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In mammalian and Drosophila cells, the central RNA polymerase II general transcription factor TFIID is a
multisubunit complex containing the TATA-binding protein (TBP) and TBP-associated factors (TAFs) bound to the
conserved TBP carboxy-terminal core domain. TBP also associates with alternative TAFs in these cells to form
general transcription factors required for initiation by RNA polymerases I and III. Although extracts of human
HeLa cells contain little TBP that is not associated with TAFs, free TBP is readily isolated from yeast cell extracts.
However, recent studies indicate that yeast TBP can also interact with other yeast polypeptides to formmultiprotein
complexes. We established stable human HeLa cell lines expressing yeast TBP and several yeast-human TBP
hybrids to study TBP-TAF interactions. We found that the yeast TBP core domain assembles with a complete set
of human TAFs into a stable TFIID complex that can support activated transcription in vitro. The fact that the yeast
TBP core, which differs from human TBP core in ;20% of its amino acid residues, has the structural features
required to form a stable complex with human TAFs implies that Saccharomyces cerevisiae probably contains TAFs
that are structurally and functionally analogous to human TAFs. Surprisingly, the nonconserved amino terminus
of yeast TBP inhibited association between the yeast core domain and human TAFs.

Initiation of transcription by RNA polymerase II requires
the TFIID factor, which recognizes the TATA promoter ele-
ment and nucleates the assembly of an initiation complex con-
taining several other general transcription factors and RNA
polymerase II (pol II). In higher eukaryotes, TFIID is a mul-
tisubunit protein complex consisting of the TATA-binding pro-
tein (TBP) and its associated polypeptides, TBP-associated
factors (TAFs) (7, 29, 35). Isolated TBP can function with the
other pol II general transcription factors in formation of a
preinitiation complex as well as in basal-level in vitro transcrip-
tion from a pol II promoter, but the TAFs associated with TBP
in the TFIID complex are required for transcriptional stimu-
lation by activator proteins (7, 29, 35). Initially identified as a
TATA-binding factor essential for pol II transcription, TBP
has been demonstrated to be required for transcription by pol
I and pol III (11).
The carboxy-terminal 180 amino acids of TBP are phyloge-

netically conserved and form a protease-resistant domain that
binds to TATA elements and mediates basal-level pol II tran-
scription in vitro (13, 18, 22). The amino-terminal portions of
TBP, however, vary in length and show little or no conservation
among widely divergent eukaryotes. The conserved carboxy-
terminal domain of yeast (Saccharomyces cerevisiae) TBP is
approximately 80% identical to its human counterpart. Molec-
ular genetic studies of S. cerevisiae revealed that the noncon-
served amino-terminal domain of yeast TBP is not required for
viability (5, 9, 23, 25, 36). Consistent with this result, human
TAFs required for activated pol II transcription were found to

interact with the conserved carboxy-terminal core domain of
human TBP (34).
The crystal structures of TBP from Arabidopsis thaliana (21)

and from S. cerevisiae (4) revealed that the TBP conserved
carboxy-terminal core domain folds into a novel, symmetric
DNA-binding structure composed of two topologically identi-
cal halves of 88 to 89 amino acid residues. These two halves,
related by an approximate twofold axis, form a saddle-shaped
domain that binds to the minor groove of TATA box DNA
through the underside of the saddle (16, 17). On the other
hand, the TBP amino-terminal domain is connected to one
side of the saddle-shaped conserved core, on the top of the
saddle. Interestingly, most of the amino acid differences be-
tween the human and yeast TBP conserved carboxy termini
map to the top and sides of the TBP molecular saddle, which
are postulated to interact with other transcription factors (21).
Human TBP has been shown to respond to acidic activators in
conjunction with the other components of the yeast transcrip-
tion machinery in vivo (27), although it is unable to function-
ally replace the endogenous yeast TBP as the sole source of
TBP in yeast cells (5, 9).
In contrast to human and Drosophila TBP, yeast TBP was

thought to exist as a monomeric unit without tightly associated
factors (3, 12, 26). However, isolated yeast TBP, like its human
and Drosophila counterparts, can mediate only basal-level but
not activated pol II transcription (1, 15). It appears that addi-
tional factors are required for yeast TBP to support activated
transcription. Recent studies suggest that a major portion of
yeast TBP is associated with other proteins to form complexes
in yeast extracts (24). Some of the yeast TBP-associated
polypeptides have been identified as subunits of TFIIIB re-
quired for pol III transcription. More recently, the Drosophila
TAFII150 was cloned and shown to be highly homologous to an
essential yeast gene, TSM1, which was found associated with
TBP in yeast extracts (31).

* Corresponding author. Mailing address: Molecular Biology Insti-
tute, University of California, Los Angeles, CA 90024-1570. Phone:
(310) 206-6298. Fax: (310) 206-7286. Electronic mail address: berk@
ewald.mbi.ucla.edu.
† Present address: Center for Cancer Research, E17-529, MIT,

Cambridge, MA 02139.

534



To determine whether yeast TBP, with its core domain dif-
ferent from the human TBP core at approximately 20% of all
residues, can bind a full set of human TAFs or perhaps only
some of the TAFs, we stably expressed an epitope-tagged form
of yeast TBP in HeLa cells. Our results indicate that the con-
served core domain of yeast TBP assembles with human TAFs
into a functional TFIID complex and the nonconserved amino-
terminal domain of yeast TBP inhibits this interaction.

MATERIALS AND METHODS

Construction of plasmids. A gene encoding the 12CA5 HA1 epitope (MGY
PYDVPDYAV) (8) fused to residues 2 to 240 of yeast TBP was synthesized by
PCR amplification of a yeast TBP clone (26). The amplified DNA fragment was
inserted into the EcoRI site of pSRaMSVtkneo (20) to create pLTReyyyTBP. A
similar procedure was followed to fuse the 12CA5 epitope to residues 58 to 240
of yeast TBP to create plasmid pLTReyyTBP for production of the amino-
terminally truncated yeast TBP (2yyTBP). To synthesize genes encoding
epitope-tagged human-yeast TBP hybrids hyyTBP, yhhTBP, yhyTBP, yyhTBP,
hhyTBP, and hyhTBP, the 12CA5 epitope was appended to the second codon of
each TBP hybrid by PCR amplification of yeast expression constructs 4, 3, 7, 6,
12, and 11, respectively (5). The amplified fragments were subsequently cloned
into the retroviral expression vector.
Construction of HeLa cells expressing wild-type yeast TBP and various hu-

man-yeast TBP hybrids. HeLa cell lines expressing wild-type yeast TBP and
various human-yeast TBP hybrids were established as described previously (34,
35). Clones were expanded in medium containing 250 mg of G418 per ml and
screened by Western immunoblotting of total-cell protein with monoclonal an-
tibody 12CA5. Cell lines were usually maintained in suspension in S-MEM plus
5% calf serum and 250 mg of G418 per ml in a volume of 500 ml. Cells from 5
to 10 liters of cultures were harvested and used for preparation of various TFIID
complexes.
Affinity purification of TFIID complexes containing various human-yeast TBP

hybrids. Nuclear extracts were prepared from 5 to 10 liters of various cell lines
expressing distinct human-yeast TBP chimeras and then fractionated by phos-
phocellulose chromatography as described previously (6). A 1-ml portion of the
undialyzed D (1.0 M KCl) fraction, containing ;2.5 mg of protein per ml, was
incubated with 0.1 ml of drained beads of protein A-Sepharose covalently cou-
pled to monoclonal antibody 12CA5 with rotation at 48C for 6 to 8 h. Further
purification steps were performed as described for the eTFIID complex (35).
Transcription assays. To analyze the transcriptional activity of TFIID

(hhhTBP), TFIID(hyyTBP), and yeast TBP (yyyTBP) in vitro, 100 ng of template
plasmid pG5E1BCAT (19) was incubated with partially purified general tran-
scription factors in a 50-ml in vitro transcription reaction mixture as described
previously (35). pG5E1BCAT contains five Gal4-binding sites inserted upstream
of the adenovirus E1B TATA box and initiation region. Transcripts were quan-
titated by primer extension as described previously (26) with primers described
by Boyer and Berk (2).

RESULTS

Yeast TBP interacts poorly with human TAFs. A series of
human-yeast hybrid TBPs were analyzed in this study (see Fig.
2). Each hybrid is designated by a three-letter code indicating
the species origin of each of the three regions constituting the
hybrids. The first letter in the nomenclature of the chimeras
indicates the origin of the sequence N-terminal to the con-
served carboxy-terminal core domain. Human-yeast hybrid
TBPs containing chimeric carboxy-terminal core domains were
further specified by the second and third letters. The fusion of
yeast and human TBP sequences to create TBP hybrid core
domains was chosen at residue 172 in yeast TBP or residue 266
in human TBP (5), a position that divides the TBP core struc-
ture into approximately N-terminal and C-terminal halves
(crossover within helix H19 of the TBP saddle [21]). For ex-
ample, the yhyTBP chimera is composed of the N-terminal
domain of yeast TBP and a hybrid core domain with its N-
terminal half containing the human-specific residues and its
C-terminal half containing the yeast-specific residues. All the
TBPs expressed from the retroviral vector were tagged with a
9-amino-acid residue sequence at their amino terminus that
contains an epitope recognized by monoclonal antibody
12CA5 to identify and purify the TBP-containing complexes

(8). Where it is helpful, the presence of this epitope tag is
designated by the letter e.
To determine if yeast TBP can interact with human TAFs, a

gene encoding an epitope-tagged yeast TBP (eyyyTBP) was
stably introduced into HeLa cells by using a retroviral vector
(35). Nuclear extract was prepared and fractionated by chro-
matography on a phosphocellulose column (6), and the result-
ing fractions were analyzed by Western blotting with both
monoclonal antibody 12CA5, which recognizes eyyyTBP, and
polyclonal anti-human TBP antibody, which recognizes the
endogenous hhhTBP (Fig. 1). The highest concentration of
hhhTBP was present in the D fraction (0.5 to 1.0 M KCl
fraction; Fig. 1, lane 5). A significant amount of human TBP
was also present in the B fraction (0.1 to 0.3 M KCl, lane 3),
probably in the form of the TFIIIB complex required for pol
III transcription (11) and B-TFIID of unknown function (30).
In contrast to the endogenous hhhTBP, most of the epitope-
tagged yeast TBP (eyyyTBP) was found in the C fraction (0.3
to 0.5 M KCl fraction, lane 4), while only a small fraction of
eyyyTBP (less than 10%) was present in the D fraction (lane
5). This is the fraction in which isolated human TBP prepared
free of TAFs from Escherichia coli elutes from phosphocellu-
lose (22, 33a). Therefore, the elution profile of eyyyTBP sug-
gests that the TAF(s) responsible for the relatively salt-stable
interaction of the human TFIID complex with the phospho-
cellulose matrix was probably not associated with the majority
of the yeast TBP protein in the extract.
To determine whether eyyyTBP present in the phosphocel-

lulose C and D fractions associated with any human TAFs,
eyyyTBP-containing complexes in these two fractions were pu-
rified by affinity chromatography on a 12CA5 monoclonal an-
tibody column. The eluted fractions (Fig. 1B, lanes 3 and 4)

FIG. 1. Yeast TBP interacts very poorly with human TAFs. (A) Nuclear
extract (nuc. ext.) (40 mg, lane 1) prepared from eyyyTBP-expressing cell line 4-2
as well as phosphocellulose fractions (PC Frac.) A, B, C, and D (6) (15 mg each,
lanes 2 to 5) of this extract were subjected to SDS-polyacrylamide gel electro-
phoresis and Western blotting with both monoclonal antibody 12CA5 and poly-
clonal anti-human TBP rabbit serum. The positions of eyyyTBP recognized by
12CA5 and the endogenous human TBP (hhhTBP) recognized by the rabbit
antiserum are indicated. (B) Comparison of immunoaffinity purified human
TFIID(hhhTBP) complex with eyyyTBP from phosphocellulose C and D frac-
tions of eyyyTBP-expressing cell nuclear extract. A silver-stained SDS–12%
polyacrylamide gel is shown. Lanes: 1, molecular mass (MW) markers; 2, wild-
type human TFIID(hhhTBP) eluted with HA1 peptide from a monoclonal an-
tibody 12CA5 affinity column incubated with the phosphocellulose D fraction of
LTRa3 cell extract (35); 3 and 4, epitope-tagged yeast TBP (eyyyTBP) immu-
noaffinity purified from the phosphocellulose D and C fractions, respectively, of
nuclear extract prepared from eyyyTBP-expressing cell line 4-2.
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were compared with affinity-purified human TFIID (lane 2) by
sodium dodecyl sulfate (SDS)-polyacrylamide gel electro-
phoresis and silver staining. As observed previously, purified
human TFIID complex contained ehhhTBP and at least nine
major TAFs (35). In contrast, purified eyyyTBP from the phos-
phocellulose C fraction appeared to be a single polypeptide
without stably associated human TAFs (lane 4). The concen-
tration of eyyyTBP in the D fraction was so low that it was
difficult to purify sufficient quantities to characterize its TAF
composition with great certainty. The small amount of yeast
TBP present in the D fraction (,10% of the total yeast TBP in
the nuclear extract) may have been associated with at least
some human TAFs, since TAFII250 and TAFII95 were faintly
visible (lane 3). A more darkly silver-stained gel showed that
many polypeptides, some of which showed similar electro-
phoretic mobility to that of human TAFs, were present at low
concentrations in this fraction (data not shown). These results
indicate that .90% of the eyyyTBP present in stably trans-
formed HeLa cells does not form a stable complex with human
TAFs.
The amino-terminal domain of yeast TBP inhibits associa-

tion of the core domain with human TAFs. To identify the
differences in amino acid sequences between human and yeast
TBPs responsible for their different affinities for human TAFs,
we tested the abilities of various yeast-human TBP hybrids to
interact with TAFs when the TBPs were stably expressed in
HeLa cells. While the core domains of the yeast and human
TBPs are 80% identical, the amino-terminal domains of hu-
man and yeast TBPs are completely divergent. Therefore, we
first analyzed the TAF-binding ability of ehyyTBP, an epitope-

tagged hybrid TBP consisting of the human TBP N-terminal
domain and the yeast TBP core domain (Fig. 2). Nuclear
extract was prepared from HeLa cells expressing ehyyTBP,
fractionated by phosphocellulose chromatography, and ana-
lyzed by Western blotting with monoclonal antibody 12CA5
(Fig. 2). The chromatographic behavior of hyyTBP was quite
different from that of wild-type yeast TBP (yyyTBP) and sim-
ilar to that of wild-type human TBP (hhhTBP) (Fig. 2). A
multisubunit protein complex containing ehyyTBP affinity pu-
rified from the phosphocellulose D fraction contained each of
the TAFs found associated with the wild-type human TBP
(Fig. 3, lanes 2 and 3). The presence of two additional polypep-
tides just below TAFII50 was not observed consistently.
These results indicate that unlike the majority of wild-type

yeast TBP, which does not interact with human TAFs, hyyTBP
containing the core domain of yeast TBP and the amino-ter-
minal domain of human TBP is capable of interacting with
human TAFs. Since human TAFs interact with the TBP core
domain (34), two possible explanations for the interaction be-
tween hyyTBP and human TAFs seemed likely: either the
unique amino-terminal domain of human TBP stabilized TBP-
TAF interactions when attached to the yeast TBP core domain,
or the amino-terminal domain of yeast TBP interfered with
yeast TBP-TAF interactions. To distinguish between these two
possibilities, a cell line expressing a yeast TBP mutant
(2yyTBP) with a deletion of nearly the entire yeast TBP ami-
no-terminal domain was generated. In contrast to the full-
length yeast TBP (yyyTBP), most of the N-terminally truncated
yeast TBP (2yyTBP) was present in the phosphocellulose D
fraction, similarly to wild-type human TBP (Fig. 2). The
2yyTBP was also detected in the phosphocellulose B fraction
after a prolonged exposure of the Western blot (data not
shown). The elution profile of 2yyTBP suggests that it had
become associated with the TAF(s) responsible for the salt-
stable interaction of the TFIID complex with phosphocellu-
lose. Indeed, a multisubunit protein complex purified from the
phosphocellulose D fraction contained a complete set of hu-
man TAFs (Fig. 3, compare lanes 5 and 7). Taken together,

FIG. 2. Wild-type human and yeast TBPs and various yeast-human TBP
hybrids are detected in different phosphocellulose fractions. The primary struc-
tures of wild-type human TBP (hhh), yeast TBP (yyy), amino-terminally deleted
yeast TBP (2yy), and human-yeast TBP hybrids hyy, yhh, yhy, yyh, hhy, and hyh
are shown. Yeast and human TBP sequences are represented by shaded and
open boxes, respectively. Each hybrid is designated by a three-letter code indi-
cating the species origin of each of the three regions composing the hybrids. The
position of the junctions where yeast and human sequences were fused is indi-
cated at the top of the panel, with the numbers referring to amino acid residues
in yeast TBP. Quantitative Western blotting analysis of wild-type human and
yeast TBPs and various TBP hybrids present in different phosphocellulose frac-
tions is illustrated to the right of the TBP structures. Equal amounts of protein
(60 mg per lane for 2yy and 15 mg per lane for the rest) from phosphocellulose
fractions (PC Frac.) A, B, C, and D were subjected to SDS-polyacrylamide gel
electrophoresis followed by Western blotting with monoclonal antibody 12CA5.
For TBP hybrids hhy and hyh, the blot was probed with polyclonal anti-human
TBP rabbit serum, which recognized both the epitope-tagged TBP hybrids (the
upper bands of the doublets) and the endogenous human TBP (the lower bands).

FIG. 3. Comparison of immunoaffinity purified TFIID complexes containing
wild-type human TBP and various human-yeast TBP hybrids. TFIID complexes,
purified from phosphocellulose D fractions of nuclear extracts prepared from
cells expressing wild-type human TBP and various human-yeast TBP hybrids,
were subjected to SDS-polyacrylamide gel electrophoresis followed by silver-
staining analysis. Lanes 1, 4, and 10 contain molecular mass (MW) markers.
Lanes 2, 5, and 13 contain human TFIID complex with wild-type human TBP
(hhh) isolated from LTRa3 cells (35). The 21-kDa polypeptide in lane 7 near the
bottom of the gel is the epitope-tagged amino-terminal-truncated yeast TBP
(2yyTBP). The yhhTBP, yyhTBP, and yhyTBP polypeptides in lanes 6, 8, and 9
are difficult to see in this reproduction. An asterisk (p) marks the position of the
light chain of 12CA5 antibody.
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these results demonstrate that the core domain of yeast TBP
can form a stable complex with human TAFs and that the
nonconserved amino-terminal domain of yeast TBP inhibits
the interaction of the yeast TBP core domain with human
TAFs.
Yeast-specific residues in the TBP core are required for the

yeast TBP N terminus to inhibit association with human
TAFs. To determine whether the inhibitory effect of the yeast
TBP N-terminal domain is specific for the interaction of the
yeast TBP core domain with human TAFs, a cell line express-
ing eyhhTBP, which contains the human TBP core domain
fused to the yeast TBP N-terminal domain, was established.
Western blotting with 12CA5 (Fig. 2) indicated that unlike
wild-type yeast TBP, a higher concentration of yhhTBP was
detected in the phosphocellulose D fraction than in the C
fraction of nuclear extract prepared from HeLa cells stably
expressing the chimeric protein. Furthermore, a multisubunit
protein complex containing yhhTBP purified from the D frac-
tion contained a complete set of human TAFs (Fig. 3, lane 6).
These results indicate that although the yeast TBP amino-
terminal domain inhibits the association of the yeast TBP core
domain with human TAFs, it has a much weaker effect on the
interaction between the human TBP core domain and TAFs.
Additional yeast-human TBP hybrids containing chimeric

carboxy-terminal core domains were analyzed (Fig. 2). Phos-
phocellulose fractions prepared from stably transformed HeLa
cells expressing these chimeric yeast-human TBPs were ana-
lyzed by Western blotting with monoclonal antibody 12CA5 to
detect the epitope tag on each of the chimeric proteins (Fig. 2).
Both yhyTBP and yyhTBP were found predominantly in the C
fraction, with a small amount also found in the D fraction.
When the D fractions from both cell lines were subjected to
12CA5 immunoaffinity purification, small amounts of human
TAFs were found associated with both yhyTBP and yyhTBP
(Fig. 3, lanes 8 and 9). More yhyTBP and yyhTBP appeared to
complex with TAFs than did wild-type yeast TBP, suggesting a
slight increase in their affinities for human TAFs. Nevertheless,
neither yhyTBP nor yyhTBP could interact with human TAFs
as well as did yhhTBP, which contains an intact human TBP
core domain. Taken together, these results indicate that the
yeast TBP N-terminal domain inhibits TAF binding by the
yeast core domain more strongly than by the human core
domain, with the hybrid core domains exhibiting intermediate
properties.
TAF association was also analyzed for TBPs with chimeric

core domains associated with the human N-terminal domain.
Both hyhTBP and hhyTBP were found mostly in the phospho-
cellulose D fraction, cofractionating with the endogenous hu-
man TBP. This was demonstrated by Western analysis with an
anti-human TBP rabbit antibody (Fig. 2) that recognizes both
the endogenous human TBP (lower bands of the doublets) and
TBP hybrids (upper bands), which migrate more slowly be-
cause of the additional ;1,000 Da contributed by the epitope
tag. In addition, multisubunit TFIID complexes containing ei-
ther hhyTBP (Fig. 3, lane 11) or hyhTBP (lane 12) and a
complete set of TAFs were isolated from cells expressing these
two TBP hybrids, indicating that both proteins are capable of
assembling human TAFs into TFIID complexes.
Multisubunit TFIID complex containing hyyTBP supports

trans activation by Gal4-AH. Reconstituted transcription reac-
tions were carried out as described previously (35) to test
whether the multisubunit TFIID complex containing hyyTBP
and a complete set of human TAFs could support trans acti-
vation by Gal4-AH (10) in conjunction with other human gen-
eral transcription factors and RNA polymerase II. The yyyTBP
affinity purified from the phosphocellulose C fraction was also

analyzed, as well as TFIID containing wild-type human TBP as
a positive control. The template, pG5E1BCAT (19), contained
five Gal4-binding sites cloned upstream of the adenovirus E1B
TATA box and initiation region.
In reactions lacking any source of TFIID activity, no specific

transcription could be detected (Fig. 4A, lanes 1 and 2). Yeast
TBP (yyyTBP) purified from the phosphocellulose C fraction
supported detectable levels of basal transcription (lanes 7 and
9) in the absence of Gal4-AH, but no trans activation by
Gal4-AH (lanes 8 and 10). This was expected since yeast TBP
present in the phosphocellulose C fraction was not associated
with TAFs which are required for trans activation (Fig. 1). On
the other hand, addition of the multisubunit complex [TFIID
(hyyTBP)] containing hyyTBP and its associated TAFs to the
reactions supported transcription activation by Gal4-AH
(lanes 5 and 6). The amount of transcript produced was ap-
proximately half that observed with a comparable amount (Fig.
4B) of the TFIID(hhhTBP) fraction containing wild-type hu-
man TBP (Fig. 4A, compare lanes 4 and 6). These results
indicate that the yeast TBP core domain can support activated
transcription when it is associated with human TAFs in the hyy
chimeric TBP molecule.

DISCUSSION

We analyzed interactions between human TAFs and both
yeast TBP and yeast-human TBP chimeras to gain insights into
TAF-TBP interactions. We found that the conserved carboxy-
terminal core domain of yeast TBP can assemble with human
TAFs into a TFIID complex that is capable of supporting trans
activation in vitro. Full-length yeast TBP, however, did not
associate efficiently with human TAFs in stably transformed
HeLa cells, because of the inhibition of TAF binding by the
yeast TBP nonconserved N-terminal domain. TAFs required
for activated transcription were shown previously to interact
with the human TBP conserved core domain (34). We found
here that the core domain of yeast TBP, which differs from the
human TBP core domain at ;20% of all residues, nonetheless
binds the full set of human TAFs when the inhibitory N-
terminal domain is deleted. This conservation of function adds

FIG. 4. TFIID complex containing hyyTBP [TFIID(hyyTBP)] supports trans
activation by Gal4-AH. (A) Reconstituted in vitro transcription reactions were
carried out in the absence (2) or presence (1) of Gal4-AH with the indicated
sources of TFIID activity. The template contains five Gal4-binding sites up-
stream of the adenovirus E1B TATA box and initiation region. Epitope-tagged
yeast TBP (yyyTBP) was affinity purified from the phosphocellulose C fraction of
the nuclear extract prepared from cell line yyy4-2. Transcripts were isolated and
analyzed by primer extension assays. (B) The amounts of wild-type TFIID
(hhhTBP), TFIID(hyyTBP), and yeast TBP (yyyTBP) included in the transcrip-
tion reactions in panel A were analyzed by Western blotting with monoclonal
antibody 12CA5, which recognizes the epitope-tagged yeast TBP as well as the
epitope-tagged hhhTBP or hyyTBP subunit present in the TFIID complexes.
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to a growing list of observations suggesting that S. cerevisiae
also makes use of TAFs that make conserved interactions with
the yeast TBP core domain to mediate transcription by RNA
polymerase II. Polypeptides associated with yeast TBP have
been described previously (24). The deduced primary amino
acid sequence of a Drosophila melanogaster TAF, TAFII150,
revealed a strong similarity to the essential yeast gene TSM-1,
which was shown to behave like a TAF and interact with yeast
TBP in vivo (31). Since the core domain of yeast TBP interacts
with the full set of human TAFs, it is very likely that there are
yeast TAFs in addition to TSM-1 which are structurally and
functionally similar to D. melanogaster and human TAFs.
Yeast-human TBP hybrids bound either all of the TAFs or

none of the TAFs. No partial TFIID complexes were observed
in which only some of the TAFs were bound. This ‘‘all-or-
none’’ mode of interaction between TBP and TAFs probably
reflects an important architectural feature of the TFIID com-
plex. We (34) and others (28, 32) have previously found that
the two largest human TAFs (TAFII250 and TAFII125) contact
TBP directly. D. melanogaster TAFII30a was also recently
shown to bind directly to TBP (33). These TAFs plus the
remaining TFIID-TAFs probably associated with each other
tightly so that interference with the binding of one TAF by the
yeast TBP N terminus interferes with binding of the entire
TAF complex.
Keaveney et al. (14) recently described a transient-transfec-

tion assay that allowed them to assay the ability of TBPs ex-
pressed from transfected genes to support activated transcrip-
tion in mammalian cells. Full-length yeast TBP supported trans
activation in their assays, suggesting that it was interacting with
endogenous human TAFs. The apparent discrepancy between
their results and the studies reported here probably results
from significant differences in the transient-transfection assay
compared with the assay presented here involving stably trans-
formed cells. Expression of yeast TBP from the strong simian
virus 40 promoter on a replicating plasmid in COS cells prob-
ably resulted in much higher levels of expression than in our
stably transformed cells, which expressed yeast TBP at levels
comparable to the very low level of endogenous TBP. In our
stably transformed HeLa cells, ;10% of the yeast TBP asso-
ciated with human TAFs. Yeast TBP might be better able to
compete with human TBP for binding to TAFs when expressed
at significantly higher levels in the transient-transfection assay.
The inhibition of TAF binding by the yeast TBP N-terminal

domain was largely overcome when it was associated with the
human core domain. Yeast-human TBP hybrid core domains
bound TAFs to intermediate levels when linked to the inhibi-
tory yeast N terminus. The ability of the human core domain to
overcome inhibition of TAF binding by the yeast N terminus
probably results from additional contacts between the human
TAF complex and the human TBP core domain compared with
the yeast core domain. It is also possible that the yeast TBP N
terminus interacts with the yeast core domain, masking sites in
the core that interact with TAFs. The yeast N terminus might
interact with and mask the yeast core domain more strongly
than the human core. Examination of crystal structures of yeast
and A. thaliara TBP bound to TATA box DNA shows that the
TBP amino-terminal domain is connected to one side of the
saddle-shaped conserved carboxy-terminal core domain, on
the top of the saddle (16, 17). Since TAF binding is inhibited
by the yeast N-terminal domain, it is likely that the TAF com-
plex interacts with the surface of TBP near this region.
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