilizing the highly related DNA probes, LIII and
YIII. Although the unknown factor appears to have
an af®nity which is lower than that of Sp1 or Sp3
with respect to binding to the SIII probe, it could
play a role in vivo since the intranuclear con-
centration of transcriptional regulatory factors in
vivo is likely to be much higher than in vitro
studies. Further investigation of this factor may be
relevant to understanding the functional regula-
tion of the SF1701 LTR.

Difference in LAI site III binding identi®ed between
Sp-related factors in U-937 and THP-1 monocytic
cell lines
Since cells of the monocyte/macrophage lineage are
one of the principle cell types targeted by HIV-1
during invasion of the CNS and during disease
progression, we have also examined relative levels
of Sp1 and related factors that are capable of
interacting with the LTR G/C box array in this cell
type (Figure 6). As in vitro models of the macro-
phage lineage, we have selected two cell lines
which differ in their overall level of differentiation
(U-937 and the more mature THP-1). As shown
utilizing Jurkat and U-373 MG nuclear extracts and
LIII, DNA-protein complexes formed with U-937
and THP-1 nuclear extracts also appear to be
comprised primarily of Sp1 and Sp3 (Figure 6,
lanes 1 and 2 compared to lanes 3 and 4). Of greatest
interest is the observation that the abundance of the
complexes containing Sp1 activator and full-length
Sp3 activator (complexes A+B) relative to truncated
Sp3 inhibitor (complex C) in the reactions contain-
ing the THP-1 nuclear extract appears noticeably
greater in comparison to other EMS reactions
utilizing nuclear extracts derived from Jurkat, U-
373 MG, and U-937 cells. Quantitation of this
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Figure 6 Astrocytic, lymphocytic, and monocytic Sp1 and Sp3
bind LAI and YU-2 site III oligonucleotide probes at different
ratios. EMS analyses using the LAI (LIII) and YU-2 (YIII) site III
probes were performed as described in Materials and methods.
Binding reactions included 6 mg of nuclear extract and
100 000 c.p.m. (approximately 0.7 ng) of radiolabeled probe.
The positions of complexes A through D are indicated. The free
probe (FP) is shown to illustrate the lack of complex formation
using the YIII probe despite an abundance of free probe.
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(A+B)/C ratio yielded values of 3.4 for Jurkat, 2.7 for
U-373 MG, 2.7 for U-937 and 4.7 for THP-1. In
addition, as shown in Figure 6 (lanes 5 ± 8), neither
of the monocytic nuclear extracts displayed strong
binding to the YIII probe. Additional studies will
focus on identifying any differences in Sp1/Sp3
expression in these monocytic cell lines and
determining the relationship between Sp1/Sp3
expression, monocyte differentiation, and LTR
regulation.

Discussion

It has been well established that the Sp1 sites in the
HIV-1 LTR play a major role in both basal and Tat-
induced LTR transcriptional activity (Harrich et al,
1989; Ross et al, 1991; Moses et al, 1994; Sune and
Garcia-Blanco, 1995). Sp1, Sp3 and Sp4 have been
implicated in directing cellular control of the LTR
(Majello et al, 1994). However, it has not been
clearly demonstrated how different Sp1 family
members interface to control LTR activity in
different cell types that serve as hosts for HIV-1
replication. Recent studies demonstrating that Sp3
transcriptional activity can be regulated by the
alternative use of internal translational initiation
sites (Kennett et al, 1997) suggest a more complex
model of transcriptional regulation by Sp family
members. It has been speculated that alterations in
the protein and/or DNA binding activities of
internally initiated Sp3 isoforms may account for
cell cycle- or signal-induced expression of G/C box
regulated promoters (Kennett et al, 1997). In line
with this hypothesis is recent information demon-
strating that relative levels of Sp1 and Sp3 can be
altered during cellular differentiation (Apt et al,
1996). Our studies were initiated to assess the
interaction of Sp1 and related family members
present in different cell types implicated in HIV-1
replication (including CD4-positive T lymphocytes,
astrocytes, and cells of monocyte/macrophage line-
age) with the HIV-1 LTR G/C box array, and to
determine how Sp site III sequence variation may
impact Sp1-related binding to this important HIV-1
regulatory sequence.

Our studies utilizing single HIV-1 Sp site DNA
oligonucleotides demonstrated that the three Sp
binding sites of HIV-1 strain LAI are not equal in
their ability to interact with lymphocytic and
astrocytic Sp1 family members. Speci®cally, LAI
Sp site III exhibits greater Sp1 and Sp3 binding
activity than sites I and II. This is not surprising
since there is evidence that the Sp sites closest to the
NF-kB site are most important for LTR activity (Li et
al, 1994). The functional importance of differential
af®nity of the three HIV-1 Sp sites of LAI, or any
other HIV-1 strain, is not clear. However, it could be
speculated that the region as a whole may require
speci®c nucleotide structures to facilitate binding of

proteins to all three sites concurrently. Alterna-
tively, each site may provide unique regulatory
elements that function by binding factors other than
Sp1 family members in speci®c cell types or during
activation of speci®c signal transduction pathways.
Many other replication competent variants of HIV-1
do not share complete sequence similarity with LAI,
and these differences in sequence may alter the
ability of the site variants to interact with Sp family
members and potentially other G/C box binding
proteins. This scenario is best exempli®ed with site
III in HIV-1 strain YU-2 where one base pair change
at position three of the 10 bp element dramatically
reduced Sp binding.

Of the cell types examined, the HIV-1 Sp site III
complexes were comprised predominantly of Sp1
and two or more Sp3 isoforms. The presence of both
a slow migrating Sp3 complex and a fast migrating
Sp3 complex is consistent with studies demonstrat-
ing that internally initiated Sp3 (78 ± 80 kD) mi-
grates as the faster complex, whereas full-length
Sp3 (110 kD) migrates more slowly in DNA-protein
binding assays (Kennett et al, 1997). This indicates
that all of these DNA elements may be targets for
positive regulation via Sp1 and full-length Sp3, and
negative regulation via internally translated Sp3
isoforms. In addition to complexes containing Sp1
and Sp3, we did detect other complexes in our
DNA-protein interaction studies. However, the
functional impact of these factors is unclear since
they require a signi®cantly higher DNA target
concentration to bind the Sp sites.

Although we did detect moderate cell type
differences in binding studies examining the ratios
of Sp1 and Sp3 isoforms in the lymphocytic and
astrocytic cell lines tested, it is unlikely that these
small differences play a major role in altering LTR
activity. Of greater interest are the observations
using nuclear extracts derived from cell lines of
monocyte lineage. Our EMS analyses (Figure 6)
indicate that the differentiated phenotype of two
monocytic lineage cell lines correlates with a 75%
increase in the ratio of Sp activators (Sp1 and full-
length Sp3) to the truncated Sp3 repressor forms in
THP-1 compared to U-937 cells. Studies are in
progress to determine if this difference is due to
alterations in abundance or af®nity of Sp1 or one of
the Sp3 isoforms. This observation indicates the
need to further examine Sp1 and Sp3 levels in
monocytes and to determine what happens to these
levels during monocyte differentiation.

Our studies utilizing Sp sites of selected replica-
tion competent HIV-1 quasispecies demonstrate
that Sp binding to site III of the HIV-1 LTR can be
signi®cantly impaired in an infectious strain of HIV-
1. We demonstrated that strain YU-2, a replication
competent, brain-derived isolate of HIV-1 (Li et al,
1991), contains a single base pair change in site III
(relative to LAI) that almost completely eliminates
the binding of Sp1-related factors to the 5' Sp1 site.
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It is interesting that HIV-1 strain YU-2 contains a
G/C box array that is not only impaired in its ability
to bind Sp-related factors, but is also signi®cantly
impaired in its ability to support basal LTR activity,
at least within the context of the LAI LTR. Some
studies support the possibility that functional
redundancy within the Sp region may allow for
equal LTR activity when one of the three Sp sites is
altered to inhibit Sp binding (Perkins et al, 1993).
Our studies do not negate the model of functional
redundancy since we have not looked at LTRs
which have all three Sp sites mutated to block
binding. However, our studies do indicate that
inhibiting binding to the 5' Sp site using the YIII
sequence con®guration can result in a reproducible
reduction in basal LTR activity of approximately
50% in the two cell lines tested. Although our
studies have not addressed the impact of transcrip-
tional regulatory elements outside the G/C box
region, they strongly suggest that the G/C box array
of YU-2 plays a different role in regulating LTR
activity in this variant than the G/C box array in
LAI. The presence of the YU-2 Sp site III sequence
con®guration is not restricted to strain YU-2; it has
also been found in the LTRs of strain YU-10c, as
well as in PCR ampli®ed LTRs in nervous system
and lung tissue of an individual that had died of
AIDS (Ait-Khaled et al, 1995). Differences in the
functional role of these critical elements due to
sequence variation may re¯ect differences in the
cell types infected by speci®c HIV-1 strains since
different cell types and the degree of cellular
differentiation may yield different levels of Sp1-
related factors. Further investigations into Sp1- and
Sp3-mediated LTR regulation in monocytes may
enhance our understanding of LTR regulation
during infection of quiescent monocytes and
activated macrophages, and our general knowledge
of the roles that G/C box elements play in the
process of cellular differentiation.

The YU-2 Sp site III sequence variant may also
result in the generation of a new transcription
factor binding site, or reduced competition be-
tween Sp element-binding factors by severely
reducing the af®nity of Sp1 factors for site III.
The thyroid hormone receptor, for instance, has
been shown to interact with the HIV-1 Sp elements
in a manner mutually exclusive with Sp1 (Desai-
Yajnik and Samuels, 1993). It is possible that a
point mutation could have little or no effect on
thyroid hormone receptor binding while abrogat-
ing Sp1 interactions, thus increasing the potential
for thyroid hormone receptor function through this
region. In addition, sequence analysis of YU-2 Sp
site III using the TRANSFAC transcription factor
database (Wengender et al, 1997) shows that the
YU-2 base-pair change may create a binding site
for the Ets family of transcription factors through
the GGGAAG motif of YU-2 Sp site III. This 6 bp
motif matches a described Ets-2 binding site

located within the cdc-2 promoter (Wen et al,
1995). Our current DNA-protein interaction stu-
dies are not consistent with this hypothesis since
we have demonstrated that the formation of DNA-
protein complexes involving the YU-2 site III
oligonucleotide was minimal compared to the
LAI Sp1 binding site III. However, it is possible
that transcriptional regulatory proteins such as Ets-
2 may function through YU-2 Sp site III in other
cell types, during different stages of cellular
differentiation, or during the activation of speci®c
signal transduction pathways.

We also demonstrated the formation of an
additional DNA-protein complex as a consequence
of base pair changes within Sp site III. The Sp site III
of the SF1701 strain of HIV-1, in addition to binding
Sp1 and Sp3, shows an ability to form a unique
DNA-protein complex with a nuclear factor of both
astrocytic and lymphocytic origin not seen with Sp
site III of either LAI or YU-2. The formation of the
SF1701-speci®c complex occurs most ef®ciently
under conditions in which Sp1 and Sp3 factor
binding is saturated, indicating that Sp1 and Sp3
are likely to prevent this factor from binding to the
SF1701 Sp site III under conditions where target
DNA is limiting. Since it is not yet clear how these
DNA-protein interactions occur in vivo, we cannot
yet make a strong prediction about the binding and
function of this protein in vivo. Further work will be
required to identify this factor and examine its role
in the regulation of the SF1701 LTR.

Materials and methods

Cell culture and nuclear extract preparation
The human U-373 MG (astrocytic; ATCC HTB-17)
cell line was cultured in Dulbecco's Minimal
Essential Medium. The human Jurkat (lymphocytic;
ATCC TIB-152), U-937 (monocytic; ATCC CRL-
1593), and THP-1 (monocytic; ATCC TIB-202) cell
lines were grown in RPMI 1640 media. All media
were supplemented with 10% heat-inactivated fetal
bovine serum, antibiotics (penicillin, streptomycin,
and kanamycin at 0.04 mg/ml each), 0.3 mg/ml L-
glutamine, and 0.05% sodium bicarbonate. All cell
lines were maintained at 378C and 90% relative
humidity under 5% CO2. Nuclear extracts were
prepared (Dignam et al, 1983) and quantitated for
protein concentration (Bradford, 1976) as described
previously.

Oligonucleotide probe synthesis and labeling
Complementary single-stranded oligonucleotides

were synthesized (Marcomolecular Core Facility,
Penn State College of Medicine, Hershey, PA) and
annealed by heating to 1008C followed by gradual
cooling to room temperature. The resulting double-
stranded oligonucleotides were gel puri®ed and
radiolabeled using T4 polynucleotide kinase (Gibco
BRL, Gaithersburg, MD) and [g-32P]ATP.

Sp factors fail to interact with HIV-1 YU-2 sp site III
S Millhouse et al

320



EMS analyses
EMS analyses were based on previously described
techniques (Garner and Revzin, 1981). Radiolabeled
probe was incubated with nuclear extract and 1 mg
poly (dI-dC) for 20 min at 308C. DNA-protein
complexes were resolved by electrophoresis for
3 ± 5 h at 125 V and 48C in a 4% nondenaturing
polyacrylamide gel, which was subsequently dried
at 808C for 45 min and subjected to autoradiogra-
phy. DNA-protein complex formation was quanti-
tated using a Betascope imaging system
(Marcomolecular Core Facility, Penn State College
of Medicine, Hershey, PA). Competition EMS
analyses were conducted by adding a molar excess
of unlabeled homologous or heterologous oligonu-
cleotide probe. Antibody supershift EMS analyses
were performed by adding the antisera to the
binding reactions 10 min prior to loading the gel.
Antisera speci®c to Sp1, Sp3 and Sp4 were obtained
commercially (Santa Cruz Biotechnology, CA).

Plasmids and site-directed mutagenesis
The wild-type LAI LTR, obtained from Dr Maureen
Goodenow (University of Florida), was cloned into
the pGL3-Basic Vector (Promega) to construct LAI-
Luc. LAI-Luc was used as a template for site-
directed mutagenesis using the QuickChange mu-
tagenesis kit (Stratagene) to construct LAI-YIII-Luc.
LAI-YIII-Luc has a single G to A nucleotide
substitution at position 3 in the NF-kB-proximal
Sp site giving this site the con®guration published
for the YU-2 LTR (GAAGCGTGGC). Sequencing was
conducted on a number of clones derived from the
mutagenesis procedure; three clones (A, C and E)
which had the correct nucleotide substitution with-
in the LAI LTR were selected for use in transfection
studies.

Transient transfections and luciferase assays
Transient transfections were performed using a
liposome-mediated delivery system. For Jurkat

cells, exponentially growing cultures were ali-
quoted at 106 cells per 0.8 ml Optimem immedi-
ately prior to transfection. Jurkat cells were
transfected with 0.3 mg of either LAI-Luc or LAI-
YIII-Luc in conjunction with 0.025 mg of pRL-TK
Renilla internal control vector (Promega) for 3 ±
5 h at 378C in the presence of 10 mg Lipofect-
AMINE (Gibco BRL) and 1 ml of Optimem. For
U-373 MG cells, exponentially growing cells
(36105) were transfected in 1 ml Optimem includ-
ing 1 mg of either LAI-Luc or LAI-YIII-Luc in
conjunction with 0.025 mg of the pRL-SV40
Renilla internal control vector (Promega) for 3 h.
Cultures were permitted to grow for a total of 24 h
after the start of the transfection. Cell extracts
were harvested following the instructions of the
Dual Luciferase Assay Kit (Promega). Fire¯y
luminescence was normalized to the Renilla
luminescence to control for variability in transfec-
tion ef®ciency. Data is presented with the wild-
type LTR values (LAI-Luc) arbitrarily set to 1.0 for
each experiment and the relative activity of the
mutagenized LTRs (LAI-YIII-Luc) normalized to
this value. Error bars indicate the standard error of
data obtained from two (Jurkat) or four (U-373 MG)
independent experiments.
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