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The HIV-1 Tat cellular
coactivator Tat-SF1 is a general
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The human immunodeficiency virus type 1 (HIV-1) Tat
protein strongly and specifically stimulates transcription
elongation from the HIV-1 LTR and provides an impor-
tant in vitro model system to study this process. Here we
use protein-affinity chromatography to identify cellular
factors involved in transcription elongation. A Tat-affin-
ity column bound one transcription factor, Tat-SF1, ef-
ficiently and selectively. Tat-SF1 was identified origi-
nally as a Tat-specific coactivator, but we show it is a
general transcription elongation factor. Our results also
reveal the existence of an ATP-inactivatable general
elongation factor (AIEF) required for Tat-SF1 activity
and for which Tat can substitute functionally.
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Transcription in eukaryotic cells requires the assembly
of an elaborate multisubunit preinitiation complex, fol-
lowed by initiation, elongation, and termination. Al-
though it was thought originally that regulation occurs
primarily at the level of initiation, it is now recognized
that some genes are regulated, at least in part, at the
transcription elongation step (for review, see Bentley
1995). Recent studies suggest that regulation of elonga-
tion is probably of general importance in eukaryotic gene
expression, especially in higher organisms (for review,
see Bentley 1995; Li and Green 1996a). Compared to our
understanding of transcription initiation, much less is
known about the factors and mechanisms involved in
transcription elongation.

The human immunodeficiency virus-1 (HIV-1) Tat
protein is a potent activator of the HIV-1 long terminal
repeat (LTR) and functions by binding to an RNA ele-
ment, Tar, in the nascent transcript (for review, see
Cullen 1993; Jones and Peterlin 1994). Tat can also
stimulate transcription when directed to the promoter
through a heterologous DNA-binding domain (Southgate
and Green 1991), suggesting that it may be functionally
similar to typical activators that target promoters by se-
guence-specific DNA binding. Based on both in vivo and
in vitro evidence, HIV-1 Tat stimulates transcription at
the level of elongation (Kao et al. 1987; Laspia et al. 1989;
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Marciniak et al. 1990; Feinberg et al. 1991; Marciniak
and Sharp 1991) and thus has provided a valuable system
to study this process.

We investigate cellular factor(s) that are required for
general and Tat-directed transcription elongation. Our
results reveal a new general elongation factor, Tat-SF1.

Results and Discussion

To identify cellular factors with which Tat interacts, a
HelLa cell nuclear extract was chromatographed on a pro-
tein-affinity column containing immobilized wild-type
Tat. A Tat activation-defective mutant, Tat(K41A), was
used as a control. Flowthrough (FT) fractions were tested
initially in a standard run-off (RO) transcription assay
using the generic DNA template, G5E1b. Figure 1A
shows that the crude nuclear extract and the Tat mutant
protein-affinity column FT supported efficient transcrip-
tion elongation as evidenced by synthesis of an [11600-
nucleotide RO transcript. In contrast, the amount of
1600 nucleotide RO transcript synthesized in the FT of
the wild-type Tat protein-affinity column was decreased
dramatically. To determine whether the transcription
defect was at the level of initiation or elongation, we
performed primer-extension analysis using a ‘promoter-
proximal’ primer located near the transcription start-
site. Figure 1A shows that the FT fractions from the
wild-type and mutant Tat columns, and the crude
nuclear extract, all gave rise to a similar amount of this
promoter-proximal primer-extension product. We con-
clude that the Tat-affinity column depleted a factor(s)
involved specifically in transcription elongation.

Figure 1B shows that a 0.5 m eluate of the Tat protein-
affinity column complemented the FT fraction, whereas
the 1.0 m eluate had little effect. Primer-extension analy-
sis revealed that the 0.5 m eluate had no significant effect
on transcription initiation. We conclude that the 0.5 m
eluate of the Tat protein-affinity column contains a gen-
eral transcription elongation factor(s) that binds to the
Tat-activation domain.

To determine whether the activity bound to the Tat-
affinity column corresponded to a known transcription
component, we carried out immunoblot analysis using
antibodies directed against various transcription-initia-
tion factors [TFIIB, TFIID (TBP subunit), TFIIF (RAP30
subunit), TFIIH (ERCC3 subunit) (Drapkin et al. 1994)],
elongation factors [SII, Elongin (SlIl) (Elongin B subunit)
(Aso et al. 1995; Garrett et al. 1995), ELL (Shilatifard et
al. 1996), P-TEFb (CDK?9 subunit) (Zhu et al. 1997)], RNA
polymerase Il, and Tat-SF1 (Zhou and Sharp 1996), a pu-
tative Tat-specific cofactor. Figure 2 shows that of these
factors, only Tat-SF1 was both depleted significantly
from the Tat-affinity column FT and present at high con-
centration in the 0.5 m column eluate, which contained
the elongation activity. The Tat-affinity column also
bound several general transcription factors to a lesser
extent, in particular, TFIIF and the cyclin-dependent ki-
nase/P-TEFb subunit, CDK9, which have both been im-
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Figure 1. A Tat-affinity column depletes a factor(s) required for
transcription elongation. Nuclear extract was chromatographed
on a Tat-affinity column, or a control column containing the
Tat mutant, Tat(K41A). FT fractions were collected, and bound
proteins eluted with 0.5 m or 1.0 m KCI. (A) Activities of the
nuclear extract input and the FT fractions were tested in a stan-
dard RO transcription assay or by primer-extension. The RO
transcripts are shown at top; the primer-extension products at
bottom. (B) The Tat protein-affinity column eluates (5 or 10 pl)
were tested for their ability to complement the Tat protein-
affinity column FT to support transcription. RO transcripts and
primer-extension products are shown.

plicated in Tat function previously (Kato et al. 1992;
Moncebo et al. 1997; Zhu et al. 1997; Gold et al. 1998;
Wei et al. 1998).

To identify the general elongation factor retained on
the Tat-affinity column, the 0.5 m column eluate was
subjected to biochemical fractionation (see Materials
and Methods). Figure 3A shows that the final fraction
complemented the Tat-affinity column FT to support ef-
ficient elongation. Significantly, the immunoblot experi-
ment of Figure 3B shows that this fraction contained
high levels of Tat-SF1 but no other known transcription
components. Because TFIIF was depleted modestly by
the Tat-affinity column and has been implicated in tran-
scription elongation previously (for review, see Bentley
1995; Reine et al. 1996), it was also tested. Figure 3A
shows that TFIIF increased transcriptional activity of the
Tat-affinity column FT (lane 2) and synergized with Tat-
SF1 (lanes 3,4). However, whereas TFIIF stimulated pro-
duction of all transcripts, Tat-SF1 appeared to stimulate
exclusively production of full-length transcripts.

The finding that Tat-SF1 may be a general transcrip-
tion elongation factor was unexpected because it was
proposed originally to be a Tat-specific coactivator (Zhou
and Sharp 1995, 1996). To confirm this conclusion, we
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Figure 2. Selective depletion of Tat-SF1 by a Tat-affinity col-
umn. The presence of the known general transcription compo-
nents in the nuclear extract input, Tat-affinity column flow
through and the 0.5 m eluate was analyzed by immunobloting.

expressed Tat-SF1 in a baculovirus system. Figure 3C
shows that following addition to the Tat-affinity column
flow through, the baculovirus-derived Tat-SF1 stimu-
lated transcription elongation efficiently from three dif-
ferent DNA templates. Based on these results, we con-
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Figure 3. Tat-SF1 is a general transcription elongation factor.
(A) The elongation activity present in the 0.5 m Tat-affinity
column eluate was partially purified as described in Materials
and Methods. Peak fraction containing this factor from the final
Mono S column (2, 4 ul) and a TFIIF-containing fraction (2 pl)
were added individually or together to the Tat-affinity column
FT. Run-off transcripts on the G5E1b template are shown. (B)
The Mono S fraction containing the elongation activity was
analyzed by immunoblotting using antibodies against the indi-
cated factors. (C) The same as A except that baculovirus-derived
Tat-SF1 was used. The DNA templates are indicated.
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clude that Tat-SF1 is a general transcription-elongation
factor.

Tat-SF1 was identified originally as a Tat-specific co-
activator (Zhou and Sharp 1995, 1996) and therefore its
depletion was expected to abolish Tat-directed transcrip-
tion activation. To confirm this prediction, we used a
previously described Tat-transactivation assay that in-
volves an initial preincubation of the nuclear extract (or
fractions thereof) with ATP (Marciniak and Sharp 1991).
Figure 4A shows, as expected, that the flow through of a
Tat-affinity column failed to support Tat-activated tran-
scription, whereas efficient activation by Tat was ob-
served with the crude nuclear extract input and the flow
through of the Tat-mutant column. Figure 4B shows that
the Tat-affinity column 0.5 m eluate complemented the
ability of the Tat-affinity column flow through to sup-
port Tat-directed transcription activation, which as ex-
pected, was observed with the wild-type but not mutant
[HIV-1LTR(ATar)] LTR template. Figure 4C shows that
addition of TFIIF to the Tat-affinity column flow
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Figure 4. Tat-SF1 is required for transcription activity by Tat.
Affinity chromatography was performed as described in Fig. 1.
(A) The nuclear extract input and the FT fractions from the Tat
protein-affinity column and the control column were tested in
a Tat-transactivation assay as shown schematically. (B) The 0.5
M eluate from the Tat protein-affinity column (0, 5, or 10 ul) was
tested for complementation of the Tat protein-affinity column
FT for activation by Tat. (C) The same as B except that TFIIF (2
pl) and Tat-SF1 (2, 4 pl) from the Mono S column were added.
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Figure 5. Preincubation of nuclear extract with ATP inacti-
vates an elongation factor, AIEF. Nuclear extract was preincu-
bated in the presence or absence of ATP. Tat and DNA tem-
plates were added as indicated. (A) RO transcripts; (B) primer-
extension products.

through increased the overall production of transcripts
from both the wild-type and mutant LTR templates but
was not required for activation by Tat. In contrast, Tat-
SF1 complemented the Tat-affinity column flow through
to support synthesis of full-length transcripts from the
HIV LTR but not HIV-1LTR(ATar) DNA template (Fig-
ure 4B,C). These results indicate that Tat-SF1 is required
for activation by Tat, consistent with previous studies
(Zhou and Sharp 1995, 1996).

The results of Figure 3 indicate that Tat-SF1 can
stimulate elongation in the standard nuclear extract but
following preincubation with ATP the ability of Tat-SF1
to simulate elongation required Tat (Fig. 4). Figure 5A
shows that preincubation of the nuclear extract reduced
production of the 1600-nucleotide run-off transcript
drastically without affecting initiation (Figure 5B).
Therefore, the preincubation step inactivated an elonga-
tion activity, which we refer to as ATP-inactivatable
elongation factor (AIEF). AIEF is a general elongation fac-
tor because the effect of preincubation was observed
with several different DNA templates tested. Taken to-
gether, our results suggest that general transcription
elongation requires both Tat-SF1 and AIEF. Because Tat
can activate transcription in an ATP-preincubated ex-
tract that lacks functional AIEF, we conclude that Tat
can substitute for AIEF on the HIV LTR.

The intrinsic elongation efficiency of RNA polymer-
ase Il is relatively low and is increased by a set of elon-
gation factors including SlI, Sl (elongin), ELL and p-
TEFb, and transcription initiation factors TFIIF and
TFIIH (for review, see Bentley 1995; Reine et al. 1996).
Here we have shown that Tat-SF1 is also a general elon-
gation factor. Further studies will be required to deter-
mine how Tat-SF1 stimulates elongation. Because Tat—
SF1 does not affect promoter-proximal transcription, and
is required for Tat function, we speculate that it in-
creases the processivity of the transcription complex.
Tat-SF1 is a member of a family of factors that include
EWS, TLS/FUS, Drosophila SARFH, and hTAF,,68, all of
which share a similar RNA binding motif. Accumulating
evidence suggests that these factors are involved in tran-



scription (Bertolotti et al. 1996 and references therein).
However, further studies are needed to define the rela-
tionship between these factors and determine their roles
in transcription elongation.

Previous studies have shown that Tat-SF1 is essential
for Tat-transactivation (Zhou and Sharp 1995, 1996), and
a role for TFIIF in Tat function has also been suggested
(Kato et al. 1992). Our finding that a Tat-affinity column
can selectively and efficiently bind Tat-SF1, and to a
lesser extent TFIIF, is consistent with these previous re-
ports. We have shown that Tat-SF1 is required for Tat
function and thus is also an essential Tat-specific coac-
tivator as reported previously (Zhou and Sharp 1995,
1996). However, whereas the previous studies suggested
that Tat-SF1 was Tat-specific, instead we find it is a
general elongation factor. This apparent discrepancy can
be explained readily by considering the assays used in
the different studies. The Tat-transactivation assay used
in this and the previous studies (Zhou and Sharp 1995,
1996) involves preincubation of nuclear extract with
ATP. We have shown that this preincubation inactivates
a general elongation activity, AIEF. Because AEIF is a
general elongation factor, following ATP-preincubation
elongation becomes inefficient; under these conditions,
efficient elongation occurs only on the HIV LTR in the
presence of Tat. These results indicate that Tat can sub-
stitute functionally for AIEF and further suggest that
Tat-SF1 cooperates normally with AIEF to stimulate
transcription elongation of cellular genes. AIEF could
correspond to one of the previously identified elongation
factors, but based upon several criteria, including its
chromatographic properties, we think it is most likely a
novel activity (X.-Y. Li and M.R. Green, unpubl.).

In addition to Tat-SF1, several other factors have been
implicated in Tat-transactivation (Herrmann and Rice
1995; Parada and Roeder 1996; Cujec et al. 1997; Garcia-
Martines et al. 1997; Moncebo et al. 1997; Suné et al.
1997; Zhu et al. 1997; Wei et al. 1998; Wu-Baer et al.
1998). Of these, TFIIH and P-TEFb have been studied
most extensively (Parada and Roeder 1996; Cujec et al.
1997; Garcia-Martines et al. 1997; Moncebo et al. 1997;
Zhu et al. 1997; Wei et al. 1998). Both TFIIH and P-TEFb
can phosphorylate the CTD of RNA polymerase I, a pro-
cess thought to be stimulated by Tat. CTD phosphory-
lation is believed to be important during promoter clear-
ance and required to counteract the effect of elongation
inhibitory factors (for review, see Jones 1997). However,
CTD phosphorylation may not be sufficient for Tat-
transactivation: Tat-transactivation can be detected un-
der conditions in which the CTD phosphorylation is un-
affected (Keen et al. 1997). CTD phosphorylation may
also be required to recruit elongation factors to the elon-
gation complex, and our results raise the possibility that
Tat-SF1 is one such a factor. Significantly, Tat-SF1 can
associate with and be phosphorylated by P-TEFb (Zhou
et al. 1998).

It has been reported previously that Tat can stimulate
transcription by counteracting the inhibitory effect of
sodium citrate, which apparently involves TFIIH (Parada
and Roeder 1996). Our work further implicates an ATP-
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inactivatable general elongation factor, AIEF. Collec-
tively, these various studies suggest that Tat functions
through multiple factors. Future experiments will be re-
quired to define the precise roles of these factors in gen-
eral and Tat-directed transcription elongation.

Materials and methods

Plasmids

pGEXFH-Tat and pGEXFH-Tat(K41A) contain, respectively, the DNA
fragments encoding the HIV-1 Tat protein (amino acids 1-86) and its
mutant, Tat(K41A), fused in-frame to the GST-Flag-HMK sequence in
pGEX2T(128/129). The plasmids p(-119)HIV-1LTRCAT, p(-119)HIV-
1LTRCAT(ATar) (Southgate and Green 1991), and pG5E1bCAT (Lillie
and Green 1989) have been described previously.

Preparation of GST-Tat and GST-Tat(K41A)

The procedure was the same as described previously with modifications
(Li and Green 1996b). Briefly, 20 um ZnCl, was added to the bacterial
culture prior to induction by IPTG. The cell lysate was prepared in a lysis
buffer [20 mm Tris-Cl (pH 8.0), 1 m NaCl, 20 pm ZnCl,, 0.1% NP-40, 1
mm DTT, and protease inhibitors]. After batch incubation, glutathione-
agrose beads containing bound GST-fusion proteins were transferred to a
column, and washed extensively first with the lysis buffer and then with
buffer B [20 mm HEPES (pH 8.0), 300 mm KCI, 20 mm ZnCl,, 10% glyc-
erol, 0.1% NP-40, 0.5 mm DTT, and 0.5 mm PMSF]. The proteins were
eluted with buffer B containing glutathione and dialyzed extensively
against buffer B.

Tat protein-affinity chromatography

The Tat protein-affinity column and the control column contained, re-
spectively, GST-Tat and GST-Tat(K41A) immobilized on glutathione-
agarose beads at a concentration of (B mg/ml. The columns, with a
volume of 1 ml each, were washed extensively first with the lysis buffer
and then with buffer D [20 mm HEPES (pH 8.0), 0.2 mm EDTA, 0.5 mm
DTT, and 0.5 mm PMSF] containing 0.1 m KCI and 20 um ZnCl,. Nuclear
extract (3 ml) was passed through the columns at a flow rate of 1.5
column vol/hr. The columns were washed with buffer D containing 0.1
M KCI, and bound protein eluted with buffer D containing 0.5 m and 1.0
M KCI. The eluted fractions were dialyzed against buffer D containing 0.1
M KCI.

Partial purification of Tat-binding factors

The 0.5 m eluate from the Tat-affinity column, derived from 150 ml of
nuclear extract, was dialyzed in buffer E (20 mm HEPES, 10% glycerol,
0.2 mMEDTA, 0.03% NP-40, 0.5 mm DTT, and 0.5 mm PMSF) containing
0.1 m KCI. The dialyzed sample was applied to a 1-ml Resource Q column
(Pharmacia) equilibrated in 0.1 m buffer E, and proteins were fractionated
using 20 ml of buffer E with 0.1-0.6 m KCI. The fractions from the
gradient were dialyzed in 0.1 m buffer E and analyzed for transcription
activity in reconstitution experiments. The active fractions were pooled
and loaded onto a 1-mI Mono S column (Pharmacia) equilibrated in 0.1 m
buffer E, and fractionated using 20 ml of buffer E with 0.1-0.6 m KCI, and
dialyzed in 0.1 m buffer E.

Run-off transcription assays

The DNA templates including pHIV-1LTRCAT, pHIV-1LTRCAT(ATar),
and pG5E1bCAT were linearized with Hpal, and consequently the full-
length run-off transcripts are (11600 nucleotides. A typical transcription
reaction contained 7.5 pl of nuclear extract or flow through from the
Tat-affinity or control column, 0.25 pg of DNA template, 600 pum of ATP,
GTP, and CTP, 20 pm UTP, 1 pCi (800 mCi/mmole) [a-32PJUTP (NEN)
in the reaction buffer (20 mm HEPES, 75 mm KCI, 6%-13% glycerol, 20
um ZnCl,, 0.01% NP-40, 40 ng pGEM3, 1.0 mm DTT, and 0.5 mm PMSF).
GAL4-AH was added to transcription reactions using G5E1bCAT as tem-
plate. Where indicated, 50 ng Tat or its mutant Tat(K41A), purified from
Escherichia coli as a GST fusion-protein, was also added. The nuclear
extract was preincubated for 30 min at 30°C in the reaction buffer in the
presence or absence of 300 um ATP before transcription was started by
addition of DNA template and nucleotide triphosphates including [a-
32pJUTP. ATP was added during preincubation in the Tat-transactivation
assay but not in standard transcription assay. Transcription reactions
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were allowed to proceed for 30 min. Transcripts were purified and ana-
lyzed on a 5% denaturing polyacrylamide gel containing 8 m urea.

Transcription initiation assay

Transcription reactions were carried out as described above without
[«-32P]JUTP. Primer-extension analysis was performed as described by Lin
et al. (1988) using a primer corresponding to a sequence near the tran-
scription start site.

Purification of H6-Tat-SF1

A DNA fragment encoding Tat-SF1 (Zhou and Sharp 1996) was cloned
into the Bglll-EcoRlI site of the pBlueBacHis2B vector (Invitrogen). The
resulting plasmid was cotransfected with linearized Bac-N-Blue DNA
into SF9 cells. Recombinant virus obtained was used to express Tat-SF1
with a His-tag at the amino terminus in SF9 cells. The cells were har-
vested 60 hr postinfection, resuspended in lysis buffer [20 mm Tris-Cl (pH
8.0), 500 mm NacCl, 0.1% NP-40, 5 mm B-mercaptoethanol and protease
inhibitors], and lysed by brief sonication. After it was cleared by centrifu-
gation, the lysate was loaded onto a Ni?*-agarose column, which was
then washed extensively with the lysis buffer containing 20 mm imidaz-
ole. H6-Tat-SF1 was eluted from the column with the lysis buffer con-
taining 100 mm imidazole, and was dialyzed against buffer D containing
0.1 m KCI.
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