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Summary

We report the cloning of the gene that encodes the
yeast TATA binding protein TFID. TFIID contains 240
amino acids and has no obvious sequence similarity
to other known proteins. TFIID was synthesized in
vitro and in two separate assays behaved identically to
the protein purified from yeast. TFIID bound to TATA
elements from the adenovirus major late promoter
(TATAAAA) and the yeast LEU2 promoter (TATTTAA)
and formed protein-DNA complexes stable to elec-
trophoresis only in the presence of TFIIA. In vitro-syn-
thesized yeast TFIID also complemented a mam-
malian in vitro transcription system that lacked TFIID.
Comparison of the yeast TFIID gene with the yeast
SPT15 gene (suppressor of Ty element insertions)
showed that the two genes are identical. This finding
indicates that the yeast TFIID activity defined in vitro
is responsible for specific transcription in vivo.

Introduction

The TATA element is an essential component of many
promoters transcribed by RNA polymerase Il. The binding
of the general transcription factor TFIID to the TATA ele-
ment is the first step in the pathway of transcription initia-
tion by RNA polymerase Il (Davison et al., 1983, Fire et al.,
1984; Van Dyke et al., 1988; Buratowski et al., 1989). This
TFIID-DNA complex nucleates the assembly of the other
general transcription factors TFIIA, TFIIB, and TFIIE, and
RNA polymerase Il into an active transcription complex
(Van Dyke et al., 1988; Buratowski et al., 1989). It is likely
that one or more steps in this assembly pathway serve as
targets for regulation by gene-specific transcriptional acti-
vators and repressors.

Recent work has demonstrated the striking conserva-
tion among eukaryotes in the function of TFIID (Bura-
towski et al., 1988; Cavallini et al., 1988). Yeast TFIID can
substitute for its mammalian counterpart in an in vitro
transcription reaction, suggesting the conservation of
functional interactions between TFHD and the rest of the
transcription machinery. At least one other general tran-
scription factor, TFHIA, is also functionally conserved be-
tween yeast and mammals (Hahn et al., 1989b). In addi-
tion to this conservation in the general transcription
machinery, mechanisms governing its stimulation by tran-

scriptional activators are also conserved in eukaryotes.
The yeast GAL4 will activate transcription in higher cells
(Kakidani and Ptashne, 1988; Webster et al., 1988), and
the c-jun oncogene product and the human glucocorticoid
and estrogen receptors will function in yeast (Struhl, 1988;
Metzger et al., 1988; Schena and Yamamoto, 1988). Purifi-
cation of general transcription factors from yeast and the
cloning of their genes will assist in the understanding of
the mechanisms of transcriptional control.

The yeast TFIID protein has been purified and shown
to be a monomer of about 27 kd (Buratowski et al., 1988;
Hahn et al., 1989). The protein binds with moderate af-
finity and high specificity to yeast and mammalian TATA
elements, which match the consensus TATA sequence
(TATAAA and TATATA), and to at least several TATAs that
differ from the consensus (Hahn et al., 1989a). Further,
TFID will promote transcription from these various TATA
elements in vitro.

The yeast transposable element Ty1 can generate muta-
tions by inserting itself into the promoter regions of yeast
genes (Roeder et al., 1980; Errede et al., 1980). Recombi-
nation via the 350 base direct repeats at the ends of Ty1
leaves the repeat, a delta element, inserted at the pro-
moter. Several of these delta element insertions have
been isolated in the HIS4 promoter that cause a His™
phenotype. This phenotype results because transcription
initiates within the delta element instead of the normal
HIS4 site, generating a nontranslatable HIS4 mRNA.
Revertants that generate a His* phenotype define a set of
genes termed SPT (suppressor of Ty insertions) that re-
stores initiation of at least some fraction of the transcripts
at the normal H/S4 site (Winston et al., 1984; Winston et
al., 1987; Fassler et al., 1988). Thus, the SPT genes are
candidates for loci that encode components of the tran-
scriptional machinery.

Here we describe the cloning and initial characteriza-
tion of the gene encoding yeast TFIID. In this work and in
the accompanying paper (Eisenmann et al., 1989), it is
shown that the TFIID gene is identical to a gene isolated
as a suppressor of Ty insertions, SPT715.

Results

Isolation of the TFIID Gene

About 2 g of the 27 kd yeast TFIID polypeptide was puri-
fied and subjected to total amino acid composition and
N-terminal sequence analysis (see Experimental Proce-
dures). Fifteen N-terminal residues were determined with
high confidence: A-EERLKEFKEANKI-F (where - indi-
cates an undetermined amino acid). The sequence of the
central 13 consecutive amino acids was then used to
clone the TFIID gene. As described in Experimental Pro-
cedures, two degenerate 14 base oligonucleotides were
used as primers in the polymerase chain reaction (PCR)
to amplify a 39 bp yeast genomic DNA fragment. This frag-
ment was sequenced and shown to encode the 13 TFIID
amino acids. The sequence of this fragment was used to
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CCAAAAACTACAGCTTTAATTTTTGCCTCAGGGAAAATGGTTGTTACCGGTGCAAAAAGT

1561 1620
P K T T A L I F A S G K M V V T G A K 8

1621 GAGGATGACTCAAAGCTGGCCAGTAGAAAATATGCAAGAATTATCCAAAAAATCGGGTTT 1680
E D DS KL A S R K Y A IRTI I Q K I G F

1681 GCTGCTAAATTCACAGACTTCAAARATACAAAATATTGTCGGTTCGTGTGACGTTAAATTC 1740
A A K F T D VF K I Q¢ NI V G S C D V K F

1741 CCTATACGTCTAGAAGGGTTAGCATTCAGTCATGGTACTTTCTCCTCCTATGAGCCAGAA 1800
P I R L E G L A F S H G T F S S Y E P E

1801 TTGTTTCCTGGTTTGATCTATAGAATGGTGAAGCCGAAAATTGTGTTGTTAATTTTTGTT 1860
L F P G L I Y RMV K P K I VL L I F V

1861 TCAGGAAAGATTGTTCTTACTGGTGCAAAGCAAAGGGAAGAAATTTACCAAGCTTTTGAA 1920
S 6 K I v L T G A K Q R E E I Y Q A F E

1921 GCTATATACCCTGTGCTAAGTGAATTTAGAAAAATGTGATGGGGAAGGAGTAGACGAAAA 1980
A I Y P V L § E F R K M

1981 GAAAAAAAGGTTTTCTATTTGTTCCATTTTCTCAATTATTAATGGTCCTCAAAGAAATAA 2040

2041 AAGAAAAGGAAGAAGAAGTAATTGTAATATCAAACGGTTTTTTATAGTATATTICTTCTTA 2100

2101 TTCTATATTTATATATCAATGTTTTATAATAAGATGTTTATTCATAGCATATCTGGTGGA 2160

2161 TCGTCTCTATTAAGCGCCAGCGAGGTGTTTGCCTCTGCATTTTTCAGCAAAGCAAGCTCC 2220

2221 CTTTCCAGCTTGAATCTATGTTCACGCTCATCCGACAATTCTTTTTCATACTTTCTTTGT 2280

2281 GTACTCGTAAGCACTTTTTTAAACTCACTTGTCATTATTGAAAGTGAACGTGATCCAGAA 2340

2341 CCGCTTGTGGGGCTTCCTACAGAGGAAGGTGAACTTGGATCCCARAGTCACTGGCGAACTC 2400

2401 GCTGGTGATGACATGCCGAAATTATGTCTGCTTGAATTC 2439

Figure 1. Sequence of the Yeast TFIID Gene

Shown is the sequence of a 2.44 kb EcoR! genomic DNA fragment with the translated 240 amino acid TFIID open reading frame.

design a unique probe for the TFIID coding sequence. As
measured in a yeast genomic Southern blot, this 29 base
probe hybridized to a single chromosomal locus at high
stringency (data not shown). The probe was used to iso-
late A phage from a yeast genomic library, all of which con-
tained a common 2.4 kb EcoRl fragment. The sequence
of this fragment is shown in Figure 1.

The EcoRI fragment encodes an open reading frame of
240 amino acids with a predicted molecular weight of
27,000. Residues 2-18 of this open reading frame cor-
respond exactly with the amino acid sequence of TFIID.
Experiments described in the next section provide proof
that this polypeptide specifies the previously defined
TFIID activity. At neutral pH, TFIID has a net basic charge
with a predicted isoelectric point of 9.4. Table 1 lists the
amino acid composition of the protein.

From the known pathway of transcription initiation,
TFIID must interact not only with DNA, but also with TFIIA
and possibly with TFIIB, RNA polymerase I, and perhaps
even other transcription factors (Buratowski et al., 1989,
Van Dyke et al., 1988). Therefore, we expect that a large
part of the TFIID protein surface will be involved in
protein—-protein and protein~-DNA interactions. Figure 2
shows a map of the acidic and basic residues in TFIID as
well as a hydropathy plot of the protein. The amino-
terminal quarter of the protein is hydrophilic and contains
a mixture of both positively and negatively charged
residues. A stretch of 24 uncharged amino acids follows
with a net hydrophobic character. This region is suc-
ceeded by a stretch of about 150 amino acids with a net
basic charge. Several regions within this basic stretch
have hydrophobic character. Since many DNA binding do-
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Table 1. Amino Acid Composition of TF11D

n n (%)
Alanine 23 9.5
Cysteine 2 0.8
Aspartic acid 10 4.1
Glutamic acid 19 7.9
Phenylalanine 15 6.2
Glycine 12 5.0
Histidine 2 08
Isoleucine 19 7.9
Lysine 22 9.1
Leucine 16 6.6
Methionine 5 21
Asparagine 8 3.3
Proline 11 4.6
Glutamine 8 33
Arginine 15 6.2
Serine 14 5.8
Threonine 16 6.6
Valine 16 6.6
Tryptophan 1 0.4
Tyrosine 6 25

mains from proteins such as yeast GCN4 and rat C/EBP
are highly basic (Hope and Struhl, 1986; Landschultz et
al., 1989), we speculate that some of this basic region in
TFIID may be involved in DNA binding. The protein con-
tains two cysteine residues at positions 76 and 162. Upon
reduction with p-mercaptoethanol or dithiothreiotol, TFIID
isolated from yeast decreases in mobility by about 2 kd on
SDS-PAGE, which suggests that the two cysteines can
form a disulfide bridge in the native protein. This disulfide
bond would link together most of the basic region of the
polypeptide.

TFHD contains neither zinc finger-type structures nor
obvious homology to the helix-turn-helix DNA binding mo-
tif. Comparison of the TFIID amino acid sequence with the
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Figure 2. The TFIID Polypeptide

(Top) Plot of acidic (A) and basic (B) residues in TFIID. Charged
residues are indicated by a vertical line. (Bottom) Hydropathy plot (Kyte
and Doolittle, 1982) of TFHD. Hydrophobic residues are plotted above
the central line.
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Figure 3. in Vitro Translation of TFIID

TFIID was transcribed and translated in vitro with [33S])methionine as
described in Experimental Procedures. Products were run on a 15%
SDS-PAGE gel and visualized by autoradiography. Control translation
contained no TFIID mRNA. DNA templates for in vitro transcription
were cut with Accl (full-tength TFIID), Hindlll (14 amino acid C-terminal
deletion), Xmnt (50 amino acid deletion), Xbal (68 amino acid deletion),
and SSP1 (81 amino acid deletion).

available protein and nucleic acid data bases translated
in all six reading frames showed no obvious similarity be-
tween TFIID and other known sequences. Since TFIID
and the sigma 70 subunit of bacterial RNA polymerase
perform somewhat analogous functions, i.e., recognition
of promoter sequences that include a TATA motif and poly-
merase complex formation, the amino acid sequences of
these two proteins were directly compared. The region of
greatest identities spanned 18 amino acids, of which 7
were identical from positions 97-114 of TFIID and posi-
tions 580-597 of sigma 70. Interestingly, this region of
sigma 70 corresponds to sequences conserved among
many bacterial sigma subunits. This conserved region 4
is thought to be involved in promoter recognition and
may contain a helix-turn-helix DNA binding motif (see
Helimann and Chamberlin, 1988, for review). The sig-
nificance of this similarity is doubtful, however, for several
reasons. First, the sequence similarity between the two
proteins does not extend beyond this short tract. About
one-half of all proteins in the NBRF data base show as
much overall similarity with TFIID as does sigma 70 when
compared with the FASTP algorithm (Lipman and Pear-
son, 1985). Second, the amino acids conserved between
the two proteins do not correspond well with the amino
acids most highly conserved among sigma subunits. Fi-
nally, the conserved region 4 of sigma 70 is thought to in-
teract with the —35 region of bacterial promoters and not
the -10 TATA-like sequence.

The 240 Amino Acid Open Reading Frame

Encodes TFIID Function

To test whether or not the predicted polypeptide specifies
TFIID, the 240 amino acid open reading frame in the 2.4
kb EcoRIl fragment was first cloned downstream of the
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Figure 4. Gel Retardation Assay for TFIID Binding

Protein and DNA were mixed as described in Experimental Proce-
dures and loaded to Tris—glycine acrylamide gels.

(A) The 87 bp LEU2 TATA (TATTTAA) DNA substrate from pMS1 (see
Experimental Procedures).

(B) The 125 bp adenovirus major late promoter TATA (TATAAAA) DNA
substrate from pRW (Chodosh et al., 1986). Reactions contained either
no additions (lane 2), yeast TFIID (lanes 1, 3, and 8), 1 ul of control in
vitro translation (lanes 4, 5, 9, and 10), 1 pl of full-length in vitro-trans-
lated TFIID (Accl; lanes 6, 7, 11, and 12), or 1 pl of C-terminal deleted
TFIID polypeptides (lanes 13-16). Yeast TFIIA was added where indi-
cated.

SP6 RNA polymerase promoter. SP6 polymerase was
used to synthesize mRNA from template cut with Accl,
which was then translated in vitro using a rabbit reticulo-
cyte system (Figure 3). Full-length mRNA was transiated
to generate a 27 kd polypeptide with the same mobility as
the purified yeast TFIID. Several C-terminal deletion poly-
peptides were also generated in vitro by cutting the tem-
plate with restriction enzymes internal to the TFIID coding
sequence (Figure 3).

To test for DNA binding activity, the gel retardation assay
system described by Buratowski et al. (1989) was used. In
this system, purified yeast TFIID or TFIIA alone does not
yield a protein-DNA complex stable to gel electrophore-
sis. However, addition of both TFNA and TFIID allows for-
mation of stable TFIIA-TFIID-DNA complexes (Figure 4A,
lanes 1-3). Thus, the TFIID synthesized in vitro would be
expected to form stable complexes resistant to gel elec-
trophoresis only in the presence of TFIIA.

To test for binding, unlabeled protein synthesized in
vitro was incubated with 32P-labeled DNA and yeast TFIIA
and loaded on a native polyacrylamide gel. The in vitro—
synthesized protein yielded TFIID-TFIIA-DNA complexes
with the same mobility as that obtained with TFIID purified
from yeast. Figure 4 shows that the in vitro—constructed
protein binds to both an 87 bp fragment containing the
yeast LEU2 TATA, TATTTAA (Hahn et al., 1989a) (Figure
4A, lanes 6 and 7) and to a 125 bp fragment containing
the adenovirus major late promoter TATA, TATAAA (Figure
4B, lanes 11 and 12). The control reticulocyte lysates,
which received no TFIID mRNA, did not form TFllA-de-
pendent complexes with DNA (lanes 4, 5, 9, and 10). A
contaminating DNA binding activity unrelated to TFIID
was present in the reticulocyte lysate that bound to the
LEU2 TATA fragment (lanes 4-7) but not to the major late
promoter TATA fragment. The binding of both TFIID puri-
fied from yeast and in vitro—synthesized TFIiD to the LEU2
TATA fragment was competed effectively by 100 ng of p(dI-
dC)-(dl-dC), which has a high affinity for TFIID (Hahn et
al., 1989). All the C-terminal truncated TFHD polypeptides
failed to bind in this assay (Figure 4B and data not shown).
The shortest truncation tested (Hindlll-cut template) lacked
only 14 amino acids from the C-terminal end of TFIID.

As final proof of TFIID function, the in vitro-translated
protein was added to a mammalian in vitro transcription
system lacking TFIID (Buratowski et al., 1988) (Figure 5).
Using the adenovirus major late promoter template, no
transcription was detected in the absence of TFIID (lane
1). The addition of purified yeast TFIID restored transcrip-
tion in vitro (lane 2). The addition of 1 p! of the control
translation reaction, which did not recieve TFIID mRNA,
produced nearly undetectable levels of transcription (lane
3). However, the addition of 1 pl of in vitro-translated TFIID
produced at least a 10-fold increase in transcription over
the control lysate (lane 4). From the DNA binding and tran-
scription complementation activities of the in vitro-synthe-
sized protein, we conclude that the 240 amino acid open
reading frame encodes the yeast TFIID activity.

Identity of the TFIID Clone and SPT15
Because of the possibility that at least some of the genes
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Figure 5. in Vitro-Synthesized TFIID Complements In Vitro Tran-
scription

In vitro transcription from the adenovirus major late promoter —G cas-
sette fusion template. All reactions contained HeLA TFIIA, TFIIB,
TFIIC, and TFIIE, and calf thymus RNA polymerase. Purified yeast
TFIHD or 1 ul of in vitro translation reactions were added as indicated.

identified in the SPT mutant screen encode general tran-
scription factors, and given the size of the SPT75 func-
tional subclone (Eisenmann et al., 1989), the restriction
map of TFIID was compared with those of SPT clones iso-
lated in the Winston laboratory (this work and Eisenmann
et al., 1989). This comparison revealed that the TFIID and
SPT15 clones had identical restriction maps. Parallel re-
striction digests of the TFIID clone and pDE25-2 (a plas-
mid containing the SPT15 locus; Eisenmann et al., 1989)
with four different pairs of enzymes gave identical diges-
tion products (data not shown). Further, the SPT15 DNA
hybridizes in a Southern blot when probed with TFIID at
high stringency (Figure 6). From this and other evidence
discussed in Eisenmann et al., we conclude that SPT15 is
identical to the TFIID gene.

Discussion

Here we report the isolation and preliminary analysis of a
yeast gene encoding TFIID. This is an important step in
the molecular analysis of the RNA polymerase Il transcrip-
tion machinery. Aside from subunits of RNA polymerase
I, TFIID is the first of the general transcription factors to
be characterized at the gene and sequence level. The iso-
lation of this gene opens many avenues of investigation
for the molecular, genstic, and biochemical analysis of
TFIID's interaction with the rest of the transcription ma-
chinery.

The amino acid sequence of TFIID displays no obvious
similarity with other known proteins. It was suggested that
TFIID function may be analogous to prokaryotic sigma
factors (Chen and Struhl, 1988; Ptashne, 1988). This pro-
posal is reasonable as both TFIID and sigma are thought
to position their respective polymerases at promoters,
both recognize specific DNA sequences, and because of

YEAST TFIID
SPTI5
:IYEAST GENOMIC

!

I 2 3 4

Figure 6. TFIID Is Identical to the SPT15 Gene

Southern blot analysis of the TFIID and SPT715 clones probed with an
Accl to BamHI fragment of TFIID (positions 735-2377). Lanes 1-3 are
Pstl- plus BamHI-digested DNA, iane 4 is EcoRI-digested DNA. Lane
1, TFIID clone; lane 2, SPT15 clone (pDES2-2; Eisenmann et al., 1989);
and lanes 3 and 4, yeast genomic DNA. The differences in the hybrid-
ization signals are due to differing amounts of DNA loaded in each
lane.

the homology between RNA polymerase |l large subunit
and the large subunit of bacterial polymerase. Compari-
son of the amino acid sequence of TFIID and sigma 70 re-
veals a short region of identity; however, for reasons dis-
cussed previously, this similarity is probably fortuitous.
Unlike sigma factor, TFIID may not directly contact RNA
polymerase Il in directing initiation. After formation of the
TFiID-DNA complex in mammalian systems, TFIID pro-
motes the binding of TFIIA and TFIIB, which is essential
for the subsequent binding of RNA polymerase Il (Bura-
towski et al., 1989). Furthermore, in yeast, there is no fixed
distance between the position of the TATA element and the
site of transcription initiation (Hahn et al., 1985; Chen and
Struhl, 1985; Nagawa and Fink, 1985; McNeil and Smith,
1986). This finding may indicate that the protein that
recognizes the TATA element TFIID may not directly con-
tact RNA polymerase. Since TFIIB has been reported to
bind both DNA (Buratowski et al., 1989) and RNA polymer-
ase (Reinberg and Roeder, 1987), it is interesting to specu-
late that if any of the general transcription factors is evolu-
tionarily related to sigma factor, it would be TFIIB.
Previous work indicates that TFIID interacts both with
DNA and with TFHA, and possibly with other components
of the transcription machinery. From the amino acid se-
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quence of TFIID, the domain of the protein involved in
DNA binding is not yet clear. Biochemical, genetic, and
molecular methods are currently being used to define this
domain as well as those domains involved in protein—pro-
tein interactions with other components of the transcrip-
tional machinery. Initial experiments suggest that TFIID
must have an intact C-terminal end for formation of
TFIIA-TFIID-DNA complexes that are detectable by gel
electrophoresis. However, it is not yet clear if the C-ter-
minus of TFIID is required for interactions with DNA and/or
with TFIIA, since TFIIA is necessary for the formation of
a TFIID-DNA complex that withstands the gel-shift assay
under our conditions.

The fact that the gene encoding TFIID is identical to the
previously described SPT15 gene, which alters the speci-
ficity of transcription initiation in vivo (Eisenmann et al.,
1989), shows that TFIID is an important component of the
transcription apparatus. Until now, TFIID has been de-
fined solely by in vitro assays. The SPT15 suppressor al-
lele isolated by Eisenmann et al. apparently creates some
subtle change in the specificity of TFIID interaction with
either the promoter or the rest of the transcription ma-
chinery to shift the site of the initiation complex. Several
models for the action of the suppressor are discussed in
the accompanying paper. These models await testing by
direct biochemical assays.

It is striking that the two alternative approaches of bio-
chemistry and genetics converged on the same general
transcription factor. The experiments described here and
by Eisenmann et al. indicate that TFIID is critical for tran-
scription in vivo. While the TFIID gene is essential for via-
bility (Eisenmann et al., 1989) and is present as a single
copy gene (this work and Eisenmann et al., 1989), these
experiments do not rule out the existence of other TFIID-like
proteins. Such proteins, if they exist, would not recognize
the same spectrum of TATA elements as that recognized by
TFIID. We showed previously that purified yeast TFIID pro-
tein binds with high affinity to several TATA elements that
vary from the consensus sequence. Thus, it is possible, but
certainly not proven, that all TATA elements in yeast func-
tion by the binding of the protein encoded by the TFIID gene.

Experimental Procedures

Proteins

TFIID was purified from S. cerevisiae through the superose 12 column
as described (Buratowski et al., 1988). Starting with 440 g of yeast,
about 4 pg of TFIID was obtained. TFIIA from yeast was purified on
heparin and DEAE (Hahn et al., 1989b) and was approximately 50-fold
purified from whole cell extracts.

Amino Acid Sequence Determination

About 2 ug of TFIID was run on a 12% SDS-PAGE gel, transferred to
Immobilon membrane (Millipore), and stained with Coomassie blue as
described (Matsudaira, 1987). The filter-bound TFIID was excised and
used for amino acid analysis. N-terminal sequence determination and
total amino acid composition analysis were performed by William Lane
and David Andrews at the Harvard Microchemistry Facility.

Cloning of the TFIID Gene

A genomic DNA fragment encoding 13 N-terminal amino acid residues
was amplified using PCR (Gil et al., 1988). Two degenerate oligonu-
cleotides of sequence

A C G c T
5 GATTTTATTGGCCT &
T A
T

(oligonucleotide 1)

A AA TT A

5 GAGGAGCGGCTTAA 3
C C
A G

(oligonucleotide 2)

were used in the PCR reaction. The reaction contained 0.1 ug of
[y-32P]labeled oligonucleotide 1 (about 10 cpm), 0.4 ug of uniabeled
oligonucleotide 2, 0.5 pg of yeast genomic DNA, 50 mM KCI, 10 mM
Tris (pH 8.3), 1.5 mM MgCl,, 200 uM each dATP, dGTP, dCTP, and
dTTP, 0.01% gelatin, 2.5 U of AmpliiTaq polymerase (United States Bio-
chemical) in a total volume of 25 pl. After an initial denaturation at 94°C
for 4 min, the reaction was carried out for 30 cycles at 94°C for 1 min,
48°C for 2 min, and 70°C for 1 min. The reaction products were precipi-
tated with ethanol and fractionated on an 18% acrylamide sequencing
gel. The expected 39 bp product (about 300 cpm) was excised an used
as a template in a second PCR reaction. This amplification process
was repeated a second time (final yield of 28,000 cpm per product) and
the 39 bp fragment was sequenced by modified Maxam-Gilbert chem-
istry (Bencini et al., 1984). As the identity of several bases in the 39
bp product was ambiguous, the deduced sequence was used to de-
sign a 29 base oligonucleotide probe lacking the region of ambiguity.
The 32p-labeled oligonucleotide was used to probe a yeast genomic
Southern blot. Hybridization was for 12 hr at 37°C in 5% SDS, 1 mM
EDTA, 0.17 M sodium phosphate (pH 7), 06 M NaCl. Filters were
washed in tetramethylammonium chloride as described (Wood et al.,
1985). When washed from 55°C to 65°C, the probe hybridized to a sin-
gle genomic DNA fragment. The 29 base probe was then used to
screen a yeast genomic A EMBL library (from strain S288C) containing
20-24 kb genomic DNA inserts. Filters were hybridized and washed
at 61°C as described (Wood et al., 1985). Eleven positive phage were
purified and found by Southern analysis to contain an identical 200 bp
Sau3A fragment that hybridized to the 29 base probe. Restriction anal-
ysis showed that this segment was contained on a 2.4 kb EcoRlI
genomic fragment. The EcoRl fragment was subcloned into M13 for se-
quence analysis. The DNA sequence was determined using Se-
quenase enzyme (United States Biochemical) by subcloning DNA
fragments to M13 and by using synthetic oligonucleotide primers. The
sequence from positions 855-2132 (Figure 1) was determined on both
DNA strands. Sequences were aligned and analyzed using DNA
Strider software provided by C. Marck.

Sequence Analysis

Similarity between the TFIID amino acid sequence and other known
sequences was determined using GenePro software. The TFHD se-
guence was compared both with the PIR protein data base and with
the GenBank and EMBL nucleic acid data bases translated in all six
reading frames. Helix-turn-helix motif homology was determined using
a modified version of the method described by Dodd and Egan (1987).

In Vitro Synthesis of TFIID

TFIID expression was placed under the control of the SP6 polymerase
promoter by cloning a fragment of the gene in pSP65 (Promega). First,
in vitro mutagenesis was used to place a BamHl site 10 bp upstream
of the TFIID transtation start site. This DNA was cut with BamH| at posi-
tions 1227 and 2376 (Figure 1) and cloned into the BamHl| site of pSP65
to create pSH227. For in vitro transcription of full-length TFIID RNA,
this plasmid was cut with Accl (position 1970). In vitro transcription
reactions contained 10 mM Tris (pH 7.5), 6 mM MgCl,, 2 mM spermi-
dine, 10 mM NaCl, 10 mM DTT, 100 U of RNasin, 0.5 mM each ATP,
CTP, GTP, and UTP, 2.5 ug of DNA template, 50 U of SP6 polymerase
in a total volume of 100 pl and was incubated for 1 hr at 40°C.

In vitro translation was carried out in nuclease treated rabbit
reticulocyte lysates (Promega). For synthesis of 35S-labeled protein,
reactions contained 35 ul of lysate, 40 U of RNasin, 1 mM amino acids
minus methionine (Promega), 1 ug of RNA, 40 uCi of [33S)methionine
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(1100 Ci/mM) in a total volume of 50 ul. Reactions were incubated for
60 min at 30°C and frozen at —70°C. For synthesis of uniabeled pro-
tein, 1 mM unlabeled methionine was substituted for the labeled amino
acid. These in vitro translation reactions were used directly in DNA
binding and in vitro transcription reactions.

DNA Binding

DNA binding of TFIID was assayed using the gel retardation system
described by Buratowski et al. (1989). TFIID was incubated for 20 min
at room temperature with about 0.5 ng of labeled DNA in 60 mM KCI,
5 mM MgClz, 1 mM DTT, 2 pg of poly(dG-C)-(dG-C), 4 mM Tris (pH 8),
4% glycerol, 0.1% Brij 58, 50 pg/mi BSA in a total volume of 20 ul.
Where indicated, 0.5 ng of DEAE-purified yeast TFIIA (Hahn et al.,
1989b) was added. Reactions were loaded directly to Tris-glycine na-
tive acrylamide gels (Buratowski et al., 1989) and run at 4°C.

The 87 bp LEU2 TATA fragment used for the gel retardation assay
contained LEUZ2 sequences from ~135to —94 (Andreadis et al., 1982)
cloned into the BamHI site of pSP64 (Promegay). The plasmid contain-
ing this segment, pMS1, was cut with Hindlll and EcoRl in the poly-
linker and labeled at the Hindll! site on the coding strand. For assaying
binding to the adenovirus major late promoter, a 125 bp fragment from
plasmid pRW (Chadosh et al., 1986) containing major fate promoter se-
quences from -53 to +33 was used. pRW was cut with Hindlll and
EcoRI and labeled at the Hindlll site on the coding strand.

in Vitro Transcription

In vitro transcription using fractionated Hel.a cell extracts was exactly
as described (Buratowski et al., 1988). For transcription of the adenovi-
rus major late promoter, the —G cassette template pA-50ML{C,AT)
(Sawadogo and Roeder, 1985) was used. All reactions lacked HelLa
TFND and contained either purified yeast TFIID or reticulocyte lysate
containing in vitro-synthesized unlabeled TFIID. Reactions were in-
cubated for 45 min at 30°C. One hundred units of RNAse T1 was added
and incubated for 15 min at 30°C. Samples were processed as de-
scribed (Buratowski et al., 1988) and loaded on 6% urea acrylamide
gels.
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