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The bZIP domains of Fos and Jun mediate a physical
association with the TATA box-binding protein

Lynn ). Ransone, Lawrence D. Kerr, Mark J. Schmitt, Penny Wamsley, and Inder M. Verma

Molecular Biology and Virology Laboratory, The Salk Institute, San Diego, California

Fos and Jun oncoproteins form a complex that regulates transcription from promoters containing
AP-1 binding sites. These two proteins, like other transcriptional activators, are likely to stimulate
transcription through direct and/or indirect interactions with members of the basal transcriptional
machinery. The ability of c-Fos and c-Jun proteins to interact directly with the TATA box-binding
protein (TBP), the general transcription factor required for initiating the assembly of transcrip-
tion complexes, was investigated. Using co-immunoprecipitation and protein-protein association
assays, we show that both c-Fos and c-Jun bind specifically and stably to TBP. Mutational analysis
demonstrates that both the basic region and leucine zipper domains of c-Fos and c-Jun are nec-
essary and sufficient for stable association with TBP. A 51-residue region from the conserved C-
terminal region of TBP, previously shown to be the binding site for the viral activator protein
ElA, interacts with c-Fos and c-Jun proteins. We propose that c-Fos and c-Jun proteins function
as transcriptional activators, in part by recruiting TBP to form complexes to initiate RNA synthesis.

Transcriptional regulation of genes is con-
trolled both by general transcription factors
and by sequence-specific binding proteins (Man-
iatis et al., 1987; Mitchell and Tjian, 1989). The
products of two nuclear proto-oncogenes, c-fos
and c-jun, form a non-covalent association in
some transcriptional complexes (Chiu et al,,
1988; Rauscher et al., 1988b; Sassone-Corsi et
al., 1988a). Activator protein 1 (AP-1) was first
characterized as a nuclear factor that recognized
the enhancer elements of SV40, the human me-
tallothionein IIA gene, and the control regions
of genes containing promoter elements re-
sponsive to TPA (12-O-tetra-decanoylphorbol-13-
acetate; Angel et al., 1987; Lee et al., 1987b).
AP-1, biochemically purified via its specific DNA-
binding activity, was shown to contain several
polypeptides ranging in size from 35 to 50 kDa

(Lee et al., 1987a; Rauscher et al., 1988a). Sev-
eral groups have demonstrated that these poly-
peptides include those encoded by the c-fos and
cjun proto-oncogenes and other members of
the jun and fos gene families (reviewed in Vogt
and Bos, 1990; Angel and Karin, 1991; Ransone
and Verma, 1991). Jun and Fos proteins belong
to the basic region/leucine zipper (bZIP) family
of transcription factors (Johnson and McKnight,
1989). These bZIP proteins are characterized
by the presence of a region of highly basic amino
acids required for DNA binding (the basic re-
gion), and a heptad of leucine repeats that pro-
vides the dimerization interface (leucine zip-
per; Landschultz et al.,, 1988). The three Jun
proteins, ¢-Jun, JunB, and JunD, form homo-
dimers capable of binding to an AP-1 site (Naka-
beppu et al., 1988; Ryseck and Bravo, 1991). Each
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of the three Jun proteins is also capable of form-
ing a heterodimer with each of the four Fos fam-
ily members — c-Fos, FosB, Fra-1, and Fra-2 (Kou-
zarides and Ziff, 1988; Halazonetis et al., 1988;
Nakabeppu et al., 1988; Sassone-Corsi et al.,
1988a,b; Rauscher et al., 1988b; Cohen et al.,
1989; Nishina et al., 1990; Yen et al., 1991). This
heterodimer binds DNA more tightly than the
Jun homodimer and is more potent in activat-
ing transcription (Sassone-Corsi et al., 1988a,b;
Zerial et al., 1989; Suzuki et al., 1992). The Fos
proteins, unlike Jun, are unable to form homo-
dimers and therefore have no specific intrinsic
DNA-binding activity (Halazonetis et al., 1988;
Nakabeppu et al., 1988; Cohen et al., 1989; Zer-
ial et al., 1989; Ransone et al., 1990a; Suzuki
et al., 1992).

c-Fos and c-Jun transactivation domains have
been identified by both in vitro transcription
assays and in vivo transfection experiments (An-
gel et al., 1989; Bohmann and Tjian, 1989; Hi-
rai et al., 1989; Kelleher et al., 1990; Abate et
al,, 1990, 1991; Baichwal and Tjian, 1990). Analy-
sis of c-Jun chimeras in different cell lines sug-
gests that it contains an activator domain (Al)
that is negatively regulated by a cell type-specific
inhibitor (Baichwal and Tjian, 1990). A regula-
tory domain (), previously identified by in vitro
experiments, also regulates transcriptional acti-
vation by c-Jun in vivo (Baichwal and Tjian,
1990). Stimulation of transcription by c-Fos re-
quires two regions, one of which has the char-
acteristics of an acidic domain postulated to
be an activator, whereas the other has a high
content of proline and acidic residues (Abate
et al., 1991). The proline-rich region has also
been shown to be important by co-transfection
assays (Nakabeppu and Nathans, 1991; Wisdom
et al., 1992).

Transcriptional activators such as c-Fos and
c-Jun are thought to contact targets in the tran-
scriptional machinery directly or indirectly
(Ptashne, 1989; Ptashne and Gann, 1990). The
current model contends that an activator pro-
tein once bound to a specific DNA sequence
interacts with some component of the general
transcription machinery, recruiting it to the
DNA and/or changing its conformation on the
DNA, and thereby initiating a cascade of events
thatleads to the initiation of transcription. The
general initiation factors (TFIIA, B, D, E, F, G/],
H, and I), which are essential for RNA poly-
merase Il to initiate transcription at promoter
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sites, can be assembled in a defined order (re-
viewed in Sawadogo and Sentenac, 1990; Roeder,
1991) that is initiated by the binding of TFIID
to the TATA box element found in most pro-
moters (Nakajima et al., 1988; Van Dyke et al,,
1988, 1989; Buratowski et al., 1989). Addition
of TFIIA then forms a complex that is compe-
tent for interaction with TFIIB, followed by RNA
polymerase II and TFIIE/F (Buratowski et al,,
1989; Van Dyke et al., 1989). Because of the cen-
tral role TATA box-binding protein (TBP) plays
in the initiation of transcription, it has been
hypothesized to be one of the targets of up-
stream activator proteins (Ptashne, 1989; Ptashne
and Gann, 1990). TFIID purified from HeLa
cells contains additional factors, i.e., co-activators,
that are required to mediate activation by up-
stream factors (reviewed in Ptashne and Gann,
1990; Dynlacht et al., 1991). The presence of
these TBP-associated factors (TAFs) in the par-
tially purified preparations raises the question
whether activator proteins can contact TBP
directly, or whether the additional proteins act
as intermediaries or bridging factors (Ptashne
and Gann, 1990). To address this issue, several
viral transactivators have been examined for
their ability to bind to TBP. Various groups have
demonstrated physical interactions between
TBP and the viral transactivators herpes sim-
plex virus VP-16 (Stringer et al., 1990), adeno-
virus EIA (Lee et al.,, 1991), and Epstein-Barr
virus Zta (Lieberman and Berk, 1991) proteins.

In this article, we report that both c-Jun and
c-Fos—but not Fra-1 and FosB, two other mem-
bers of the fos gene family— physically associ-
ate with TBP. Mutational analysis demonstrates
that both the basic region and leucine zipper
domains of c-Fos and cJun are necessary and
sufficient for stable association with TBP. Fur-
thermore, we show that c-Fos and c-Jun interact
with a 5l-residue region in the conserved C-
terminal region of TBP, previously shown to
be the binding site for the viral activator pro-
tein E1A (Lee et al., 1991). We conclude that
both c-Fos and c-Jun stimulate transcription in
part through this direct interaction with TBP.

Materials and methods

Recombinant plasmids

All of the T7 c-Fos and c-Jun constructs (Ran-
sone et al., 1989, 1990b), the FosB (Yen et al.,
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1991) and Fra-l1 cDNAs (Cohen and Curran,
1988), GST-Jun BR-LZ and GST-Fos BR-LZ (Ben-
gal et al., 1992), the E12 and MyoD cDNAs ( Da-
vis et al., 1990), and the TBP and E1A cDNAs
(Lee etal., 1991) have been previously described.
The human TBP cDNA GST-derivatives were
amplified from plasmid pKB104 (Lee et al,,
1991) by polymerase chain reaction (PCR) using
gene-specific oligonucleotides, which intro-
duced aBamH Isite atthe 5’ end and an EcoR 1
site at the 3’ end of the protein coding regions.
The PCR fragments that encoded either amino
acids (aa) 1-337 or aa 221-271 of TBP were in-
troduced into pI'7-GT expression vector (Ben-
gal et al.,, 1992) to generate GSTTBP and GST
TBP 221-271, respectively.

Protein cross-linking and immunoprecipitation

%8-methionine-labeled proteins were synthe-
sized in vitro using a rabbit reticulocyte
lysate translation system as directed by the sup-
plier (Promega). Lysate samples containing %S-
labeled TBP were incubated with cold in vitro
translated c-Fos, FosB, or Fra-1 protein, or with
untranslated reticulocyte lysate, at room tem-
perature for 30 minutes in a buffer containing
20 mM Hepes-KOH (pH 79), 2.5 mM MgCls,
50 mM KCl, 1 mM DTT, and 10% glycerol. The
cross-linking agent dithiobis-succinimidyl pro-
pionate (DSP) was added for an additional 15
minutes to a final concentration of 2 mM in
a final volume of 50 pl. Five ul of 1M ethanol-
amine were added to quench the reaction, and
a standard immunoprecipitation using the Fos
monoclonal antibody 18H6 (DeTogni et al.,
1988), the FosB-specific antibody 5108-1B (Yen
et al., 1991), or Fos M antibody (Curran et al,,
1985) was then carried out as previously de-
scribed (Bengal et al., 1992). Immunoprecipi-
tates eluted from protein A-sepharose by boiling
in SDS sample buffer were subjected to sodium
dodecyl sulfate polyacrylamide electrophoresis
(SDS-PAGE) and fluorography.

Glutathione S-transferase fusion protein assay

Affinity purification of GST fusion resins. BL12(DE3)
bacteria harboring either the parental pI'7-GT
or the recombinant glutathione S-transferase
(GST) fusion plasmids were grown overnight.
The cultures were diluted 1:10, and after 1 hour
of additional growth, IPTG was added to a final
concentration of 250 ug/ml. Three hours follow-
ing the addition of IPTG, cells were harvested
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by centrifugation, resuspended in NETN (0.5%
NP-40, 1 mM EDTA, 20 mM Tris, pH &, and 100
mM NaCl), and sonicated as previously de-
scribed (Bengal et al., 1992). Debris was spun
down at 10000 x g for 5 minutes at 4°C. The
supernatant was mixed with glutathione-sepha-
rose 4B (Pharmacia) that had been previously
equilibrated with NETN (1:1) and left on a rotary
shaker for 1 hour at 4°C. The resin was collected
by low speed centrifugation and washed four
times in NETN. To determine the purity and
yields of the bound GST proteins, 20 pl of 1:1
beads were boiled in SDS-PAGE sample buffer
and run on a SDS-polyacrylamide gel. The gel
was subsequently stained with Coomassie blue
(data not shown).

Binding of in vitro synthesized 35S-labeled proteins
to the immobilized GST proteins. Programmed
%8-labeled reticulocyte lysates (2 ul) were ana-
lyzed by SDS-PAGE. Equivalent amounts of la-
beled in vitro translated protein were then di-
luted to 200 pl in NETN. This sample was
precleared with 20 ul of GST resin (11 in
NETN) for 1 hour on a rotary shaker at room
temperature, followed by a low speed centrif-
ugation to remove the GST beads. The super-
natant was then mixed with either GST or the
appropriate GST fusion resin and incubated
for an additional hour at room temperature.
The resin was washed four times in NETN at
room temperature, and the bound proteins were
eluted by boiling in SDS sample buffer and sub-
jected to SDS-PAGE and fluorography.

Results

TATA-binding protein can be
co-immunoprecipitated with c-Fos protein,

but not with FosB or Fra-1

We tested the possibility that TBP might asso-
ciate with various members of the fos family
by conducting a co-immunoprecipitation ex-
periment. Radiolabeled TBP was synthesized
using a cell-free in vitro transcription/transla-
tion system. The 35S-labeled TBP was incubated
with unlabeled in vitro synthesized Fos, Fra-1,
or FosB protein, followed by cross-linking with
the reversible cross-linker dithiobis-succinimidyl
propionate (DSP). After immunoprecipitation
with the appropriate Fos antibody, the immune
complexes were treated with reducing agent
dithiothreitol (DTT) to reverse the cross-linker
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Figure 1. Cross-linking and co-immunoprecipitation of
in vitro synthesized TBP and c-Fos protein. 3S-labeled
TBP and labeled and unlabeled c-Fos, FosB, and Fra-1
were prepared by programmed reticulocyte lysate, as
previously described (Ransone et al., 1989). The radio-
labeled TBP was mixed with unlabeled c-Fos, FosB, or
Fra-1 programmed lysate or untranslated lysate as acon-
trol. Two mM DSP cross-linker were added, followed
by a standard immunoprecipitation protocol (see Ma-
terials and Methods) using 2 \il of Fos monoclonal anti-
body 18H6 (lanes 1-3), FosB antibody (lanes 4-6), or
Fos M antibody (lanes 5-9), as indicated. Immunopre-
cipitations of 3S-labeled c-Fos, FosB, and Fra-1 were
included as controls (lanes 1,4, and 7). After reduction,
the isolated immune complexes were resolved by SDS-
PAGE and fluorography.

and analyzed by SDS-PAGE, followed by fluorog-
raphy. Immunoprecipitation of a mixture of
XS-labeled TBP and cold c-Fos protein by the
Fos monoclonal antibody 18H6 specifically pre-
cipitated labeled TBP (Fig. 1, lane 3). This was
not due to cross-reaction of the Fos 18H6 an-
tibody with TBP, since labeled TBP was not pre-
cipitated when the incubation was carried out
with untranslated reticulocyte lysate rather than
c-Fos protein (lane 2), thus demonstrating the
specificity of the reaction. Interestingly, no &5
labeled TBP was detected in co-immunoprecipi-
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Figure 2. c-Jun and c-Fos—but not FosB —associate with
immobilized TATA-binding protein. Equivalent amounts
of in vitro translated c-Jun (lanes 1-4), c-Fos (lanes 5-7);
and FosB (lanes 8-10) were precleared as described in
Materials and Methods. Supernatants containing the
diluted radiolabeled proteins were mixed with GST
(lanes 1, 5, and 8), GST-TBP (lanes 2, 6, and 9), GST-Fos
BR-LZ (lane 3), or GSTJun BR-LZ (lanes 4, 7, and 10)
resin for 1hour at room temperature. The labeled pro-
teins which specifically bound to the resin were analyzed
by SDS-PAGE, followed by fluorography.

tations with either FosB (compare control lane 5
to lane 6) or Fra-1 (compare control lane 8 with
lane 9). Unlabeled c-Fos, FosB, and Fra-1 pro-
teins were used in all of the co-immunoprecipi-
tations because of the similarity in molecular
mass of thefos gene family members and TBP.
Specificity of each antibody was verified by im-
munoprecipitation of individually radiolabeled
Fos proteins (lanes 1,4, and 7). We estimate that
approximately 15-20% of the input labeled
TBP associates with c-Fos. These data, however,
rely on the ability of the c-Fos antibody to im-
munoprecipitate all of the free and TBP-com-
plexed, unlabeled Fos protein present in the
reaction mixture. Our results demonstrate that
while c-Fos, FosB, and Fra-1 are all members of
the same bZIP family of transcription factors
and capable of forming heterodimers withJun
proteins, only c-Fos protein is capable of physi-
cal interactions with TBP.
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Figure 3. The bZIP domain of c-Fos protein mediates
interaction with TBP. Equivalent amounts of in vitro
translated c-Jun, MyoD, EI2, and TBP that had been
pre-cleared with GST resin were incubated with either
immobilized GST (A) or GST-FosBR-LZ resin (B). Follow-
ing one hour incubation at room temperature, the resins
were washed extensively and eluted, and 35S-labeled
proteins were analyzed by SDS-PAGE and fluorography.

Direct interaction between c-Jun and TBP

Previous studies have demonstrated that the
c-Fos protein does not form homodimers and is
usually found as a heterodimeric complex with
c-Jun protein (Halazonetis et al., 1988; Kouza-
rides and Zziff, 1988; Nakabeppu et al., 1988;
Sassone-Corsi et al., 1988b). We therefore asked
whether cjun protein, like c-Fos, was capable
of forming a complex with TBP. We took an
alternative approach to monitor the interactions
between c-Jun and TBP, as c-Jun antibodies work
very poorly in co-immunoprecipitation exper-
iments (Sassone-Corsi et al., 1988b). In this ex-
periment, we used affinity chromatography in
which the entire TBP cDNA was fused in frame
to the glutathione S-transferase gene (GST-TBP).
GST-TBP fusion protein was expressed in bac-
teria and immobilized on glutathione-sepharose
beads. Additionally, the bZIP (also referred to
as BR-LZ or basic region/leucine zipper) do-
mains ofJun (Jun BR-LZ) and Fos (Fos BR-LZ)
fused to GST were prepared asbinding controls.
Radiolabeled c-Jun, c-Fos, and FosB were syn-
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thesized by in vitro transcription/translation
in a rabbit reticulocyte lysate. The in vitro la-
beled translation products were incubated in-
dividually with either GST-TBP, GSTJun BR-
LZ, GST-Fos BR-LZ, or GST-control resin and
washed as described in Materials and Methods.
The bound material was eluted and analyzed
by SDS-PAGE. None of the 35-labeled proteins
bound to the control GST resin (Fig. 2, lanes
1, 5 and 8). As expected, greater than 80% of
the input labeled c-Jun protein bound very
strongly to resin containing either the Fos
bZIP domain (lane 3) or Jun bZIP domain
(lane 4). Interestingly, 3&S-labeled c-Jun protein
also bound to the GST-TBP resin (lane 2) with
approximately the same affinity as it did to the
bZIP resins. When 355-c-Fos and 3S-FosB were
analyzed by the same assay, once again the abil-
ity to physically interact with TBP could be
demonstrated only with c-Fos (lane 6), while both
c-Fos and FosB were able to bind to GSTJun BR-
LZ (lanes 7 and 10, respectively). In these ex-
periments, well over 80% of the input labeled
c-Fos protein was retained on the GST-TBP res-
in. Thus, the results obtained by two different
approaches clearly indicate that TBP can phys-
ically associate with c-Fos but not FosB. Addi-
tionally, we have demonstrated the c-Jun, like
its partner c-Fos, is capable of binding to TBP.

TBP interaction with c-Fos and c-Jun is
mediated through their bZIP domains

Having established that TBP physically asso-
ciates with both c-Fos and c-Jun proteins, we
next asked which domains of the two proteins
are involved in the association. Heterodimer
formation is known to be mediated through the
leucine zipper domain of both c-Fos and c-Jun.
To determine whether this domain is involved
in the association with TBP, we performed
GST association assays using radiolabeled TBP
and GST-Fos BR-LZ resin (Fig. 3). Control 35
proteins c-Jun, MyoD, and E12, as well as TBP,
were incubated with GST-Fos BR-LZ resin,
washed extensively, and subjected to SDS-PAGE
analysis. Again, none of the 3S-proteins bound
non-specifically to the GST resin (Fig. 3A). Both
c-Jun and TBP bound specifically to the GST-
Fos BR-LZ resin (Fig. 3B, lanes 1 and 4), while
binding of MyoD and El2 was not detected (Fig.
3B, lanes 2 and 3). In these experiments, well
over 80% of the labeled TBP bound to the bZIP
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Figure 4. The bZIP domain of c-Jun protein mediates
interaction with TBP. Equivalent amounts of in vitro
translated c-Jun, c-Fos, EIA, and TBP that had been pre-
cleared with GST resin were incubated with either im-
mobilized GST (data not shown) or GSTJun BR-LZ resin.
Following one hour incubation at room temperature,
the resins were washed extensively and eluted, and
FS-labeled proteins were analyzed by SDS-PAGE and
fluorography.

resin. These data demonstrate that a minimal
region of c-Fos protein, namely the bZIP do-
main, is sufficient to mediate specific interac-
tion with TBP.

To determine whether the bZfP domain of
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c-Jun is also involved in TBP-c-Jun complex for-
mation, a GSTJun BR-LZ association assay was
carried out with 3S-labeled TBP. As with c-Fos
protein, the c-Jun bZIP domain was sufficient
to direct specific radiolabeled TBP binding (Fig.
4, lane 1). As before, none of the labeled pro-
teins bound non-specifically to GST resin (data
not shown). In this experiment, 3S-labeled
E1A, which has been demonstrated to bind to
TBP (Lee et al., 1991), was included as a neg-
ative control (lane 2), while 3S-labeled full-
length c-Jun and c-Fos were included as positive
controls (lanes 3 and 4). These data demonstrate
that c-Jun, like c-Fos, interacts with TBP through
its bZIP domain.

The basic region/DNA-binding domain of both
c-Jun and c-Fos is required for efficient binding
of TBP

Having established that the bZIP domain ofboth
c-Fos and c-Jun is necessary for association with
TBP, we next investigated whether we could
further delineate the binding domain by using
c-Fos and c-Jun mutants containing precise de-
letions in either the basic region (ARK) or the
leucine zipper (ALZ). These mutant proteins
were translated in vitro and mixed with GST-
TBP resin in a standard GST association assay.
For all radiolabeled c-Jun proteins, GST-Fos BR-
LZ resin was included as a control. As shown
in Figure 5A, 3IS-labeled c-Jun wild-type pro-
tein (lane 2) and notJun ARK protein (lane 5)

358 35S

Figure 5. Deletion of the leu-
Fos ARK Fos ALZ

cine zipper in c-Fos or c-Jun
does not completely abolish
binding to TBP. 3S-labeled
c-Jun (A) and c-Fos (B) basic
region (ARK) and leucine zip-
per (ALZ) deletion mutant pro-
teins were synthesized in vitro,
diluted, pre-cleared, and mixed
with either GST, GST-TBP, GST-
Fos BR-LZ, or GSTJun BR-LZ
resin, as indicated. Specifically
bound proteins were analyzed
by SDS-PAGE and fluorography.
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bound to GST-TBP resin. This result was some-
what surprising, in that the basic region of c-
Jun protein is functionally defined as the DNA-
binding domain (Nakabeppu etal., 1988; Gentz
et al., 1989; Kouzarides et al., 1989; Neuberg
et al., 1989; Ransone et al., 1990a,b) and can
be removed without disrupting heterodimer for-
mation with c-Fos protein (lane 6; Ransone etal.,
1990b). Deletion of the leucine zipper domain
of c:Jun protein (JunALZ, lanes 7-9) greatly re-
duced binding to the GST-TBP resin and, as
expected, completely abolished binding to GST-
Fos BR-LZ (Ransone et al., 1989).

The results obtained with the 35S-labeled
FosARK and FosALZ mutants (Fig. 5B) were
slightly different from those found with the c-
Jun deletion mutants (Fig. 5A). As shown in Fig-
ure 5B, each c-Fos deletion mutant bound to the
GST-TBP resin, albeit with decreasing affinity
compared to wild-type levels (compare lanes 5
and 7 with wild-type lane 2). These data dem-
onstrate that the dimerization interface between
TBP and c-Fos— or TBP and c-Jun—is not simply
bounded by the leucine zipper domain, but also
includes a region previously thought to be re-
quired only for DNA binding (Nakabeppu etal.,
1988; Gentz et al., 1989; Kouzarides et al., 1989;
Neuberg et al., 1989; Ransone et al., 1990a,b).

Point mutations in the basic region of c-Fos
and c¢-Jun can abolish binding to TBP

The results presented so far seem to indicate
that both domains in the bZIP region of c-Jun
and c-Fos play a role in protein—protein inter-
action with TBP. To investigate further the con-
tribution of specific amino acids within the ba-
sic region motif of both proteins in association
with TBP, point mutants of c-Jun and c-Fos were
analyzed. We chose specific valine substitution
mutants, which display wild-type heterodimer
formation to their respective c-Fos or c-Jun coun-
terpart but exhibit reduced DNA-binding activ-
ity (Ransone et al., 1989, 1990b), to test in a GST-
TBP resin association assay. The mutations were
introduced at amino acid positions 262, 273,
276 (all in the basic domain), and 283 (leucine
1 of the zipper, or L1) of c-Jun protein, and
amino acid positions 144 and 159 (basic do-
main) of c-Fos protein, as previously described
(Fig. 6C; Ransone et al., 1989, 1990b). 3S.
labeled in vitro translated c-Jun and c-Fos point
mutants were mixed with either GST-Fos BR-
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LZ resin, GST-Jun BR-LZ, or GST-TBP resin,
washed extensively, and analyzed by SDS-PAGE
followed by fluorography. As expected, muta-
tions in the c-Jun basic region had no effect on
the binding of these 35S-labeled proteins to
GST-Fos BR-LZ (Fig. 6A, lanes 3, 6, 9, and 12).
Likewise, the **S-labeled c-Fos basic region mu-
tants were retained on the GST-Jun BR-LZ res-
in (Fig. 6B, lanes 3 and 6). Jun V262, V273, and
JunL]1 all maintained the ability to bind to GST-
TBP resin (Fig. 6A, lanes 2, 5, and 11 respec-
tively). Surprisingly, the substitution of valine
for lysine at amino acid residue 276 (Jun V276)
completely abolished the ability of c-Jun to bind
to the GST-TBP resin (Fig. 6A, lane 8). In a simi-
lar manner, c-Fos mutants V144 and V159 also
lost the capacity to bind to the GST-TBP resin
(Fig. 6B, lanes 2 and 5). These results further
illustrate that the basic region of both ¢-Jun and
c-Fos represents an important contact point for
physical association with TBP. Furthermore,
these data demonstrate that the protein dimer-
ization motif of bZIP proteins is not restricted
exclusively to the leucine zipper domain.

Amino acids 221-271 of TBP are sufficient to
interact with ¢-Jun and c-Fos

Having established that the basic region motif
is necessary for interaction with TBP, we next
investigated the domains of TBP required for
association with c-Fos and c-Jun. Previous studies
have demonstrated that adenovirus large E1A
protein binds to a 51-residue region (amino acid
residues 221-271) from the conserved carboxyl-
terminal domain of TBP (Lee et al., 1991). We
tested the possibility that c-Jun and c-Fos might
also bind to this region of TBP, which includes
a repeat of basic residues between the homol-
ogous direct repeats, by expressing this region
as a GST fusion protein for use in an affinity
binding assay. 3*S-labeled E1A, c-Jun, and c-Fos
were incubated with glutathione-sepharose res-
in coupled to either fulllength TBP or amino
acid residues 221-271 of TBP. As expected, 35S-
labeled E1A was retained by the full-length GST
TBP resin, and to a lesser extent by GST-TBP
221-271 (lanes 2 and 3). Similarly, *S-labeled
¢Jun and c-Fos proteins bound to both full-
length (Fig. 5B, lanes 2 and 5) and truncated
GST-TBP 221-271 (lanes 3 and 6) resins in ap-
proximately the same ratios as E1A (Fig. 7A, lanes
2 and 3). The reduction in binding observed
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Figure 6. Point mutations in the basic region interfere with TBP binding. 3S-labeled c-Jun (A) and c-Fos (B) pro-
teins containing single amino acid substitutions at the indicated residues were tested for their ability to bind to
immobilized GST-TBP in a standard association assay. Equivalent amounts of radiolabeled protein were added
in each reaction. The binding control for the mutant c-Jun proteins was GST-Fos BR-LZ (A, lanes 3, 6, 9, and 12),
and for the mutant c-Fos proteins was GSTJun BR-LZ (B, lanes 3 and 6). C. DNA-binding mutants. The amino acid
sequence encompassing the basic region and leucine zipper domains of Fos and Jun is shown. The positions of
point mutations are indicated above the amino acid sequences (in single letter code) of Fos and Jun. The deleted

regions (ARK and ALZ) are designated by brackets.

between the full-length GST-TBP and GST-TBP
221-271 for E1A and c-Fos and c-Jun is most
likely due to differences in the concentration
of fusion protein bound to the glutathione res-
in (data not shown). Based on these results, we
conclude that amino acid residues 221-271 of
TBP are necessary and perhaps sufficient to
mediate interaction of c-Jun and c-Fos with TBP.

Discussion

TATA box-binding protein (TBP) is one of sev-
eral general factors required for initiation of

eukaryotic gene transcription by RNA polymer-
ase Il (reviewed in Sawadogo and Sentenac, 1990;
Roeder, 1991). TBP binds in a sequence-specific
manner to promoter DNA and interacts with
the general initiation factors TFIIB and TFIIA
(Buratowski et al., 1989; Maldonado et al., 1990).
Basal transcription may be regulated by TBP
via direct and/or indirect interactions with ac-
tivator proteins (Ptashne, 1988; Ptashne and
Gann, 1990). It becomes important then to de-
termine whether known activator proteins can
interact directly with this general transcription
factor. In this paper, we have examined the abil-
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Figure 7. Amino acids 221-271 of TBP, which compose
the basic repeat, mediate the physical association with
c-Jun and c-Fos. 35S-labeled E1A (A) and cjun and ¢
Fos (B) were tested for their ability to bind to immo-
bilized GST-TBP (A, lane 2; B, lanes 2 and 5) or GST-
TBP 221-271 (A, lane 3; B, lanes 3 and 6) in a standard
association assay. Equivalent amounts of radiolabeled
protein were added in each reaction. Specifically bound
proteins were analyzed by SDS-PAGE and fluorography.

ity offos andjun gene family members to asso-
ciate directly with TBP.

Using a co-immunoprecipitation analysis
(Fig. 1) and GST association assays (Figs. 2-4),
we have shown that oncoproteins c-Fos and ¢
Jun, both members of the bZIP family of tran-
scription factors, can associate directly with TBP.
The bZIP region of these proteins is both nec-
essary and sufficient to mediate binding to TBP
(Figs. 3 and 4). Interestingly, we were unable to
detect any physical association of TBP with FosB
or with Fra-1 (Figs. 1 and 2). This result was
rather surprising, in that the bZIP domains con-
tain the highest degree of homology between
fos and jun gene family members (reviewed in
Vogt and Bos, 1990; Angel and Karin, 1991; Ran-
sone and Verma, 1991). Recently, Kovary and
Bravo (1992) demonstrated that different Fos/Jun
complexes exist during the Go-to-Gi transition
and during exponential growth in mouse fibro-
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blasts. They found that while c-Fos is the major
Fos protein associated with theJun proteins (c-
Jun, JunB, and JunD) soon after serum stim-
ulation, at later times Fra-1 and Fra-2 are the
predominant Fos proteins associated with Jun.
This differential requirement for the various
Fos proteins suggests that each has specific func-
tions in the cell, although the missing activity
of any given Fos family member can be partially
compensated for by the function of any other
Fos family member (Kovary and Bravo, 1992).
The repertoire and complexity of regulation
by the AP-1 complex arising from all the possible
combinations ofJun and Fos proteins is further
expanded by the ability or lack thereof to bind
to specific general transcription factors. Re-
cently, it has been demonstrated that both Fra-1
and Fra-2 can have a stimulatory or inhibitory
effectonJun activity, depending on the specific
partner in the heterodimer (Suzuki et al., 1992).
c-Jun activity is inhibited by Fra-1 and Fra-2,
whileJunD activity is stimulated. Proteins such
as FosB and Fra-1 may exert their regulatory
effects by binding to bridging factors, which in
turn bind to TBP and/or bind directly to other
members of the basal transcriptional machinery.

Several viral transactivators, such as herpes
simplex virus, VP-16, adenovirus E1A, and Epstein-
Barr virus Zta, have been shown to bind directly
to TBP (Stringer et al., 1990; Horikoshi et al.,
1991; Lee et al., 1991; Lieberman and Berk,
1991). The site on TBP that isbound by the viral
transactivator E1A was mapped to a 51-residue
region within the conserved C-terminal domain
(Lee etal., 1991). Preliminary experiments using
IS-labeled C-terminal truncation mutants of
TBP demonstrated that amino acids 201-337
are required for binding to both GST-Fos BR-
LZ and GSTJun BR-LZ (data not shown). Since
this region encompasses the TBP-binding do-
main for E1A, we tested the ability of c-Fos and
c-Jun to bind to the same 51 aa residue region
(Fig. 7). The results indicate that amino acids
221-271 of TBP, which bind to E1A, are also
required for binding to c-Fos and c-Jun. How-
ever, additional residues outside of this region
may also contribute, since the binding of labeled
ElA, c-Fos, and c-Jun to GST-TBP 221-271 was
not as efficientas binding to the full-length TBP
resin (Fig. 7).

Recently, the crystal structure of TBP has been
determined by X-ray crystallography (Nikolov
et al., 1992). It is a highly symmetric a/p struc-
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ture that contains a new DNA-binding fold re-
sembling a “molecular saddle” that sits on the
DNA. The convex outer surface of the protein
contains the regions previously found to inter-
act with a large number of proteins (Stringer
et al., 1990; Meisterernst and Roeder, 1991; Hori-
koshi et al., 1991; Lee et al., 1991; Lieberman
and Berk, 1991; Inostroza et al., 1992). One of
these proteins is the general transcription fac-
tor TFIIA (Buratowski et al., 1989; Maldonado
et al., 1990; Cortes et al., 1992). TFIIA recog-
nizes a region containing a positively charged
a-helix on the convex upper surface of TBP’s
first conserved domain (Nickolov et al., 1992;
Ranish et al., 1992). This region is adjacent to
the conserved basic repeat recognized by E1A
(Lee etal,, 1991) and by c-Jun and c-Fos, as shown
in this work. In addition to the viral activators
and general transcription factors, TBP is also
associated with several TAFs to form a multi-
protein complex (Sharp, 1992; Pugh and Tjian,
1992). Basal transcription can be carried out
in vitro in the absence of TAFs; however, acti-
vated transcription requires the presence of
these proteins to achieve full activation (Bur-
atowski et al., 1989; Hoffman et al., 1990; Peter-
son et al., 1990).

Interaction between TBP and c-Fos or cJun
requires a functional basic region/leucine zip-
per domain (Figs. 3 and 4). Using basic region
and leucine zipper deletion mutants, we dem-
onstrate that the basic region, which is dis-
pensable for Jun/Fos heterodimer formation
(Ransone et al., 1990b), is required for TBP-Jun
and TBP-Fos complex formation (Fig. 5). Fur-
thermore, we have identified specific point mu-
tations in the basic region of both c-Fos and
c-Jun that completely abolish the ability of these
proteins to bind to TBP. Again, these mutations
in no way alter the ability to form a Fos/Jun
heterodimer, although their ability to bind to
DNA is disrupted (Ransone et al., 1990b). It is
thought that bZIP proteins bind to DNA via a
“scissors-grip” structure (Vinson et al.,, 1989). In
this model, the positively charged side chains
of conserved basic residues are naturally dis-
posed toward the edges of the major groove,
where they might interact with the negatively
charged phosphodiester backbone of the DNA
(Vinson et al., 1989). This would leave the op-
posite face of the domain free to interact with
other regulatory proteins or transcription fac-
tors, such as TBP, as demonstrated in this work.
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We hypothesize that the exposed face of the Fos-
Jun heterodimer basic region/leucine zipper is
free to interact with the protein-binding surface
of TBP. The residues in TBP shown to bind to
Jun, Fos, and E1A reside along a region encom-
passing helix H2] the basic linker connecting
the domains of TBP, strand S1, and the major-
ity of helix H1, as demonstrated by crystallog-
raphy (Nikolov et al., 1992). Presumably the DNA
between the two factors (AP-1 and TBP) can loop
out, thereby allowing direct interaction between
the two protein binding sites. Clearly, our re-
sults demonstrate that the basic region not only
facilitates DNA-binding to an AP-1 site but can
also function as a dimerization interface for
protein-protein interactions, specifically with
TBP. Interestingly, this region has not been tar-
geted by previous analyses to be a transactiva-
tion domain (Angel et al., 1989; Baichwal and
Tjian, 1990; Abate et al., 1991).

We have not addressed the exact composition
of the interacting components in the Fos-Jun-
TBP complex. Jun homodimers or Fos-Jun hetero-
dimers may interact with TBP, which of course
is also associated with its own set of TAFs. In
the cell, the presence of other AP-1 family mem-
bers must be considered. Thus the question
arises whether the Jun-Fos heterodimer can form
a complex of higher order with TBP. The ex-
periments conducted so far cannot distinguish
between TBP binding individually to c-Fos or
to Jun and TBP binding to the heterodimer (this
work and L. Ransone, unpublished results).
The complexity increases when one considers
the other components involved in the initiation
complex. To accommodate all of these interac-
tions, the assortment of proteins that exist in
complex with TBP must be constantly chang-
ing. Consistent with this is the observation that
TBP exists in HeLa cell extracts in at least two
multi-protein complexes with distinct biochem-
ical properties (Timmers and Sharp, 1991). The
in vitro binding studies presented here are just
beginning to address the complex interactions
between Fos and Jun and a member of the gen-
eral transcription machinery.

Results from several groups have demon-
strated that there are multiple regions in the
c-Jun protein that participate in transcriptional
activation in an interdependent manner (An-
gel etal,, 1989; Baichwal and Tjian, 1990; Abate
et al., 1991). Although transactivation by c-Fos
is dependent on Jun protein, it has also been
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shown to contain transactivation domains (An-
gel et al., 1989; R. Ofir and V. J. Dwarki, unpub-
lished data). In vitro transcription assays were
used by Abate et al. (1991) to determine the tran-
scriptional regulatory domains of a series of
truncated c-Fos and c-Jun proteins. They demon-
strated that transcriptional stimulation by c-Jun
requires an N-terminal domain corresponding
to amino acids 90-186. The region rich in pro-
line and glutamine (aa 215-255) does not func-
tion in transcriptional stimulation, although it
acts as an ancillary DNA-binding domain (Abate
et al., 1991). This contrasts with previous work
identifying the region (aa 215-255) as an acti-
vation domain in vitro (Bohmann and Tjian,
1989). In vivo co-transfection experiments dem-
onstrated that the proline/glutamine-rich region
(aa 215-255 in c-Jun) is unable to stimulate tran-
scription (Angel et al., 1989; Hirai et al., 1989;
Baichwal et al., 1990; Kelleher et al., 1990), while
the N-terminal region defined by Abate et al.
(1991) functions in vitro and in vivo. Fos was
found to contain two regions which stimulated
transcription: (1) an acidic region adjacent to
the basic region (aa 116-139), and (2) a region
rich in acidic and proline residues C-terminal
to the leucine zipper (Abate et al., 1991). Addi-
tionally, both c-Fos and c-Jun contain inhibitory
regions that have potent effects on transcrip-
tional repression (Baichwal and Tjian, 1990;
Abate et al., 1991). Recently, Oehler and Angel
(1992) suggested that a common intermediary
factor recognizing an “acidic blob” type of do-
main is required for transcriptional activation
by the Jun proteins. It appears then that cJun
and c-Fos must perform other functions in addi-
tion to binding to TBP in order to activate tran-
scription. We propose that multiple factors, mul-
tiple domains, and possibly multiple pathways
are all involved in the AP-1-activated initiation
of transcription.
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