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Summary

The TDS4 gene of S. cerevisiae was isolated as an
allele-specific high copy suppressor of mutations
within the basic region of the TATA-binding protein
(TBP). The gene is essential for viability and encodes
a 596 aa protein. The first 300 aa of the TDS4 protein
exhibit significant sequence similarity to the RNA poly-
merase |l transcription factor TFIIB. However, TDS4 is
required for RNA polymerase HI transcription in vivo
and in vitro. Antibodies specific for TDS4 or TBP react
with the TFIIIB complex, indicating that both proteins
are components of the RNA polymerase [l initiation
complex. These findings suggest that the RNA poly-
merase Il and Il initiation mechanisms are extremely
similar, and they explain how the TATA-binding pro-
tein can function in both systems.

Introduction

Biochemical fractionation of in vitro transcription extracts,
in combination with kinetic and physical analyses, has led
to basic models for the assembly of eukaryotic RNA poly-
merases 1, I, and Hl (pol |, pol I, and pol ) initiation
complexes. Recent work has led to the surprising discov-
ery that all three polymerase systems are dependent upon
the TATA-binding protein (TBP) (Comai et al., 1992; Cor-
mack and Struhl, 1992; Lobo et al., 1991; Margottin et al.,
1990; Schultz et al., 1992; Simmen et al., 1991; White et
al., 1992; for reviews, see Pugh and Tjian, 1992; Sharp,
1992; Dahiberg and Lund, 1991). TBP was first identified
in the yeast Saccharomyces cerevisiae as the pol Il tran-
scription factor TFIID (Buratowski et al., 1988; Cavallini et
al., 1988). In higher eukaryotes, TFIID apparently consists
of TBP and other associated factors (Dynlacht et al., 1991;
Pugh and Tjian, 1991; Tanese et al., 1992). It has been
shown that TBP is a component of the pol | transcription
factor SL1, which is also a multiprotein complex (Comai et
al., 1992). A role for TBP in pol lll transcription was first
demonstrated for the U6 snRNA gene, which contains a
canonical TATA element as part of its pol lil promoter
(Lobo et al., 1991; Margottin et al., 1990; Simmen et al.,
1991). Further investigations have demonstrated that TBP
is also essential for pol Il initiation at non-TATA pol HI
promoters (Cormack and Struhl, 1992; Schultzetal., 1992;
White et al., 1992).

TBP has several functions in the pol Il system. It recog-
nizes and binds to the TATA element and subsequently
engages in protein-protein interactions with TFIIA and
TFIIB (Buratowski et al., 1989; Maldonado et al., 1990;
Peterson et al., 1990). On non-TATA pol Il promoters, an-
other factor apparently supplies promoter recognition ac-

tivity, yet TBP is still required for initiation (Pugh and Tjian,
1991). The role of TBP in the other polymerase systems
is unclear. Except for the U6 gene, it seems unlikely that
TBP is required for sequence-specific DNA recognition.
TBP could be necessary for a nonspecific DNA binding
role, or it could be involved in protein—-protein interactions
with components of the pol | and pol HI initiation com-
plexes.

In the last few years, it has become feasible to study not
only pol lll, but also pol It and pol | transcription in extracts
derived from yeast (Kiekamp and Weil, 1982; Lue and Korn-
berg, 1987, 1990; Schultz et al., 1991; Woontner and
Jaehning, 1990). This experimental system holds great
promise owing to the amenability of yeast to genetic analy-
sis. The combined biochemical and genetic approaches
have already been fruitful for assigning functions to partic-
ular domains of TBP (Arndt et al., 1992; Buratowski and
Zhou, 1992; Reddy and Hahn, 1991; Strubin and Struhl,
1992).

In this report, we describe the isolation of a TFIID (TBP)
suppressor, the TDS4 gene. The TDS4 protein exhibits
significant sequence similarity to the pol Il transcription
factor TFIIB. However, TDS4 is essential for RNA polymer-
ase lll transcription. These results suggest that the role of
TBP in pol Il transcription is to interact with TDS4 in a
manner homologous to its interaction with TFIIB. The par-
allels between the pol |, ll, and Il systems suggest a com-
mon initiation mechanism that was established before the
evolutionary divergence of the three eukaryotic RNA poly-
merases.

Results

Genetic Isolation of TDS4

A genetic screen was carried out to identify genes whose
overexpression can suppress the temperature-sensitive
phenotype conferred by mutations in the basic region of
TBP. Strain YSB67 carries a mutant TBP gene in which
lysine codons at positions 133 and 138 are changed to
leucine codons (Buratowski and Zhou, 1992). A yeast
genomic library carried in the high copy plasmid YEp24
(Carlson and Botstein, 1982) was used to transform this
temperature-sensitive strain. Approximately 8,000 Ura*
transformants were replica plated and tested for the ability
to grow at 38°C. Plasmids were recovered in bacteria
(Hoffman and Winston, 1987) from those colonies able to
grow at the nonpermissive temperature, and eight sup-
pressed the temperature-sensitive phenotype when re-
transformed into YSB67.

Restriction digestion revealed that the plasmids fell into
three groups. The three isolates with the strongest sup-
pression phenotype contained the wild-type TBP (SPT15)
gene. Two weakly suppressing plasmids contained over-
lapping fragments. They carried a gene designated TDS3,
which will be described elsewhere. The three remaining
plasmids contained the TDS4 gene. The genomic inserts
in the plasmids were approximately 10 kb. To localize the
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TDS4 gene, a high copy subclone library with inserts of
2-4 kb was constructed and transformed into YSB67. The
smallest clone that still conferred supression was approxi-
mately 2.5 kb. The suppression phenotype conferred by
TDS4 overexpression is shown in Figure 1. A centromeric
(low copy) plasmid containing TDS4 conferred some ability
to grow at the nonpermissive temperature, but this sup-
pression was much weaker than that observed with a high
copy TDS4 plasmid (data not shown).

High copy expression of the TDS4 gene suppressed the
temperature-sensitive phenotypes of TBP mutants con-
taining the double amino acid changes K133,138L and
K133,145L, as well as single point mutants at each of those
positions. However, overexpression of TDS4 did not sup-
press other temperature-sensitive alleles of TBP with mu-
tations in other parts of the protein (data not shown). Such
allele specificity is often indicative of a direct interaction
between two proteins.

TDS4 Is Essential for Viability

The 2.5 kb insert containing the TDS4 gene was se-
quenced (Figure 2). The deduced amino acid sequence
predicts that TDS4 encodes a 596 aa (67 kd) protein with
a pl of 6.8. A potential zinc finger (Cys-Xo—Cys-Xi7—~Cys-
Xz—Cys) is found within the first 28 aa, and an internally
repeated sequence is present (see below). The chromo-
somal position of TDS4 was mapped using a chromosome
blot and the prime clone grid system (the gift of L. Riles
and M. Olsen, Washington State University). TDS4 maps
to chromosome VI, approximately 30 to 40 kb to the cen-
tromere distal side of the pet54 gene.

To test whether TDS4 is essential for growth, a deletion
allele was constructed that replaced the region coding for
amino acids 16-430 with the LEU2 gene. The deletion
allele was transformed into a diploid yeast strain, and the
resulting Leu™ strain (YSB106) was sporulated. Of thirty
tetrads dissected, all produced two or fewer viable spores
(Figure 3). In all cases, the viable spores were Leu~. Four
viable spores were recovered when the same strain was
sporulated after transformation with a TDS4-containing
plasmid (data not shown). Therefore, TDS4 is essential for
viability.

TDS4 Is Related to TFIIB

No exact matches were found when the TDS4 DNA and
protein sequences were compared against all sequences
deposited in the GenBank and EMBL databases (using the
BLAST program server; Altschul et al., 1990). Therefore,
TDS4 is a previously uncharacterized gene. However, sig-
nificant similarity was found between the amino acid se-
quences of TDS4 and the human RNA polymerase |l tran-
scription factor TFIIB (Ha et al., 1991; Malik et al., 1991).
The recently published amino acid sequence of the yeast
TFIIB homolog SUA7 (Pinto et al., 1992) also exhibits sig-
nificant similarity to TDS4.

An alignment of the TDS4, SUA7, and TFIIB amino acid
sequences produced by the BESTFIT program (Dever-
eaux et al., 1984) is shown in Figure 4A. The sequence
similarity is confined to the amino-terminal half of the TDS4
protein. The identity between TDS4 and TFIIB is 23%,

30°C 38°C

Figure 1. Overexpression of TDS4 Suppresses the Temperature-
Sensitive Phenotype of TFIID Basic Region Mutants

Atemperature-sensitive yeast strain (YSB67) containing the TFHID mu-
tation K133, 138L was transformed with either YEp24 (vector),
YEpTDS4 (TDS4), or YEpIID (TFIID). The resulting strains were
streaked for single colonies at either the permissive (30°C) or nonper-
missive (38°C) temperature.

while conservative changes make the overall similarity
44%. The TDS4 sequence similarity to SUA7 is essentially
the same as that with TFIIB. Several small gaps exist in
the alignment, but there is only one large gap that might
indicate a nonconserved domain.

A second alignment was performed using the DOTPLOT
program (Devereaux et al., 1984). Instead of matching
individual amino acids, this program averages the match
over 15 aa spans. Regions of extended sequence similar-
ity are visualized as diagonal lines (Figure 4B). Using this
method, three regions of extended similarity between
TDS4 and TFIIB are seen. These are the putative zinc
finger region and an internal repeat found in TFIIB (Ha et
al., 1991; Malik et al., 1991; Pinto et al., 1992). Additional
lines offset from the diagonal represent similarity between
the first repeat of one protein and the second repeat of the
other. An alignment of the repeats of TDS4, TFHB, and
SUA7 is shown in Figure 4C.

The C-terminal half of TDS4 did not show significant
similarity to any proteins within the availabie databases.
However, analysis of the sequence reveals that it is highly
charged. Of the last 301 aa, 38% are either acidic (21%
Glu or Asp) or basic (17% Lys or Arg). Another 14% of this
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GATCTAACCTAAAAAAAATAAAAACCCCCCGGTAAGCACTTGATCACGCCTACAAAATCACTTAGTGAACAAAGGAAAATAGATTGTTTT
TAAAGTTGTGAAGTAGTGAACTATGGCTTCCCACATACACATATATACTGATACAGATGCAATATAACATTTAGTGTTAGAAAAATTTGC
TTCTATCTTGATGACATTGAATACTC TTGGACGTAAAAAAAGACATCCGATTAAAGTGGAGGTAATCTACAAGAAAAGTTGTTCTTCCCC

TCATTAGAAATCTTGCAATGGTCACGGCCGTCGCTATCAAAAAT TAACGAAGTGAAGTGACTCTAATTTTTGTCTATTAATGTTGCGATG
GCCTTATTTGCTATTCTAAGGTTTTCGCGAAGTATCAGGTATGATAAAAAAAATCATATTTTTGATCGCATCAAGAACAATCCCAATGRT

AAAAACGGTAATAAAAAAGAGTCCATAGTCATATACCAATGCCAGTGTETAAGAACTGTCACGCAACCGAATTTGAGAGAGATCTTTCCA

M P Vv Ck NCHGTEFERTDLS
ATGCTAACAACGATTTAGTTTGTAAAGCTTGTGETGTTGTCTCAGAAGATAATCC TATCGTCTCTGAAGTTACATTCGGTGAAACAAGTG
N ANNDLVYZ CUKKkACGVY VY SEDNTPTIVSEVYVYTFGETS
CAGGTGCTGCTGTAGTACAAGGTTCTTTTATCGGTGCAGGACAAAGT CATGCTGCATTTGGTGETTCTAGTGCTCTAGAATCTAGAGAAG
A G A AY ¥ QG SF | €AGCOAQSHAAFGT® ESSALTESTR RE

CCACATTGAACAATGCAAGAAGGAAATTACGCGCCGTTTCTTACGCATTACATATCCCGGAATATATCACAGATGCTGCTTTCCAATGGT
AT LNNARRKILRAY SY ALHIPETY 11 T D AATFU W

ATAAGCTTGCATTGGCTAATAACTTTGTACAAGGTCGTAGGTCCCAAAATGTTATCGCTTCATGTCTTTACGTTGCATGTAGAAAGGAAA
Y K L AL ANNTFVY QQG6RRSOQONVYTI ASCLYVY ACRKE

AGACGCATCATATGCTGATCGACTTCTCTTCAAGGTTACAGGTGAGTGTGTATTCCATAGGAGCCACATTTTTGAAAATGGTAAAGAAAT
K Y H#HML [ DF S SRLQVY S VY Y S 1 6 ATFLIKMYKHK

TACATATCACAGAATTGCCGTTAGCGGATCCTYCCTTATTCATTCAACATTTTGCCGAAAAATTGGATCTTGCTGACAAGAAGATCAAAG
L HI TELPLADPSILTFTIQ@HFAEKTLUDLADKIKTIK

TGGTAAAAGATGCCGTAAAATTGGCTCAAAGAATGTCCAAGGACTGGATGTTTGAAGGACGTAGACCTGCAGGTATTGCCGGCGCATGTA
¥ ¥ K DAY KL AOQRMSIKXKODWMNTFEGRRPAGTIAGA ATC

TTCTACTAGCTTGCAGGATGAATAATTTGAGAAGAACTCATACAGAGATCGTCGCAGTTTCACATGTCGCCGAGGAAACTTTACAGCAAC
! L L ACRMNNLRRTHTETLVYAVY SHVY AEETLOOQ

GGTTGAACGAATTCAAAAATACAAAGGCTGCTAAACTTTCAGTTCAAAAATTTAGAGAAAATGATGTGGAAGACGGTGAGGCTAGGCCTC
R LNETFKNTIKAAKTLSY QKTFRTENDYEHDSGTEARTFEF

CCTCCTTTGTGAAGAACAGAAAGAAAGAAAGAAAAATAAAGGACTCTTTAGACAAAGAAGAGATGTTTCAAACAAGTGAAGAAGCATTGA
P S F Y KNRKIKERIKTIKXDSLDKTETEMFaQTSETEAL

ATAAAAATCCAATTTTGACGCAAGTATTAGGAGAACAAGAACTGTCT TCCAAGGAAGTCCTGTTTTACTTAAAACAATTTTCAGAAAGAA
N K NP I L TOQVY L GEUQELS S KEVYLF YL KOQOF S ER

GGGCCCGTGTTGTGGAGAGGATTAAGGCTACTAATGGTATAGATGGTGAAAATATATACCATGAAGGTTCTGAAAACGAAACAAGGAAAC
R AR Y Y ERI1 K ATNGIDGENTIYMHESGSENETREK

GCAAACTYTCTGAAGTTTCTATCCAGAACGAGCATGTTGAAGGGGAAGACAAAGAGACGGAAGGGACTGAGGAAAAAGT CAAGAAGGTAA
R X L 8 E ¥ $ 1 aNEWBHYEGEUDIKETTETGTTETETIKVKK]Y

AGACAAAAACATCAGAAGAAAAGAAAGAGAACGAATCTGGGCATTTTCAAGATGCCATTGATGGTTACTCTCTAGAAACAGACCCATATT
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GTCCTCGCAATTTACACTTGTTACCCACAACGGACACATACCTTTCGAAAGTTAGTGACGACCCAGATAAT TTAGAAGATGTTGATGATG
CPRNLUHLLPTTDBDTY LS KY SDDPDWNILETDVYODD

AGGAGTTAAACGCGCACCTATTAAACGAGGAAGCTTCTAAAT TGAAGGAAAGAAT TTGGATTGGTCTGAACGCAGATTTCTTACTTGAAC
E ELNAMHKLTLNETEA AKSKLKTERTIUWI GGLNADTFTLILE

AAGAGAGTAAACGTTTGAAACAGGAGGCAGATATTGCCACAGGTAACACATCAGTGAAAAAAAAACGTACGAGACGTAGGAATAATACTA
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GAAGTGACGAACCTACAAAAACTGTGGATGCAGCAGCAGCTATCGGATTGATGTCAGACTTACAAGATAAGTCTGGTTTACACGCTGCAT
R $SDEPTKT V¥ DA AAATIGLMNSDTLUGGDIK S G L HAA

TGAAGGCAGC TGAGGAAAGTGGTGATTTCACAACTGCTGATAGTGTCAAGAACATGTTGCAGAAGGCAAGTTTCTCCAAGAAGATTAATT
L K A AEESGDTFTTADSV KNMLGKASTF S KK 1N

ACGACGCCATTGACGGTTTGTTTAGGTAACGTTTAGGTAATCAACCCTAGGAAGGAAAAAGGGAACGGAAATAAAGACGCAATACATTTG
Y D At DG L FR

GTTTTGGCTAAAATATATAGAACATGAAGTGCAAAAGAATTAAAGGTGCATTAACTATTTAATATGTATGTGATTATATAAATCTAAAAT

CTCAATGTCGTAACAATCACTGTTCCATTAAAAAAACGGGTAAGGTGGAAATTTCAGTTTTYTITTTTITTITCTTTTCTTTTGCTTGATC
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Figure 2. Sequence of the TDS4 Gene

The deduced amino acid sequence is shown
below the DNA sequence. Four cysteines com-
prising a potential zinc finger motif are shown
in large capitals. The direct repeats of TDS4
are underlined.

region consists of Ser or Thr residues. This half of TDS4
is predicted to be highly hydrophilic. It is also essential for
TDS4 function, as a deletion of the 35 C-terminal residues
destroys the ability to complement a TDS4 deletion (data
not shown).

TDS4 Is Essential for RNA Polymerase Il
Transcription In Vivo

Since TBP has been shown to be involved in transcription
initiation by RNA polymerase | (Comai et al., 1992) and
RNA polymerase Il (Cormack and Struhl, 1992; Lobo et
al., 1991; Margottin et al., 1990; Schultz et al., 1992; Sim-

men et al., 1991; White et al., 1992) as well as RNA poly-
merase |, an experiment was performed to explore which
classes of transcripts required TDS4 (Figure 5). A yeast
strain (YSB112) was constructed that contained a chro-
mosomal deletion of the TDS4 gene. TDS4 protein was
produced by a plasmid containing the TDS4 coding re-
gion fused to a galactose-inducible promoter (pRS316—
galTDS4). This strain only grew normally in the presence
of galactose. Shifting to glucose-containing media caused
a steady decline in the levels of TDS4 protein (data not
shown). As a control, a strain (RSY763, the giftof S. Sand-
ers and R. Shekman, University of California, Berkeley)
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Figure 3. The TDS4 Gene Is Essential for Viability

Adisrupted allele of TDS4 was constructed by replacing the Bglli-Xbal
fragment of TDS4 with a Bglll-Spel fragment containing the LEU2
gene. A diploid yeast strain was transformed with the resulting frag-
ment and Leu* transformants were selected. Sporulation of the re-
sulting strain (YSB106) resulted in a 2:2 segregation of viability. Eight
tetrads are shown in vertical rows. All viable spores were Leu, indicat-
ing that TDS4 is essential for viability.
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Figure 4. TDS4 Is Homologous to Human and Yeast TFiIB

Zing finger

TDS4 repeat 1
TDS4 repeat 2
TFIB repeat 1

TFIIB repeat 2
SUA7 repeat |
SUA7 repeat 2

containing the essential gene SEC67 fused to a galactose-
inducible promoter was used. The two strains showed sim-
ilar growth kinetics upon cessation of galactose induction
(Figure 5). Since SEC61 is not involved in transcription,
RSY763 provides an appropriate control for transcription
effects attributable only to the change in media or the slow-
ing of the growth rate.

The two strains were grown to mid log-phase in rich
media containing galactose (YPGal). The cells were then
transferred to the same media containing glucose (YPD),
causing repression of the galactose inducible TDS4 or
SEC61 gene. Both strains continued log-phase growth for
about 9 hr (approximately three doublings) before deplet-
ing the available TDS4 or SEC61 protein (Figure 5). The
cells subsequently grew very slowly, but remained viable
(assayed by plating on YPGal) past 20 hr (data not shown).
This is probably due to residual TDS4 or SEC61 protein,
or perhaps to a small amount of transcription from the GAL
promoter under repressing conditions. Total RNA was iso-
lated from the cells at various time points after the shift to
glucose, and specific transcripts were quantitated by S1
nuclease-protection assay as described by Cormack and
Struhl (1992).

To assay transcription by pol |, a probe against the 3’
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VQGRRSQNVIASCLYVACRKEKTHHMLIDFSSRIQVSVYSIG
FEGRRPAGIAGACILLACRMNNLRRTHTEIVAVSHVAEETLQ
LKGRANDATASACLYIACRQEGVPRTFKEICAVSRISKKEIG
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LKGKSMESIMAASILIGCRRAEVARTFKEIQSLIEVKTKEFG
IAGKSPITIAVVSIYLMILLFQIP ITAAKVGQTIQVTEGTIK

The TDS4 protein sequence was compared to the GenBank and EMBL databases using the BLAST (Altschul et al., 1990) program and found to

be significantly similar to the human TFiIB and yeast SUA7 proteins.

(A) Alignment of TDS4 with human TFIIB (hlIB) and yeast TFIIB (SUA7). The BESTFIT program was used to find the optimal alignment between
the proteins. Identities are indicated by a solid line, highly conservative changes by a double dot, and partially conservative changes by a single

dot.

(B) Graphic alignment of TDS4 and human TFIIB. A second alignment was performed using the DOTPLOT program, which tests for extended
sequence similarity over a defined length of amino acids. This method reveals that the highest level of similarity is located in the putative zinc finger

region and in the direct repeats of the proteins.
(C) Alignment of the TDS4, human TFIIB, and SUA7 repeats.
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Growth Curves of Strains After Shift
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Figure 5. TDS4 Is Required for Transcription by RNA Polymerase il In Vivo

A yeast strain (YSB112) was constructed in which the TDS4 gene was transcribed from a galactose-inducible promoter. A second strain (RSY763),
in which the essential SEC67 gene was transcribed from a galactose-inducible promoter, served as a control. Normal growth of these strains is
therefore galactose dependent. The growth curve of a wild-type cell is shown by an isogenic strain in which TDS4 was expressed from its own
promoter (YSB108). The yeast strains were grown in the presence of galactose (YPGal) and then shifted to media containing glucose (YPD). Growth
of YSB112 and RSY763 continued logarithmically for approximately three doublings (about 9 hr) before slowing. At the indicated times (shown in
hours above each lane), samples of cells were taken and total RNA was prepared. The RNA was then subjected to an S1 nuclease protection assay
to monitor the production of specific RNAs. Transcription by RNA polymerase | was assayed with a probe specific for the rapidily processed ribosomal
RNA precursor (rRNA).The protected fragment is indicated by an arrow. RNA polymerase Il transcription was assayed by monitoring the DED1 and
TRP3 mRNAs, which have a short half-life in vivo. All three RNAs continued to be produced after TDS4 and SEC61 repression. RNA polymerase
Il transcription was tested by assaying with a probe specific for unstable introns within a family of tryptophan tRNAs (tRNAY) or an isoleucine tRNA
(tRNA). Only expression of the tRNA genes was affected, indicating that transcription by RNA polymerase Il is dependent upon TDS4. Radioactivity
at the bottom of some gels is the remnants of the digested probe.

processing junction of the ribosomal transcript ({RNA) was
used. Since the rRNA is quickly processed, the probe sig-
nal is directly corretated with the level of transcription (see
Cormack and Struhl, 1992). Both YSB112 and RSY763
continued to transcribe ribosomal genes after the shift to
glucose. In fact, YSB112 showed a transient increase in
rRNA transcription following repression of TDS4. There-
fore, TDS4 is apparently not required for transcription by
RNA polymerase |.

Pol Il transcription was monitored by probing for the
mRNAs of the DED1 and TRP3 genes, both of which have
short half-lives in vivo (see Cormack and Struhl, 1992).
Both genes continued to be transcribed after TDS4 repres-
sion. It is therefore uniikely that TDS4 is required for pol
I transcription.

Transcription by RNA polymerase lil was assayed using
probes against introns within tRNA transcripts. The tRNAY
probe recognizes a family of tryptophan tRNAs, while
tRNA! is specific for an isoleucine tRNA. The tRNA introns
are rapidly processed and degraded, making their signal
adirectreflection of transcription levels (see Cormack and
Struhl, 1992). Both probes indicated a rapid decline in
tRNA transcription following repression of TDS4 expres-
sion. The control strain (RSY763) continued to transcribe
the tRNA genes after repression of the SEC67 gene.
Therefore, the transcription effects are specific to TDS4
and not due to the slowdown in growth. Based on these
results, we conclude that TDS4 is required for normal tran-
scription by RNA polymerase Ill in vivo. Further evidence
that TDS4 is necessary for RNA polymerase Il transcrip-
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tion in vivo is provided by Lopez-de-Ledn et al. (1992 {this
issue of Cell]). The authors of that study have found that
changes in PCF4(TDS4) expression can affect transcrip-
tion of tandem tRNA genes.

TDS4 and TBP Are Components of TFIIIB

To test whether TDS4 corresponds to previously de-
scribed RNA polymerase lll initiation factors, antibodies
were produced against glutathione transferase-TDS4 fu-
sion proteins. The antibodies were found specifically to
inhibit transcription of a tRNA gene, consistent with a role
for TDS4 in transcription by RNA polymerase lli (S. Datta
and S. B., unpublished data).

One candidate for TDS4 was a 70 kd protein within the
TFIIB complex that was identified by photo-cross-linking to
pol ill promoter DNA (Bartholomew et al., 1991; Kassavetis
et al,, 1991). Fractions containing extensively purified
TFIlIB and TFHIC (Kassavetis et al., 1990) were gener-
ously provided by G. Kassavetis and E. P. Geidushek (Uni-
versity of California, San Diego). These fractions were
used to assemble RNA polymerase il preinitiation com-
plexes on a tRNA gene. TFIIIC and TFIIIB were incubated
with probe to allow complex assembly, and then heparin
was added to the binding reaction to strip TFIIC from the
complex. The remaining TFIlIB-promoter complex is sta-
ble and can be resolved by native gel electrophoresis (Kas-
savetis et al., 1990). When anti-TDS4 antibodies were
added to the binding reaction (Figure 6, lanes 2 and 4), the
TFHIB complex was supershifted, indicating that the TDS4
protein is a component of the TFIIIB complex. The addition
of antibodies produced against the yeast TBP (TFIID) also
specifically supershifted the TFIIIB complex (Figure 6,
lane 7), consistent with results demonstrating a role for
TBP in RNA polymerase Il transcription. Preimmune se-
rum had no effect on the TFIIB complex (Figure 6, lanes
3, 5, and 6). Therefore, both TBP and TDS4 proteins are
components of the TFIIIB complex. Based on the similarity
in size, it seems likely that TDS4 encodes the 70 kd TFIB
protein that cross-links to pol lll-transcribed promoters.

Another candidate protein for the TDS4 gene was a 60
kd protein purified as an essential component of TFHIB
(Klekamp and Weil, 1986). The anti-TDS4 antibodies were
used for immunoblotting of partially purified TFHIB and
TFIIC (generously provided by P. A. Weil, Vanderbilt Uni-
versity; see Klekamp and Weil, 1982). A reacting band of
approximately 67 kd was observed in both fractions (data
not shown). Antibodies prepared against the 60 kd TFIIIB
protein (also provided by P. A. Weil) did not react with
recombinant TDS4 protein produced in bacteria (data not
shown). These results make it unlikely that TDS4 encodes
the 60 kd protein identified by Klekamp and Weil (1986).

Discussion

In this report, we describe the isolation and characteriza-
tion of an essential TFIIB-like gene that is required for RNA
polymerase Ill transcription initiation. The TDS4 gene was
isolated as an allele-specific high copy suppressor of mu-
tations within the basic region of TBP. The TBP mutations
confer a temperature-sensitive phenotype and the mutant
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Figure 6. TDS4 and TBP Are Components of the TFIIIB Complex

Partially purified TEIIB and TFIIIC were incubated with the SUP4 tRNA
gene probe. The reactions received no addition (lane 1), preimmune
serum (PIS; lanes 3, 5, and 6), anti-TDS4 serum (aTDS4; lanes 2 and
4), or anti-TBP serum (aTBP; lane 7). Heparin was added to strip TFIIIC
from the complex, and the reaction was then analyzed by native gel
electrophoresis (Braun et al., 1989; Kassavetis et al., 1990). While
preimmune serum had no effect, both TDS4 and TBP antibodies
caused a supershift of the TFillB complex, indicating that both proteins
are components of TFiilB.

proteins are defective in their in vitro interactions with the
pol Il transcription factor TFIIA (Buratowski and Zhou,
1992). Although we originally suspected that the condi-
tional phenotype was due to defective interactions with the
pol I} initiation factors, the results presented here suggest
that the temperature sensitivity is caused in large part by
a defect in pol lll transcription. It is likely that the basic
region mutations in TBP disrupt protein—protein interac-
tions with both pol I and pol Ill factors, but that a defect
in pol Ill transcription (which contributes a much larger
fraction of the cellular RNA) has a greater effect on the
cellular growth rate. It is interesting that overexpression of
yeast TFIIB (SUA7), alone or in combination with TDS4
overexpression, did not have an effect on the TBP mutant
phenotype (data not shown).

We demonstrate here that TBP and TDS4 interact to
form a complex on pol Hl promoters. Both proteins are
components of the TFIIIB complex (Figure 6), although
this association could be indirect. The allele-specific sup-
pression of TBP mutants by 7DS4 and the homology be-
tween TDS4 and TFIIB suggest that the interaction is prob-
ably direct. Mutations in the basic region of TBP may
weaken this interaction, causing the temperature-sensi-
tive phenotype. It is likely that overexpression increases
the cellular concentration of the TDS4 protein, and this
allows a sufficient amount of TBP-TDS4 complex forma-
tion to restore viability at the nonpermissive temperature.
It should be noted that the suppression by TDS4 overex-
pression is only partial, suggesting that defects still exist,
possibly in pol | or pol Il transcription.
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We have recently discovered that TDS4 has been inde-
pendently isolated in a genetic selection (Willis et al., 1989)
for genes that affect the transcription of tandem tRNA
genes. |. Willis and colleagues (Albert Einstein College of
Medicine, New York) have shown that a mutation in TDS4
(PCF4) can affect pol lll transcription of tRNA genes in vivo
(Lopez-de-Ledn et al., 1992 [this issue of Cell]). These
findings complement ours and support the idea that TDS4
encodes an RNA polymerase |l transcription factor.

A TFlIB-like Gene Family

TDS4 is the second TFIIB-like gene isolated from the yeast
S. cerevisiae. Several features are shared by members of
the TFIIB gene family. All interact with the transcription
factor TBP. Human TFIIB binds to a TFIID (TBP)-promoter
complex in a native gel electrophoresis assay (Buratowski
etal., 1989, 1991; Maldonado et al., 1990; Peterson et al.,
1990). The TDS4 gene is shown here to interact with TBP
genetically. Furthermore, both TBP and the TDS4 protein
are components of the TFIIIB complex. The SUA7 gene
was isolated in a genetic screen that is specific for RNA
polymerase Il transcription, and it is very likely that SUA7
encodes the TFIIB homolog of yeast (Pinto et al., 1992).
Bacterially produced SUA7 protein will bind to the TFIID-
promoter complex in the gel shift assay (S. B., unpublished
data).

Several structural features of the TFIIB-like factors are
conserved. At the amino terminus of each protein, there
is a potential zinc finger domain of the Cys-X;—Cys-
X17—Cys-X,—Cys type. Interestingly, the human TFIIB has
a histidine residue in the place of the second cysteine and
only 15 residues in the central domain. Other residues
within this region are also conserved. In addition to the
putative zinc finger domain, sequence similarity between
the members of this family is highest in the direct repeats.
Although the functions of the repeats are currently un-
known, there are two obvious possibilities. One is that the
TFliBrepeats are responsible for interaction with the direct
repeats of TBP. A second plausible theory is that the TFIIB
repeats interact with the third largest RNA polymerase
subunit, two copies of which are present within a polymer-
ase enzyme complex (Kolodziej et al., 1990). Mutagenesis
of conserved amino acids should distinguish between
these and other possibilities.

The TDS4 protein is unique in possessing a highly
charged 300 aa domain at the carboxyl terminus. This
region is essential for TDS4 function, as a deletion of the
last 35 aa completely abolishes function in vivo (data not
shown). This part of the protein may carry out a function
specific to RNA polymerase lll initiation. Another interest-
ing possibility is that the RNA polymerase Il system con-
tains a corresponding activity that is carried out by a sepa-
rate protein, perhaps one of the TBP-associated factors.

Parallel Mechanisms of Pol Il and Pol lll
Transcription Initiation

The findings that both TBP and a TFIiB-like protein are
essential for RNA polymerase Il transcription suggest that
the initiation processes of pol il and pol IIl occur by similar

mechanisms. RNA polymerase | is also dependent upon
TBP for initiation (Comai et al., 1992). We predict that a
TFiIB-like homolog will also be found for the pol | system.
It seems likely that the roles of these factors were estab-
lished in eukaryotes before the evolutionary divergence of
RNA polymerases |, Il, and Hll.

it is important to ask how the new findings fit into the
preexisting biochemical model of RNA polymerase lll initi-
ation. Biochemical fractionation has identified several
components besides pol Il that are required for reconstitu-
tion of transcription in vitro. TFIIIA appears to be specifi-
cally required for transcription of 5S RNA. It binds specifi-
cally to DNA sequences internal to the 5S gene. TFIIIC
also binds to internal promoter elements and appears to
be more generally required. TFHlIB binds to the promoter
near the site of initiation, in a manner dependent upon
TFIIC (and TFINA on 58 genes; Kassavetis et al., 1990).
Once bound, TFIIB appears to be stably associated with
the promoter through several rounds of initiation. Based
on these results, Kassavetis et al. have concluded that
TFHIA and TFINC are “assembly factors” required for asso-
ciation of TFIIIB with the promoter.

TDS4 is a component of the TFIIIB fraction. Yeast TFIIIB
has not yet been purified to homogeneity, but photo-cross-
linking experiments have identified two components with
molecular sizes of approximately 70 and 90 kd (Bartholo-
mew et al., 1991; Kassavetis et al., 1991). The predicted
molecular size of TDS4 is 67 kd, which is most consistent
with the 70 kd activity. An interesting parallel between
yeast TFIIB and human TFIIB is that both may interact
with DNA near the initiation site (Bartholomew et al., 1991;
Braun et al., 1989; Buratowski et al., 1989; Kassavetis et
al., 1990, 1989; Moncollin et al., 1992). TFIIIB could confer
this protection via the TFIIB-like domain of TDS4. In both
systems, the TFIIB-like proteins appear to interact with
polymerase to recruit it to the promoter.

The similarities between the pol Hl and pol lll systems
(and possibly pol l) suggest parallel models of transcription
initiation (Figure 7). Upstream binding factor binds up-
stream of pol | promoters; various regulatory proteins bind
both upstream and downstream of pol Il promoters; and
TFIIIA and TFHIC bind within the pol lli-transcribed 5S
and tRNA genes (promoter recognition). These proteins
promote the assembly of basal transcription factors, which
include TBP and (at least in the case of pol Il and lll) a
TFIIB-like protein (activation of basal complex). Acidic acti-
vators of pol Il transcription act at the TFIID and/or TFiiB
association step (Lewin, 1990; Ptashne and Gann, 1990;
for review, see Sharp, 1991). TFIIIA and iIC promote asso-
ciation of TFIIIB, which contains both the TBP and TDS4
proteins (Kassavetis et al., 1990). Upstream binding factor
promotes association of SL1, which contains TBP (see
Comai et al., 1992). The very similar components of the
committed complexes for pol Il and It may explain how
some regulatory factors are able to act on both classes
of transcription. The committed complexes in turn allow
incorporation of the RNA polymerase (and other basal fac-
tors) into the initiation complex. TFIIB forms a bridge be-
tween TFIID and pol ll, and TDS4 probably supplies the
analogous activity for RNA polymerase lIl. It seems likely
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Figure 7. Parallel Mechanisms of Initiation by
RNA Polymerases Il and Il
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A schematic representation of the respective
initiation models is shown. Promoter recogni-
tion by regulatory factors (an upstream binding
factor, USF, in the case of pol Il; TFIIC for
most pol Il genes; TFIIC and TFIIIA for 58
RNA genes) occurs first. This binding regulates

Activation of basal complex
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Incorporation of polymerase

that a TFiiB-like protein will be found that bridges the tem-
plate-associated factors and pol I.

The parallel models of pol I, If, and lll transcription initia-
tion should offer new insights to researchers in all three
systems. A discovery in one system now becomes a test-
able prediction for the other two. Just how deeply the paral-
lel features extend remains to be seen, but progress can
only be accelerated by considering the similarities and
differences between the three polymerase systems.

Experimental Procedures

Yeast Strains and Methods
YSB87....MATa, ura3-52, leu2A1, his4-9178, LYS2-173R2, ades8,
spt15(K133,138L)

YSB106..MATa/MATa, ura3-52/ura3-52, Ieu2-3,112/leu2-3,112,
his3A200/his3A200, TDS4/tds4A::LEU2

YSB108..MATa, ura3-52, leu2-3,112, his3A200, tds4A:LEU2,
[PRS316-TDS4)

YSB112...MATa, ura3-52, leu2-3,112, his3A200, tds4A::LEU2,
{PRS316-galTDS4)

RSY763... MATaq, ura3-1, leu2-3,112, ade2-1, trp1-1, his3-11,15,
Asec61::HIS3, [pGAL61}

Lithium acetate transformation of yeast, preparation of media, tetrad
dissection, and other yeast methods were performed by standard
methods (Ausubel et al., 1991; Guthrie and Fink, 1991).

Genetic Isolation of TDS4

The TDS4 gene was isolated by transforming yeast strain YSB67 with
a YEp24-based yeast genomic library (Carlson and Botstein, 1982).
YSB67 is temperature sensitive because of a double mutation (K133,
138L) in the TFHID gene (Buratowski and Zhou, 1992). Approximately
8000 Ura* transformants were screened for the ability to grow at the
nonpermissive temperature (38°C). Plasmids from colonies that grew
at 38°C were recovered in bacteria (Hoffman and Winston, 1987) and
retested for the ability to suppress the temperature-sensitive pheno-
type of YSB67. Eight suppressing plasmids were isolated and mapped
by restriction enzyme digestion. Three plasmids were determined to
contain a copy of the TFIID (SP775) gene. Two others contained an
overiapping fragment of DNA that carries the TDS3 gene. The re-
maining three plasmids contained overlapping fragments that contain
the TDS4 gene.

commitment of basal factors to the initiation
site. The basal complexes of pol Il and pol I
both contain TBP and a TFIIB-like factor, as
well as other associated factors. Once the
basal complex is established, the respective
RNA polymerases (and associated factors) rec-
ognize and are incorporated into the preinitia-
tion complex and can now carry out initiation.
While these models are not meant to be com-
prehensive, they illustrate the parallels be-
tween the two polymerase systems.

The original isolate (YEpTDS4) contained an insert of approximately
10 kb. The TDS4 gene was localized as follows. DNA from the original
isolate was subjected to partial digestion with Sau3Al. Fragments with
lengths between 2 and 4 kb were purified after agarose gel electropho-
resis. These fragments were cloned into the BamHI site of pRS425
(Sikorski and Heiter, 1989) and the resulting library was transformed
into yeast strain YSB67. Plasmids that conferred suppression of the
temperature-sensitive phenotype were recovered in bacteria (Hoffman
and Winston, 1987). The smallest insert was 2.5 kb (plasmid pRS425-
TDS4). This fragment was sequenced using dideoxy-NTPs and
Sequenase 2.0 according to the manufacturer's instructions (US Bio-
chemical).

Sequence Analysis

Homology between human TFIIB and TDS4 amino acid sequences
was revealed by comparison of the TDS4 sequence to available data-
bases using the BLAST program (Altschul et al., 1990). Further analy-
sis of the homology was performed using the BESTFIT and DOTPLOT
routines of the UWGCG package (Devereaux et al., 1984).

Plasmids

A TDS4 disruption vector (pUCAH3-tds4A::LEU2) was created by re-
placing the Bglll-Xbal fragment of TDS4 (coding for amino acids 16 to
430) with the 2.7 kb Spel-Bglll fragment containing the LEU2 gene
from YEp13.

For galactose-inducible expression of TDS4, an Spel site was intro-
duced just upstream of the initiation codon by polymerase chain reac-
tion-mediated mutagenesis. The polymerase chain reaction product,
which included part of the pBluescript KS* polylinker sequence down-
stream of the TDS4 gene, was digested with Spel and ligated into
the Spel site of pRS316-GALpro, which contains the GAL10 promoter
upstream of the pRS3186 polylinker (the gift of D. Miller and G. Fink,
Whitehead Institute).

Bacterial expression plasmids were constructed as follows. pGEX-
TDS4(BgllI-EcoRl) was made by ligating the Bglll-EcoRI fragment
from TDS4 (encoding amino acids 14 to 262) into the BamHI and EcoRI
sites of pGEX1 (Smith and Johnson, 1988). pGEX-TDS4(BamHI-
BamHI) was made by ligating the BamHlI fragment from pBS-TDS4orf
(encoding amino acids 176 to 596) into the BamHI site of pGEX1.
Glutathione transferase fusion proteins were produced and purified as
described (Smith and Johnson, 1988).

Antibody Production

GST-TDS4 fusion proteins were purified as described (Smith and
Johnson, 1988). Two hundred micrograms of each fusion protein was
mixed with RIBI adjuvent and injected into rabbits as recommended
by the manufacturer (RIBI ImmunoChem Research). The rabbits were
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boosted with the same amount of protein one month later, and serum
was harvested 12 days after the boost.

$1 Nuclease Protection Assay

Yeast strains YSB112 and RSY763 were grown t0 ODgo = 1.0 in
YPGal media. Cells were spun down, washed once in YPD, and then
resuspended in YPD to an ODgy, = 0.1. At the indicated time points,
50 mli of celis was removed. After 9 hr, cells were diluted 1:5 in YPD
and allowed to continue growth until 22 hr. Total RNA from the cells
was isolated using hot phenol extraction (Ausubel et al., 1991). RNA
was quantitated by absorbance at 260 nM and by ethidium bromide
staining of 18S and 28S RNAs in agarose gels. The $1 nuclease protec-
tion assay was carried out with 15-30 ug of RNA and oligonucleotide
probes as described in Cormack and Struhl (1992).

Native Gel Electrophoresis

Binding of TFIIIB and TFIIIC, heparin stripping, and native gel electro-
phoresis of pol Il preinitiation complexes were performed as described
(Braun etal., 1989; Kassavetis et al., 1990). The probe used for binding
was the SUP4 tRNA gene derived from plasmid pTZ2 (Kassavetis et
al., 1989). The TFHIC fraction (DNA affinity purified, 18 fmol/ml) and
TFINIB fraction (Cibacron Blue purified, 3.7 fmol/ml) were the gift of G.
Kassevetis (Kassavetis et al., 1990). Reactions contained 1 fmol of
probe, 10 fmol of TFIIIB, and 9 fmol of TFIIC. The binding reaction
was performed at room temperature for 40 min. The indicated amounts
of antisera were added, and incubation was continued for an additional
30 min. Heparin was added (300 ug/ml) for 5 min before loading the
sample onto the native gel and beginning electrophoresis. Gels were
dried and autoradiographed with an intensifying screen overnight.

Acknowledgments

We would like to thank G. Kassavetis and T. Weil for RNA polymerase
lll fractions and helpful discussions; I. Willis for communicating results
before publication; S. Datta for testing anti-TDS4 antibodies in the pol
Il transcription reaction; B. Cormack and K. Struhl for protocols and
probes for S1 nuclease protection; K. Hewes for carrying out work with
rabbits; A. Sachs for advice concerning RNA isolation; L. Riles and M.
Oleson for the prime clone grid filters; D. Miller and G. Fink for plas-
mids; and S. Sanders and R. Shekman for the gift of RSY763. We are
grateful to R. Buratowski, S. Datta, A. Sachs, H. Sive, B. Tidor, and
R. A. Young for critical reading of the manuscript. This work was sup-
ported by a grant from National Institutes of Health. The Whitehead
Fellows Program is supported by grants from the W. M. Keck Founda-
tion and the Lucille P. Markey Charitable Trust.

The costs of publication of this article were defrayed in part by
the payment of page charges. This article must therefore be hereby
marked “advertisement” in accordance with 18 USC Section 1734
solely to indicate this fact.

Received May 22, 1992; revised August 4, 1992.

References

Altschul, S. F., Gish, W_, Miller, W., Myers, E. W_, and Lipman, D. J.
(1990). Basic local alignment search tool. J. Mol. Biol. 275, 403-410.

Arndt, K. M., Ricupero, S. L., Eisenmann, D. M., and Winston, F.
(1992). Biochemical and genetic characterization of a yeast TFIID mu-
tant that alters transcription in vivo and DNA binding in vitro. Mol. Cell.
Biol. 12, 2372-2382.

Ausubel, F. M., Brent, R., Kingston, R. E., Moore, D. D., Seidman, J. G.,
Smith, J. A., and Struhl, K. eds. (1991). Current Protocols in Molecular
Biology (New York: John Wiley and Sons).

Bartholomew, B., Kassavetis, G. A., and Geidushek, E. P. (1991).
Two componenhts of Saccharomyces cerevisiae transcription factor 1118
(TFINB) are stereospecifically located upstream of a tRNA gene and
interact with the second-largest subunit of TFIIIC. Mol. Cell. Biol. 77,
5181-5189.

Braun, B. R., Riggs, D. L., Kassavetis, G. A., and Geidushek, E. P.
(1989). Multiple states of protein-DNA interaction in the assembly of
transcription complexes on Saccharomyces cerevisiae 5S ribosomal
RNA genes. Proc. Natl. Acad. Sci. USA 86, 2530-2534.

Buratowski, S., Hahn, S., Sharp, P. A., and Guarente, L. (1988). Func-
tion of a yeast TATA element-binding protein in amammalian transcrip-
tion system. Nature 334, 37-42.

Buratowski, S., Hahn, S., Guarente, L., and Sharp, P. A. (1989). Five
intermediate complexes in transcription initiation by RNA polymerase
II. Cell 56, 549-561.

Buratowski, S., Sopta, M., Greenblatt, J., and Sharp, P. A. (1991). RNA
polymerase ll-associated proteins are required for a DNA conformation
change in the transcription initiation complex. Proc. Natl. Acad. Sci.
USA 88, 7509-7513.

Buratowski, S., and Zhou, H. (1992). Transcription factor 1D mutants
defective for interaction with transcription factor IlA. Science 255,
1130-1132.

Carlson, M., and Botstein, D. (1982). Two differentially regulated
mRNAs with different 5' ends encode secreted and intraceltular forms
of yeast invertase. Cell 28, 145-154.

Cavallini, B., Huet, J., Plassat, J. L., Sentenac, A., Egly, J. M., Cham-
bon, P. (1988). A yeast activity can substitute for the HeLa cell TATA
box factor. Nature 334, 77-80.

Comai, L., Tanese, N., and Tjian, R. (1992). The TATA-binding protein
and associated factors are integral components of the RNA polymer-
ase | transcription factor, SL1. Cell 68, 965-976.

Cormack, B. P., and Struhl, K. (1982). The TATA-binding protein is
required for transcription by all three nuclear RNA polymerases in
yeast cells. Cell 69, 685-696.

Dahlberg, J. E., and Lund, E. (1991). How does il x Il make U6?
Science 254, 1462-1463.

Devereaux, J., Haeberli, P., and Smithies, O. (1984). A comprehensive
set of sequence analysis programs for the VAX. Nucl. Acids Res. 712,
387-395.

Dynlacht, B., Hoey, T., and Tijian, R. (1991). Isolation of coactivators
associated with the TATA-binding protein that mediate transcriptional
activation. Cell 66, 563- 576.

Guthrie, C. and Fink, G. R., eds. (1991). Guide to yeast genetics and
molecular biology. Meth. Enzymol. 794

Ha, 1., Lane, W. S., and Reinberg, D. (1991). Cloning of a human gene
encoding the general transcription initiation factor IIB. Nature 352,
689-695.

Hoffman, C. S., and Winston, F. (1987). A ten-minute DNA preparation
from yeast efficiently releases autonomous plasmids for transforma-
tion of Escherichia coli. Gene 57, 267-272.

Kassavetis, G. A., Riggs, D. L., Negri, R., Nguyen, L. H., and Geidu-
shek, E. P. (1989). Transcription factor liiB generates extended DNA
interaction in RNA polymerase Il transcription complexes on tRNA
genes. Mol. Celi. Biol. 9, 2551-2566.

Kassavetis, G. A., Braun, B. R., Nguyen, L. H., and Geidushek, E. P.
(1990). S. cerevisiae TFIIIB is the transcription initiation factor proper
of RNA polymerase Ill, while TFI{A and TFIHC are assembly factors.
Cell 60, 235-245.

Kassavetis, G. A., Bartholomew, B., Blanco, J. A., Johnson, T. E., and
Geidushek, E. P. (1991). Two essential components of the Saccharo-
myces cerevisiae transcription factor TFIIIB: transcription and DNA-
binding properties. Proc. Natl. Acad. Sci. USA 88, 7308-7312.
Klekamp, M. 8., and Weil, P. A. (1982). Specific transcription of homol-
ogous class Hl genes in yeast-soluble cell-free extracts. J. Biol. Chem.
257, 8432-8441.

Kiekamp, M. S., and Weil, P. A. (1986). Partial purification and charac-
terization of the Saccharomyces cerevisiae transcription factor TFIIIB.
J. Biol. Chem. 2671, 2819-2827.

Kolodziej, P. A., Woychik, N., Liao, S. M., and Young, R. A. (1990).
RNA polymerase Il subunit composition, stoichiometry, and phosphor-
ylation. Mol. Cell. Biol. 10, 1915-1920.

Lewin, B. (1990). Commitment and activation at pol Il promoters: a tail
of protein-protein interactions. Cell 67, 1161-1164.

Lobo, S. M., Lister, J., Sullivan, M., and Hernandez, N. (1991). The
cloned RNA polymerase Il transcription factor 11D selects RNA poly-
merase Il to transcribe the human U6 gene in vitro. Genes Dev. 5,
1477-1489.

Lépez-de-Ledn, A, Librizzi, M., Tuglia, K., and Willis, I. (1992). PCF4



Cell
230

encodes an RNA polymerase lll transcription factor with homology to
TFIB. Cell, this issue.

Lue, N. F., and Kornberg, R. D. (1987). Accurate initiation at RNA
polymerase Il promoters in extracts from Saccharomyces cerevisiae.
Proc. Natl. Acad. Sci. USA 84, 8839~-8843.

Lue, N. F., and Kornberg, R. D. (1990). Accurately initiated, enhancer-
dependent transcription by RNA polymerase | in yeast extracts. J. Biol.
Chem. 265, 18091-18094.

Maldonado, E., Ha, !., Cortes, P., Weis, L., and Reinberg, D. (1990).
Factors involved in specific transcription by mammalian RNA polymer-
ase lI: role of transcription factors IIA, 11D, and 1B during formation of
a transcription-competent complex. Mol. Cell. Biol. 10, 6335-6347.
Malik, S., Hisatake, K., Sumimoto, H., Horikoshi, M., and Roeder,
R. G. (1991). Sequence of general transcription factor TFIIB and rela-
tionships to other initiation factors. Proc. Natl. Acad. Sci. USA 88,
95563-9557.

Margottin, F., Dujardin, G., Gerard, M., Egly, J., Huet, J., Sentenac,
A. (1990). Participation of the TATA factor in transcription of the yeast
U6 gene by RNA polymerase C. Science 257, 424-426.

Moncoliin, V., Fischer, L., Cavallini, B., Egly, J. M., and Chambon, P.
(1992). Class Il (B) general transcription factor (TFIIB) that binds to
the template-committed preinitiation complex is different from general
transcription factor BTF3. Proc. Natl. Acad. Sci. USA 89, 397-401.
Peterson, M. G., Tanese, N., Pugh, B. F., and Tjian, R. (1990). Func-
tional domains and upstream activation properties of cloned human
TATA binding protein. Science 248, 1625-1630.

Pinto, |., Ware, D. E., and Hampsey, M. (1992). The yeast SUA7 gene
encodes a homolog of human transcription factor TFIIB and is required
for normal start site selection in vivo. Cell 68, 977-988.

Ptashne, M., and Gann, A. A. F. (1990). Activators and targets. Nature
346, 329-331.

Pugh, B. F., and Tjian, R. (1991). Transcription from a TATA-less pro-
moter requires a multisubunit TFIID complex. Genes Dev. 5, 1935-
1945,

Pugh, B. F., and Tjian, R. (1992). Diverse transcriptional functions of
the multisubunit eukaryotic TFIID complex. J. Biol. Chem. 267, 679-
692.

Reddy, P., and Hahn, S. (1991). Dominant negative mutations in yeast
TFIID define a bipartite DNA-binding region. Cell 65, 349-357.
Schultz, M.C.,Choe, S. Y., and Reeder, R. H. (1991). Specific initiation
by RNA polymerase | in a whole-cell extract from yeast. Proc. Nati.
Acad. Sci. USA 88, 1004-1008.

Schultz, M. C., Reeder, R. H., Hahn, S. (1992). Variants of the TATA-
binding protein can distinguish subsets of RNA polymerase |, I, and
1Il promoters. Cell 89, 697-702.

Sharp, P. A. (1991). TFIIB or not TFIIB? Nature 357, 16-18.

Sharp, P. A, (1992). TATA-binding protein is a classless factor. Cell
68, 819-821.

Sikorski, R. S., and Heiter, P. (1989). A system of shuttle vectors and
yeast host strains designed for efficient manipulation of DNA in Sac-
charomyces cerevisiae. Genetics 122, 19-27.

Simmen, K. A, Bernues, J., Parry, H. D., Stunnenberg, H. G., Berken-
stam, A, Cavallini, B., Egly, J. M., Mattaj, |. W.(1991). TFIID is required
for in vitro transcription of the human U6 gene by RNA polymerase IIl.
EMBO J. 70, 1853-1862.

Smith, D. B., and Johnson, K. S. (1988). Single-step purification of
polypeptides expressed in Escherichia coli as fusions with glutathione
S-transferase. Gene 67, 31-40.

Strubin, M., and Struhl, K. (1992). Yeast and human TFIID with altered
DNA-binding specificity for TATA elements. Cell 68, 721-730.
Tanese, N., Pugh, B.F., and Tjian, R. (1992). Coactivators for a proline-
rich activator purified from the muitisubunit human TFIID complex.
Genes Dev. 5, 2212-2224.

White, R. J., Jackson, S. P., and Rigby, P. W. J. (1992). A role for the
TATA-box-binding protein component of the transcription factor 11D
complex as a general RNA polymerase [l transcription factor. Proc.
Natl. Acad. Sci. USA 89, 1949-1953.

Willis, 1., Schmidt, P., and Soll, D. (1989). A selection for mutants
of the RNA polymerase Il transcription apparatus: PCF1 stimulates
transcription fo tRNA and 58 RNA genes. EMBO J. 8, 4281-4288.
Woontner, M., and Jaehning, J. A. (1990). Accurate initiation by RNA
polymerase |l in a whole-cell extract from Saccharomyces cerevisiae.
J. Biol. Chem. 265, 8979-8982.

GenBank Accession Number

The accession number for the sequence reported in this paper in
L00630.



