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The Gendp activation domain contains seven clusters of hydrophobic residues that make additive contri-
butions to transcriptional activation in vivo. We observed efficient binding of a glutathione S-transferase
(GST)-Gcendp fusion protein to components of three different coactivator complexes in Saccharomyces cerevisiae
cell extracts, including subunits of transcription factor IID (TFIID) (yeast TAF,;20 [yTAF,;20], yTAF,60, and
yTAF,,90), the holoenzyme mediator (Srb2p, Srb4p, and Srb7p), and the Adap-GenSp complex (Ada2p and
Ada3p). The binding to these coactivator subunits was completely dependent on the hydrophobic clusters in the
Gcendp activation domain. Alanine substitutions in single clusters led to moderate reductions in binding,
double-cluster substitutions generally led to greater reductions in binding than the corresponding single-
cluster mutations, and mutations in four or more clusters reduced binding to all of the coactivator proteins to
background levels. The additive effects of these mutations on binding of coactivator proteins correlated with
their cumulative effects on transcriptional activation by Gen4p in vivo, particularly with Ada3p, suggesting that
recruitment of these coactivator complexes to the promoter is a cardinal function of the Gendp activation
domain. As judged by immunoprecipitation analysis, components of the mediator were not associated with
constituents of TFIID and Adap-GenSp in the extracts, implying that GST-Gen4p interacted with the mediator
independently of these other coactivators. Unexpectedly, a proportion of Ada2p coimmunoprecipitated with
yTAF90, and the yTAF,;20, -60, and -90 proteins were coimmunoprecipitated with Ada3p, revealing a stable
interaction between components of TFIID and the Adap-GenSp complex. Because GST-Gendp did not bind
specifically to highly purified TFIID, Gen4p may interact with TFIID via the Adap-Gen5p complex or some
other adapter proteins. The ability of Gendp to interact with several distinct coactivator complexes that are
physically and genetically linked to TATA box-binding protein can provide an explanation for the observation

that yTAF|, proteins are dispensable for activation by Gend4p in vivo.

Transcription initiation by RNA polymerase II (Pol II) re-
quires assembly of a large complex consisting of Pol II and
general transcription factors (GTFs) at the promoter. It has
been proposed that assembly of this complex begins when
TFIID, consisting of TATA box-binding protein (TBP) and its
associated factors (TAF;, proteins), binds to the core pro-
moter, followed by sequential binding of other GTFs and Pol
II itself (9). In another scenario, Pol II, certain GTFs, and
coactivator proteins bind to the promoter as a preformed ho-
loenzyme complex (46). Transcriptional activators bind to the
promoter, generally upstream of the TATA element, and stim-
ulate the assembly or function of the transcription initiation
complex. Binding of TFIID to the core promoter appears to be
rate limiting for initiation (12, 43, 88), and certain activators
stimulate this step in initiation complex formation (3, 11, 21,
39, 40, 50, 91). Several activators bind TBP in vitro in a manner
that depends on amino acids in the activation domain that are
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critical for transcriptional activation in vivo (7, 11, 26, 35, 38,
51, 61-63), suggesting that direct interactions between the ac-
tivator and TBP are involved in recruiting TFIID to the core
promoter. Certain activation domains also bind TFIIB in vitro
in a sequence-specific manner (4, 7, 14, 41, 56, 91) and may
stimulate recruitment of this GTF to the initiation complex
(15, 41, 55, 56).

Other studies suggest that activator function is mediated by
one or more of the TAF; coactivator proteins associated with
TBP in TFIID. Different activators may require specific TAF;
proteins for activation (13, 74-76), and indeed, certain activa-
tion domains bind preferentially to specific TAF,; proteins in
vitro (24, 37, 57, 83). The interactions between activators and
TAF,, proteins may serve primarily to recruit TFIID to the
promoter (75). The human TAF,;250 subunit (and its Saccha-
romyces cerevisiae homolog yTAF;130) has histone acetyl-
transferase (HAT) activity that may also promote initiation
complex formation by destabilizing a repressive nucleosome
structure at the promoter (64). A yeast Pol II-TAF,; complex
was shown to be required for transcriptional activation of a
Gendp-regulated promoter in vitro (44); however, recent stud-
ies indicate that yTAF,; proteins are not essential for transcrip-
tional activation in vivo by Gendp and by several other yeast
activator proteins (65, 85).

Activators can interact with coactivator proteins besides
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FIG. 1. Locations and relative importance of hydrophobic clusters in the Gendp activation domain. A diagram of Gendp protein is depicted with the DNA-binding
(b) and dimerization (ZIP) domains at the extreme C terminus shown in a-helical conformation, as has been predicted from X-ray crystallography (20), and with the
rest of the protein shown as a rectangular box. The critical hydrophobic residues identified in our previous studies (18, 36) are shown above the sequence at the
appropriate positions in the protein by the single-letter code. The critical residues are grouped in seven hydrophobic clusters, symbolized by shaded ovals. The size and
height of the lettering for each cluster is proportional to the reduction in GCN4 function seen in response to Ala substitutions at that site. The functions of these
hydrophobic clusters are redundant; thus, several must be inactivated simultaneously to destroy GCN4 function. Mutation of F97 and F98 (cluster 5) and W120, L123,
and F124 (cluster 7) produced the only situation where GCN4 function in vivo was greatly impaired by substitutions in only two of the seven clusters. At the other
extreme, mutation of clusters 1 to 4 produced the only situation where a substantial amount of GCN4 function occurred with only three clusters left intact (18, 36).

TAF,, proteins to stimulate transcription initiation. The VP16
activation domain was shown to interact with one or more
constituents of the mediator complex associated with a holoen-
zyme form of yeast RNA Pol II (27). The mediator is a mul-
tisubunit complex composed of numerous SRB proteins and
Galllp that functionally and physically interacts with the car-
boxy-terminal domain of the largest subunit of Pol II (42, 47).
The mediator can support activated transcription in vitro by
VP16 and Gendp (42, 47), and at least some of its components
(Srb2p, Srb10p, and Srbllp) are required in vivo for transcrip-
tional activation by Galdp (45, 48, 53). In fact, it appears that
virtually all Pol II transcription is dependent on Srb4p and
Srb6p, which are essential for viability (82).

VP16 also binds specifically to the yeast coactivator protein
Ada2p, and this interaction appears to be important for tran-
scriptional activation by VP16 in yeast (5, 79). Ada2p, Ada3p,
GenSp, Adalp, and Spt20p (AdaSp) are required for high-level
transcription by several yeast activators, including Gendp (6,
14, 22, 23, 34, 58, 67), and these proteins appear to be associ-
ated with one another (10, 22, 33, 34, 58, 59, 73) in a high-
molecular-weight complex of ca. 1.8 mDa (25). This large com-
plex also contains Spt3p and Spt7p, which together with
Spt20p (AdaSp) functionally interact with TBP (19). Ada2p,
Ada3p, and GenSp have also been found in lower-molecular-
weight complexes devoid of the SPT proteins (25, 73), and it is
not known whether a given activator can interact with both
kinds of Adap-GenSp complexes. GenSp has HAT activity that
is important for its coactivator function in vivo (86); thus,
recruitment of an Adap-GenSp complex by an activator may
serve to remove a repressive chromatin structure at the pro-
moter. In addition, there is both genetic (34, 58) and biochem-
ical evidence (5, 73) that the Adap-GenSp complex can bridge
an interaction between activation domains and TBP in yeast,
possibly providing a means of recruiting TBP to the promoter
independently of the TAF,; proteins in TFIID.

Several activators contain multiple activation domains and
are able to promote high-level transcription with only a subset
of these domains. This complexity was first demonstrated for
yeast Gendp (30) and also applies to VP16 (70, 84). It has been
proposed that the multiple activation domains in these pro-
teins have redundant functions and that efficient activation
requires only a critical number of domains to be present in the
activator. This interpretation is supported by the fact that wild-
type levels of activation can be achieved with artificial activa-
tors containing reiterated copies of a single domain (7, 77, 81).
There is also evidence that a single activator can function in
multiple ways to stimulate transcription. As mentioned above,

VP16 has been implicated in direct interactions with TBP,
TFIIB, dTAF 40, the mediator complex of yeast holoenzyme,
and Ada2p. One way to explain these findings is to propose
that many different GTFs and coactivators contain similar sur-
faces that can interact with the same residues in a given acti-
vation domain. Alternatively, the structure of an activation
domain may be induced upon interaction with its target pro-
teins, allowing it to assume different conformations when it
interacts with different factors or different segments of the
same factor (17, 52, 54). In either case, a single activation
domain may act sequentially at different steps in the initiation
pathway, exchanging one interaction for another as the initia-
tion complex is assembled and activated (89). The notions that
activators can interact with multiple GTFs or coactivator pro-
teins and that these interactions provide redundant means of
stimulating assembly of the initiation complex are consistent
with the fact that tethering either TBP (12, 43, 88), TAF;,
proteins (2, 44), or a component of the holoenzyme mediator
(20a, 80) to a promoter by fusing it to a DNA-binding domain
can bypass the requirement for an activator. Presumably,
bringing any one of these factors to the promoter is sufficient
to nucleate assembly of the transcription initiation complex.

Gendp is a transcriptional activator of multiple genes encod-
ing amino acid biosynthetic enzymes in S. cerevisiae. Expres-
sion of GCN4 is regulated at the translational level such that
high levels of the protein are produced only in nutrient-de-
prived cells where its activation function is required (reviewed
in reference 29). Gendp binds to DNA as a homodimer (32)
and its DNA binding and dimerization (bZIP) domains are
located at the extreme C terminus of the protein (20, 31). In
previous studies, we showed that Gen4p contains seven clusters
of aromatic or bulky hydrophobic residues spanning ca. 125
residues in the N-terminal half of the protein which make
additive contributions to transcriptional activation by Gen4p in
vivo (18, 36) (Fig. 1). None of these hydrophobic clusters was
essential for high-level activation, and with one exception, a
substantial reduction in GCN4 function required simultaneous
inactivation of three of the seven clusters.

It was reported that a C-terminal segment of the Gcendp
activation domain interacts with TBP; however, this interaction
is weak compared to that observed between Gal4p and TBP
and was not shown to be dependent on specific residues or
segments of the activation domain (61). Ada2p interacted with
the Gendp activation domain in cell extracts; however, it was
not determined whether this interaction was direct or if it
required the hydrophobic residues needed for activation by
Gendp invivo (5). There is also in vitro evidence that activation
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by Gendp is mediated by the RNA Pol II holoenzyme (42) and
by TFIID (44). Together, these findings suggest that Gendp
may interact with multiple GTFs and coactivator proteins in
order to stimulate transcription. It was important to address
whether these and other potential interactions between Gendp
and various proteins in the transcription initiation machinery
are dependent on the critical hydrophobic residues identified
in the Gendp activation domain. In addition, we wished to
determine whether each hydrophobic cluster was optimized for
interaction with a particular protein or, instead, could promote
binding to any one of several factors with similar efficiencies.
To answer this question, we examined physical interactions
between Gendp and coactivator proteins in yeast whole-cell
extracts and determined which of these interactions were im-
paired by Ala substitutions in the critical residues of the acti-
vation domain. The results of our analysis provide evidence
that Gendp interacts specifically with TFIID, the Adap-GenSp
coactivator complex, and the holoenzyme mediator complex.

MATERIALS AND METHODS

Plasmids. Plasmids pCD35, pCD350, pCD322, pCD355, and pCD60 were
described previously (18), as were plasmids p2195, p1705, p2053, p2241, p2067,
p1890, p2052, and p2072 (36). Plasmid p1930 was constructed by first modifying
pGEX-5x-3 (Pharmacia) to replace sequences between the BarnHI and NotI sites
with the oligonucleotide 5" GATCACTCTCGAGAATCGAGAACTTAAG 3',
thereby destroying the BamHI and Notl sites in the polylinker and introducing
Xhol and AflII sites, creating plasmid p1946. The 981-nucleotide (nt) XholI-to-
AfNI fragment from pCD35 (18) was inserted between the corresponding sites in
p1946. The resulting plasmid (p1933) was digested with Xhol, filled in with T4
DNA polymerase, and religated, creating a plasmid, p1930, that encodes a fusion
between glutathione S-transferase (GST) and Gcendp separated by a series of
amino acids, IEGRGITLDRENKLNTNK, of which the first four correspond to
the factor Xa cleavage site. p1927 was constructed by using PCR to replace the
Xhol-to-BamHI fragment from p1933 with a nearly identical sequence (the
difference being that 5" AGA TCT 3’ [encoding Arg-Ser]| was inserted between
codons 17 and 18 of the Gendp coding sequences). Subsequently, this plasmid
(p1928) was digested with Xhol, filled in with T4 DNA polymerase, and religated
to create p1927, carrying a gene encoding a GST-Gendp fusion protein with the
same linker described above for p1930. The following plasmids were constructed
by replacing the 788-nt BamHI-Af1I fragment in p1930 with the corresponding
sequences from previously constructed plasmids (here shown in parentheses
immediately following the newly constructed plasmid): p1949 (pCD350), p2144
(p2195), p2528 (pCD60), p2530 (p2053), p2531 (p1705), p2532 (p2067), p2533
(p2241), p2534 (pCD355), and p2535 (pCD322). p2292 was constructed by re-
placing the XhoI-Kpnl fragment of p1928 with the XhoI-KpnI fragment of p2240.
The resulting plasmid, p2291, was digested with Xhol, filled in with T4 DNA
polymerase, and religated to generate p2292, carrying a gene encoding a GST-
Gcendp fusion protein with the same linker as that described above for p1930.
Plasmid p2240 was constructed by replacing the Sall-BamHI fragment of p2195
with the corresponding fragment from p2631, which in turn was constructed by
replacing the BstEIl-BamHI fragment of pCD60 with the corresponding frag-
ment synthesized by PCR with mutagenic primers and p1885 (36) as the template
to introduce the amino acid substitutions FO9A, F16A, F45A, and F48A. p2529
was constructed by replacing the 788-nt BamHI-AfIII fragment in p1927 with
sequences from pCD60. p2593 was constructed by replacing the 108-nt Bg/II-
BamHI fragment in p1927 with sequences from p1890. p2591 was constructed by
replacing the 288-nt BamHI-KpnI fragment in p1927 with sequences from p2052.
p2595 was constructed by replacing the 288-nt BamHI-Kpnl fragment in p2593
with sequences from p2052. p2536 was constructed by recombinant PCR replac-
ing the 188-nt XholI-BamHI fragment in p1933 with the same sequence but with
Gendp codon changes to introduce the substitutions FOA, F16A, F45A, and
F48A. (The GST and Gcendp coding sequences are out of frame in construct
p2536.) p2589 was then constructed by replacing the 788-nt BamHI-AfIII frag-
ment in p2536 with sequences from p2052. The resulting plasmid, p2537, was
digested with Xhol, filled in with Klenow fragment, and religated, placing the
GST and Gendp coding sequences in frame with a linker consisting of the amino
acid sequence GITLDRENKLNTNK. p2598 was constructed by replacing the
288-nt BamHI-Kpnl fragment in p2536 with sequences from p2072. The resulting
plasmid, p2596, was digested with Xhol, filled in with Klenow fragment, and
religated, placing the GST and Gendp coding sequences in frame with a linker
consisting of the amino acid sequence GITLDRENKLNTNK. The GST-VP16
constructs were constructed previously (55).

Strains. Yeast strains YBY181, YBY40-8, DPY213, and DPY107 expressing
hemagglutinin (HA)-tagged forms of yTAF;60, yTAF;;90, yTAF;130, and Motlp,
respectively, were described previously (69). These strains have the genotype
MATw leu2-3,112 ura3-52 his3-A200 suc2-A9 ade2-1 lys2-801 Ataf::TRPI1 and
contain the corresponding HA-yTAF; allele on HIS3 plasmid pRS313. SY6-2
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(MATa ura3-52 ade2-101 trpI-Al lys2-801 his3-A200 leu2::PET56 ada3::TRPI::
HA-ADA3::URA3) expressing HA-Ada3p (60), strain Z687 (MATa his3-198,200
leu2-3,112 ura3-52 srb10-198-1::hisG), and its isogenic SRBI0 parent Z719 (53)
also were described previously. Strain RMY10 (MAT« his3-609 trp1-63 leu2-
3,112 ura3-52 srb2::HIS3) was constructed by transforming strain H2451 with a
3.3-kb EcoRI fragment of pTK33 containing the srb2::HIS3 deletion-insertion
allele (45). His" transformants were selected on synthetic complete medium
lacking histidine (78) and screened for slow growth at 30°C and inositol auxot-
rophy, phenotypes characteristic of srb2 mutants. The phenotypes of one such
transformant were suppressed by a plasmid containing SRB2 (pCT24) (45),
and the srb2 deletion-disruption was confirmed by PCR with primers flank-
ing SRB2 (53). Strains KNY104 (MAT« leu2-3,112 ura3-52 inol trpl-A63
ada2A::hisG::URA3::hisG) and KNY105 (MATw leu2-3,112 ura3-52 inol trpl-
A63 ada3A::TRPI), kindly provided by K. Natarajan, were constructed from
strain H1511 (MATo leu2-3,112 ura3-52 inol trpI-A63) as follows. H1511 was
transformed to Ura™ with the Xhol-BamHI fragment from the ADA2 disruption
plasmid ADA2KO (6). Strains carrying ada2A::hisG::URA3::hisG were identified
by screening the Ura" transformants for a 3-aminotriazole (3-AT)-sensitivity
phenotype. The presence of the ada2 disruption in transformant KNY104 was
verified by its inability to complement the 3-AT sensitivity of an ada2A tester and
to be complemented by a plasmid containing wild-type ADA2. To construct
KNY105, a plasmid bearing the ada3::TRPI allele (8) was digested with HindIII
and integrated at ADA3 in H1511 by selecting for Ura™ transformants. Deriva-
tives devoid of plasmid sequences in which ada3::TRPI replaced the ADA3
sequences were selected on S-fluoroorotic acid medium and identified by their
3-AT-sensitivity phenotype. The ada3A in KNY105 was confirmed by comple-
mentation for its 3-AT-sensitivity phenotype by introduction of a plasmid bearing
ADA3.

Antibodies. Polyclonal antiserum against Gen4p (18) and monoclonal antibod-
ies against Pablp (1) were described previously, as were the polyclonal antibod-
ies against Srb2p, Srbdp (82), Srb7p (27), and Srbl0p (53). Mouse 12CA5
monoclonal HA antibodies purchased from Boehringer Mannheim (catalog no.
1583-816) were used to probe immunoblots of GST binding reaction mixtures,
whereas 12CAS5 antibodies purified from mouse ascites fluid (16) were used
as immunoprecipitating antibodies and the resulting immune complexes were
probed for HA with polyclonal rabbit antiserum HA.11 from Babco (catalog no.
PRB-101C). Rabbit polyclonal antibodies against yTAF;;90 were raised against
segments containing residues 1 to 311 and 459 to 798 expressed in Escherichia
coli. yTAF;;130 rabbit antibodies were generated against the full-length protein
expressed in Sf9 insect cells from a baculovirus vector. The yTAF;20 and TBP
rabbit polyclonal antibodies were raised against the full-length proteins ex-
pressed in E. coli. Polyclonal antibodies against Ada2p were kindly provided by
Shelley Berger.

Preparation of cell extracts and purified TFIID. The preparation of yeast cell
extracts was carried out essentially as described previously (87). Two different
preparations of purified TFIID were used in pull-down reaction mixtures with
GST-Gendp fusion proteins. For the experiment shown in Fig. 8A, we used a
highly purified fraction prepared by affinity chromatography and with anti-TBP
immunoglobulin G (as described in the legend to Fig. 1A of reference 68). The
experiments shown in Fig. 8B to F involved a more highly concentrated fraction
that was purified from strain DPY213 expressing HA-tagged yTAF;;130 with a
12CAS5 antibody-affinity column and elution of the bound TFIID with synthetic
HA peptide (as described in the legend to Fig. 3C of reference 68). Bacterial cell
extracts containing GST fusion proteins were prepared from transformants of
strain DH10B. The transformants were grown and fusion proteins were induced
under conditions recommended by Pharmacia, and cells were resuspended in 2.5
ml of lysis buffer (50 mM HEPES [pH 7.3], 200 mM potassium acetate, 12.5 mM
magnesium acetate, | mM EGTA, 10% glycerol, 0.001 mM dithiothreitol, 0.01%
Nonidet P-40) containing 1 X Boehringer Mannheim complete protease inhibitor
cocktail at ca. 80 pg/ml, 0.4 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride hy-
drochloride, and 2.0 nM pepstatin. Cells were sonicated, and lysates were clar-
ified by centrifugation at 14,000 rpm for 15 min in an Eppendorf 5415C micro-
centrifuge. We estimated that the GST fusion proteins were expressed at 1 to 2%
of total bacterial protein.

Binding reactions with GST fusion proteins. Aliquots of bacterial extracts
predetermined to contain equivalent amounts of each GST fusion protein were
added to an appropriate amount of control extract prepared from a transformant
of strain DH10B bearing the empty vector pUC19 to produce a mixture con-
taining a fixed amount of total bacterial protein for a given panel of binding
reactions (see below). To this mixture was added 4 pl of ethidium bromide (10
mg/ml), 20 pl of 5X binding buffer containing protease inhibitors (described
above), an aliquot of yeast cell extract generally containing 1,500 pg of total
protein, and water to a final volume of 100 ul. Tubes were incubated on ice for
1 h and then mixed with 15 ul of glutathione-Sepharose 4B resin (Pharmacia)
resuspended in 1X binding buffer. The resulting mixture was gently agitated at
4°C for 1 h. The resin was collected by centrifugation at 4,000 rpm for 4 min at
4°C in an Eppendorf 5415C microcentrifuge and washed three times by adding
500 pl of 1X binding buffer with gentle mixing. The final pellets were resus-
pended in 3X Laemmli sample buffer (49) and stored at —70°C. Samples were
boiled for 3 min and cooled on ice prior to fractionation by sodium dodecyl
sulfate (SDS)-8 to 16% polyacrylamide gel electrophoresis (PAGE). The re-
solved proteins were analyzed by immunoblotting as described previously (18).
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TABLE 1. Summary of the effects of Ala substitutions in critical hydrophobic residues in the Gen4p activation
domain on transcriptional activation of HIS3 in vivo®

In vivo activation

GCN4 allele Ala substitutions in Gendp residues of HIS3 GST-Gendp construct

Wild type None (wild type) 4+ p1930, p1927,” p2528,° p2529d
{2}~ F45, F48 4+ p2593°

{3}~ Fo67, F69 4+ p259ld

{5}~ F97, F98 4+ p2532¢

{6}~ M107, Y110, L113 4+ p2531°¢

{7}~ W120, L123, F124 4+ p2530¢

{2,3}" F45, F48, Fo67, F69 3+ p2595d

{5, 6}~ F97, F98, M107, Y110, L113 3+ p2535°¢

{5, 7}~ F97, F98, W120, L123, F124 —/+ p2534¢

{6, 7}~ M107, Y110, L113, W120, L123, F124 3+ p2533

{1,2,3}" F9, F16, F45, F48, F67, F69 2+ p2589d

{5,6, 7} F97, F98, M107, Y110, L113, W120, L123, F-124 - p1949¢

{1,2,3,5}~ F9, F16, F45, F48, F67, F69, F97, F98 - p2598d

{3,5,6,7}~ Fo67, F69, F97, F98, M107, Y110, L113, W120, L123, F124 - p2144¢

{1,2,3,5,6,7} 14-Ala F9, F16, F45, F48, Fo67, F69, F97, F98, M107, Y110, L113, - p2292d

W120, L123, F124

“ The GCN4 alleles are designated according to the seven hydrophobic clusters in the activation domain, numbered from the N to the C terminus, that contain alanine
substitutions in the critical residues. In vivo activation of HIS3 expression was assayed by measuring resistance to 3-AT of transformants of a gcn4A strain bearing the
indicated GCN# alleles on single-copy-number plasmids. 3-AT is a competitive inhibitor of the HIS3 product, and growth on minimal medium containing this inhibitor
at a concentration of 30 mM is absolutely dependent on transcriptional activation of HIS3 by Gendp. The data summarized in column 3 were published previously (18,

36).

® Contains the triplets AGA and TCT inserted between codons 17 and 18 of the Gendp coding sequences.

< Contains the triplets AGA and TCT inserted between codons 100 and 101 of the Gendp coding sequences.

¢ Contains the triplets AGA and TCT inserted between codons 17 and 18 and between codons 100 and 101 of the Gendp coding sequences.

¢ Contains the triplets AGA and TCT inserted between codons 100 and 101 and between codons 117 and 118 of the Gendp coding sequences.

Quantitation of the band intensities was carried out by scanning the films with a
Lacie Silverscanner IIT and the National Institutes of Health Image version 1.61
software.

Immunoprecipitations. Aliquots of yeast extract containing 1,250 pg of pro-
tein from strains containing the HA-tagged proteins of interest, prepared as
described above, were mixed with 2 pl of ethidium bromide (10 mg/ml) and 5 .l
of anti-HA antibody purified from mouse ascites fluid (16) in a final volume of
50 pl of the binding buffer described above (including the protease inhibitors)
and incubated for 2 h on ice. Twenty-five microliters of protein A-Sepharose was
added, and the resulting mixture was gently agitated for 1 h at 4°C. The mixture
was centrifuged at maximum speed in an Eppendorf microcentrifuge for 5 s, the
supernatant was reserved, and the pellet was washed three times with 100 pl of
binding buffer. The proteins were resolved by SDS-PAGE and analyzed by
immunoblotting as described previously (18).

RESULTS

The hydrophobic clusters make additive contributions to
binding of yTAF,, proteins, SRB proteins, and Ada3p to GST-
Gendp in cell extracts. Our previous mutational analyses of the
Gendp activation domain led to the identification of seven
clusters of hydrophobic residues which make additive and re-
dundant contributions to transcriptional activation of the HIS3
and HIS4 genes in vivo (Fig. 1). Table 1 summarizes the phe-
notypes of a representative set of gcn4 alleles containing dif-
ferent combinations of alanine substitutions in the seven hy-
drophobic clusters of the activation domain. To determine
whether the hydrophobic clusters mediate physical interactions
between Gendp and transcriptional coactivators, we expressed
in E. coli fusion proteins between GST and either wild-type
Gendp or the Ala-substituted mutant proteins listed in Table 1
and tested them for interactions with various coactivator pro-
teins in a yeast cell extract. After the appropriate bacterial and
yeast cell extracts were mixed together, the GST-Gen4p pro-
teins were precipitated with glutathione-Sepharose beads and
the precipitates were probed by immunoblot analysis with an-
tibodies against the coactivator proteins of interest. We first
examined interactions between Gendp and two components of
the TFIID complex, yTAF,;60 and yTAF,90, by using the

wild-type GST-Gcendp fusion and a mutant protein containing
14 Ala substitutions in six of the seven hydrophobic clusters
(14-Ala) that render GCN4 nonfunctional in vivo (Table 1).
For comparison, we examined a GST fusion containing resi-
dues 413 to 490 from the VP16 activation domain and a trun-
cation of this protein C terminal to residue 456, which elimi-
nates the ability of VP16 to activate transcription in yeast (5).
The yeast cell extracts were prepared from strains containing
HA epitope-tagged versions of yTAF 60 or yTAF;90. Both
HA-yTAF ;60 and HA-yTAF,,90 were specifically precipitated
with the wild-type GST-Gcendp protein at levels greater than
that observed with the 14-Ala mutant or with GST alone (Fig.
2A and C, upper blots). Immunoblot analysis with Gendp an-
tibodies confirmed that similar levels of wild-type and 14-Ala
GST-Gendp proteins were recovered in the precipitated frac-
tions (Fig. 2A and C, lower blots). Similar results were ob-
tained for the wild-type GST-VP16 protein which showed
greater binding to HA-yTAF;60 and HA-yTAF;;90 than did
GST-VP16A456 or GST alone (Fig. 2B and D). These results
suggested that GST-Gen4p interacted with HA-yTAF ;60 and
HA-yTAF;;90 in a manner that depended on hydrophobic
residues in the Gendp activation domain.

We proceeded to carry out additional binding experiments
with a panel of GST-Gcen4p fusions containing mutations in the
fifth, sixth, and seventh hydrophobic clusters (numbered from
the N terminus as shown in Fig. 1 and Table 1) and yeast cell
extracts from a strain expressing HA-tagged yTAF,;130 (Fig.
3). Quantification of these data (Fig. 4A) showed that the
cluster 5 mutations had the smallest effect, that cluster 6 mu-
tations had somewhat greater effects, and that cluster 7 muta-
tions had the largest effects on binding of yTAF};20, yTAF};60,
and yTAF;90 to GST-Gcndp. The combination of mutations
in clusters 5 and 6 ({5, 6} ) reduced binding to a greater extent
than did either the {5}~ or {6}  single-cluster mutations,
whereas the {6, 7} combination led to essentially the same
reduction in yTAF;20, -60, and -90 binding caused by the {7}~
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FIG. 2. Binding of yTAF;90 and yTAF;,60 in cell extracts to a GST-Gcen4p fusion protein is dependent on the critical hydrophobic residues in the Gendp activation
domain. (A and C) Aliquots of bacterial extracts containing approximately 25, 50, or 75 pg of total protein from strains expressing different GST fusion proteins were
mixed with the appropriate amount of a control bacterial extract lacking a GST fusion protein (to bring the amount of bacterial protein in each reaction mixture to
ca. 75 pg) and an aliquot of yeast extract containing 500 to 1,000 pg of protein from strains YBY40-8 and YBY181 expressing HA-yTAF;90 (A) or HA-yTAF ;60 (C)
as described in Materials and Methods. GST-GCN4 contains the wild-type Gendp activation domain, whereas GST-gen4-14 Ala contains the 14 Ala substitutions in
hydrophobic clusters 1 to 3 and 5 to 6 shown in Table 1. The GST fusion proteins were precipitated from the reaction mixtures with glutathione-Sepharose 4B resin,
and the precipitated proteins were resolved by SDS-PAGE and subjected to immunoblot analysis with monoclonal antibodies against the HA epitope to detect the
HA-tagged proteins (upper blots) with an enhanced-chemiluminescence system to detect immune complexes. Subsequently, the blots were stripped and reprobed with
polyclonal antibodies against Gendp to detect the GST-Gen4p proteins (lower blots). (B and D) The same yeast cell extracts were incubated with bacterial extracts
containing GST-VP16 (bearing the wild-type VP16 activation domain), GST-VP16 A456 (bearing the truncated activation domain), or GST alone and processed exactly
as described for panels A and C, except that the immunoblots were probed only with anti-HA antibodies.

<4 HA-TAF,90 C——— - qHA-TAF 60

single-cluster mutation. The {5, 7} mutation appeared to be
the most severe double-cluster mutation, reducing binding to
only 2 to 13% of the wild-type levels (Fig. 3 and 4A). The more
extensively mutated proteins analyzed in Fig. 3 showed low-

+ | 151 | ter | tr
yTAF||20

level binding to the three yTAF; proteins, similar to what was
seen for the {5, 7}~ mutant protein (Fig. 3 and 4A) and GST
alone (Fig. 2 and data not shown). It is noteworthy that the
different mutations in Gendp reduced binding of yTAF;;20,
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FIG. 3. Additive effects of mutations in hydrophobic clusters 5 to 7 of the activation domain in GST-Gcendp fusion proteins on binding of yTAF,;,20, yTAF;60, and
yTAF;90 in cell extracts. A fixed amount of yeast extract (containing 1,500 pg of protein) prepared from strain DPY213 expressing HA-yTAF ;130 was incubated with
three different amounts of bacterial extracts for each GST-Gcen4p fusion containing ca. 5, 10, and 20 pg of total bacterial protein and the appropriate amounts of a
control bacterial extract lacking a GST fusion protein to bring the total amount of bacterial protein in each reaction mixture to 23 wg. GST-Gendp fusion proteins
contained the wild-type Gendp activation domain (+) (lanes 1 to 3, 14 to 16, and 27 to 29) or mutant activation domains with alanine substitutions in the hydrophobic
clusters shown in brackets across the top of the figure. The designations are those adopted for Fig. 1. The GST fusion proteins were precipitated, resolved by
SDS-PAGE, and subjected to immunoblot analysis with monoclonal anti-HA antibodies (to detect HA-yTAF;130) and then with polyclonal antibodies against the
proteins indicated to the left of each panel. An enhanced-chemiluminescence system was used to detect the immune complexes. Lanes 13, 26, and 39 contain 1/20 of
the input (In) amount of yeast extract employed in each of the binding reaction mixtures.
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FIG. 4. Quantitation of the effects of mutations in the hydrophobic clusters in GST-Gendp fusions on binding to yTAF;20, -60, and -90; Ada3p; and Srb2p, -4p,
and -7p in yeast cell extracts. The amounts of the different coactivator proteins that were precipitated with each GST-Gcendp fusion protein were determined by
densitometric scanning of the immunoblots shown in Fig. 3, 5, 6, and 7. The band intensities measured for the three binding reaction mixtures with different quantities
of the GST fusion protein were summed and averaged for each mutant GST-Gen4p construct, and these averages were divided by the corresponding value determined
for the wild-type GST-Gcendp analyzed in parallel. The resulting ratios were plotted on the y axis for each mutant GST-Gcendp protein listed on the x axis. The

designations are those adopted for Table 1.

yTAF;60, and yTAF;90 by similar amounts, consistent with
the idea that these proteins interact with Gen4p as components
of the same complex (Fig. 4A).

We obtained much different results when the same precipi-
tated proteins were probed with anti-HA antibodies to visual-
ize HA-tagged yTAF,;130 or with antibodies against TBP. In
the experiments described above, binding of yTAF;20, -60,
and -90 to wild-type GST-GCN4 reached maximum values of
10 to 35% of the input amounts of these proteins in the extract.
In contrast, only 1 to 2% of the HA-yTAF,;130 and TBP in the
extract was precipitated with wild-type GST-Gen4p and there
was little or no reduction in binding by either protein in re-
sponse to single or multiple mutations in the hydrophobic
clusters (Fig. 3 and 4A). In these respects, the results for
HA-yTAF ;130 and TBP more closely resembled those ob-
tained for the negative control protein Pablp than for the
other yTAF|; proteins (Fig. 3). These results are surprising in

suggesting that, at least in cell extracts, yTAF};20, -60, and -90
can exist in stable TFIID subcomplexes lacking yTAF;;130 and
TBP that are competent for sequence-specific interactions with
the Gendp activation domain.

To investigate whether Gen4p interacts with holoenzyme
mediator components, the protein precipitates analyzed for
binding to yTAF|; proteins and TBP described in the legend to
Fig. 3 were also probed with antibodies against Srb2p, Srbdp,
and Srb7p. The results (Fig. 5) were similar to those described
above for yTAF;20, -60, and -90 in showing relatively high-
level binding to the wild-type GST-Gcen4p fusion, reaching 10
to 15% of the input amounts of SRB proteins at the highest
levels of GST-Gcendp added to the reaction mixtures. In addi-
tion, binding of Srb2p, Srbdp, and Srb7p was completely de-
pendent on the hydrophobic clusters in the Gendp activation
domain and a complete loss in binding required the introduc-
tion of mutations in multiple clusters (Fig. 5). From quantita-
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FIG. 5. Additive effects of mutations in hydrophobic clusters 5 to 7 of the activation domain in GST-Gcen4p fusion proteins on binding of Srb2p, Srb4p, and Srb7p
in yeast cell extracts. A fixed amount of yeast extract (containing 1,500 g of protein) prepared from strain DPY213 expressing HA-yTAF ;130 was incubated with three
different amounts of bacterial extracts for each GST-Gcen4p fusion containing ca. 5, 10, and 20 pg of total bacterial protein and the appropriate amounts of a control
bacterial extract lacking a GST fusion protein to bring the total amount of bacterial protein in each reaction mixture to 23 ug. GST-Gendp fusion proteins contained
the wild-type Gendp activation domain (+) (lanes 1 to 3, 14 to 16, and 27 to 29) or mutant activation domains with substitutions in the hydrophobic clusters shown in brackets
across the top. The GST fusion proteins were precipitated and subjected to immunoblot analysis with polyclonal antibodies against the proteins indicated to the left
of each panel, exactly as described for Fig. 3. Lanes 13, 26, and 39 contain 1/20 of the input (In) amount of yeast extract employed in each binding reaction mixture.

tion of the binding data, it appeared that the {5} single-
cluster mutation and the {5, 6}~ and {6, 7}~ double-cluster
mutations had greater effects on the interaction with SRB
proteins than on the interaction with yTAF,; proteins (com-
pare Fig. 4A and B). As observed for the three yTAF,; pro-
teins, the {5, 7}~ mutations reduced binding of Srb2p, -4p, and
-7p to the low background levels observed for the more exten-
sively mutated proteins. The fact that the mutations in Gendp
led to similar reductions in the binding of all three SRB pro-
teins is consistent with the idea that Srb2p, -4p, and -7p inter-
acted with GST-Gcendp as subunits of the mediator complex.
The observation that certain combinations of mutations in
clusters 5 to 7 had greater effects on the binding of Srb2p, -4p,
and -7p than that of yTAF,20, -60, and -90 is consistent with
the idea that the mediator and TFIID complexes bind inde-
pendently to GST-Gcendp.

Figure 6 shows the results obtained for a set of GST-Gcndp
fusions containing mutations in hydrophobic clusters 1, 2, and
3.The {2}~ and {3}~ single-cluster mutations reduced binding
of yTAF,;20, -60, and -90 by modest amounts, whereas com-
bining these mutations had an additive effect and reduced
binding of all three yTAF; proteins to 16 to 29% (Fig. 4A, bar
{2, 3}, and Fig. 6). Combining the {1} and {5} mutations
with the {2, 3} double mutation led to an additional reduc-
tion in binding compared to that produced by {2, 3} alone
(Fig. 4A and 6). The results for Srb2p, -4p, and -7p were
similar to those obtained for yTAF;20, -60, and -90, except
that the {3} and {2, 3} mutations led to greater reductions
in binding of Srb4p and Srb7p than those produced in the three
yTAF,, proteins (Fig. 4). This last result may indicate a par-
ticularly strong requirement for cluster 3 in the retention of
Srb4p and Srb7p in mediator-GST-Gcendp complexes.

It was shown previously that a GST fusion protein contain-
ing the Gendp activation domain can interact with Ada2p in a
yeast nuclear extract (5). To investigate whether this interac-
tion is dependent on the critical hydrophobic residues in
Gcendp, we employed the same set of GST-Gendp fusion pro-
teins described above for binding reactions with a yeast cell
extract prepared from a strain expressing an HA-tagged form
of Ada3p. As described above, the binding of HA-Ada3p pro-
gressively declined as we combined mutations in clusters 5, 6,
and 7 (Fig. 4A and 7A) and in clusters 1, 2, and 3 (Fig. 4A and
7B). The binding of HA-Ada3p seemed to resemble more
closely that seen for yTAF;20, -60, and -90 than that seen for
the SRB proteins in being relatively less affected by the {5}~
and {5, 6} mutations than were Srb2p, -4p, and -7p (Fig. 4).
We also observed specific binding of Ada2p in the extracts

prepared from the HA-ADA3 strain to the GST-Gcendp fusion
proteins (Fig. 7).

GST-Gcendp does not bind specifically to yTAFy; proteins in
purified TFIID. To determine whether the Gendp activation
domain interacts directly with TFIID, we asked whether
yTAF,, proteins in highly purified preparations of TFIID could
bind specifically to the GST-Gcendp fusion proteins. TFIID was
affinity purified with TBP antibodies or, for the strain express-
ing HA-tagged yTAF;130, with anti-HA antibodies and elu-
tion with HA peptide. Examination of the latter by SDS-PAGE
and silver staining revealed that yTAF;150, yTAF;;90, yTAF;,60,
yTAF40, yTAF,;30, and yTAF,25 all copurified with HA-
yTAF ;130 (see Fig. 3C in reference 68). Immunoblot analysis
confirmed that this preparation was highly enriched for
yTAF;20, -60, -90, and -130 and TBP but devoid of detectable
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FIG. 6. Additive effects of mutations in hydrophobic clusters 1 to 3 of the
activation domain in GST-Gcen4p fusion proteins on binding of yTAF;20, -60,
and -90 and Srb2p, -4p, and -7p in yeast cell extracts. A fixed amount of yeast
extract (containing 1,500 wg of protein) prepared from strain DPY213 expressing
HA-yTAF ;130 was incubated with three different amounts of bacterial extracts
for each GST-Gend4p fusion containing ca. 2, 4, and 8 g of total bacterial protein
and the appropriate amounts of a control bacterial extract lacking a GST fusion
protein to bring the total amount of bacterial protein in each reaction mixture to
9 pg. Shown are the GST-Gcen4p fusion proteins containing the wild-type Gendp
activation domain (+) (lanes 1 to 3 and 14 to 16) or mutant activation domains
with substitutions in the hydrophobic clusters shown in brackets across the top.
The GST fusion proteins were precipitated and subjected to immunoblot analysis
with polyclonal antibodies against the proteins indicated to the left of each panel,
exactly as described for Fig. 3. Lanes 13 and 23 contain 1/20 of the input (In)
amount of yeast extract employed in each binding reaction mixture.
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FIG. 7. Additive effects of mutations in hydrophobic clusters 1 to 3 and 5 to 7 of the activation domain in GST-Gcen4p fusion proteins on binding of Ada3p in yeast
cell extracts. (A) A fixed amount of yeast extract (containing 1,500 wg of protein) prepared from strain SY6-2 expressing HA-Ada3p was incubated with three different
amounts of bacterial extracts for each GST-Gendp fusion containing ca. 5, 10, and 20 wg of total bacterial protein and the appropriate amounts of a control bacterial
extract lacking a GST fusion protein to bring the total amount of bacterial protein in each reaction mixture to 23 pg. (B) Aliquots of yeast extract containing 1,500
ug of protein from strain SY6-2 were incubated with three different amounts of bacterial extracts for each GST-Gendp fusion containing ca. 2, 4, and 8 pg of total
bacterial protein and the appropriate amounts of a control bacterial extract lacking a GST fusion protein to bring the total amount of bacterial protein in each reaction
mixture to 9 ug. Shown are the GST-Gendp fusion proteins bearing the wild-type Gendp activation domain (+) (lanes 1 to 3, 14 to 16, and 27 to 29 in panel A and
lanes 1 to 3 and 14 to 16 in panel B) or the mutant activation domains, with substitutions in the hydrophobic clusters shown in brackets across the top of each panel.
The GST fusion proteins were precipitated and subjected to immunoblot analysis with monoclonal anti-HA antibodies to detect HA-Ada3p or polyclonal antibodies
against the other proteins indicated to the left of each panel, exactly as described for Fig. 3. Lanes 13, 26, and 39 (A and B) contain 1/20 of the input (In) amount of

yeast extract employed in each binding reaction mixture.

amounts of Ada2p, Srb2p and Srb7p (data not shown). Using
the TFIID fraction purified with anti-TBP antibodies, we ob-
served little or no binding of yTAF,;60 or yTAF;90 to wild-
type GST-Gcendp above the background levels for GST alone
(Fig. 8A and B), even at much higher concentrations of GST-
Gendp than were needed to detect interactions with these
yTAF,, proteins in cell extracts (e.g., Fig. 3). Using the TFIID
fraction purified from the HA-yTAF;130 strain in binding
reaction mixtures at approximately fivefold higher concentra-
tions than were used in the experiments shown in Fig. 8A and
B, we observed a higher level of binding by yTAF;60, yTAF;90,
and yTAF;;130 to GST-Gcndp. However, the amounts of non-
specific binding to GST alone also increased for yTAF ;60 and
yTAF;90, and the binding was not diminished by double- or
triple-cluster mutations in the Gen4p activation domain for any
of the four yTAF,; proteins examined (Fig. 8C to G). Thus, we
failed to obtain evidence that Gendp interacts specifically with
any of these yTAF}; proteins in purified TFIID. Accordingly,
the specific interactions detected between GST-Gcendp and
yTAF; proteins present in cell extracts may require additional
proteins absent in purified TFIID.

Ada2p and Ada3p are not required for binding of GST-
Gendp to yTAF,; or SRB proteins in cell extracts. We consid-
ered the possibility that Gendp interacts directly with only a
single coactivator protein or complex in the extracts, which
functions as an adapter to mediate the interactions between
Gendp and all other transcription factors. One or more sub-
units of the Adap-GenSp complex would be good candidates

for such adapter proteins, because they are required for high-
level activation by Gendp in vivo (6, 18, 23, 34, 58, 67). To
investigate whether Ada2p or Ada3p is required for the inter-
actions between GST-Gen4p and the TFIID or mediator com-
plexes, we prepared yeast extracts from isogenic wild-type,
ada2A, and ada3A strains for in vitro binding experiments with
the wild-type and {5, 6, 7}~ GST-Gcn4p fusions. As shown in
Fig. 9A and B, we saw no significant effect of deleting ADA2 or
ADA3 on the binding of yTAF,,20, -60, and -90 or Srb2p to the
wild-type GST-Gcendp fusion protein (compare + lanes for
results with ADA2 and ada2A extracts). Less binding of Ada2p
to wild-type GST-Gcendp was observed in the ada3A than in the
ADA3 extract (Fig. 9B, lanes 7 and 8 versus lanes 3 and 4);
however, this finding appears to reflect a reduction in the
abundance of Ada2p in the ada3A extract. Since Ada2p and
Ada3p reside in the same Adap-GenSp complexes, Ada2p may
be less stable in the absence of the Ada3p subunit.

Similar results were obtained from a comparison of the
binding of yTAF;20, -60, and -90 to GST-Gcn4p fusion pro-
teins in extracts prepared from isogenic SRBI0 and srbl0A
strains (Fig. 9C). The amounts of Srb2p and Srb7p that bound
to GST-Gendp were reduced by the srbI0A mutation (com-
pare + lanes for results with SRB10 and srb10A extracts), and
at least with Srb7p, this result could not be explained by a
reduction in the level of the protein in the starting extract (Fig.
9C, compare In and In* lanes for results with SRB10 and
srb10A extracts). This finding supports the idea that Srb2p and
Srb7p bind to GST-Gendp as constituents of the mediator
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complex and that Srb10p is required for stability of this com-
plex or its efficient interaction with GST-Gcendp. We observed
reductions in the binding of yTAF,20, -60, and -90 in an
extract prepared from an srb2A mutant versus that made from
the isogenic SRB2 strain; however, this result could be ex-
plained by reduced amounts of these yTAF;; proteins in the
starting stb2A extract (Fig. 9D, In and In* lanes). Perhaps the
srb2A mutation leads to reduced transcription of the TAF
genes. In fact, we detected sequence-specific binding to GST-
Gendp by the residual amounts of these proteins present in the
srb2A extract. We conclude that the absence of Srb2p or
Srb10p in the extracts has little or no effect on the efficiency of
binding to GST-Gcendp by yTAF,,20, -60, and -90. The results
in Fig. 9 are in accordance with the idea that yTAF;;20, -60,
and -90 (TFIID) and Srb2p, -4p, and -7p (mediator) bind
independently to Gen4dp, and they provide no evidence that
Ada2p or Ada3p is required for the interactions between these
complexes and the Gendp activation domain.

Identification of a stable complex containing Ada2p, Ada3p,
and yTAF,;20, -60, and -90. The binding of yTAF};20, -60, and
-90 to GST-Gendp occurred at high levels and was fully de-
pendent on the hydrophobic clusters in the Gendp activation
domain, whereas the binding of yTAF;;130 and TBP occurred
at much lower levels and was independent of these residues
(Fig. 3 to 6). Accordingly, we used coimmunoprecipitation
analysis to determine whether yTAF ;130 and TBP were asso-
ciated with yTAF;20, -60, and -90 in the HA-yTAF, 130 ex-
tracts used for the binding experiments described above. We
also immunoprecipitated extracts from isogenic strains ex-
pressing HA-tagged forms of yTAF,,60, yTAF;90, or Motlp, a
TBP-associated protein that does not appear to be a subunit of
TFIID (69). yTAF;20, yTAF,,60, and yTAF,;90 were all co-
immunoprecipitated with HA-yTAF ;130 by using anti-HA
antibodies (Fig. 10A, blots HA-yTAF,,130), whereas, as ex-
pected, little or none of these three proteins was coimmuno-
precipitated with HA-Motlp (Fig. 10, blots HA-MOT1I). Al-
though we immunoprecipitated only a fraction of the total
HA-yTAF,;130, comparable proportions of HA-yTAF;130,
yTAF,;20, yTAF;60, and yTAF;;90 were coimmunoprecipi-
tated with HA antibodies from the HA-yTAF,130 extract.
These findings are consistent with the idea that the majority of
all four yTAF; proteins reside in the same complexes in our
extracts. Immunoprecipitating with anti-HA antibodies from
the HA-yTAF,90 extract gave similar results except that the
yield of yTAF;130 in the immunoprecipitates was somewhat
less than that seen for yTAF;20, -60, and -90 (Fig. 10A). This
discrepancy might indicate that yTAF;20, yTAF60, and
yTAF;90 can exist in stable complexes which lack yTAF;130.
Whether such yTAF;;130-depleted subcomplexes are respon-
sible for the specific binding to GST-Gendp described above
for yTAF;20, -60, and -90, or whether intact TFIID binds to
GST-Gen4p and yTAF;130 and TBP dissociate from the com-
plex, cannot be resolved without additional experimentation.

We also probed the immune complexes isolated from the
HA-yTAF,90 and HA-yTAF;130 extracts with antibodies
against Srb2p and Ada2p. Srb2p was not stably associated with
the yTAF,; proteins (Fig. 10A), indicating that GST-Gcendp
interacted independently with the TFIID and mediator com-
plexes in the experiments described above. In contrast, we
found that a fraction of Ada2p in the cell extracts was coim-
munoprecipitated with HA-yTAF;;90 but not with HA-
yTAF ;130 or with HA-Motlp (Fig. 10A). To confirm this
unexpected interaction between Ada2p and yTAF,, proteins,
we immunoprecipitated Ada3p with anti-HA antibodies from
the HA-ADA3 extract. As expected, the majority of Ada2p, but
little or no Srb2p, was coimmunoprecipitated with HA-Ada3p,
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FIG. 8. yTAFy, proteins in purified TFIID did not interact specifically with
GST-Gendp. Components of purified TFIID were tested for the ability to inter-
act specifically with GST-Gcendp fusion proteins by mixing a fixed amount of
purified TFIID with two different amounts of bacterial extract containing GST-
Gcendp fusion proteins bearing the wild-type activation domain or mutant acti-
vation domains with alanine substitutions in the hydrophobic clusters (numbered
as shown in Fig. 1). The GST fusion proteins were precipitated and subjected to
immunoblot analysis with polyclonal antibodies against the proteins indicated to
the right of each panel, exactly as described for Fig. 3. (A and B) TFIID im-
munoaffinity purified with anti-TBP antibodies was incubated at a fixed concen-
tration (60 ng per reaction mixture) with 100 or 200 pg of bacterial extracts con-
taining GST proteins and the appropriate amounts of a control bacterial extract
lacking a GST fusion protein to bring the total amount of bacterial protein in each
reaction mixture to ca. 300 pg. Lane 1 contained GST alone. Lanes 2 to 7 contained
GST-Gendp fusion proteins with either wild-type (+) or mutant activation do-
mains, with the clusters in which there were mutations being indicated by num-
bers in brackets across the top of the figure. Lanes 8 and 9 contained binding
assay mixtures with the bacterial extract containing wild-type GST-Gcendp and
1,200 g of whole-cell extract (WCE) from yeast strain DPY213. Lane 10 con-
tained 2/3 of the amount of TFIID used in the binding reaction mixtures in lanes
1 to 7 (40 ng), and lane 11 contained 1/30 of the yeast WCE used in the binding
reaction mixtures shown in lanes 8 and 9. (C to G) TFIID bearing HA-yTAF ;130
immunoaffinity purified with anti-HA antibodies was incubated at 300 ng per
reaction mixture with 40 or 80 ug of bacterial extracts containing GST proteins
and the appropriate amounts of a control bacterial extract lacking a GST fusion
protein to bring the total amount of protein in each reaction mixture to ca. 80 pu.g.
Lane 1 contained GST alone, and lanes 2 to 9 contained GST-Gen4p fusion proteins
with wild-type (+) or mutant activation domains (with cluster numbers indicated in
brackets across the top of the blots). Lane 10 contained one-sixth of the TFIID used
in the binding reaction mixtures in lanes 1 to 9. Lanes 12 and 13 contained a binding
assay mixture with the bacterial extract containing wild-type GST-Gendp and 600 g
of WCE from strain DPY213. Lane 14 contained 1/15 of the yeast WCE used in the
binding reaction mixtures in lanes 12 and 13. Lane 11 contained no sample.
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whereas significant fractions of yTAF;20, -60, and -90 and a
small fraction of TBP were specifically coimmunoprecipitated
with HA-Ada3p (Fig. 10B). Based on the recoveries of HA-
Ada3p, Ada2Zp, and the yTAF; proteins, we estimate that
about 10% of yTAF};20, -60, and -90 were physically associated
with Ada2p and HA-Ada3p in the HA-ADA3 extract. The
results shown in Fig. 10A suggest that a comparable proportion
of Ada2p was associated with the yTAF,,20, -60, and -90 pro-
teins.

DISCUSSION

Evidence that the hydrophobic clusters in Gendp are capa-
ble of recruiting several coactivator complexes to the pro-
moter. We observed efficient binding of yTAF,;20, -60, and -90;
Srb2p, -4p, and -7p; and Ada2p and -3p in whole-cell extracts
to a GST-Gendp fusion protein containing the wild-type acti-
vation domain. The double-cluster substitutions {5, 6}, {5,
7}, {6, 7}, and {2, 3} led to greater reductions in the
binding of yTAF;20, -60, and -90; Ada2p and -3p; and Srb2p,
-4p, and -7p than did the corresponding single mutations. This
additive effect of combining mutations in different clusters on
coactivator binding in vitro parallels the observation that inac-
tivation of two clusters is required for a measurable reduction
in transcriptional activation by Gendp in vivo. It is also note-
worthy that among the double-cluster mutations, {5, 7}~ led to
the greatest reductions in coactivator binding in vitro and to
activation of HIS3 transcription in vivo. Moreover, at least with
Ada3p, the {1, 2, 3} mutation was less deleterious to binding
than was the {5, 6, 7} mutation and adding the cluster 5
mutation to those in clusters 1 to 3 reduced the binding to
GST-Gcendp below that seen for the {1, 2, 3}~ mutation alone.
Simultaneously inactivating four different clusters reduced the
binding of all the coactivators to background levels. In these
respects, the additive effects of the mutations on coactivator
binding in vitro (Fig. 4A) generally paralleled their cumulative
effects on activation by Gendp in vivo (Table 1). This correla-
tion is consistent with the idea that Gendp is capable of re-
cruiting TFIID, the Adap-Gcen5p coactivator complex, and the
holoenzyme mediator to the promoter as a means of stimulat-
ing transcription initiation in vivo (Fig. 11).

Although the single-cluster mutations had no effect on HIS3
transcription in vivo (Table 1), they did lead to significant
reductions in binding to GST-Gcen4dp by Ada, yTAF,;, and SRB
proteins in vitro. In addition, the {5, 6} and {6, 7} muta-
tions appeared to reduce protein binding in vitro more than
they affected HIS3 transcription in vivo. To account for these
discrepancies it could be proposed that the concentrations of
the interacting proteins are much higher in vivo than in our in
vitro experiments and that the in vivo concentrations are high
enough to overcome reductions in affinity caused by single-
cluster mutations in the Gen4p activation domain. In addition,
Gcendp target-promoters  typically contain multiple Gendp
binding sites (29), so that the probability that a given coacti-
vator is bound to a promoter containing several molecules of
Gendp should be greater than the probability that any given
Gendp molecule is in contact with the coactivator. Finally,
protein-protein interactions among different coactivators and
GTFs may allow for cooperative binding of coactivators to
different molecules of Gendp bound at the same promoter.

The in vitro binding profiles of yTAF,;20, -60, and -90 and
Ada3p were quite similar for the panel of Gendp mutants we
examined. In addition, a fraction of these TAF proteins coim-
munoprecipitated with HA-Ada3p and a fraction of Ada2p
coimmunoprecipitated with HA-TAF;90. These findings,
combined with our inability to demonstrate a specific interac-
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FIG. 9. Binding of yTAF;;20, -60, and -90 and Srb2p in yeast extracts to
wild-type GST-Gendp is not dependent on Ada2p, Ada3p, or Srb10p. Aliquots of
yeast extract containing 1,500 pg of protein from pairs of isogenic mutant and
wild-type strains were incubated with two different amounts of bacterial extracts
containing 3 and 6 pg of protein and the appropriate amounts of a control
bacterial extract lacking a GST fusion protein to bring the total amount of
bacterial protein in each reaction mixture to 215 pg. The GST-Gendp fusion
proteins contained either the wild-type activation domain (+; lanes 3 to 4 and 7
to 8) or the {5, 6, 7}~ mutant activation domain (lanes 5 to 6 and 9 to 10). The
GST fusion proteins were precipitated and subjected to immunoblot analysis
with polyclonal antibodies against the proteins indicated to the left of each panel,
exactly as described for Fig. 3. Lanes 1 and 12 contain 1/20 of the input (In)
amount of yeast extract employed in each binding reaction mixture without
incubation; lanes 2 and 11 contain the same amounts of yeast extract after
incubation under reaction conditions in the absence of a GST fusion protein. (A)
Yeast extracts derived from strains H1511 (4DA2) and KNY104 (ada2A); (B)
yeast extracts derived from strains H1511 (4DA3) and KNY105 (ada3A); (C)
yeast extracts derived from strains Z719 (SRBI0) and Z687 (srb10A); (D) yeast
extracts derived from strains H2451 (SRB2) and RMY10 (srb2A).
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tion between GST-Gcen4p and a highly purified TFIID fraction
devoid of Ada2p and Ada3p, could be explained if Gendp
interacts with TFIID in the context of a composite complex
containing components of Adap-GenS5p and TFIID. This in-
terpretation is ostensibly at odds with our finding that the
binding of yTAF;;90 to GST-Gcndp was not diminished by the
absence of Ada2p or Ada3p in the extracts. The fact that
Ada2p contains binding domains for Ada3p and Gen5p (10)
suggests that the Ada2p-Ada3p-GenSp complex is disrupted in
the ada2A extract, and, indeed, deletion of ADA2 or ADA3
does eliminate the HAT activity of GenSp associated with the
high-molecular-weight complexes containing these proteins
(25). Moreover, we found that the level of Ada2p was dimin-
ished in an ada3A strain (Fig. 9B), suggesting that removal of
Ada3p from the Adap-GenSp complex may destabilize Ada2p.
However, it is possible that the TFIID-Ada composite com-
plex we detected by coimmunoprecipitation contains Adalp
and Spt20p (AdaSp) in addition to Ada2p-Ada3p-GenSp and
that this complex remains intact in the absence of the Ada2p or
Ada3p subunits. If so, partial Sptp-Adap-GenSp complexes
lacking only Ada2p or Ada3p may mediate the binding of
yTAF,; proteins to GST-Gcndp observed in the ada2A or
ada3A extracts, as well as the binding of Ada2p in the ada3A
extract (Fig. 9B). In fact, there is genetic evidence that coac-
tivator complexes containing Adalp and Spt20p (Ada5p) per-
sist in the absence of Ada2p, Ada3p, or GenSp (25, 34, 58, 72).
Additional experiments will be required to determine whether
the binding of yTAF; proteins to GST-Gcen4p is dependent on
Spt20p (Ada5p), Adalp, or some other uncharacterized
adapter proteins.

Biochemical links between the Adap-GenSp proteins and
TBP have come from observations that Ada2p can be isolated
from nuclear extracts bound to recombinant GST-TBP, that
Ada2p binds directly to the VP16 activation domain, and that
deletion of Ada2p abolishes interaction between VP16 and
TBP in yeast extracts (5, 79). Mutations in SPT20-ADAS5 and
ADAI have numerous phenotypes in common with certain
mutations affecting TBP (spt15 alleles), and it was shown that
TBP can specifically interact with recombinant GST-Spt20p
(71). Moreover, native TBP has been coimmunoprecipitated
from cell extracts with Ada3p (73), a finding confirmed in this
study (Fig. 10B). These observations suggest that the Sptp-
Adap-GenSp complex is physically associated with TBP and
able to bridge interactions between an activator and TBP. If so,
physical interactions between Gen4p and subunits of Sptp-
Adap-GenSp complexes may serve to bring TBP to the pro-
moter in addition to recruiting the HAT activity of Gen5Sp.

Our GST-Gcendp binding data imply that a TFIID subcom-
plex containing yTAF;20, -60, and -90 (and perhaps other
yTAF;s) can exist in the absence of yTAF;130 and TBP.
This subcomplex may arise artifactually from proteolysis of
yTAF ;130 in the extracts or by dissociation of yTAF;130 and
TBP upon binding to GST-Gendp. It is noteworthy that the
Drosophila homologs of yTAF;60 and yTAF;;20 (dTAF;62
and dTAF,;42) have N-terminal segments that are folded into
a histone-like motif and, like H3 and H4, can stably interact
with one another in vitro in the absence of other TAF}; pro-
teins (90). Additional experiments are required to determine
whether the yTAF,;; subcomplex we detected in vitro has any
functional significance in vivo.

Evidence that Gendp interacts with holoenzyme mediator
independently of the Adap-GenSp and TFIID complexes. Our
results suggest that recruitment of the holoenzyme to the pro-
moter through interactions with mediator components is an-
other important aspect of transcriptional activation by Gendp
(Fig. 11). This conclusion is consistent with the fact that the
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FIG. 10. Coimmunoprecipitation analysis of components of TFIID, media-
tor, and Adap-Gen5p complexes in yeast cell extracts. Aliquots of cell extracts
containing 1,250 pg of total protein were immunoprecipitated with mouse mono-
clonal anti-HA antibodies from strains DPY107 (HA-MOTI), DPY213 (HA-
YTAF ;;130), YBY40-8 (HA-yTAF;90), and SY6-2 (HA-ADA3). (A) The proteins
in 100% of the immune complexes (lanes P), 40% of the supernatants (lanes S),
and 20% of the washes from each immunoprecipitation (lanes W) were resolved
by SDS-PAGE and subjected to immunoblot analysis with antibodies against the
proteins indicated to the left of each blot, except for the Motlp blot, which was
probed with rabbit polyclonal anti-HA antibodies. (B) Proteins in 10% of the
input extracts (lanes In), 100% of the immune complexes (lanes P), and 20% of
the supernatants (lanes S) were analyzed by immunoblotting as described for
panel A, again by probing the last blot at the bottom with polyclonal anti-HA
antibodies to detect HA-Motlp or HA-Ada3p.

purified holoenzyme mediator stimulated transcription from
a Gendp-dependent promoter in vitro (42). In addition, we
found recently that SRB2 and SRBI0 are important for acti-
vation by Gendp in vivo (60a). With the exception of yTAF;30,
which is shared by TFIID and holoenzyme in yeast (28), the
polypeptide components of these two complexes appear to be
completely distinct (40, 68, 86a). The fact that we could not
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FIG. 11. Model summarizing the in vitro interactions between the Gen4p activation domain and three different coactivator complexes. A dimer of Gendp is depicted
bound to a Gendp binding site located upstream from the TATA element in a Gendp-regulated promoter. The activation domain (AD) of Gen4p bearing seven
hydrophobic clusters (filled circles) is shown interacting independently with the mediator complex of RNA Pol IT holoenzyme (containing SRB-encoded proteins, TFIIF,
Galllp, and Suglp) (46) and the Sptp-Adap-Gen5p complex (see the text for references). The interaction with TFIID (66, 68) may be indirect and may occur only in
the context of an Sptp-Adap-GenSp-TFIID composite complex. Asterisks indicate subunits of the complexes in cell extracts that bound to recombinant GST-Gen4p
proteins in a manner that depended on the hydrophobic clusters in the Gendp activation domain. The Sptp-Adap-GenSp and TFIID complexes are shown physically
interacting with one another based on our observations that fractions of yTAF;20, -60, and -90 in cell extracts specifically coimmunoprecipitated with HA-Ada3p and
that a fraction of Ada2p coimmunoprecipitated with HA-TAF;90. TBP is shown as a component of TFIID but also as physically interacting with the Adap-GenSp
complex and holoenzyme (see the text for details and additional references). DBD, DNA-binding domain.

coimmunoprecipitate Stb2p with various HA-yTAF; proteins
or with HA-Ada3p suggests that the holoenzyme mediator is
not tightly associated with the TFIID or Adap-GcenSp com-
plexes in our extracts. Consequently, the mediator complex
probably bound to GST-Gcendp independently of these other
complexes. This conclusion is in accordance with the fact that
the profile of binding of Srb2p, -4p, and -7p to the panel of
GST-Gen4p mutant proteins differed in several respects from
that obtained for yTAF;20, -60, and -90 and Ada3p. In addition,
the absence of Srb2p or Srb10p in the extracts did not signif-
icantly reduce the binding of yTAF}; proteins to GST-Gcn4p.
We conclude, therefore, that the Gendp activation domain is
capable of interacting independently with the holoenzyme me-
diator and the TFIID and Adap-GenSp complexes.

The fact that mutations in clusters 1 to 3 and 5 to 7 in the
Gendp activation domain reduced binding of Srb2p, -4p, and
-7p; yTAF};20, -60, and -90; and Ada2p and -3p to GST-Gcendp
eliminates the possibility that each hydrophobic cluster is ded-
icated to interactions with a specific coactivator. Rather, it
appears that each cluster contributes to the binding of all three
coactivator complexes analyzed here. On the other hand, it
seemed that certain clusters were more critical than others for
interactions with a given coactivator. Thus, clusters 3, 5, and 7
appeared to be equally important for binding to Srb2p, -4p,
and -7p whereas binding of Ada3p and yTAF;20, -60, and -90
was more dependent on cluster 7 than on clusters 3 and 5. The
fact that all of the clusters contributed to binding of each
coactivator, coupled with the unique requirements of each
coactivator complex for efficient interaction with GST-Gcen4p,
suggests a model in which the hydrophobic clusters in Gendp
independently interact with different sites on each coactivator,
with certain cluster contacts making a larger contribution to
overall binding than others. The multiple sites of interaction
with the hydrophobic clusters in Gen4p may reside on different
subunits of the coactivator or at different sites within a single
subunit of the complex.

Although it was reported that TFIID is required for activa-
tion of a Gendp-dependent promoter in vitro (44), there is
evidence that yTAF|, proteins are dispensable for activation by
Gendp in vivo (65). Given the functional interactions detected
between TBP and Spt20p (Ada5p), Spt7p, and Spt3p, it is
possible that Gendp can recruit TBP by interacting with Sptp-
Adap-GenSp complexes in the absence of yT'AF;; proteins.
There is also evidence for physical interactions between ho-
loenzyme mediator components and TBP (45, 82). Thus, bind-
ing to mediator constituents may provide another pathway for
Gendp to recruit TBP to the promoter in the absence of
yTAF,, proteins (Fig. 11). The fact that Gendp interacts with
holoenzyme mediator, TFIID, and the Adap-GcenSp complex
may provide a simple explanation for why yTAF,; proteins are
dispensable for transcriptional activation by Gen4p in yeast.
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