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The potent transactivator Tat recognizes the transactivation response RNA element (TAR) of human
immunodeficiency virus type 1 and stimulates the processivity of elongation of RNA polymerase (Pol) II
complexes. The cellular proteins Tat-SF1 and human SPT5 (hSPT5) are required for Tat activation as shown
by immunodepletion with specific sera and complementation with recombinant proteins. In nuclear extracts,
small fractions of both hSPT5 and Pol II are associated with Tat-SF1 protein. Surprisingly, the RAP30 protein
of the heterodimeric transcription TFIIF factor is associated with Tat-SF1, while the RAP74 subunit of TFIIF
is not coimmunoprecipitated with Tat-SF1. Overexpression of Tat-SF1 and hSPT5 specifically stimulates the
transcriptional activity of Tat in vivo. These results suggest that Tat-SF1 and hSPT5 are indispensable cellular
factors supporting Tat-specific transcription activation and that they may interact with RAP30 in controlling
elongation.

The human immunodeficiency virus (HIV) Tat protein is
expressed early in the viral life cycle and is required for viral
replication and progression to disease (5–7, 16). Unlike other
transcriptional activators which bind DNA, Tat binds to RNA
in the transactivation response element (TAR), which forms a
stem-loop structure in the 59 terminus of HIV-1 transcripts (8,
27). Tat activates transcription by increasing the processiveness
of elongation by the RNA polymerase (Pol) II. Several cellular
proteins which are important for Tat activation of elongation
have been biochemically characterized and purified. Among
these are the Tat specific factor Tat-SF1 (44), the positive tran-
scription elongation factor P-TEFb (19, 22, 23, 45), and TFIIH
(reference 16 and references therein; see also references 4, 24,
and 40).

P-TEFb is a general elongation factor and was initially iden-
tified biochemically in Drosophila melanogaster as a factor
which suppressed the activity of an inhibitor of elongation (22,
23). P-TEFb is composed of several protein subunits including
the novel kinase, Cdk9/PITALRE, and its cyclin partner, cyclin
T (19, 26, 33, 45). P-TEFb will efficiently phosphorylate the
carboxy-terminal domain (CTD) of Pol II, and this may be its
critical activity in the stimulation of elongation. Several exper-
imental results suggest that P-TEFb plays a critical role in Tat
activation. First, the depletion of P-TEFb inactivates Tat stim-
ulation of HIV transcription in vitro (45). Second, the sensi-
tivity of Tat activation to a spectrum of different drugs mirrors
those which inhibit Cdk9 kinase activity in vitro (19). Third, a
cellular kinase complex termed TAK (Tat-activated kinase)
that interacts with the activation domain of Tat and phosphor-
ylates the CTD of Pol II has been identified as P-TEFb (12, 13,
39, 45). Fourth, in the presence of Tat, cyclin T binds to TAR
RNA in a loop sequence-dependent manner (26, 33). Recent
studies have shown that human cyclin T contains a cysteine
residue that is critical for the specific binding to TAR and
which is not found in the rodent homolog (1, 9). The rodent
cyclin T protein does not recognize the loop sequence of TAR,

and this difference in cyclin T sequence likely explains the
specificity of Tat activation for human cells compared to ro-
dent cells. Finally, overexpression of a mutant Cdk9 kinase
blocks Tat activation of elongation in human cells (19).

The TFIIH kinase complex also has an important role in Tat
activation, probably by stimulating the phosphorylation of the
CTD of Pol II (10, 24, 40). The TFIIH factor, particularly its
Cdk7 kinase of the CAK type, is important for transcription of
most promoters in vivo (14). Furthermore, a blockage of the
kinase activity of TFIIH reduces Tat-dependent transcription
activation (4, 24, 40). Therefore, it has been suggested that
both P-TEFb and TFIIH phosphorylate the CTD of Pol II,
perhaps in a sequential manner, promoting the processivity of
Pol II by Tat (7, 15).

A recent study has suggested that the human homolog of the
yeast transcription factor SPT5 is also involved in Tat-activated
elongation of transcription (35). Both genetic and biochemical
data suggest that the two yeast proteins SPT4 and SPT5 are
stably associated in an active transcription complex and that
SPT5 interacts with Pol II (11, 34). The human SPT4 and SPT5
proteins also form a complex, denoted as DSIF (DRB sensitive
inducing factor [31]), which arrests the elongation of Pol II at
sites proximal to the promoter and release from this pause-
state is sensitive to DRB (5,6-dichloro-1-b-D-ribofuranosyl-
benzimidazole) (31, 32, 38). It was subsequently shown that
P-TEFb positively regulates Pol II processivity by, at least in
part, suppressing the activity of DSIF in a phosphorylation step
that is DRB sensitive (32, 38).

Previous studies have demonstrated that a partially purified
reconstituted transcription reaction supported Tat-specific and
TAR-dependent activation of HIV-1 transcription (43, 44).
This reconstituted reaction requires the cellular factor, Tat-
SF1 (Tat-stimulatory factor 1) (18, 43, 44). Tat-SF1 is a phos-
phoprotein which directly binds wild-type Tat protein but not
a transcriptionally inactive mutant Tat protein (reference 44
and unpublished results). The amino acid sequence of Tat-
SF1, as deduced from the cDNA sequence, contains two RNA
recognition motifs and a highly acidic carboxyl terminal motif
(44). This study shows that Tat-SF1 efficiently associates with
the RAP30 subunit of TFIIF and inefficiently associates with
Pol II and human SPT5 (hSPT5). Consistent with previous
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observations, depletion of either Tat-SF1 or hSPT5 from nu-
clear extract inactivates Tat stimulation of transcription. In
addition, we show for the first time that complementation with
either recombinant Tat-SF1 or hSPT5 protein restores the Tat
activation of transcription. Finally, overexpression of Tat-SF1
and hSPT5 increases the level of transcription in a Tat-specific
manner in vivo.

MATERIALS AND METHODS

In vitro transcription. Transcription reactions were performed as described
previously with minor modifications (43). Briefly, these reactions contained
13 mM HEPES, 60 mM KCl, 10 mM creatine phosphate, 7 mM MgCl2, 7 mM
dithiothreitol (DTT), 300 ng of poly(I)-poly(C), 50 ng of poly(dG)-poly(dC), 0.1
mM EDTA, 10% (vol/vol) glycerol, and 100 to 200 ng of template DNA (pHIV-
LTR1TAR and pHIV-LTRDTAR), as well as 25 ng of purified Tat protein
when indicated, and 25 to 30 mg of HeLa nuclear extracts or immunodepleted
HeLa nuclear extracts. As control template DNAs, 12.5 ng of adenovirus E4
promoter and 112.5 ng of major late promoter (MLP), which produced G400 and
G300 transcripts, respectively, were used (2, 25). Immunodepletions of Tat-SF1
and hSPT5 were performed as described previously (31, 32, 44). Reactions were
assembled on ice and then preincubated at 30°C for 30 min to allow for preini-
tiation complex formation, followed by the addition of 10 mCi of [a-32P]CTP
(800 Ci/mmol) and 1 ml of an A/G/U/CTP mixture (5 mM of ATP, GTP, and
UTP and 0.125 mM CTP). After a further incubation of 30 min, RNase T1 (5 U)
was added to the reaction at 37°C for 5 min. In vitro-transcribed RNAs were ex-
tracted with phenol-chloroform and precipitated with ethanol. Transcripts were
analyzed by electrophoresis on 5% polyacrylamide gels containing 8 M urea, 90
mM Tris base, 89 mM boric acid, and 2 mM EDTA. The gels were dried and
exposed to X-ray film. Reaction products were quantitated by using a Phosphor-
Imager and the ImageQuant 3.0 program (Molecular Dynamics).

Cell cultures and CAT assay. HeLa cells were cultured in DME containing
10% fetal calf serum and transfected at 60% confluence by use of Superfect
(Qiagen). The HIV-LTR chloramphenicol acetyltransferase (CAT) (pU3 CAT)
and UAS-CAT reporters were described previously (44). To construct Tat-SF1
expression vector (f-Flag-Tat-SF1), full-length Tat-SF1 cDNA was PCR cloned
with EcoRI ends and fused in frame with the Flag moiety of plasmid pFlag-CMV
(Sigma). Total cell lysates were prepared after 48 h of transfection. The level
of CAT gene expression was determined by measuring CAT enzyme activity.
b-Galactosidase (b-Gal) assays were performed by a standard colorimetric pro-
cedure with chlorophenol red-b-D-galactopyranoside as the substrate (Boehr-
inger Mannheim). The relative CAT activities were normalized to the b-Gal
activity. All transfection experiments were performed in duplicate.

Preparation of recombinant Tat-SF1 protein and recombinant DSIF. Full-
length Tat-SF1 cDNA was PCR cloned to fuse in frame into the pFAST-BacHTa
vector (Gibco/BRL). Hi5 cells were infected with baculovirus containing full-
length Tat-SF1 cDNA with six-histidine tagging at the amino terminus. The cells
were harvested at 48 h postinfection, and recombinant Tat-SF1 proteins were
purified by use of a nickel-nitriloacetic acid (Ni-NTA) column as recommended
by manufacturer (Gibco/BRL). Purified rTat-SF1 protein was dialyzed against
buffer D containing 20 mM HEPES-KOH (pH 7.9), 100 mM KCl, 0.5 mM DTT,
0.5 mM EDTA, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), and 20% glyc-
erol. Recombinant DSIF (hSPT5 and hSPT4) proteins were purified as described
previously (31). Briefly, bacterial strain BL21(DE3) was transformed with a
plasmid encoding histidine-tagged fusion hSPT5 or hSPT4 protein and induced
with IPTG (isopropyl-b-D-thiogalactopyranoside) and purified by use of a Ni-
NTA column as described above. For further purification, affinity-purified DSIF
was subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and proteins were recovered from the gel, acetone precipitated,
denatured, and renatured as described previously (31).

Immunoprecipitation and Western blot. Total cell extracts were prepared with
lysis buffer containing 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS,
100 mg/ml PMSF, 10 mg of aprotinin per ml, and 1 mM sodium orthovanadate in
phosphate-buffered saline. For immunoprecipitation, each antiserum was incu-
bated with 10 ml of HeLa nuclear extract or 250 mg of total cell extract and
incubated for 2 h at 4°C. Then, 30 ml of protein G-Sepharose CL-6B (Pharmacia)
was added into mixture for 1 h at 4°C with gentle mixing. Immunoprecipitates
were collected by centrifugation and were washed three times with 50 mM Tris
(pH 7.9), 150 mM NaCl, 1 mM EDTA, and 1% Nonidet P-40 and then once with
phosphate-buffered saline. For Western blotting, isolated immunoprecipitates or
nuclear extracts were resolved by SDS-PAGE and then transferred to a polyvi-
nylidene difluoride membrane. The blots were incubated with each of antibodies
and visualized by using the ECL kit (Amersham).

Affinity purification of Tat-SF1-associated protein complexes. HeLa cells were
transfected with the f-Tat-SF1 expression vector (see above) as described above.
f-Tat-SF1 associated complexes were isolated by mixing ;4 mg of total cell
lysates with 30 ml of M2 anti-Flag beads (Sigma), followed by gentle mixing for
4 h. The beads were pelleted and washed four times in wash buffer containing 25
mM Tris (pH 7.8), 250 mM NaCl, 1 mM DTT, and 0.5% Nonidet P-40. The
bound proteins were eluted by adding 20 ml of wash buffer containing 3.75 mg of

Flag peptides (Sigma), followed by incubation for 10 min before pelleting the
beads and collecting the eluate. This elution step was repeated three or four
times. A control experiment was carried out in parallel in which anti-Flag beads
were mixed with mock-transfected HeLa cell extracts to examine the level of
nonspecific binding of proteins to beads.

RESULTS

Tat-SF1-associated protein complexes. The mechanism by
which Tat-SF1 in conjunction with Tat and the general tran-
scription factor stimulates the elongation of transcription was
investigated by the identification of proteins associated with
Tat-SF1. Surprisingly, coimmunoprecipitation experiments show
that Tat-SF1 forms a stable complex with the p30 subunit of
the general transcription factor TFIIF (RAP30) (Fig. 1A, lanes
3 and 4). Immunoprecipitation by antiserum to either Tat-SF1
or RAP30 produced similar amounts of the RAP30 and Tat-
SF1 polypeptides, respectively. The levels of coimmunopre-
cipitated Tat-SF1 and RAP30 polypeptides were about 20% of
that present in the input nuclear extract (Fig. 1, lane 1). In
contrast, coimmunoprecipitates of Tat-SF1 contained neg-
ligible amounts of the RAP74 protein, which associates with

FIG. 1. Tat-SF1 associates with RAP30 of TFIIF. (A) Tat-SF1 coimmuno-
precipitated with RAP30. HeLa total cell extracts (250 mg) were used for im-
munoprecipitation with antibodies against preimmune (PI, lane 2), Tat-SF1
(lane 3) (44), and RAP30 of TFIIF (lane 4) (Santa Cruz Biotechnology). The
input lane contained 20% of the extract used for the immunoprecipitation (lane
1). Western blots of the immunoprecipitates were probed with anti-Tat-SF1
(top) and anti-RAP30 (bottom) antibodies. (B) Tat-SF1-depleted HeLa nuclear
extracts contained decreased levels of RAP30. HeLa nuclear extracts were im-
munodepleted with anti-Tat-SF1 antibody. After each depletion step, aliquots
were taken and Western blotting was performed with antibodies against Tat-SF1
and RAP30. Anti-Cdk9 antibody and anti-RAP74 antibodies (Santa Cruz Bio-
technology) were used for the control.
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RAP30 to form the heterodimeric TFIIF (data not shown).
Repeated depletion of Tat-SF1, by absorption with specific
Tat-SF1 antiserum, reduced the amounts of RAP30 without
the depletion of other proteins such as Cdk9 nor RAP74 (Fig.
1B, lanes 2, 3, and 4). The interaction between Tat-SF1 and
RAP30 appears to be very specific since a similar association
with other elongation factors, such as the elongin A, B, and C
complex and TFIIS, was not detected (data not shown). Fur-
thermore, the interaction between Tat-SF1 and RAP30 is
probably direct since both polypeptides coimmunoprecipitated
with either antiserum when added as purified proteins to a
reaction (data not shown).

Interestingly, Pol II (largest subunit: Pol II-LS) and human
SPT5 (hSPT5) were also found to be associated with Tat-SF1
(Fig. 2A). Immunoprecipitations with antiserum to either Tat-
SF1 or hSPT5 produced protein complexes containing Pol II,
hSPT5, and Tat-SF1 (Fig. 2A, lanes 2 and 3, respectively).
When compared with the interaction between Tat-SF1 and
RAP30, the association between Tat-SF1 and hSPT5 is ineffi-
cient, since less than 5% of the input SPT5 protein was immu-

noprecipitated with a-Tat-SF1 sera. The reciprocal experiment
gave a similar level (,5%) of Tat-SF1 protein after immuno-
precipitation with hSPT5 antibodies (Fig. 2A). The interaction
between Tat-SF1 and hSPT5 proteins is probably direct be-
cause each protein could be coimmunoprecipitable by anti-
serum to the other protein from a mixture of purified proteins
(data not shown). To ascertain whether the in vivo interaction
between Tat-SF1 and hSPT5 is independent of Pol II, HeLa
cells were transfected in duplicate with either vector alone
(mock) or vector expressing hSPT5. Total cell extracts were
prepared from transfected cells and then immunoprecipitated
with Tat-SF1 antibody for analysis by Western blotting. As shown
in Fig. 2B, the Tat-SF1 immunoprecipitated complex con-
tained the same levels of Pol II-LS and Tat-SF1 (a shorter
exposure than that of Fig. 2A) in both the mock (lanes 1 and
2)- and hSPT5 (lanes 3 and 4)-transfected cell lysates. In con-
trast, the amounts of hSPT5 present in the Tat-SF1 immuno-
complex were increased by the overexpression of hSPT5. These
results suggest that Tat-SF1 and hSPT5 can associate indepen-
dently of Pol II binding.

Cross-reactivity by antiserum is always a concern in coim-
munoprecipitation experiments. Therefore, the nature of Tat-
SF1-associated protein complexes was examined by using a
Flag epitope-tagged Tat-SF1 (f-Tat-SF1) cDNA construct. The
Tat-SF1-associated protein complex was purified from total
HeLa cell extracts by chromatography with immobilized mono-
clonal Flag antibody. After an extensive washing, Tat-SF1-
associated factors were eluted from the antibody column with
synthetic Flag epitope peptides (see Materials and Methods)
and analyzed by Western blotting. In accordance with Fig. 1
and 2, these eluted fractions contained Pol II-LS, RAP30, and
hSPT5, as well as Tat-SF1 (Fig. 2C, lanes 3, 4, and 5). How-
ever, it is not likely that the Tat-SF1-associated complex is a
previously defined Pol II holoenzyme complex since Western
analysis shows that this complex does not contain polypeptides
from TFIIH (Cdk7 and cyclinH), RAP74, and SRB proteins
such as Cdk8 and cyclin C (data not shown). These results
confirm that Tat-SF1 forms protein complexes with Pol II,
RAP30, and hSPT5.

Depletion of either Tat-SF1 or hSPT5 reduces Tat activation
of transcription. The functional role of Tat-SF1 and hSPT5 in
Tat activation of transcription was studied by depletion of
nuclear extracts with antiserum to either of these proteins. The
levels of depletion were determined by Western blot analysis,
and the activities of the depleted extracts were tested for Tat-
dependent activation of transcription. Four rounds of immu-
nodepletion produced extracts which contained only 5 to 10%
of the Tat-SF1 or hSPT5 protein present in the input HeLa
nuclear extract (Fig. 3A). Except for RAP30, no significant
changes in the amounts of other general transcription factors,
such as Pol II and TBP, were detected (Fig. 3A). Since only a
small fraction of Tat-SF1 is associated with hSPT5 and vice
versa, the immunodepleted extracts contained nearly input lev-
els of the other protein.

Two different template DNAs, pHIV1TAR and pHIV
DTAR, were used to test Tat-dependent TAR-specific tran-
scription activity (Fig. 3B). RNase T1 digestion of transcription
products yields two different transcript lengths, 400 and 100
nucleotides, from the pHIV1TAR and pHIV DTAR templates,
respectively. Since both of these G-less tracks were inserted
into the template at a site ca. 1,000 nucleotides downstream of
the initiation site, the RNase T1-resistant transcripts indicate
elongation products. The pHIV1TAR template, containing
the wild-type HIV-LTR (2329 to 182), is responsive to the
Tat protein, while the pHIV DTAR template, containing a
deletion in the TAR sequence (135 to 138), is not responsive

FIG. 2. Tat-SF1 interacts with hSPT5 and Pol II. (A) Tat-SF1 coimmuno-
precipitated with hSPT5 and Pol II. HeLa total cell extracts were immunopre-
cipitated with antibodies against preimmune (lane 1), Tat-SF1 (lane 2), and
hSPT5 (lane 3). Western blots of immunoprecipitates were probed with anti-Pol
II CTD (top) (38), anti-hSPT5 (middle) (31), and anti-Tat-SF1 (bottom) anti-
bodies. (B) Expression of hSPT5 in vivo increases the level of association with
Tat-SF1. HeLa cells were transfected with vector control (mock) or hSPT5
expression vectors. Aliquots of total cell extracts were immunoprecipitated with
anti-Tat-SF1 antibody, and immunoprecipitates were probed with antibodies
against Pol II CTD (top), hSPT5 (middle), and Tat-SF1 (bottom) for Western
blotting. (C) Isolation of f-Tat-SF1 and its associated protein complexes. An
extract of HeLa cells transfected with f-Tat-SF1 was incubated with anti-Flag
beads and washed as described in Materials and Methods. As a control, mock-
transfected extract was prepared (lanes 1 and 2). To elute bound complex, Flag
peptides (;3.75 mg) were incubated with the beads. After each round of elution,
aliquots of eluted fractions were separated by SDS-PAGE, and the Western blots
were developed with antibodies against Pol II CTD, hSPT5, Flag (Sigma), and
RAP30 of TFIIF.
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to the Tat protein (21, 43). In control HeLa nuclear extracts,
the addition of the Tat protein stimulated a three- to fivefold
increase in specific activation (G400 transcripts) without a sig-
nificant increase in transcription activity from the DTAR tem-

plate (G100 transcripts; Fig. 3C, lanes 1 and 2). In contrast,
Tat-SF1- or hSPT5-depleted nuclear extracts failed to support
Tat-dependent transcription activation (Fig. 3C, lanes 3 to 6).
However, the reduced Tat activation potential produced by the

FIG. 3. Tat-SF1 and hSPT5 are required for Tat-dependent activation. (A) Analysis of Tat-SF1- or hSPT5-depleted nuclear extracts with Western blotting. HeLa
nuclear extracts were immunodepleted four times with preimmune (PI) (lane 2), anti-hSPT5 (lane 3), and anti-Tat-SF1 (lane 4) antibodies. Aliquots of each depleted
extract were probed with antibodies against Pol II CTD, hSPT5, Tat-SF1, RAP30, and TBP. An equal volume (2 ml) of input nuclear extract was used for the control
(lane 1). (B) Scheme of the Tat-dependent TAR-specific transcription reaction. HeLa nuclear extracts were preincubated with template DNAs including pHIV-LTR1
TAR and pHIV-LTRDTAR at 30°C for 30 min. Radiolabelled CTP and 200 mM of cold nucleotide mixtures (ATP, GTP, CTP, and UTP) were added into the reactions
for transcription elongation. RNase T1 digestion was carried out to distinguish the Tat-dependent TAR-specific transcripts (1TAR G400) versus the TAR-independent
transcripts (DTAR G100). (C) Tat-SF1 depleted- and hSPT5 depleted-nuclear extracts are defective for Tat-dependent activation. Immunodepleted nuclear extracts
(DTat-SF1, lanes 3 and 4; DhSPT5, lanes 5 and 6), as well as control nuclear extracts (lanes 1 and 2), were used for transcription in vitro. Purified Tat protein (;25 ng)
was added during the preincubation step as indicated (lanes 2, 4, and 6). TAR-specific transcription activities were calculated by quantitation of the synthesized transcripts from
1TAR/DTAR. Fold levels of Tat-specific transcription activities were obtained by normalization of TAR-specific transcription activities in the presence or absence of Tat
protein as described previously (20). (D) Depletion of Tat-SF1 and hSPT5 did not change the transcription activities from the adenovirus E4 promoter and the MLP. In vitro
transcription activities from each of the depleted nuclear extracts, as well as control nuclear extracts, were determined for E4 and MLP (see Materials and Methods).
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depletion of either Tat-SF1 or hSPT5 did not extend to Tat-
independent transcription as shown in the sustained level of
DTAR G100 transcripts (Fig. 3C, lanes 3 to 6). To ensure that
the effects of depletion of either Tat-SF1 or hSPT5 protein are
specific for Tat-activated transcription, the same nuclear ex-
tracts were tested with other promoters such as the adenovirus
E4 and the MLP. After normalization of the protein concen-
trations, the depleted nuclear extracts showed similar levels
of transcription activity when compared to the normal nu-
clear extracts or preimmune depleted nuclear extracts (Fig.
3D, compare lanes 2 to 4 with lane 1). These results suggest
that both Tat-SF1 and hSPT5 are important for Tat-activated
transcription are but not essential for general transcription
from the HIV-LTR or other promoters.

Recombinant Tat-SF1 and SPT5 proteins complement Tat
activation of transcription. The activity of purified Tat-SF1 or
hSPT5 protein in Tat-dependent transcription activation was
assayed in vitro by using transcription reactions containing
depleted nuclear extracts. Recombinant Tat-SF1 (rTat-SF1)
was purified from insect cells infected with baculovirus (Fig.
4A, lane 1), and its concentration in transcription reactions was
titrated to levels comparable to that found in HeLa nuclear
extracts. Approximately 50 ng of baculovirus-expressed rTat-
SF1 protein contained the same level of Tat-SF1 as 30 mg of
HeLa nuclear extract (Fig. 4B). The purified DSIF factor con-
tains hSPT4 and hSPT5 and has been shown to affect tran-
scription elongation in vitro (31). It is likely that immunodeple-
tion of hSPT5 also resulted in depletion of hSPT4. To test the
activity of this complex, recombinant DSIF (rDSIF), composed
of hSPT5 and hSPT4 polypeptides, was purified from Esche-
richia coli (Fig. 4A), and the activities of these proteins have
been normalized in previous studies (31). The addition of
rTat-SF1 or rDSIF to Tat-SF1- or hSPT5-depleted extracts,
respectively, restored Tat-dependent transcription activity
(Fig. 4B, lanes 1 to 4 and lanes 5 to 8, respectively). However,
the addition of rTat-SF1 protein into hSPT5-depleted nuclear
extracts did not support Tat-dependent transcription nor did
the addition of rDSIF into Tat-SF1-depleted extracts (data not
shown). The addition of 10-fold-higher amounts of rTat-SF1
than the endogenous level did not confer further Tat-specific
transcription activity, indicating that the system was saturated
for Tat-SF1 in support of Tat-specific transcription elongation.
Furthermore, the addition of recombinant TFIIF (RAP30 and
RAP74) into Tat-SF1-depleted nuclear extract increased both
Tat-dependent and Tat-independent transcription (data not
shown). This finding is in good agreement with a previous
report which demonstrated that TFIIF facilitates transcrip-
tional elongation in both types of reactions (17). These results
demonstrate that the addition of rTat-SF1 and rDSIF proteins
could specifically restore Tat-activated transcriptional elonga-
tion to their depleted nuclear extracts without altering the level
of general transcription. In addition, it indicates that both
factors are required independently to support the Tat-depen-
dent TAR-specific transcription process.

Tat-SF1 and hSPT5 specifically stimulate Tat-activated
transcription in vivo. Overexpression of Tat-SF1 in vivo has
been previously shown to enhance the level of Tat activation
from a TAR-containing vector (44). It is possible that the level
of hSPT5 was limiting in these cells. Therefore, the effects of
the overexpression of both Tat-SF1 and hSPT5 on Tat activa-
tion in vivo were examined. An HIV-LTR CAT reporter con-
struct was cotransfected into HeLa cells with various combi-
nations of plasmids encoding Tat, Tat-SF1, and hSPT5. The
transcriptional activity from the HIV-LTR was increased by
approximately 50-fold by Tat expression when cotransfected
into HeLa cells (Fig. 5A). This Tat-dependent transcriptional

activity was further increased (by ca. threefold) by the cotrans-
fection of a plasmid containing Tat-SF1 in combination with
the Tat expression plasmid. Overexpression of hSPT5 in the
context of cotransfection with a plasmid encoding Tat con-
ferred similar levels of enhanced transcriptional activity as that
by Tat-SF1 (Fig. 5A). In the presence of Tat, the overexpres-
sion of both Tat-SF1 and hSPT5 conferred a fivefold enforce-
ment beyond that observed by Tat alone. However, the over-
expression of either Tat-SF1 or hSPT5 without Tat did not
stimulate the transcriptional activity of the HIV-LTR reporter.
The stimulatory effects observed with the overexpression of
Tat-SF1 and/or hSPT5 appear to be specific for Tat activation.
In a previous study (44), overexpression of Tat-SF1 from a
plasmid containing a simian virus 40 promoter suppressed the
HIV-LTR CAT reporter by threefold in the absence of Tat. A
similar suppression was not observed with the current system
of plasmids. In both of these studies, the overexpression of
Tat-SF1 stimulated Tat-specific activation by three- to sixfold
compared to the control of the equivalent transfection in the
absence of Tat. A plasmid encoding Gal4-VP16 was cotrans-
fected with an UAS-CAT reporter with or without the cotrans-
fection of Tat-SF1 or hSPT5. Transfection with Gal4-VP16
alone transactivated the UAS-CAT reporter approximately
200-fold (Fig. 5B). In the absence of Gal4-VP16, the transcrip-
tional activities of UAS-CAT were not stimulated above the
background (mock) level of transcription by the overexpres-
sion of Tat-SF1 or hSPT5. In contrast to Tat-dependent tran-
scription, the overexpression of Tat-SF1 or hSPT5 did not
further increase the activation of transcription by Gal4-VP16
in vivo (Fig. 5B). These results strongly suggest that Tat-SF1
and hSPT5 specifically support Tat-dependent transcriptional
activation in vivo, as well as in vitro, and that both factors can
be the limiting cellular factors for optimal activation in vivo.

DISCUSSION

Tat activation of transcription in vitro is dependent upon
both Tat-SF1 and hSPT5 since Tat stimulation can be specif-
ically restored to immunodepleted extracts by the addition of
purified recombinant proteins. Perhaps not surprisingly, small
fractions of these two proteins are found associated with one
another in transcription reactions, and both proteins are also
associated with a fraction of Pol II. Overexpression of either
Tat-SF1 or hSPT5 in vivo specifically stimulates Tat activation
of transcription, and overexpression of both polypeptides fur-
ther stimulates Tat activation. Surprisingly, a significant frac-
tion of Tat-SF1 is associated with the RAP30 subunit and not
to the other subunit of TFIIF, RAP74. This suggests that
RAP30, which is tightly bound to elongating Pol II, may be an
important factor in the mechanism of Tat activation.

The general transcription factor TFIIF interacts with Pol II
during multiple stages of transcription, including preinitiation
complex assembly, initiation, and elongation (29, 30). After
initiation, the RAP30 subunit of TFIIF remains tightly bound
to the elongating Pol II, while the RAP74 subunit is bound less
tightly (41). The RAP30 subunit has several subdomains: a
C-terminal region which binds DNA in initiation complexes, a
Pol II-binding region which is important for elongation, and a
RAP74-binding region in the N terminus. The latter region is
important for both initiation and elongation (30). These results
are consistent with the proposal that RAP30 which bound to
Pol II during elongation mediates the binding of other proteins
(41). In particular, RAP30 almost certainly could mediate the
binding of RAP74, which suppresses pausing during elonga-
tion. RAP30, as part of the elongating complex, probably also
associates with Tat-SF1. This association appears to compete
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FIG. 4. Addition of recombinant Tat-SF1 and DSIF proteins rescues Tat-dependent transcription activation. (A) SDS-PAGE analysis of recombinant Tat-SF1 and
DSIF proteins. Samples (;250 ng) of purified recombinant Tat-SF1 (lane 1, open arrowhead) and DSIF, a complex of hSPT4 and hSPT5 (lane 2, closed arrowhead),
were resolved by SDS-PAGE on a 4 to 20% gel, and the proteins were visualized by staining gels with Coomassie brilliant blue. (B) Normalization of baculovirus-
expressed Tat-SF1. Full-length rTat-SF1 protein was purified from recombinant baculovirus-infected Hi5 cells. Then, 4 mg of HeLa nuclear extracts (lanes 1 and 2) and
different amounts of baculovirus-expressed rTat-SF1 proteins (lanes 3 to 5) were analyzed by Western blotting. Approximately 50 ng of purified recombinant Tat-SF1
protein (lane 3) showed the same level of Tat-SF1 as 30 mg of HeLa nuclear extracts (4 ml). (C) Nuclear extracts depleted with Tat-SF1 and hSPT5 can be complemented
by recombinant Tat-SF1 and DSIF proteins for Tat-dependent activation. Recombinant Tat-SF1 (lanes 3 and 4) or DSIF, a complex of hSPT4 and hSPT5 (lanes 7 and
8), proteins were added to reactions at the preincubation step. The fold activation by Tat was measured as described previously (20).
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with the binding of RAP74 to RAP30 since RAP74 did not
efficiently coprecipitate with either Tat-SF1 or RAP30 anti-
serum. The association of Tat-SF1 with RAP30 might position
the former in the elongation complex in close proximity to the
Pol II. Since Tat-SF1 also binds the hSPT5 protein which also
associates with Pol II, the mutual interaction of these three
proteins (RAP30, Tat-SF1, and hSPT5) could greatly stabilize
the complex on the Pol II.

Biochemical fractionation of nuclear extracts defined Tat-
SF1 as an important factor for Tat activation (43, 44). Immu-
nodepletion with antisera to the pp140 component of Tat-SF1
suggested a critical role for this polypeptide in Tat-activated
transcription elongation. Complementation of such depleted
extracts with recombinant pp140 indicates that this polypep-
tide is the only component of Tat-SF1 necessary for the activ-
ity. The degrees of specific activation upon addition of Tat to
these reactions were about twofold. This suggests that over half
of the transcription complexes traversing the G-less cassette
1,000 bp downstream from the promoter were activated by Tat.
The fold activation is largely determined by the level of tran-
scription through this region in the absence of Tat activation,
which varies with preparations and conditions. Although there
is no indication for a cofactor of Tat-SF1 codepleted from the

reaction, the limitation of measuring the efficiency of comple-
mentation with twofold changes could make detection of such
a factor difficult.

Tat-SF1 was specific for Tat activation in these transcription
reactions since neither the depletion nor the addition of this
protein reduced or stimulated, respectively, general transcrip-
tion from a number of promoters. These findings agree with
previous results (43, 44) but conflict with a recent suggestion
that Tat-SF1 is a general elongation factor (18). Several lines
of evidence support the idea that Tat-SF1 is not required for
general elongation. First, transcription activities from the HIV-
DTAR promoter and other promoters, including adenovirus
E4 and MLP, were not decreased by the depletion of Tat-SF1.
Second, complementation of depleted extracts with recombi-
nant Tat-SF1 protein restored stimulation of Tat-activated
transcription, while the addition of Tat-SF1 did not change the
levels of TAR-independent transcription activities. Third, the
overexpression of Tat-SF1 stimulated Tat activation but failed
to increase transactivation by Gal4-VP16 in vivo. Thus, these
data in vitro and in vivo clearly indicate that Tat activation is
more dependent upon Tat-SF1 than general transcription from
Tat-independent promoters. However, these results are not
conclusive with regard to a potential role of Tat-SF1 in general
transcription, and a better mechanistic understanding of Tat-
SF1’s role in elongation will be necessary to resolve this issue.

Tat-SF1 tightly associates with the Tat protein in nuclear
extracts (18, 43, 44) and has been reported to associate ineffi-
ciently with P-TEFb, which is an important factor in the tran-
scription process (42). P-TEFb, containing cyclin T and Cdk9,
specifically binds to TAR RNA in the presence of Tat forming
a species-specific recognition complex leading to the activation
of transcription (1, 33). Although we did not detect an associ-
ation of Tat-SF1 with Cdk9 (probably because of the high-salt
washing conditions), it is likely that Tat-SF1 would associate
with Cdk9 in the presence of Tat. The tight association of
Tat-SF1 with Tat (18, 44) and P-TEFb with Tat (13, 45) in this
complex would place Tat-SF1 in the appropriate location for it
to play a role in the activation of elongation.

hSPT5 is also important for Tat activation of transcription
both in vitro and probably in vivo. Immunodepletion of hSPT5
reduced the level of Tat activation but not that of general
transcription, and the addition of purified recombinant protein
complemented this deficiency. Furthermore, the overexpres-
sion of hSPT5 in vivo stimulated Tat activation of gene expres-
sion but not Gal4-VP16 enhancement of transcription. Pre-
vious fractionation studies have suggested that the hSPT5
protein is important for Tat activation, but these experiments
did not test complementation by recombinant hSPT5 (35).
Studies in yeast have shown that SPT5 is associated with SPT4
and Pol II (11). The DSIF factor (see below) was purified from
human extracts as a complex of hSPT4 and hSPT5, a finding
consistent with the results found in yeast cells (31). The novel
finding that hSPT5 is associated with Tat-SF1 suggests that
these two proteins might cooperatively bind to Pol II, perhaps
to specifically promote elongation. This proposal is consistent
with studies in yeast cells which showed that SPT5 becomes an
essential elongation factor when the organism is deficient in
the SII elongation factor or when placed under stress by drugs
that interfere with transcription elongation by limiting the pool
of nucleotide triphosphates (11).

It is important to note that both P-TEFb and DSIF may be
involved in the modulation of gene expression during both the
“early” and “late” stages of the elongation process. Recent
studies involving the nucleoside analog DRB have shown that
P-TEFb and DSIF act as positive and negative factors, respec-
tively, during the early stages of elongation. The DSIF complex

FIG. 5. Ectopic expression of Tat-SF1 and hSPT5 specifically enhances Tat-
dependent transcription activity in vivo. (A) Expression of Tat-SF1 and hSPT5
increased Tat-dependent transcription activity. HeLa cells were cotransfected
with HIV-LTR CAT reporter DNA (1 mg), 1 mg of Tat-SF1 expression vector
(see Materials and Methods), and/or 1 mg of hSPT5 expression vector (38) in the
absence or presence of the Tat expression vector (50 ng) as indicated. (B)
Expression of Tat-SF1 and hSPT5 did not increase the transcription activities by
Gal4-VP16 in vivo. HeLa cells were cotransfected with UAS-CAT reporter
(1 mg), 1 mg of Tat-SF1 expression vector, and/or 1 mg of hSPT5 expression
vector in the absence or presence of Gal4-VP16 expression vector (200 ng). In
both panels A and B, the relative CAT activities were obtained by normalization
with b-Gal activities. pCMV–b-Gal expression vector (0.5 mg) was cotransfected
in each transfection for the normalization of CAT assay. All transfection exper-
iments were performed in duplicate and independently repeated five times. The
results are representative of three separate experiments.
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(hSPT4 and hSPT5) was originally purified as a cellular factor
which conferred sensitivity to DRB on transcription in vitro
(31). Subsequent results have provided a mechanism explain-
ing this drug effect. The addition of DSIF and another factor,
NELF (negative elongation factor), to a reaction arrests Pol II
shortly after initiation, making further elongation dependent
upon the activity of the Cdk9 kinase, a component of P-TEFb
(32, 36). This kinase can phosphorylate the CTD of Pol II, and
it is this modification which is thought to signal the release of
the Pol II from the inhibitory effects of DSIF (37). The Cdk9
kinase is preferentially sensitive to the drug DRB compared to
other Cdk-type kinases known to be important in transcription
(19). Since DRB is a general inhibitor of elongation in mam-
malian cells and generates short promoter proximal transcripts
(28), this suggests that DSIF and P-TEFb are important for the
“early” stages of basal transcription from most promoters. Tat
activation of transcription is unusually sensitive to inhibition by
DRB (21) and affects elongation at sites distal from the pro-
moters, suggesting that DSIF and P-TEFb may have an addi-
tional late function in Tat activation.

Recent biochemical studies of human P-TEFb are consistent
with it having an additional late role in Tat activation (33, 45).
Both D. melanogaster and rodent P-TEFb complement a hu-
man transcription reaction for the above-mentioned early role
in general transcription. However, neither of these factors
complement Tat-dependent transcription activation (3, 9, 45).
Only human P-TEFb can function in Tat activation correlated
with its specific tight binding to TAR RNA in the presence of
Tat (1, 33). Apparently, only the human cyclin T subunit of
P-TEFb and not the Drosophila or rodent homolog specifically
recognize the loop sequence of TAR. These results suggest
that a TAR–Tat–P-TEFb complex is required for Tat activa-
tion of elongation compared to the promoter proximal basal
effects of P-TEFb. This suggests that the TAR–Tat–P-TEFb
complex controls elongation as the Pol II traverses promoter-
distal sequences or a late stage of elongation. In mediating this
late effect, the TAR complex probably interacts with Tat-SF1
and DSIF (hSPT5 and hSPT4) in the activation of elongation.
It is possible that this complex also interacts with RAP30 in the
elongating complex, providing a mechanism for the dynamic
control of elongation by Pol II.
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