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We previously reported (K. T. Jeang, R. Chun, N. H. Lin, A. Gatignol, C. G. Glabe, and H. Fan, J. Virol. 67:
6224–6233, 1993) that human immunodeficiency virus type 1 (HIV-1) Tat and Sp1 form a protein-protein
complex. Here, we have characterized the physical interaction and a functional consequence of Tat-Sp1 contact.
Using in vitro protein chromatography, we mapped the region in Tat that contacts Sp1 to amino acids 30 to
55. We found that in cell-free reactions, Tat augmented double-stranded DNA-dependent protein kinase (DNA-
PK)-mediated Sp1 phosphorylation in a contact-dependent manner. Tat mutants that do not bind Sp1 failed
to influence phosphorylation of the latter. In complementary experiments, we also found that Tat forms pro-
tein-protein contacts with DNA-PK. We confirmed that in HeLa and Jurkat cells, Tat expression indeed in-
creased the intracellular amount of phosphorylated Sp1 in a manner consistent with the results of cell-free
assays. Furthermore, using two phosphatase inhibitors and a kinase inhibitor, we demonstrated a modulation
of reporter gene expression as a consequence of changes in Sp1 phosphorylation. Taken together, these findings
suggest that activity at the HIV-1 promoter is influenced by phosphorylation of Sp1 which is affected by Tat and
DNA-PK.

Tat is a virus-encoded nuclear protein that functions as a
transcriptional transactivator of the human immunodeficiency
virus type 1 (HIV-1) long terminal repeat (LTR). The molec-
ular mechanism of Tat action remains incompletely elucidated.
Some findings suggest that Tat acts upon the elongating tran-
script (66, 75, 76, 106), while others demonstrate an effect of
Tat on initiation of transcription (6, 51, 52, 70, 80, 92, 101,
104). However, most investigators agree that interaction of
host cell factors with Tat is important for regulating expression
of the HIV-1 LTR inside cells (reviewed in references 19, 53,
56 and 82).

Tat protein from primary HIV-1 isolates is 101 amino acids
in length; some laboratory isolates have a truncated Tat pro-
tein of 86 amino acids. Amino acids 1 to 48 compose a highly
conserved cysteine-rich tract and core region. These highly
conserved regions have been shown by point mutagenesis to be
important for activity (82). Amino acids 49 to 58 comprise a
basic-charged region necessary for nuclear localization and
binding to the HIV leader RNA, TAR (14, 23, 41, 93). It has
been hypothesized that binding to TAR tethers Tat to the
promoter, allowing it to interact with basal transcription ma-
chinery. Many studies using chimeric Tat proteins support this
notion. In those assays, Tat function was reconstituted when its
activation domain was delivered to the promoter by using het-
erologous DNA/RNA-binding domains paired with respective
cognate binding sites in a TAR-independent manner (4, 63, 94,
99).

A number of cellular proteins have been reported to interact
directly with Tat. These proteins include TATA-binding pro-
tein (TBP) (65, 104), TAK (43, 44), PKR (8, 79), T3R (21),
Tat-binding protein 1 (83, 84), TAP (20, 111, 112), TBP-asso-

ciated factor TAF55 (11), HT2A (28), Tip60 (62), TFIIH (30,
87), RNA polymerase II (77), and Sp1 (18, 54). A model that
incorporates all of these participants is difficult to develop;
thus, the mechanistic details of HIV-1 LTR expression remain
incompletely understood. One of the cellular factors that in-
teract with Tat is Sp1. Sp1 has been well characterized through
genetic and biochemical studies (5, 39, 46, 54, 55, 61, 64, 100,
102). We and others have previously reported on a role for Sp1
in Tat-transactivated expression of the HIV-1 promoter (18,
54). The exact mechanism(s) for how Sp1 could influence Tat
action remains to be clarified.

Sp1 is one member of a multigene family (38). It is a 95- to
105-kDa protein that binds DNA through C-terminal zinc fin-
ger motifs (59, 60). Sp1 has been shown to interact with TBP
(24), TAF110 (34), and RNA polymerase II (107). The activa-
tion function of Sp1 has been mapped to its N terminus, which
contains glutamine- and serine/threonine-rich domains (16, 17,
60). Jackson et al. have shown that Sp1 is posttranslationally
modified by glycosylation and phosphorylation (50). The sig-
nificance of Sp1 phosphorylation has been extrapolated from
observations that dephosphorylated Sp1 when added to in vitro
transcription extracts becomes rapidly phosphorylated in a
manner that correlates with function (50). It has also been
reported that phosphorylated Sp1 binds DNA with reduced
affinity, suggesting another route for regulating Sp1 function
(2, 73).

Phosphoamino acid analysis reveals that Sp1 is predomi-
nantly phosphorylated on serine residues (50). Double-strand-
ed DNA-dependent protein kinase (DNA-PK) (50) has been
identified as an Sp1 kinase. DNA-PK is a multiprotein complex
comprised of a 350-kDa catalytic subunit, p350, and Ku sub-
units (p70 and p80), which bind to nucleic acids (36, 58).
DNA-PK has also been shown to phosphorylate the carboxy-
terminal domain (CTD) of RNA polymerase II (89), and this
phosphorylation event is augmented by the proximal presence
of transcriptional activator domains (90). These findings sug-
gest a function for DNA-PK in transcription. However, be-
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cause DNA-PK can phosphorylate many proteins (reviewed in
references 1 and 26), its other functional roles are likely to be
complex and diverse (27, 67, 72, 103).

Here we show that Tat-Sp1 contact can modulate Sp1 phos-
phorylation inside cells, and in a DNA-PK-dependent manner,
in cell extracts. We found that DNA-PK can bind Tat directly.
Furthermore, in agreement with others (105), we show that
phosphorylated Sp1 increases the intracellular expression of
the HIV LTR. Our findings lead us to propose that Tat and
DNA-PK interact to increase the phosphorylation state of Sp1,
which results in upregulated expression of the HIV-1 LTR.

MATERIALS AND METHODS

Plasmids. The 101-amino-acid Tat cDNA from HIV-1 strain SF2 (provided by
Ben Berkhout, University of Amsterdam) was used to construct mutants. Mutant
cDNAs were prepared by PCR and were expressed in Escherichia coli, using
pGEX-2T (Pharmacia, Uppsala, Sweden). His-Tat plasmid was provided by
C. Rosen (31). For HIV-1 molecular clones, mutant Tat cDNAs were ligated in
frame into nef of pNL4-3 (47, 57). Chloramphenicol acetyltransferase (CAT)
reporter constructs and eukaryotic Tat expression vectors have been previously
described (5). Gal-Sp1Gln was provided by C. Southgate (101). Point mutant
plasmids were constructed by site-directed mutagenesis using a Chameleon kit
(Stratagene, La Jolla, Calif.). Sequencing of plasmids were done with Sequenase
(Amersham Life Sciences, Cleveland, Ohio).

Preparation of fusion proteins. E. coli was grown overnight in 50 ml of LB with
ampicillin (100 mg/ml). A 500-ml LB-ampicillin flask was inoculated with the
overnight culture and was grown for an additional hour at 37°C. Isopropylthio-
galactopyranoside was added to a final concentration of 0.1 mM to induce fusion
protein expression, and the culture was switched to 30°C for an additional 4 h.
Cells were collected by centrifugation in a GSA rotor at 5,800 3 g for 10 min at
4°C. Bacterial pellets were lysed either by sonication or by lysozyme digestion.
For lysozyme digestion, the pellet was resuspended in 10 ml of buffer containing
10 mM Tris-HCl (pH 8.0), 1 mM EDTA, and 1 mM phenylmethylsulfonyl
fluoride (buffer A); 10 mg of lysozyme was added, and the cells were digested for
1 h on ice. Then 10 ml of buffer A supplemented with 20 mM of MgCl2 and 50 U
of DNase I (Life Technologies, Gaithersburg, Md.) was added, and the mixture
was allowed to incubate for 15 min on ice. For sonication, the bacterial pellet was
resuspended in 25 ml of phosphate-buffered saline (PBS) containing 1 mM
phenylmethylsulfonyl fluoride and was sonicated (Branson) for 15 pulses (70%)
at the maximum microprobe setting. The resulting mixture (either from sonica-
tion or from lysozyme digestion) was centrifuged in a GSA rotor at 5,800 3 g for
10 min at 4°C. A second centrifugation in a SS-34 rotor at 23,500 3 g for 20 min
at 4°C clarified the extract of remaining debris.

Fusion protein affinity chromatography. Truncated variants of HIV (strain
SF2) Tat-1 were expressed as glutathione S-transferase (GST) fusion proteins in
E. coli DH5a (Life Technologies) or BL21 (Pharmacia). Bacterial lysates were
prepared as described above and were incubated with glutathione-Sepharose
overnight. The resin was washed extensively with PBS and equilibrated with
buffer B (20 mM HEPES-KOH, [pH 7.9], 20 mM KCl, 1 mM MgCl2, 17%
glycerol, 2 mM dithiothreitol [DTT]). HeLa cell (Cell Trends, Middletown,
Conn.) extracts were prepared as described by Dignam et al. (22), with the
following modifications. After the first Dounce homogenization, the mixture was
centrifuged once at 1,500 3 g. Prior to dialysis with buffer B, ammonium
sulfate (0.33 g/ml) was added to precipitate proteins. The pellet was resuspended
into 1 packed-cell volume of buffer B and was dialyzed against 100 volumes of
buffer B with two changes. Cellular extracts were incubated with the various
protein-bound resins overnight at 4°C. The resins were packed into columns, and
the columns were washed with buffer B containing 0.1 M KCl. Proteins were
eluted in a stepwise fashion with buffer B containing 0.25, 0.5, and 1.0 M KCl.
The eluates were desalted and concentrated, using 10,000-molecular-weight-
cutoff microconcentration tubes (Amicon, Beverly, Mass.), to a final volume of
100 ml in buffer D.

Western blot analysis. Column eluates were resolved by sodium dodecyl sul-
fate (SDS)-polyacrylamide gel electrophoresis (PAGE). Proteins were trans-
ferred to a polyvinylidene difluoride membrane by semidry electroblotting (Mil-
lipore, Bedford, Mass.) for 1 h at 400 mA. Rabbit polyclonal antibody against
Sp1 (Santa Cruz Biotechnology, Santa Cruz, Calif.) or DNA-PK (Serotec, Wash-
ington, D.C.) was used, followed by visualization by chemiluminescence (Tropix,
Bedford, Mass.) according to the manufacturer’s protocol.

Confocal microscopy. HeLa cells were seeded onto glass coverslips and were
transfected by using calcium phosphate (3, 37); 48 h later, cells were washed with
PBS and fixed for 15 min in 4% paraformaldehyde in PBS, followed by two PBS
washes and fixation with methanol for 2 min. Coverslips were incubated over-
night in primary antibody. In costaining for Tat and Sp1, anti-Tat rat serum
(Anne Gatignol) and anti-Sp1 rabbit serum (Santa Cruz Biotechnology) were
used. In costaining for Tat and SC35, anti-Tat rabbit serum (Spring Valley
Laboratory) and anti-SC35 mouse serum (Tom Maniatis [29]) were used. Sec-
ondary antibodies (Organon Teknika, Durham, N.C.) were Texas red-conjugated

goat anti-rat, Texas red-conjugated goat anti-rabbit, fluorescein isothiocyanate
(FITC)-conjugated goat anti-rabbit, and FITC-conjugated goat anti-mouse.

Virus propagation. Virus was prepared by calcium phosphate transfection of
HeLa cells (3, 37). Viral supernatant was harvested 48 h posttransfection and
clarified by centrifugation and filtration. Reverse transcriptase (RT) activity was
determined for each stock. A total of 5 3 105 C8166-45 cells were infected with
equivalent amounts of RT-normalized virus. Virus growth was monitored by
collecting medium supernatant every 2 to 3 days for RT measurements. RT
assays were performed on 10 ml of supernatant in a 3-h incubation of 50 ml of
buffer containing 50 mM Tris-HCl (pH 8.0), 63 mM KCl, 4.2 mM MgCl2, 0.08%
Nonidet P-40, 0.85 mM EDTA, 4.2 mg of poly(A) and 0.13 mg of oligo(dT) per
ml, 4 mM DTT and 0.5 mCi of [a-32P]dTTP; 10 ml of the reaction mix was spotted
onto DEAE filter paper, and activity was determined by scintillation counting.

In vitro kinase assays. Reaction mixtures contained either HeLa whole-cell
protein extracts (;4 mg) or 250 ng of purified double-stranded DNA-PK (Pro-
mega) or immunoprecipitated DNA-PK mixed with 200 ng of purified Sp1
(Promega), 100 ng of double-stranded oligonucleotide containing HIV-1 Sp1 and
TATA motif 59 d(GAT CTG GGC GGG ACT GGG GAG TGG CGA GCC
CTC AGA TGC TAC ATA TAA GCA GCT) 39, 100 ng of control/test proteins,
50 ml of kinase buffer (50 mM Tris-HCl [pH 7.5], 5 mM DTT, 5 mM MnCl2), and
5 mCi of [g-32P]ATP (43, 44). The reaction was terminated by addition of 100 ml
of 23 SDS sample buffer (125 mM Tris-HCl [pH 6.8], 20% glycerol, 2% SDS, 2%
b-mercaptoethanol, 0.05% bromophenol blue) with boiling for 3 min. Where
wortmannin (Calbiochem, San Diego, Calif.) was added to reaction, it was
dissolved in dimethyl sulfoxide (DMSO) and added at the concentrations indi-
cated in the figures. We noted that the specific activity of wortmannin appears to
vary greatly from batch to batch and from different vendors, suggesting that
different preparations of this reagent contains highly variable amounts of inert
carrier material. Hence the drug concentrations described in the experiments
should be regarded as mass (active plus inert material) concentrations which do
not necessarily reflect true activity units.

Transient expression assays. HeLa cells were transfected by using calcium
phosphate (3, 37). Amounts of DNA used are indicated in the figure legends. In
experiments involving okadaic acid, calyculin A or wortmannin (Calbiochem),
the agents were dissolved in DMSO and were introduced into the media 3 h
before transfection. Drugs were maintained continuously thereafter for the du-
ration of the experiment. CAT assays were performed as described previously (3,
35). Each series of transfections (most were performed at least three times) was
normalized based on amount of protein extract, and at least one of the sets of
transfections contained a second cotransfected plasmid (i.e., expressing b-globin
or lacZ [9, 51]). On repetition, none of the transfections varied in value from
each other by more than 20%.

Biosynthetic labeling and immunoprecipitation. Either 100 mCi of [35S]cys-
teine and 150 mCi of [35S]methionine or 1 mCi of 32Pi was used in labeling
experiments. HeLa, HeLa-Tat, Jurkat, or Jurkat-Tat cells (106 of each) were
washed once with PBS; 2 ml of methionine- and cysteine-free or 4 ml of phos-
phate-free Dulbecco modified Eagle medium or RPMI medium (Specialty Me-
dia, Lavallette, Wis.) was used for either HeLa and HeLa-Tat or Jurkat and
Jurkat-Tat cells, respectively, in labeling periods of 12 h. The cells were washed
with PBS twice and were extracted with 1 ml of radioimmunoprecipitation assay
(RIPA) buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% SDS, 50 mM Tris-HCl [pH 8.0]). A portion of samples was trichloroacetic
acid (TCA) precipitated and quantitated by scintillation counting. Immunopre-
cipitations were performed overnight at 4°C, using 200 ng of anti-Sp1 serum
(Santa Cruz Biotechnology) and 15 ml of protein A-agarose (Life Technologies).
Beads were washed 10 times with RIPA buffer. SDS sample buffer was added to
the protein A agarose pellets, and the mixtures were boiled for 3 min and
resolved by SDS-PAGE.

RESULTS

Tat residues 30 to 55 contact Sp1. We previously described
interaction between HIV-1 Tat and Sp1 in vitro and inside cells
(54). To extend further that observation, we used protein af-
finity chromatography to characterize the region in Tat that
contacts Sp1 directly. Various Tat fragments were expressed as
GST fusion proteins (Fig. 1, right-hand panels), purified from
E. coli, and then bound individually to glutathione-Sepharose.
The resulting matrices were challenged with HeLa cellular
extracts. Bound proteins were eluted with buffers containing
stepwise increasing concentration of KCl. Western blot analy-
sis was used (Fig. 1) to evaluate proteins eluted from the
columns. Sp1 was found in the 0.5 M KCl eluates from GST-
Tat 1-101 (Tat containing residues 1 to 101) (Fig. 1A, lane 26)
and GST-Tat 1-55 (lane 21). By contrast, 0.5 M KCl eluates
from GST alone (lane 5), GST-Tat 1-45 (lane 10), or GST-Tat
1-50 (lane 15) did not contain Sp1.
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N-terminal Tat deletion proteins were similarly prepared
(Fig. 1B, right), affixed to a solid matrix, and equilibrated with
HeLa cell extract. After equilibration, bound proteins were
eluted. Western blots of Tat mutant column elutions were
compared with elutions from full-length Tat 1-101 (Fig. 1B,
left). We found that GST-Tat 20-72, GST-Tat 30-72, and GST-
Tat 1-101 (Fig. 1B, lanes 8, 12, 20 respectively) bound Sp1
which was eluted in buffer containing 0.5 M KCl; GST alone
failed to bind Sp1 (lanes 3 and 4). GST-Tat 40-72 did bind Sp1;
however, this interaction was totally released by 0.25 M KCl
(lane 15), suggesting a reduced affinity between Sp1 and Tat
40-72. We constructed two additional GST-Tat fusion proteins
(GST Tat 20-58 and GST Tat 30-58). From Western blots of
elutions from GST-Tat 20-58 and GST-Tat 30-58 columns, we
observed more Sp1 in the 0.25 M KCl than in the 0.5 M KCl
fractions (data not shown). These results suggest weakened
affinity of these fragments compared to full-length Tat for Sp1.
Taken together our data suggest that Tat amino acids 30 to 55
contact Sp1, with sequences outside this region influencing
overall binding affinity.

Tat and Sp1 colocalize in the nucleus. Previously, we dem-
onstrated that Tat and Sp1 can be coimmunoprecipitated from
HIV-1-infected cells (54). Others have also shown a Tat-Sp1
association in transcription complexes (18). These results are
qualified by the fact that cell lysis and cell content mixing occur
during biochemical isolation of protein complexes. More phys-
iological evidence for biological cross talk between Tat and Sp1
in cells would be in the in situ colocalization of both proteins
within intact nuclei. To address this, we checked for intracel-
lular co-association by immunoconfocal microscopy.

HeLa cells were transfected with a Tat expression plasmid.
The cells were then fixed onto coverslips, stained with antibod-
ies to Tat (rat) and Sp1 (rabbit), and processed with FITC-
conjugated second antibodies directed against either rat or
rabbit. Figures 2A and D show the patchy distribution pattern

of Tat in nuclei. Under these conditions of expression, we do
not observe localization of Tat into nucleoli (which we see only
upon extreme overexpression). Figure 2E, stained in parallel
with Fig. 2D, shows the nuclear presentation of Sp1. As a
control, monoclonal antibody staining for an unrelated nuclear
antigen, SC35 (29), was performed (Fig. 2B). In Fig. 2F, Tat
and Sp1 association was visualized with the colocalized sub-
population highlighted in yellow. A similar computer-assisted
colocalization analysis of Tat and SC35 is shown in Fig. 2C. We
saw that a significant subset of Tat and Sp1 can be found
together in the nucleus (Fig. 2F), at a level substantially greater
than that expected for random interactions between two unre-
lated nuclear factors (e.g., Tat and SC35 [Fig. 2C]). Additional
views of cells stained simultaneously with anti-Tat and anti-Sp1
are presented in Fig. 2G, J, K, and L, and computer-assisted
colocalizations are shown in Fig. 2H and I.

Tat influences phosphorylation of Sp1. The observed Tat-
Sp1 interaction provided an impetus for exploring the possible
biological consequence(s) of this complex formation. Others
have reported that dephosphorylated Sp1 when added to cell
extracts quickly becomes phosphorylated, suggesting phos-
phorylation as an important step for activation (50). Addition-
ally, many studies have implicated a kinase activity that is
associated with Tat (13, 30, 43, 44, 79, 87, 114). Hence, we
wondered whether these two observations could be linked (i.e.,
Tat contacts Sp1 and brings a kinase that phosphorylates Sp1).

To address this possibility, we performed in vitro kinase
assays (Fig. 3), mixing HeLa total cell extract with [g-32P]ATP
and purified Sp1. Where indicated, either control protein
(GST) or Tat (GST-Tat) with or without double-stranded
DNA oligonucleotides containing an Sp1 motif were added to
the mix. We included DNA oligonucleotides because previ-
ously it has been reported that Sp1 phosphorylation is en-
hanced by binding to cognate DNA (37). After incubation, the
samples were analyzed by SDS-PAGE. Covalent addition of

FIG. 1. Definition of the region within Tat that binds Sp1. (A) Binding of Sp1 to GST, GST-Tat, or GST-Tat C-terminal mutants affixed to a solid matrix was
assessed by immunoblotting of column elutions using rabbit polyclonal antibody (left). Protein column chromatography was performed as described in Materials and
Methods. FT, flowthrough; W, wash fraction (0.1 M KCl). The 0.25, 0.5, and 1.0 M KCl buffer elutions are indicated; Sp1 indicates the lane in which purified protein
(Promega) was loaded as a control. A Coomassie blue-stained gel of the purified GST-Tat fusion proteins used in constructing immobilized column matrices is shown
to the right. (B) Western blot identifying Sp1 in elutions from columns constructed using GST, GST-Tat, or GST-Tat N-terminal mutants. A Coomassie blue-stained
gel of the GST-Tat fusion proteins is shown to the right.
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32P to Sp1 was visualized by autoradiography and/or Fuji phos-
phorimaging.

When purified Sp1 was added to the reaction containing
GST-Tat 1-101, efficient phosphorylation was readily detected
(Fig. 3A, lane 4). In comparison, Sp1 in an otherwise identical
reaction with control GST protein (lane 2) was approximately
fivefold less efficiently (as measured by laser densitometry)
phosphorylated. One interpretation of this result is that Sp1
phosphorylation in vitro is augmented by Tat 1-101. Because
we have mapped the region in Tat that contacts Sp1 (Fig. 1),
we wondered if a correlation could be established between
protein-protein binding and phosphorylation. To assess this,
we tested four forms of Tat in kinase assays (Fig. 3B). Three
(GST-Tat 20-72, GST-Tat 30-72, and His-Tat 1-66) have been
shown to bind Sp1, and each of these proteins was found to
enhance phosphorylation of Sp1 (Fig. 3B, lanes 4, 6, and 10)
relative to the GST control (lane 2). The fourth protein, GST-
Tat 40-72, was previously shown to be incapable of Sp1 bind-
ing. In a kinase assay, this Tat-protein failed to influence Sp1
phosphorylation (lane 8) above background levels (lane 2).

What might be the kinase responsible for Tat-augmented
Sp1 phosphorylation? In other settings, DNA-PK has been
found to phosphorylate Sp1 (50). We wondered whether the
effect observed with Tat was mediated through DNA-PK. As a
first step in answering that question, we reconstituted in vitro
reactions containing Sp1, using purified DNA-PK in place of
HeLa total-cell extract. We asked if purified DNA-PK alone
could reflect the Sp1 kinase activity observed in total HeLa cell
extract. To this reconstitution, we added either GST (Fig. 3C,
lanes 1 and 2) or GST-Tat 1-101 (lanes 3 and 4). In side-by-side
comparisons, the reaction that contained GST-Tat, Sp1, and

DNA-PK produced five times more phosphorylated Sp1 than
that containing GST, Sp1, and DNA-PK (compare lanes 2 and
4).

Next, we performed immunoprecipitations to verify further
DNA-PK as the kinase in Tat-modulated Sp1 phosphorylation.
We used specific rabbit polyclonal serum to immunoprecipi-
tate DNA-PK from HeLa extracts (Fig. 3D, lanes 3 and 4).
Normal rabbit serum was used in control immunoprecipita-
tions (lanes 1 and 2). The immunoprecipitates were tested in
kinase assays with either GST (lanes 1 and 3) or GST-Tat 1-
101 (lane 2 and 4) and Sp1 substrate. We found that the DNA-
PK captured by specific antiserum effected 20-fold-greater ef-
ficiency in phosphorylating Sp1 in the reaction containing Tat
compared to the control containing GST alone (compare lanes
2 and 4).

The role of kinases can be studied by using drug inhibitors.
Wortmannin has been reported to inhibit potently DNA-PK
function (40). To correlate inside cells the role of DNA-PK in
Tat-modulated Sp1 phosphorylation, we checked for activity in
the presence or absence of wortmannin. HeLa extract was
incubated with (Fig. 3E, lanes 3 and 4) or without (lanes 1 and
2) wortmannin in the presence of either GST alone (lanes 1
and 3) or GST-Tat 1-101 (lanes 2 and 4), and phosphate
addition to Sp1 was assayed. A dose-dependent reduction of
Sp1 phosphorylation in the wortmannin-treated samples was
observed (lanes 3 and 4; inhibition of phosphorylation could be
observed at apparent drug concentrations as low as 30 nM
[data not shown]), which provides supportive (albeit not de-
finitive) evidence for the role of DNA-PK. Thus, taken to-
gether, the findings from reconstitution, immunoprecipitation,

FIG. 2. Colocalization of Sp1 and Tat in transfected HeLa cells. (A) Tat localization in HeLa cells transfected with Tat expression plasmid and stained in parallel
for Tat (anti-Tat rabbit primary antibody and Texas red-conjugated goat anti-rabbit second antibody) and SC35 (anti-SC35 mouse monoclonal primary antibody and
FITC-conjugated goat anti-mouse second antibody). In panel A, only the Tat visualization window is shown. (B) Visualization of SC35 in the cell shown in panel A.
(C) Computer colocalization analysis of the signals shown in panels A and B, with Tat staining indicated by red and SC35 staining indicated by green. Areas of
colocalization are indicated in yellow. (D) Tat localization in HeLa cells transfected with Tat expression plasmid and stained in parallel for Tat (anti-Tat rat primary
antibody and Texas red-conjugated goat anti-rat second antibody) and Sp1 (rabbit anti-Sp1 primary antibody and FITC-conjugated goat anti-rabbit second antibody).
Only the Tat window is shown. (E) Visualization of Sp1 in the cell shown in panel D. (F) Colocalization analysis of panels D and E, with Tat staining highlighted by
red and Sp1 staining highlighted by green. Areas of colocalization between Tat and Sp1 are indicated in yellow. (G) Additional views of cells transfected with a
Tat-expressing plasmid and stained with rat antiserum to Tat and rabbit polyclonal antiserum to Sp1. The confocal image capture window was set for the anti-Tat signal.
(H and I) Computer-assisted colocalization of Tat and Sp1 signals shown in black (H) and red (I). (J) Confocal micrograph with fluorescence window adjusted to
capture anti-Tat (red), anti-Sp1 (green), and colocalized images of the two proteins (yellow). This field of cells is identical to that in panel G. (K and L)
Lower-magnification views of the same field of cells transfected with a Tat-expressing plasmid stained with rat anti-Tat and rabbit anti-Sp1. The fluorescence image
capture window was restricted to either anti-Tat (K) or anti-Sp1 (L).
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and drug inhibition assays are all consistent with DNA-PK
contributing to Tat-modulated Sp1 phosphorylation.

DNA-PK binds Tat. The foregoing results led us to examine
whether Tat binds DNA-PK (Fig. 4A). To assess this, HeLa
cell extract was bound to and eluted from GST alone, GST-Tat

1-55, GST-Tat 1-67, or GST-Tat 1-101 columns. The column
eluates were probed for DNA-PK by Western blotting. From
the immunoblots, we found that neither GST-Tat 1-55 (lane 4)
nor GST alone (lane 2) showed any affinity for DNA-PK. On
the other hand, GST-Tat 1-101 retained DNA-PK (lane 8)

FIG. 3. Tat affects phosphorylation of Sp1 in vitro. (A) In vitro kinase reaction of Sp1 using HeLa cellular extract. The effect of purified GST-Tat 1-101 on Sp1
phosphorylation is compared to that of purified GST alone. Four micrograms of cell extract was mixed with 100 ng of GST alone or GST-Tat 1-101 and 200 ng of
purified Sp1. 1’s mark lanes that contain 100 ng of double-stranded oligonucleotides comprised of Sp1 and TATA motifs from HIV-1. After 15 min of incubation on
ice, kinase buffer was added, and the samples were incubated for an additional 15 min at room temperature. Reactions were terminated by addition of SDS-PAGE
sample buffer and were analyzed by SDS-PAGE (10% gel) followed by autoradiography or Fuji phosphorimaging. The arrow indicates the position of phosphorylated
Sp1. Identity of phosphorylated Sp1 was also confirmed separately by direct immunoprecipitation using specific antibody (data not shown). (B) Delineation of the in
vitro modulatory effect on Sp1 phosphorylation by four GST-Tat mutants. Note that GST-Tat 20-72, GST-Tat 30-72, and His-Tat 1-66 can all bind Sp1, while GST-Tat
40-72 cannot (Fig. 1B). Phosphorylation of Sp1 was augmented by GST-Tat 20-72, GST-Tat 30-72, and His-Tat 1-66 but not by GST-Tat 40-72. By laser densitometry
(Molecular Dynamics), GST-Tat 20-72 showed a 5-fold increase over GST, while GST-Tat 30-72 and His-Tat 1-66 showed increases of 3- and 2.5-fold, respectively.
(C) In vitro kinase reactions were performed without (2) or with (1) double-stranded DNA as for panel A except that 250 ng of purified DNA-PK was used in place
of HeLa nuclear extract. (D) Verification of the involvement of DNA-PK by direct immunoprecipitation. In vitro kinase reactions were performed as for panel A except
that the source of DNA-PK was immunoprecipitation using specific antiserum to DNA-PK (lanes 3 and 4) of HeLa cell extract. As negative controls, immunopre-
cipitation were performed with normal rabbit serum (NRS; lanes 1 and 2). All four samples contain double-stranded oligonucleotides with Sp1 and TATA motifs from
HIV-1. In lanes 1 and 3, GST alone was used in place of GST-Tat 1-101. (E) In vitro kinase reactions were performed as for panel A except that wortmannin
(Calbiochem) was added to the incubations in lanes 3 and 4. All samples contain double-stranded oligonucleotides with Sp1 and TATA motifs from HIV-1 and GST
alone (2) or GST-Tat 1-101 (1). The arrow points to the migration position of exogenously added purified Sp1. Sizes are indicated in kilodaltons.
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slightly better than GST-Tat 1-67 (lane 6). (This pattern was
replicated when we chromatographed over the same protein
columns purified DNA-PK enzyme purchased from Promega
[data not shown]). Previously, we noted that a GST-Tat 1-55
column bound Sp1 effectively (Fig. 1A, lane 21). Juxtaposed
with the current results (where GST-Tat 1-55 did not bind
DNA-PK), this finding suggests that the contact points for Tat
and DNA-PK are different from that for Tat and Sp1. The
observation that amino acids in the second coding exon of Tat
(i.e., residues 73 to 101) contribute, in part, to the binding of
DNA-PK would be consistent with the transcriptional activity
of this portion of the Tat protein in the activation of integrated
LTR templates (52).

That Tat could modulate Sp1 phosphorylation and that
DNA-PK might be the participating kinase raise several con-
siderations (Fig. 4B). We envision several possible scenarios.
In the absence of Tat, Sp1 and DNA-PK could colocalize by

bindings to common double-stranded DNAs. In such a man-
ner, the two proteins could be brought into proximity and
phosphorylation of Sp1 by DNA-PK could occur (diagram 1).
How Tat enhances Sp1 phosphorylation might be explained in
two ways. First, direct Tat-Sp1 contact (55) could modify the
conformation of Sp1 thereby making it a better kinase sub-
strate (diagram 2). This could occur whether Tat does or does
not contact DNA-PK directly. On the other hand, a direct
contact of Tat with DNA-PK suggests that Tat might serve to
bridge Sp1 and DNA-PK, thus adding strength to the initial
complex formed through binding of Sp1 and DNA-PK to dou-
ble-stranded DNA (diagram 3). The ability of Tat to contact
directly both Sp1 and DNA-PK would be consistent with
events portrayed in diagram 3.

Phosphatase inhibitors increase Sp1-dependent expression
of the HIV-1 LTR. The biological relevance of Sp1 phosphor-
ylation could be indirectly demonstrated with an increased
intracellular HIV-1 LTR activity by inhibitors that prevent Sp1
dephosphorylation. To check this, HeLa cells treated with and
without phosphatase inhibitors were transfected with a deriv-
ative of HIV-1 LTR-CAT (p-43CAT or p6xSp1CAT [Fig. 5A]).
p-43CAT contains the minimal HIV-1 TATAA box and TAR
sequence fused to a CAT cDNA. p6xSp1CAT is p-43CAT with
six Sp1-binding sites placed upstream of TATAA. We treated
cells with either okadaic acid or calyculin A, which are potent
inhibitors of protein phosphatase 1 (PP1) and protein phos-
phatase 2A (PP2A). By inhibiting dephosphorylation, the am-
bient level of phosphorylated Sp1 is expected to be elevated
(48). In Western blots, we verified that in mock (DMSO)-
treated HeLa cells (Fig. 5C, lane 2), only a minority of steady-
state Sp1 (31% as measured by laser densitometry) was phos-
phorylated. However, when these cells were treated with either
10 nM okadaic acid (lane 3) or 1 nM calyculin A (lane 5), the
amount of phosphorylated Sp1 increased by approximately
60%. When lower concentrations of drug (1 nM okadaic acid
[lane 4]) or 0.1 nM calyculin A [lane 6]) were used, the per-
centage of phosphorylated Sp1 (42%) was similar to that from
mock-treated cells (lane 2), in agreement with the reported
effective drug concentrations needed for okadaic acid (for PP1,
10 to 15 nM; for PP2A, 0.1 nM) and calyculin A (for PP1, 0.5
to 2 nM; for PP2A, 0.1 to 1 nM) (15, 49). Overall, these results
are consistent with Sp1 function being regulated through a
balance of phosphatases and kinases.

Next, the relevance of Sp1 phosphorylation on HIV-1 LTR
activity was measured by the expression of reporter genes.
CAT activities in Fig. 5B illustrate the effect of okadaic acid
(performed in triplicate) and calyculin A (performed in dupli-
cate) on the HIV-1 promoter. Both inhibitors marginally (1.4-
to 1.6-fold) affected CAT activity from p-43CAT, which is Sp1
independent (Fig. 5B). However, both increased Sp1-depen-
dent expression of p6xSp1CAT 4.5-fold (Fig. 5B). These re-
sults are compatible with phosphorylation of Sp1 being one
limiting step governing expression of the HIV-1 LTR.

Kinase inhibitors decrease Sp1-dependent expression of the
HIV-1 LTR. A complementary approach to explore the biolog-
ical impact of Sp1 phosphorylation on HIV-1 LTR expression
is to treat cells with an inhibitor of DNA-PK (e.g., wortmannin
[40]). We checked this by transfecting two different reporters
(Fig. 6A) into HeLa cells treated with or without wortmannin
and then determining CAT activities. Expression of p6xSp1CAT
reporter is Sp1 dependent, while expression of pNF-kB-CAT is
Sp1 independent. Thus, if our expectations were correct, the
former but not the latter would be sensitive to wortmannin.
Indeed, we observed differential responses between the two
reporters to wortmannin (Fig. 6B). p6xSp1CAT showed three-
fold-lower basal activity in wortmannin-treated cells than in

FIG. 4. DNA-PK binds Tat. (A) HeLa cell extracts were equilibrated with
either GST or GST-Tat protein columns. Columns were extensively washed (.20
column volumes) with 0.1 M KCl buffer and then eluted with 0.5 M KCl buffer.
Eluates were assayed for DNA-PK by immunoblotting using rabbit polyclonal
antibody to DNA-PK (Serotec). Flowthrough (FT) and 0.5 M KCl elutions are
indicated. Note that neither GST alone (lane 2) nor GST-Tat 1-55 bound
DNA-PK (lane 4); GST-Tat 1-67 (lane 6) bound DNA-PK less strongly than
GST-Tat 1-101 (lane 8). (B) Schematic diagram of possible interactions between
Sp1, DNA-PK, and Tat. In diagram 1, phosphorylation as indicated by the dotted
arrow occurs in the absence of Tat. In diagram 2, Tat interaction with Sp1
induces a conformational change in Sp1, enhancing its ability to become phos-
phorylated. In diagram 3, Tat bridges Sp1 and DNA-PK, facilitating Sp1 phos-
phorylation. The ability of Tat to contact directly both Sp1 and DNA-PK is
consistent with events in diagram 3.
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mock-treated cells. In contrast, expression of pNF-kB-CAT
was minimally affected by wortmannin. In the presence of Tat,
p6xSp1CAT showed a fivefold reduction with 100 mM wort-
mannin treatment, compared to a twofold change seen for
pNF-kB-CAT (Fig. 6B).

To verify that wortmannin directly affected Sp1 phosphory-
lation, we labeled HeLa cells overnight with [35S]methionine-
cysteine or 32Pi in the presence of drug (Fig. 6C). The next day,
protein extracts were immunoprecipitated with anti-Sp1 and
analyzed by SDS-PAGE. Less phosphorylated Sp1 was ob-
served in wortmannin-treated (lanes 5 and 6) than in mock-
treated (lane 4) cells. The similar intensities of the correspond-
ing 35S-labeled proteins (lanes 1 to 3) indicated that similar
amounts of protein were recovered by immunoprecipitation.

Increased Sp1 phosphorylation in Tat-expressing cells. Next,
we examined the influence of Tat on intracellular Sp1 phos-
phorylation. We compared Jurkat and HeLa cells to their Tat-
expressing counterparts. Sp1 from Jurkat, Jurkat-Tat, HeLa, or
HeLa-Tat cells was analyzed by Western blotting (Fig. 7A).
Phosphorylated and dephosphorylated Sp1 moieties were dis-
tinguished by a mobility shift in SDS-PAGE (50). Using this
approach, we observed distinct changes in the ratio of phos-
phorylated versus dephosphorylated Sp1 when comparing

FIG. 5. Effects of phosphatase inhibitors (okadaic acid and calyculin A) on
Sp1-dependent expression. (A) Schematic representations of reporter plasmids.
p-43CAT contains the HIV-LTR minimal promoter (nucleotides 243 to 178).
p6xSp1CAT contains the HIV-LTR minimal promoter with six consensus Sp1-
binding sites positioned upstream of TATAA. (B) Bar graph of CAT assays.
HeLa cells were transfected with the indicated plasmids. In all cases, pUC19 was
used to normalize for total amounts of DNA. A total of 2.5 mg of DNA was used
per transfection. Phosphatase inhibitors were introduced into the media at the
indicated concentrations 3 h before transfection and were maintained continu-
ously. CAT activities were visualized by phosphorimaging. Data are averages
from triplication (okadaic acid [OKA]) and duplication (calyculin A [CalA]).
Amounts of activity were measured by scintillation counting of silica plate slices.
(C) Western blot of Sp1 from HeLa cells treated with the indicated phosphatase
inhibitors. Samples were separated in an SDS–12.5% (12.4:0.1, acrylamide/bis-
acrylamide) polyacrylamide gel that enhances migration differences between
phosphorylated and nonphosphorylated forms of Sp1. The arrows indicate the
relative positions of the two forms of Sp1. Calf intestinal alkaline phosphatase
(CIP)-treated extract shows the migration profile of dephosphorylated Sp1 (lane
1). Treatment with phosphatase inhibitors increased the amount of phosphory-
lated relative to dephosphorylated Sp1.

FIG. 6. Effects of wortmannin, a DNA-PK inhibitor, on Sp1-dependent ex-
pression. (A) Schematic representations of reporters. p6xSp1CAT contains the
HIV-1 minimal promoter (nucleotides 243 to 178) with six consensus Sp1
binding sites positioned upstream of TATAA. pNF-kBCAT contains the HIV-1
minimal promoter and two NF-kB sites positioned upstream of TATAA. (B) Bar
graph (average of two experiments) of CAT assays performed in the presence of
different concentrations of wortmannin. Activity measured at 0 mM wortmannin
was set as 100%. The reporter plasmids (1 mg) are as in panel A. Assays with
(pCMV-Tat; right) and without (-pCMV-Tat; left) the addition of a Tat expres-
sion plasmid (100 ng) are shown. (C) Cells were treated with the indicated
amounts of wortmannin at the same time as with [35S]methionine-cysteine and
32Pi overnight labeling. HeLa cell extracts were immunoprecipitated with anti-
Sp1 serum and resolved by SDS-PAGE (10% gel). Benchmark (Life Technolo-
gies) molecular weight marker positions are indicated in kilodaltons on the left.
Equivalent amounts of total protein were immunoprecipitated as quantitated by
TCA precipitation and scintillation counting.
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paired cells that express and do not express Tat (Fig. 7A). This
change was quantified by laser densitometry. In Fig. 7B, we
show superimposed densitometries from two paired cell lines.
In these tracings, the laser-scanned peaks for the dephospho-
rylated form of Sp1 were equalized. Normalizing for dephos-
phorylated Sp1 in paired cells, are found the amount of phos-

phorylated Sp1 to be 24% more in Jurkat-Tat than in Jurkat
(Fig. 7B, left) and 60% more in HeLa-Tat than in HeLa (Fig.
7B, right) cells.

The phosphorylation state of Sp1 in Jurkat and Jurkat-Tat
cells was also independently verified by radiolabeling with [35S]
methionine-cysteine (Fig. 7C, lanes 1 and 2) and 32Pi (lanes 3

FIG. 7. Increased phosphorylation of Sp1 in Tat-expressing cells. (A) Western analysis of Jurkat, Jurkat-Tat, HeLa, and HeLa-Tat cell extracts, using rabbit anti-Sp1
serum. Blots were developed by using chemiluminescence. Lanes were normalized for duration of exposure. (B) Densitometer (Molecular Dynamics) tracings of
Western blot signals comparing the amounts of phosphorylated and dephosphorylated Sp1 in Jurkat (31.6% phosphorylated) and Jurkat-Tat (39.3% phosphorylated;
left) and in HeLa (21.5% phosphorylated) and HeLa-Tat (34.4% phosphorylated; right) cells. (C) [35S]methionine-cysteine and 32Pi-labeled HeLa cell proteins were
immunoprecipitated with anti-Sp1 serum. Equivalent amounts of total protein were immunoprecipitated as quantitated by TCA precipitation and scintillation counting.
Images were visualized with a Fuji phosphorimaging system, and exposures were normalized for total amounts of signal. Greater amounts of phosphorylated Sp1 was
observed for Jurkat-Tat than for Jurkat, while amount of 35S labeled-Sp1 was recovered in essentially identical amounts from the two cell lines. M, size markers
(positions are indicated in kilodaltons).
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and 4) followed by immunoprecipitation with anti-Sp1 serum.
In parallel immunoprecipitations, equivalent amounts of 35S-
labeled Sp1 were recovered from Jurkat and Jurkat-Tat (Fig.
7C) cells. However, the same immunoprecipitation for phos-
phorylated species showed that far more 32P-labeled Sp1 was
present in Jurkat-Tat than in Jurkat cells. This assay indicates
that in a setting where both cells have similar amounts of total
Sp1 protein (as evidenced by the 35S-labeled signal), a greater
amount of phosphorylated Sp1 species exists in Tat-expressing
cells (Fig. 7C).

Point mutation of serine 131 in Sp1 reduces transcriptional
activity. Sp1 is phosphorylated primarily on serines (50). In prin-
ciple, the functional significance of Sp1 phosphorylation could
be explored directly through point mutagenesis of serines. Be-
cause full-length Sp1 contains 78 serines, an exhaustive point
mutagenesis of this form would be prohibitive. However, since
a short N-terminal Sp1 A domain (Sp1A) fused to the Gal
DNA-binding domain supports Tat transactivation of a chi-
meric Gal-HIV-1 LTR reporter (positions 99 to 101), one
could examine the role of serine phosphorylation in this con-
text. The minimal Gal-Sp1 fusion (Gal-Sp1Gln) has only three
serine residues (Fig. 8). Thus, all of these serines could be
mutated singly or in combinations. For this purpose, we gen-
erated eight mutant forms of Gal-Sp1Gln (Fig. 8A). Each
contained point mutations of serine to alanine; all were con-
firmed by sequencing (data not shown).

The Gal-Sp1Gln mutants were transfected individually into
cells with pSV-Tat and the Gal-HIV-1 LTR-CAT reporter.

Promoter expression was assayed by CAT activities. Various
profiles of activity were seen; however, a consistent finding was
that reduced expression from Gal-HIV-1 LTR-CAT was found
in all Gal-Sp1Gln constructs that had a point mutation in
serine 131, (e.g., M2, M1,2, M1,2,3, and M2,3 [Fig. 8B, lanes 6,
12, 16, and 18]). These results, although not directly addressing
phosphorylation, point to the selective importance of serine
131 over serine 112 or serine 158 for Sp1 and Tat function.

To correlate a mutation at serine 131 with a reduction in
phosphorylation (and not a trivial reduction in protein stabil-
ity), HeLa cells were transfected with either Gal-Sp1Gln or
mutant Gal-Sp1GlnM2. Transfected cells were labeled over-
night with either [35S]methionine-cysteine or 32Pi. Cell extracts
were immunoprecipitated with antiserum to the Gal DNA-
binding domain. In immunoprecipitations of [35S]methionine-
cysteine samples, a radiolabeled band (Fig. 8C, lanes 3 and 4)
consistent with the size for Gal-Sp1Gln was seen. This band
was not present in either mock-transfected (lane 1) or Gal-
Sp1A-transfected (lane 2) samples. The fact that the intensities
of the two samples were approximately equivalent suggests
that comparable steady-state amounts of Gal-Sp1GlnM2 and
Gal-Sp1Gln proteins are present in cells. Thus, the reduced
activity from Gal-Sp1GlnM2 is unlikely to be from an absence
or instability of protein. Next, when the comparable part of the
gel for immunoprecipitated 32P-labeled samples was examined,
a band found in the Gal-Sp1Gln (lane 7) sample was not seen
in the Gal-Sp1GlnM2 (lane 8) sample. This observation is

FIG. 8. A point mutation at serine 131 in Sp1 reduces Tat transactivation. (A) Schematic representations of point mutations. Gal-Sp1A contains the N-terminal
A domain of Sp1 (from amino acids 1 to 169), while Gal-Sp1Gln has the N-terminal serine/threonine-rich portion (amino acids 1 to 55) deleted. Relative locations of
point mutations are indicated by X. M1, serine 112 to alanine; M2, serine 131 to alanine; M3, serine 158 to alanine. Combinations are indicated as M1,2, M1,3, etc.
Gal-Sp1DGln is a C-terminal deletion (amino acids 118 to 169 removed) of Gal-Sp1Gln; serines 131 and 158 are absent from this construct. The amino acid position
assignments are relative to the Sp1 sequence in GenBank (accession no. J03133). All mutations were verified directly by sequencing (data not shown). DBD,
DNA-binding domain. (B) CAT assays of the various Gal-Sp1Gln mutant individually tested in the presence of coexpressed Tat protein. HeLa cells were transfected
with Gal-HIV-1 LTR-CAT reporter, pSV-Tat expression plasmid, and one of the Gal-Sp1Gln mutants (-M1, -M2, or -M3). Each set of transfections used either 5 (left)
or 1 (right) mg of Gal-Sp1 mutant plasmid. With the lower activity level of Sp1Gln arbitrarily set as 1, the comparable average relative activities from the mutants are
as follows: M1, 1.3; M2, 0.05; M3, 1.1; M1,2, 0.02; M1,3, 1.5; M1,2,3, 0.02; M2,3, 0.1; and Sp1DGln, 0.1. AcCm, acetylated chloramphenicol; Cm, chloramphenicol. (C)
Immunoprecipitation of Gal-Sp1 proteins. HeLa cells transfected with the indicated plasmids were labeled overnight with [35S]methionine-cysteine (lanes 1 to 4) or
32Pi (lanes 5 to 8). The cells were lysed in RIPA buffer and immunoprecipitated with antiserum raised to the Gal DNA-binding domain. The immunoprecipitates were
resolved by SDS-PAGE (14% gel) followed by autoradiography. Arrows and asterisks indicate the positions of relevant bands. Note the absence of 32P-labeled
immunoprecipitated band in Gal-Sp1GlnM2 (compare lanes 4 and 8).
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compatible with the phosphorylation site in Gal-Sp1 Gln being
serine 131.

The role of serine 131 as a phosphoacceptor of DNA-PK-
mediated kinase activity was assayed further in vitro. We
expressed and purified GST-fused versions of the Sp1Gln,
Sp1GlnM2, and Sp1DGln proteins (Fig. 9A). Each was inde-
pendently assayed in kinase reactions using purified DNA-PK
enzyme (Fig. 9B) without (left) or with (right) the additional of
100 ng of double-stranded DNA oligonucleotides. Consistent
with the findings presented above, in a DNA-dependent man-
ner, Sp1Gln was strongly phosphorylated whereas Sp1GlnM2
and Sp1DGln were not (Fig. 9B, lanes 1 to 3). It should be
noted that Sp1GlnM2 differs from Sp1Gln only in the mutation
at serine 131.

Expression of inactive Tat mutants that bind Sp1 interferes
with virus growth. In principle, if Tat-Sp1 interaction is bio-
logically important for HIV-1, then overexpression of inactive
Tat mutants that retain the ability to contact Sp1 should dom-
inantly interfere with viral propagation. Considering the rela-
tive hierarchy of Tat-Sp1 binding in vitro (Tat 30-72 . Tat
20-58 . Tat 30-58 [Fig. 1]), we wished to examine the biolog-
ical relevance of this contact during virus replication in cells.
cDNAs for different portions of Tat were individually posi-
tioned into the nef reading frame of a replication-competent
HIV-1 molecular clone (47, 57) (Fig. 10A). Four Tat chimeric
viruses (Tat 20-58, Tat 30-58, Tat 30-72, and Tat 30-72i; Fig.
10A) were generated. Three viruses express truncated Tat pep-
tides; the fourth (Tat 30-72i) has a cDNA for Tat 30-72 placed
into nef in a reversed orientation, serving as a negative control.

Virus stocks for each chimeric genome were generated by
plasmid transfections into HeLa cells. Equal amounts of infec-
tious virus, normalized by RT, were used to infect C8166-45
cells. Virus replication was monitored by assaying for super-
natant RT production, and the infection profiles from five
viruses (including wild-type pNL4-3) are graphed in Fig. 10B.
Figure 10C summarizes the results from three independent
experiments. The control Tat 30-72i virus grew slightly more

slowly than wild-type NL4-3. This small change presumably
occurred as a result of insertion into nef enlarging the viral
genome. Interestingly, Tat 30-58 virus, expressing the 30-58
peptide, grew very similarly to Tat 30-72i. On the other hand,
Tat 20-58 showed a 4- to 6-day and Tat 30-72 showed a 6- to
15-day growth delay.

These growth results for Tat mutant viruses (Tat 30-72 .
Tat 20-58) can be interpreted in two ways. We think it less
likely that the differences resulted from binding competition
for TAR RNA, since all peptides contain the same TAR RNA-
binding motif and should bind TAR with similar affinities (9,
10). We favor reduced viral growth as being explained by
competitive binding for Sp1 by inactive Tat fragments inside
cells (schematically modeled in Fig. 10D). Currently, we do not
exclude that additional effects could emerge from interference
by Tat mutants on Tat–DNA-PK or Sp1–Tat–DNA-PK inter-
actions.

A separate series of transfections was performed to verify
that the Tat mutant fragments expressed from the different
proviruses indeed exerted a trans-inhibitory effect. In this ap-
proach, an LTR-CAT reporter was transfected into HeLa cells
in the presence of pUC19 alone (Fig. 10E, lane 1) or pSV-Tat
plus a proviral plasmid (pNL4-3) [lane 2], pTat 20-58 [lane 3],
pTat 30-58, [lane 4], pTat 30-72 [lane 5], pTat 30-72i [lane 6]).
Results of CAT assays performed 48 h later are consistent with
a strong trans-inhibitory effect from the mutant Tat fragment
expressed from the pTat 30-72 provirus, suggesting that the
reduced replication capacity of this virus (Fig. 10C) is due
more to a trans-rather than to a cis-inhibitory effect that oc-
curred as a consequence of insertion into nef.

DISCUSSION

Phosphorylation is one mechanism that variously regulates
gene expression (45, 48). Many examples illustrate the impor-
tance of phosphorylation in gene activity. One example is the
NF-kB proteins. Phosphorylation of IkB, the inhibitory subunit
for NF-kB, in the cytoplasm (33, 74, 97) leads to its degrada-
tion (25, 42), resulting in nuclear translocation and activity of
NF-kB. Another example is Jun, where phosphorylation influ-
ences DNA binding (7, 86). A third example is described by
CREB, whose activity is stimulated by phosphorylation (78,
108). It has been proposed that phosphorylation enhances the
ability of CREB to interact with other factors (12, 68, 69, 78,
110).

In the case of Sp1, ample evidence suggests that DNA-
bound Sp1 interacts with coactivators to activate transcription
(91). Many factors, including TBP (24), TAF110 (34), nuclear
protein p74 (81), RelA (p65) (88, 98), YY1 (71, 95), TAF55
(11), and RNA polymerase II CTD (107), interact with Sp1.
Exactly how these interactions are regulated and how they
might relate to transcription have not been clearly defined.
Potentially, phosphorylation plays a role in Sp1 activity since
there is strong circumstantial evidence that phosphorylated
Sp1 represents the active moiety in transcription (2, 50, 73,
105).

We and others have previously demonstrated that in the
HIV-1 system, Sp1 and Tat can form a protein-protein com-
plex (18, 54). Indeed, various studies have shown that Sp1
contributes to basal (5, 55, 96, 102, 113) and Tat-activated (5,
39, 44, 55, 61, 63, 100, 102) expression of the viral LTR. What
are the physical and biological consequences of Tat-Sp1 inter-
action? Here, we show that Tat-Sp1 interaction affects the
phosphorylation state of Sp1 and that inactive Tat mutants that
interrupt Tat-Sp1 interaction affect HIV-1 replication in cell
cultures.

FIG. 9. Mutation at serine 131 affects DNA-PK-mediated phosphorylation of
Sp1. Sp1Gln, Sp1GlnM2, and Sp1DGln proteins were expressed and purified as
GST fusion proteins. (A) Purified proteins stained by Coomassie brilliant blue.
Arrow points to the migration position of Sp1Gln and Sp1GlnM2. Sp1DGln
(lane 3) migrates with an apparent size that is approximately 5 kDa smaller than
either Sp1Gln (lane 1) or Sp1GlnM2 (lane 2). (B) DNA-PK (purified enzyme
purchased from Promega)-mediated transfer of 32P from [g-32P]ATP to Sp1Gln
(lane 1), Sp1GlnM2 (lane 2), or Sp1DGln (lane 3) in the absence (left) or
presence (right) of double-stranded oligonucleotides. Arrow points to phosphor-
ylated Sp1Gln protein seen only in the reaction supplemented with DNA (lane
1, right).
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In this work, we make three salient points. First, we observed
a good correlation between inactive Tat mutants that compete
with wild-type Tat for Sp1 contact and ones that repress HIV-1
replication in cultured T cells (Fig. 1 and 10). A simple corol-
lary of such finding, which does not exclude others, is that
wild-type Tat-Sp1 contact is physiologically important for pro-
ductive HIV-1 infection. Relevant to this idea is the in situ
observation that within intact primate cell nuclei, a population
of Tat and Sp1 proteins colocalizes. Second, we observed a
contribution of phosphorylated Sp1 for Tat transactivation ac-
tivity. Although performed on a subfragment of transcription-
ally active Sp1, the experiments in Fig. 8 and 9 indicate that
within a defined context, serine 131 phosphorylation is impor-
tant for supporting Tat-activated transcription from the HIV-1
promoter. There are 78 serines in full-length Sp1. Presumably,
phosphorylation at other residues can differentially affect other
functional activities. Third, we propose a regulatory loop in
which Tat serves to influence the phosphorylation state of Sp1.
In vitro kinase assays demonstrated that the physical presence
of Tat augmented significantly phosphorylation of purified Sp1
in a manner mediated through the enzyme DNA-PK (Fig. 3).
Relevant to this result, we found that Tat makes protein-
protein contact with DNA-PK (Fig. 4). Further compatible
evidence from cell cultures includes the observations that the
subpopulation of phosphorylated Sp1 (as opposed to total Sp1)
is significantly greater in Tat-expressing than in Tat-nonex-
pressing (Fig. 7) cells and that phosphatase (Fig. 5) and kinase
inhibitors (Fig. 6) when used in cultured cells provide results
consistent with phosphorylated Sp1 as being important for
HIV-1 LTR expression. Overall, a model that integrates these
various findings suggests the coalescence of a multifactor com-
plex that includes Tat, Sp1, and DNA-PK at the HIV-1 pro-
moter (Fig. 4).

Sp1 serves basal and activated functions at the HIV-1 pro-
moter (5, 102, 107). In the absence of Tat, the HIV-1 LTR has

FIG. 10. Correlation between mutant Tat proteins that bind Sp1 and inter-
ference with HIV-1 growth in C8166-45 T-cells. (A) Schematic representation of
virus constructions. Mutant Tat (m-Tat) cDNAs were positioned in frame into
nef of pNL4-3. Note that these chimeric proviruses produce both wild-type
(wt-Tat) and mutant Tat proteins. (B) RT growth curves for viruses propagated
in C8166-45. Data are representative of points from experiment 2 (Fig. 9C). (C)
Summary from three separate experiments of the times of peak RT produced by
the different viruses. (D) Interpretive model of the competition between mutant
and wild-type Tat proteins for binding to Sp1. (E) Transdominant inhibitory
activity of Tat fragments expressed from proviral constructions. In this assay, 0.1
mg of pLTR-CAT was transfected into HeLa cells with 2 mg of pUC19 alone
(lane 1) or with 0.1 mg of pSV-Tat plus 2 mg of either pNL4-3 provirus (lane 2),
Tat 20-58 provirus (lane 3), Tat 30-58 provirus (lane 4), Tat 30-72 provirus (lane
5), or Tat 30-72i provirus (lane 6). CAT activities were assayed 48 h after trans-
fection. Under these transfection conditions, activity from 0.1 mg of pLTR-CAT
is saturated by cotransfection with 0.1 mg of pSV-Tat since when 0.1 mg of pLTR-
CAT and 0.1 mg of pSV-Tat were transfected together (data not shown), CAT
activity was equivalent to that shown in lane 2. AcCm, acetylated chloramphen-
icol; Cm, chloramphenicol.
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a clear dependence on Sp1 for basal expression. At a later
stage of virus replication, Sp1 cooperates synergistically with
Tat to enhance further transcription from the LTR. Thus, it is
conceivable that basal Sp1 activity and Sp1-Tat activity reflect
two distinct processes (107). Consistent with this idea is the
observation that Sp1-dependent (basal) transcription does not
require an RNA polymerase II with intact CTD (13, 32)
whereas Tat-activated transcription does require a wild-type
form of RNA polymerase II (13, 85, 109). Thus, accordingly,
Sp1 phosphorylation as influenced by Tat might be required
for the latter but not the former interaction. The mechanistic
puzzle of how Tat-Sp1 interaction increases transcription
might be explained by the concept that Tat, by virtue of in-
creasing Sp1 phosphorylation, alters interactions between Sp1
and components of the basal transcription machinery, leading
to activated gene expression.
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