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We have reported the molecular cloning, expression, and characterization of a human cellular protein, TAP,
which possesses a strong transcriptional activation domain and binds the human immunodeficiency virus type
1 Tat transactivator in vitro and in vivo (L. Yu, Z. Zhang, P. M. Loewenstein, K. Desai, Q. Tang, D. Mao, J. S.
Symington, and M. Green, J. Virol. 69:3007-3016, 1995). Here we show that TAP binds the general transcrip-
tion factor TFIIB. Furthermore, we delineate the binding domains of TAP, Tat, and TFIIB, as well as measure
the strengths and specificity of these protein-protein interactions. TAP binds strongly to Tat, with a K, of (~2
to 5) X 10”7 M. The Tat activation region contains a 17-amino-acid conserved core domain which is the single
contact site for TAP. Single-amino-acid substitutions within the Tat core domain inactivate transactivation in
vivo and in vitro and greatly reduce binding of Tat to TAP in vitro. TAP binds strongly to TFIIB, with about
the same K, as for Tat. The interaction between TAP and TFIIB requires a sequence near the carboxy terminus
of TFIIB which is also required for binding the strong acidic activator VP16. The contact sites for Tat and
TFIIB map within the TAP C-terminal region, which contains the TAP activation domain. These combined
results are consistent with the hypothesis that TAP is a cellular coactivator that bridges the Tat transactivator

to the general transcription machinery via TFIIB.

The human immunodeficiency virus type 1 Tat transactiva-
tor is essential for viral gene expression and virus replication
(for a review, see reference 25). How Tat functions is therefore
of great interest. Studies of Tat’s mechanism of action have
been controversial and difficult to interpret (for a review, see
reference 3). Using Tat peptide-affinity chromatography, we
have identified a human cellular protein, TAP, that strongly
binds Tat and have cloned and expressed its cDNA (4, 26).
Transfection experiments with a series of TAP deletion mu-
tants identified a strong transcriptional activation domain
within the TAP C-terminal region that is masked by flanking
sequence elements (26). Here we describe detailed protein-
protein interaction studies with purified components and dem-
onstrate that TAP can interact specifically with the Tat core
activation domain and with the general transcription factor
TFIIB. The binding sites for Tat and TFIIB are located within
the TAP C-terminal region, which contains the TAP activation
function. In a separate study, we provide evidence that Tat
transactivation in vitro involves the function of a coactivator
(22). Taken together, these findings support a model in which
TAP may be an intermediary in Tat transactivation.

MATERIALS AND METHODS

Construction of TAP plasmids and TAP deletion mutants. A full-length TAP
template for in vitro translation, pcTAP1-279, was constructed by subcloning the
HindIII-Smal fragment from pBTAP2 (26) into the HindIII-EcoRV sites of
pcDNAI (Invitrogen). TAP71-279 was PCR synthesized with pBTAP2 as tem-
plate, with ATGGAATTCATGCTGCACACCGAC as an upstream sense
primer, and with ATCTCTAGAAAGCACATGTCTAGC containing an Xbal
site as a downstream antisense primer. pcTAP71-279 was generated by inserting
the PCR product, digested with Xbal, between the EcoRV and Xbal sites in the
pcDNALI vector. The expression plasmids for glutathione S-transferase (GST)-
TAP fusion proteins were constructed by inserting the open reading frame of the
different TAP deletions, prepared by PCR synthesis, between the BarmHI and
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EcoRI sites of the pGEX-2TK vector (8). The following primers were used:

ATGGGATCCCTGCCTCTGCTGCGApGaer 1)
ATGGGATCCATGCTGCACACCGACGGHGIAGT 2)
ATGCCATGGGATCCCAGAAGGTTGAAGHAREr 3)
ATGGGATCCCAGTCCACTGGCphidier 4)
ATGGGATCCGGGGTGGACAAQRETer 5)
TCAGAATTCCTGGCTCTTGACARAmer 6)

The fragments were PCR synthesized as follows: TAP1-279, primers 1 (up-
stream) and 6 (downstream); TAP71-279, primers 2 (upstream) and 6 (down-
stream); TAP150-279, primers 3 (upstream) and 6 (downstream); TAP208-279,
primers 4 (upstream) and 6 (downstream); and TAP244-279, primers 5 (up-
stream) and 6 (downstream).

Construction of Tat expression plasmids and synthesis of Tat peptides. The
following primers were used for the PCR synthesis of Tat expression plasmids:

ATGGGATCCATGCCAGTAGAT fiTmer 7)
CTAGAATTCCGATTCCTTCGGGCCTiGier 8)
GGGCCATGGAGCCAGTAGATGEmer 9)
CGAAGATCTTTCCTTCGGGCCTfTmer 10)

pGEX-2TK-Tat was constructed by inserting PCR-synthesized Tat between the
BamHI and EcoRI sites of pGEX-2TK; the Tat insert was made with pcTat (17)
as a template with primers 7 (upstream) and 8 (downstream). pQTat and
pQTat41Ala, which express Tat and Tat41Ala with six histidine residues at the C
terminus, were constructed by inserting PCR-synthesized Tat and Tat41Ala into
the pQEG0 vector (Qiagen) between the Ncol and Bg/II sites; the Tat and
Tat41Ala inserts were synthesized with pcTat and pLJTat41Ala (11, 16) as
templates with primers 9 (upstream) and 10 (downstream). The construction of
pGEX-2T-Tat1-48 and pGEX-2T-Tat1-48, 41Ala has been described previously
(22). pGEX-2T-Tat1-48, 38Ala was constructed in the same manner by C.-Z.
Song, with GAL4(1-47) HIV-1 Tat38Ala as a template (23). Tat peptides were
synthesized with an ABI 430A peptide synthesizer with FASTMOC chemistry
(Applied Biosystems) and purified by reverse-phase high-performance liquid
chromatography.

Expression of recombinant proteins. The various GST-2TK fusion proteins
containing TAP, Tat, and their mutant derivatives, as well as GST-2T-TFIIB
derivatives from Roberts et al. (21), were prepared and bound to glutathione-
agarose as described by Kaelin et al. (8). Aliquots of beads were analyzed by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to de-
termine the concentration and purity of protein. Beads were diluted with gluta-
thione-agarose to give 1 wg of protein per 100 ul of 10% slurry for studies
utilizing ligand bound to agarose beads. To produce Tat and Tat 41Ala, Esche-
richia coli M15 cells transformed by pQTat or pQTat41Ala were grown to an
Agoo of 0.6, induced with 1 mM IPTG (isopropyl-B-p-thiogalactopyranoside),
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harvested after 3 h of further growth, and purified by Ni-nitrilotriacetic acid
affinity chromatography in 6 M guanidine-HCI (Qiagen). Tat and Tat41Ala were
renatured by stepwise removal of guanidine-HCI and concentrated with a Cen-
tricon 3 microconcentrator (Amicon).

Preparation of Affigel 10-immobilized peptides and proteins. Affigel 10 (Bio-
Rad) was used as described by the manufacturer. Briefly, protein or peptide was
dissolved in 250 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid [pH 7.5]) at 2.5 mg/ml. Affigel 10 was washed rapidly three times in cold
water, added to the protein solution (1 ml of packed resin per ml of protein
solution), and incubated at 4°C with rocking for 4 h. Ethanolamine (pH 8.0) was
added to 100 mM, and incubation continued for 1 h. Beads were washed exten-
sively in phosphate-buffered saline (PBS) and diluted with blocked Affigel 10 to
give a concentration of 1 pg of ligand per 100 wl of a 1:10 slurry. Peptides not
soluble in HEPES buffer were dissolved in dimethyl sulfoxide and coupled to
Affigel 10 as described above, except that the resin was not washed with water.
Bound protein was measured by the decrease in A,g, after acidification of an
aliquot of the protein solution before and after binding to Affigel. Reproducibly,
over 95% of the protein or peptide was bound to Affigel.

Preparation of labeled proteins. To prepare *°S-labeled TAP1-279 and
TAP71-279, pcTAP1-279 and pcTAP71-279 were linearized with Xbal and used
as a template in a coupled transcription-translation system (Promega TNT) with
T7 RNA polymerase-rabbit reticulocye lysate and labeled with [>S]cysteine as
recommended by the manufacturer. To prepare °S-labeled GAL4-VP16,
GAL4(1-94)-VP16 cloned into pGEM-3 was linearized with EcoRI and used as
a template in Promega TNT system with SP6 polymerase-wheat germ extract and
labeled with [**S]methionine (21). GST-2TK-TAP fusion proteins and GST-
2TK-Tat were labeled with 32P by the kinase reaction and purified as described
previously (8). 3?P-Tat was cleaved from GST-2TK-Tat by incubation with hu-
man thrombin (6a). Recombinant Tat was labeled with %I by incubation of 50
g of protein in 200 ul of PBS with 0.5 mCi of Na-'?I (NEN) and five IODO-
BEADS (Pierce) for 20 min. The solution was removed from the IODO-BEADS,
cytochrome ¢ (400 pg) was added, and labeled Tat was purified by exclusion
chromatography on a 6-ml Sephadex G-10 column equilibrated in PBS-0.01%
Tween 80.

Protein-protein binding assays. Ligands immobilized on Affigel 10 or GST
fusion proteins bound to glutathione-agarose were incubated with labeled TAP
or GAL4-VP16 translates, 3?P-labeled GST-2TK-TAP or 3?P-labeled GST-2TK-
Tat fusion proteins, or '?°I-labeled recombinant Tat in binding buffer by either
of two protocols. Incubation of bound ligand with labeled protein was performed
in 100 pl of TBST (50 mM Tris-HCI, [pH 7.6], 150 mM NaCl, 0.2% Tween 20,
200 pg of bovine serum albumin [BSA] per ml); in most experiments, TBST
containing 500 mM NaCl was used. After incubation for 1 h at 4°C with rocking
in a 1.5-ml microcentrifuge tube, beads were washed four times with the same
TBST binding buffer lacking BSA by vortexing for 10 s and were centrifuged at
360 X g for 2 min. Bound protein was eluted by incubating beads in 30 pl of
SDS-PAGE sample buffer at 90°C for 10 min and electrophoresed on an SDS—
12.5% polyacrylamide gel. The dried gel was exposed for 1 to 2 days to a storage
phosphor screen, and bound protein was visualized and quantitated with a
Molecular Dynamics 400B PhosphorImager. In most experiments with TFIIB, an
alternate protocol was used in which the immobilized ligand was preincubated
for 1 h at 4°C in 300 pl of Nonidet P-40 binding buffer containing 40 mM HEPES
(pH 7.5), 150 mM KCl, 5 mM MgCl,, 0.5 mM EDTA, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, 0.2% Nonidet P-40, and 0.5 mg of a sonicated and
clarified E. coli extract per ml, essentially as described by Roberts et al. (21).
Labeled protein was added, and incubation continued for 1 h at 4°C. Beads were
washed with the same Nonidet P-40 binding buffer lacking bacterial extract and
analyzed as described above.

For solution binding, GST fusion proteins were stripped batchwise with 50
mM glutathione (pH 7.0) from 200 to 300 wl of packed glutathione-agarose
containing the GST fusion protein. Proteins were concentrated and buffer was
exchanged with PBS by centrifugation in a Centricon-30 (Amicon). The GST
fusion protein and the labeled translate were incubated in 30 wl of binding buffer
as described above. After 1 h at 4°C, 70 pl of a 1:10 dilution of glutathione-
agarose in binding buffer was added and incubation continued with rocking for
15 min at 4°C. Beads were washed four times in binding buffer, and bound
protein was analyzed as described above.

The binding of T7 epitope-tagged TFIIB (a gift from S. G. E. Roberts and M.
R. Green) to GST-TAP derivatives was performed in Nonidet P-40 binding
buffer as described above. Beads were washed and bound protein was eluted with
SDS-sample buffer and resolved by SDS-PAGE. Proteins were transferred to
nitrocellulose (S&S; BA83) with an LKB Novablot apparatus. Immunoblot anal-
ysis was performed by ECL chemiluminescence as recommended by Amersham
with T7 Tag monoclonal antibody (Novagen) as the primary antibody at 1:3,000
and donkey anti-mouse immunoglobulin G conjugated with horseradish perox-
idase (Amersham) as the secondary antibody at 1:1,000.

RESULTS

A 17-amino-acid sequence within the Tat activation region
is the target for TAP. TAP was cloned on the basis of its ability
to bind strongly at high ionic strength to the full-length Tat
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FIG. 1. Mapping of the human immunodeficiency virus type 1 Tat sequences
that interact with the cellular protein TAP identifies a 17-amino-acid contact site
within the Tat activation domain. (A) Schematic diagram of Tat domains. (B and
C) Protein-protein interactions were carried out between Affigel 10-immobilized
recombinant Tat1-86 or Tat deletion peptides with in vitro *S-labeled TAP1-
279 translate (B) or TAP71-279 translate (C). TAP translates containing about
12,000 trichloroacetic acid-precipitable counts were incubated with 1 ug of
bound ligand in TBST binding buffer containing 500 mM NaCl. Shown is Phos-
phorImager analysis of labeled TAP bound to immobilized Tat derivatives and
resolved by SDS-PAGE. The positions of “C-labeled molecular size protein
markers (in kilodaltons) (Amersham) run on a contiguous lane are shown on the
left.

protein of 86 amino acids (4). It is important to identify the Tat
sequences responsible for binding in order to develop an un-
derstanding of the possible role of TAP in Tat transactivation.
Tat has been functionally divided into two major regions (Fig.
1A). The first is the transcriptional activation region (amino
acids 1 to 48) (9, 23), which includes a conserved core domain
(1, 6). The second is the basic region (amino acids 49 to 57),
which is required for binding of Tat to TAR. One would expect
a cellular protein involved in Tat transactivation to bind the
Tat activation region. To delineate Tat sequences that interact
with TAP, recombinant Tat and a series of chemically syn-
thesized Tat peptides, Tat1-48, Tat14-48, Tat22-48, Tat32-48,
and Tat34-48, which span the Tat activation domain; and
Tat49-57, which encodes the basic domain, were covalently
immobilized in large excess on Affigel 10. Affigel 10 is widely
used to measure protein-protein interactions (for review, see
reference 5). Although each protein molecule can be linked
through the primary amine at the N terminus or at internal
lysine residues, the large amount of peptide used ensures that
the N-terminal-linked ligand is present in vast excess over that
needed for interaction with its target in solution.

The immobilized Tat ligands were incubated with a 3S-
labeled translate of full-length TAP (TAP1-279) in high-strin-
gency buffer (500 mM NaCl). As shown in Fig. 1B, TAP binds
strongly to Tatl-86, Tatl-48, Tatl4-48, Tat22-48, and
Tat32-48 but not to Tat34-48 or Tat49-57. These results de-
fine Tat32-48 as a minimal binding domain. Significantly,
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FIG. 2. Tat32-48 contains the single binding site for TAP. '?°I-labeled re-
combinant Tat (7 ng, 58,000 cpm) was incubated with agarose-bound GST-2TK-
TAP1-279 or GST-2TK in the presence of competitor peptide Tat32-48 or basic
region peptide Tat49-57. Bound protein was eluted, resolved by SDS-PAGE,
and subjected to PhosphorImager analysis. Ms (in kilodaltons) are shown to the
left.

Tat32-48 is the core domain of the activation region (Fig. 1A),
which is conserved among immunodeficiency viruses and has
been shown by mutational analysis to be essential for Tat
transactivation and sufficient for activation by the equine in-
fectious anemia virus Tat (1, 6, 12, 20, 23). Because TAP71-
279 is the major intracellular form of TAP (26), we analyzed
the binding of a TAP71-279 translate to the same Tat ligands.
As shown in Fig. 1C, the minimal binding site for TAP71-279
is Tat32-48, the same as for full-length TAP.

The results presented above show that the Tat32-48 se-
quence is sufficient to bind TAP but do not exclude additional
binding sites within the Tat activation region. To determine
whether Tat32-48 is the sole contact site for TAP and to
confirm further the specificity of TAP interaction with Tat,
competition experiments were performed. GST-TAP immobi-
lized on glutathione-agarose was incubated with '*’I-labeled
Tat in the presence of increasing amounts of Tat32-48 or
Tat49-57 peptides. Tat32-48 competes totally with full-length
Tat for binding TAP, whereas the basic region does not com-
pete (Fig. 2). We conclude that Tat32-48 includes the single
contact site for TAP. The Tat basic region, which might be
expected to bind nonspecifically to the highly acidic TAP pro-
tein, does not interact under these stringent ionic conditions.

Physical parameters of TAP interaction with Tat in solution.
To assess the strength of interaction, the TAP-Tat K, was
determined. First, conditions for solution binding were estab-
lished. GST-Tat was incubated with a TAP translate in buffer
containing increasing amounts of NaCl. The GST-Tat-TAP
complex was isolated by addition of glutathione-agarose beads,
and bound TAP was quantitated by PhosphorImager analysis.
Efficient binding was observed at 500 mM NaCl, and ~50% of
maximal binding occurred at 750 mM NaCl (Fig. 3A). Stable
binding at high ionic strength is consistent with authentic pro-
tein-protein interaction, as opposed to nonspecific ionic inter-
action. Binding was rapid and reached maximal levels within 30
to 60 min at 4°C (Fig. 3B). To estimate the K, the concentra-
tion dependence of GST-Tat binding to TAP was determined
in buffer containing 500 mM NaCl with an incubation time of
60 min. Significant TAP binding was detected with as little as
5 X 107® M GST-Tat (Fig. 3C). Half-maximal binding oc-
curred at (2 to 5) X 1077 M GST-Tat, which provides a good
estimate of the K, (Fig. 3C).

Single-amino-acid substitutions within the Tat core activa-
tion domain markedly reduce TAP-Tat interaction in solution.
Tat transactivation in vivo and in vitro is inactivated by substi-
tution within the Tat core domain of Lys-41 with alanine (6, 12,
18, 20, 23). To determine whether this mutation would affect
the strength of TAP-Tat interaction, a TAP translate was in-
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FIG. 3. Parameters of solution binding between Tat and TAP. GST-2TK-Tat
or GST-2TK was incubated with a labeled TAP translate in 30 pl of TBST
binding buffer containing various amounts of NaCl (A) or for various periods
(B). (C) Increasing amounts of GST-Tat were incubated with labeled TAP in 500
mM NaCl for 60 min. GST-Tat-TAP complexes were removed from solution
with glutathione-agarose beads and washed extensively, and bound protein was
analyzed by SDS-PAGE and quantitated by PhosphorImager analysis. The
amount of bound TAP protein is expressed in pixels. M, is in kilodaltons.

cubated with 1 to 1,000 ng of recombinant GST-Tat1-48 (Fig.
4A, panel A) or GST-Tat1-48, 41Ala (Fig. 4A, panel B). Tatl-
48, 41Ala is clearly defective in its efficiency of binding to TAP.
To further characterize the Tat41Ala binding defect, compe-
tition experiments were performed. GST-Tat was incubated
with a TAP translate in solution in the presence of increasing
amounts of full-length Tat or Tat41Ala. As shown in Fig. 4B,
Tat efficiently competes for binding to TAP whereas Tat41Ala
is ineffective. To summarize, the Lys-41 mutation in both the
Tat activation region alone (Tat1-48) and in full-length Tat
greatly impairs TAP-Tat interaction.

Another amino acid residue within the core domain re-
ported to be essential for Tat transactivation is Phe-38 (20, 23).
To establish further the correlation between the Tat activation
function and its ability to bind TAP, we tested the ability of
recombinant Tat1-48, 38Ala to bind TAP in solution. As shown
in Fig. 4C, the Ala-38 mutant is markedly defective in binding
TAP. Thus, the in vitro interaction between TAP and two Tat
single-amino-acid-substitution mutants in the core domain
mirrors the in vivo activity of the Tat mutants and is consistent
with the idea that TAP may play a role in Tat transactivation.

The Tat contact site is located within the TAP activation
domain. To map TAP sequences required to bind Tat, TAP
deletion constructs were cloned into the pGEX-2TK expres-
sion vector and purified GST-TAP fusion proteins were >?P
labeled with kinase (8). The labeled fusion proteins were in-
cubated under both highly stringent conditions (500 mM NaCl
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FIG. 4. Single-amino-acid substitutions within the Tat core domain markedly
reduce the efficiency of TAP-Tat interaction in solution. (A) From 1 to 1,000 ng
of GST-Tat1-48 (panel A) or GST-Tat1-48, 41Ala (panel B) was incubated with
32p-labeled TAP. (B) From 10 to 300 ng of unlabeled recombinant Tat (panel A)
or recombinant Tat41Ala (panel B) was mixed with about 1 pmol of GST-2TK-
Tat in 30 pl of TBST binding buffer containing 500 mM NaCl and incubated with
a labeled TAP translate. (C) GST-Tat1-48 (panel A) and GST-Tat1-48, 38Ala
(panel B) were incubated with 3*P-labeled TAP. Protein-protein complexes were
isolated and bound TAP was quantitated as described in the legend to Fig. 3. M,
is in kilodaltons.

[Fig. SA]) and physiological conditions (150 mM NacCl [Fig.
5B]) with recombinant Tat immobilized on Affigel 10. Strong
binding occurred with TAP1-279, TAP71-279, TAP150-279,
and TAP208-279 but not with TAP244-279 in 500 mM NaCl
(Fig. 5A). Interestingly, TAP244-279 exhibited substantial
binding to Tat in 150 mM NacCl (Fig. 5B) and in 300 mM NacCl
(see below). We interpret this to mean that TAP244-279 con-
tains the minimal binding domain for Tat and that an upstream
TAP sequence can provide additional stability at high ionic
strength. Of significance, TAP244-279 contains a strong tran-
scriptional activation element when bound upstream of the
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FIG. 5. Mapping of the TAP sequences that bind Tat. (A) TAP208-279 is the
minimal binding domain in 500 mM NaCl. *?P-labeled GST-2TK-TAP and
GST-2TK-TAP deletion proteins were incubated in TBST binding buffer con-
taining 500 mM NaCl with recombinant Tat (1 ng) immobilized on Affigel 10.
After extensive washing, bound 3?P-labeled GST-2TK-TAP fusion proteins were
eluted and analyzed as described in the legend to Fig. 1. (B) TAP244-279 is the
minimal binding domain for Tat in 150 mM NaCl. The experiment described for
panel A was performed in TBST binding buffer that contained 150 mM NaCl.
(C) The TAP sequence in amino acid residues 244 to 255 is required for binding
Tat. *?P-labeled Tat was incubated with the indicated GST-2TK-TAP deletion
proteins immobilized on glutathione-agarose in Nonidet P-40 binding buffer
containing 300 mM KCIl. Agarose beads were washed and bound Tat was mea-
sured by PhosphorImager analysis as described in the legend to Fig. 1. M, is in
kilodaltons.

core human immunodeficiency virus long terminal repeat pro-
moter in transient expression experiments (26).

To further map the Tat contact site within TAP, GST-TAP
constructs lacking amino acid residues 261 to 279 or 244 to 255
were tested for their ability to bind *?P-labeled Tat in buffer
containing 300 mM NaCl. As shown in Fig. 5C, GST-TAP208-
279, GST-TAP208-260, and GST-TAP244-279 bound Tat,
whereas GST-TAP208-279/A244-255 was completely defec-
tive. Thus, a sequence within TAP residues 244 to 255 is es-
sential for binding Tat.

The general transcription factor TFIIB binds strongly to
TAP. What could be the role of TAP in Tat transactivation?
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FIG. 6. (A) TFIIB interacts strongly with TAP in solution. From 1 X 1075 to
2 X 10~% M GST-TFIIB was incubated with a labeled TAP translate in 30 pl of
Nonidet P-40 binding buffer containing 150 mM KCl. GST-TFIIB-TAP com-
plexes were isolated and analyzed as described in the legend to Fig. 3. (B) TFIIB
interacts strongly with the TAP activation region. 3P-labeled GST-TAP1-279
and GST-TAP deletion proteins were incubated with 1 pug of TFIIB immobilized
on Affigel 10 in 300 pl of Nonidet P-40 binding buffer containing 150 mM KClL.
Bound TAP derivatives were isolated and analyzed as described in Materials and
Methods. (C) Binding of TFIIB to TAP requires TAP residues within positions
244 to 255 and 260 to 279. T7 epitope-tagged TFIIB (~30 ng) was incubated with
agarose-bound GST-TAP deletion mutants (~1 ug) in Nonidet P-40 binding
buffer in 300 mM KCI. After extensive washing, bound TFIIB was eluted from
beads in SDS-sample buffer and visualized by immunoblot analysis with anti-T7
monoclonal antibody followed by ECL chemiluminescence (Amersham). M, is in
kilodaltons.

The TAP C terminus encodes a strong activation domain
which binds to the Tat core activation domain. Because of this
interaction, we considered the possibility that TAP could func-
tion as a coactivator that transmits the Tat activation potential
to the general transcription apparatus of the cell. In this re-
gard, several eukaryotic activators have been shown to func-
tion, in part, by recruiting TFIIB to the preinitiation transcrip-
tion complex (2, 14, 15, 21). We therefore asked whether TAP
can interact with TFIIB in vitro. GST-TFIIB at concentrations
from 1 X 1073 to 2 X 107 M was incubated in solution with
a *S-labeled TAP translate. As shown in Fig. 6A, binding of
TAP with TFIIB was detected with as little as 2.5 X 107° M
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FIG. 7. The C-terminal domain of TFIIB is required for binding TAP. TFIIB
deletion mutants expressed as GST fusion proteins and coupled to glutathione-
agarose beads were incubated with a TAP translate in Nonidet P-40 binding
buffer containing 150 mM KCIl. Bound protein was analyzed as described in the
legend to Fig. 1. For comparison, a parallel experiment was performed with a
translate of GAL4-VP16 as described by Roberts et al. (21). The region of TFIIB
required for binding TAP is schematically illustrated (adapted from reference
21).

TFIIB. Half-maximal binding occurred at (2.5 to 5) X 1077 M
TFIIB, which represents the estimated K,. We conclude that
TAP strongly binds TFIIB.

TFIIB binds to the TAP activation domain. To map the TAP
sequences that interact with TFIIB, **P-labeled GST-TAP de-
letion proteins were incubated with TFIIB immobilized on
Affigel 10. Strong binding to TFIIB occurred with TAP1-279,
TAP71-279, TAP150-279, TAP208-279, and TAP244-279
(Fig. 6B); the specificity of these interactions is supported by
the lack of binding to GST. Stable interaction between TFIIB
and GST-TAP208-279 or GST-TAP244-279 occurred at 500
mM NaCl (data not shown). To further delineate the TAP
sequences that interact with TFIIB, additional GST-TAP de-
letion mutants were incubated with T7 epitope-tagged TFIIB,
and bound TFIIB was measured by immunoblot analysis. As
shown in Fig. 6C, TAP208-279 and TAP244-279 bound
TFIIB, whereas TAP208-279/A244-255 and TAP208-260
were defective. Thus, TAP sequences within amino acids 244
to 255 and 260 to 279 are important for binding TFIIB. Sig-
nificantly, these TAP sequences are also important for the
TAP activation function (26).

The carboxy terminus of TFIIB is required for interaction
with TAP. A collection of nine GST-TFIIB deletion proteins
were incubated with a TAP translate and bound TAP was
analyzed by SDS-PAGE. As shown in Fig. 7, the TFIIB C-
terminal mutants lacking amino acids 273 to 297 and 238 to 316
were defective in binding TAP. For comparison, the same
TFIIB deletion protein constructs were analyzed simulta-
neously for their ability to bind a GAL4-VP16 translate. Rob-
erts et al. (21) have shown that TFIIB has two sites required for
interaction with VP16: one at the C terminus and the second
within TFIIB residues 178 to 201. Our results confirm these
findings and show, interestingly, that TAP and GAL4-VP16
share a potential contact site at the TFIIB C terminus (Fig. 7).

DISCUSSION

We have performed in vitro protein-protein interaction
measurements with the human cellular protein TAP, which
was isolated on the basis of its ability to bind to the human
immunodeficiency virus type 1 Tat transactivator. Here we
show that TAP can bind both to Tat and to TFIIB. Recruit-
ment of TFIIB can be rate limiting for activation by eukaryotic
transcription factors (2, 14, 15, 21, 24). Because TAP binds to
TFIIB and possesses a strong activation domain, it is possible
that TAP may serve as an intermediary in Tat transactivation.
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FIG. 8. Summary of binding sites within TFIIB for TAP, VP16 (adapted
from reference 21), RNA polymerase II (RNAPII), TBP, and RAP30 (adapted
from reference 7).

Thus, it was important to establish the strength and specificity
of TAP-Tat and TAP-TFIIB interactions by using purified
proteins under stringent binding conditions and to map the
protein-protein contact sites.

TAP interaction with Tat in vitro. We show here that TAP
binds to a 17-amino-acid sequence, Tat32-48, the core region
within the Tat1-48 activation domain conserved among lenti-
virus Tat proteins. Tat32-48 is the single binding site for TAP,
as revealed both by direct binding and by peptide competition.
The estimated K, for TAP-Tat binding in solution is (2 to 5) X
10~7 M, consistent with strong protein-protein interaction. In-
teraction between TAP and Tat occurred under stringent con-
ditions, and the specificity of this interaction is supported by
the stringent binding conditions and by mutational analysis.
Single-amino-acid substitutions within the Tat core domain at
Lys-41 or Phe-38 markedly reduced binding efficiency in vitro.
The same mutations abrogate Tat transactivation in vivo and in
vitro (6, 12, 18, 20, 23). The strong correlation between trans-
activation and in vitro binding suggests that the interaction
between TAP and Tat is biologically relevant.

Studies with GST-TAP deletion proteins show that Tat can
bind to both TAP208-260 and TAP244-279. The specificity of
these interactions is supported by the lack of binding to the
internal deletion mutant TAP208-279/A244-255. These data
suggest that TAP amino acid residues ~244 to 260 are essen-
tial for binding to Tat and that residues 208 to 244 and 260 to
279 may lend stability to the TAP-Tat complex.

TAP interaction with TFIIB in vitro. TAP binds strongly to
TFIIB, with a K, of (2.5 to 5) X 107 M. The minimal contact
sequence for TFIIB is located within the TAP activation re-
gion, TAP244-279. Although Tat can bind to TAP208-260 in
solution, TFIIB does not bind to this deletion mutant under
the same conditions. As shown by deletion analysis, the
TAP244-255 sequence is required for binding both Tat and
TFIIB. Perhaps TFIIB and Tat bind to overlapping but not
identical amino acid sequences. Interestingly, TFIIB covalently
linked to Affigel 10 can bind significant amounts of TAP208-
260 (data not shown). This suggests the possibility that the
TFIIB conformation may play a role in its ability to bind TAP.

TFIIB is pivotal in the formation of a transcription initiation
complex (for a review, see reference 27). Figure 8 illustrates
the binding sites within TFIIB for TAP, VP16, RNA poly-
merase II, TBP, and RAP30 (the small subunit of TFIIF) (7,
21). Analysis of TFIIB deletion mutants shows that sequences
near the C terminus of TFIIB are required for binding TAP. It
may be significant that the TFIIB C terminus is also required
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for binding the acidic transcription activator VP16, as reported
by Roberts et al. (21) and confirmed here. The binding site for
RNA polymerase II also maps to the TFIIB C terminus,
whereas TBP binds to the basic region and RAP30 binds to the
N-terminal region (7) (Fig. 8).

What could be the role of TAP in Tat transactivation? We
speculate that the normal function of TAP may be as a coac-
tivator for unidentified cellular activators (for reviews, see ref-
erences 13 and 19). Several lines of evidence are consistent
with the possibility that TAP may serve as a coactivator for Tat
transactivation. (i) TAP binds strongly and specifically to the
Tat core activation element. (ii) TAP binds strongly to TFIIB.
(iii) TAP possesses a strong transcriptional activation domain
(26). (iv) The TAP activation domain is required for binding
Tat and TFIIB in solution. (v) Cotransfection experiments
show that Tat can recruit TAP to the promoter (26). (vi)
Coimmunoprecipitation analysis shows that Tat can associate
with endogenous TAP in vivo (26). The simplest model is that
a species of TAP serves as an coactivator which interacts with
TAR-bound Tat and results in the efficient recruitment of
TFIIB to the transcription initiation complex through its inter-
action with TAP. Tat has been recently reported to also bind
TBP (10), a second component of the general transcription
machinery. Perhaps the role of Tat as a potent transcriptional
activator is reflected by its ability to interact both with TFIIB
via TAP and with TBP. This possibility is in keeping with the
idea that multiple contacts between transcriptional activators
and the general transcription machinery facilitate preinitiation
complex formation and efficient transcriptional activation (2).
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