MOLECULAR AND CELLULAR BIOLOGY, Sept. 1996, p. 4639-4647
0270-7306/96/$04.00+0
Copyright © 1996, American Society for Microbiology

Vol. 16, No. 9

TATA-Box DNA Binding Activity and Subunit Composition of

RNA Polymerase III Transcription Factor IIIB from
Xenopus laevis

STEVEN J. McBRYANT, EVA MEIER, ANNE LERESCHE,{ STEVEN J. SHARP,i VERONICA J. WOLF,$§

AND JOEL M. GOTTESFELD*
Department of Molecular Biology, The Scripps Research Institute, La Jolla, California 92037

Received 1 February 1996/Returned for modification 20 March 1996/Accepted 29 May 1996

The RNA polymerase III transcription initiation factor TFIIIB contains the TATA-box-binding protein
(TBP) and polymerase III-specific TBP-associated factors (TAFs). Previous studies have shown that DNA
oligonucleotides containing the consensus TATA-box sequence inhibit polymerase III transcription, implying
that the DNA binding domain of TBP is exposed in TFIIIB. We have investigated the TATA-box DNA binding
activity of Xenopus TFIIIB, using transcription inhibition assays and a gel mobility shift assay. Gel shift
competition assays with mutant and nonspecific DNAs demonstrate the specificity of the TFIIIB-TATA box
DNA complex. The apparent dissociation constant for this protein-DNA interaction is ~0.4 nM, similar to the
affinity of yeast TBP for the same sequence. TFIIIB transcriptional activity and TATA-box binding activity
cofractionate during a series of four ion-exchange chromatographic steps, and reconstituted transcription
reactions demonstrate that the TATA-box DNA-protein complex contains TFIIIB TAF activity. Polypeptides
with apparent molecular masses of 75 and 92 kDa are associated with TBP in this complex. These polypeptides
were renatured after elution from sodium dodecyl sulfate-gels and tested individually and in combination for
TFIIIB TAF activity. Recombinant TBP along with protein fractions containing the 75- and 92-kDa polypep-
tides were sufficient to reconstitute TFIIIB transcriptional activity and DNA binding activity, suggesting that

Xenopus TFIIIB is composed of TBP along with these polypeptides.

Transcription of the genes encoding the tRNAs, 5S rRNA,
and other small cellular and viral RNAs by RNA polymerase
III (pol III) requires the ordered formation of a transcription
initiation complex containing the factors TFIIIB and TFIIIC
and, in the case of 5S RNA genes, the gene-specific factor
TFIIIA (for extensive reviews and references, see references 7
and 38). Transcription complex assembly on tRNA and small
virus-associated RNA genes is initiated by the direct binding of
TFIIIC to the intragenic A-box and B-box promoter elements
(7, 38). For the 5S RNA genes, TFIIIA binds to the internal
control region of the gene and subsequently recruits TFIIIC to
the TFIIIA-5S DNA binary complex. In contrast, the genes
encoding U6 and 7SK RNAs, which are also transcribed by pol
III (7, 38), are regulated by upstream TATA-box and proximal
sequence elements, and these genes require TFIIIB, pol 111,
and a proximal sequence binding factor (termed PTF or
SNAPc) for transcription in vitro (12, 28, 38, 43). TFIIIC is a
multisubunit protein consisting of six polypeptides in Saccha-
romyces cerevisiae (1, 7) and at least this number of polypep-
tides in vertebrates (19, 30). The genes encoding the 220-kDa
subunit that binds the B-box promoter element (20, 21) and a
110-kDa subunit (30) have been cloned from mammalian cells.
For the tRNA genes, once TFIIIC (or TFIIIA and TFIIIC for
the 5S genes) is bound to the template, TFIIIB binds upstream
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from the start site for transcription in a sequence-independent
manner (15, 22, 25). In the yeast system, TFIIIB remains stably
bound to class III genes after dissociation of TFIIIC (and
TFIIIA) with salt or heparin and can serve to direct pol III to
the template in the absence of these other factors (15).
Several studies have documented that TFIIIB is a target of
regulation during cell growth, differentiation, and the cell cycle
(8, 34, 39, 41). Thus, understanding the mechanism of TFIIIB
binding and the polypeptide composition and regulatory mod-
ifications of TFIIIB is of central importance in elucidating class
IIT gene regulation. The polypeptide composition of yeast
TFIIIB is well established: it consists of the TATA-box-binding
protein (TBP) and pol IIl-specific TBP-associated factors
(TAFs) of 70 and 90 kDa (16). Each of these TAFs has been
cloned in S. cerevisiae (4, 6, 17, 24), and the 70-kDa subunit
(TFIIIB70; also known as Brf) is similar in sequence to the pol
IT transcription factor TFIIB, which interacts with TBP (in
TFIID) and with pol II (reviewed in reference 18). TFIIIB70
has been shown to interact with the 135-kDa subunit of
TFIIC, with TBP, and with the 34-kDa subunit of pol III (2,
18, 37), consistent with the role of TFIIIC in recruitment of
TFIIIB and the role of TFIIIB in pol III recruitment. In con-
trast, with the exception of TBP, the polypeptide composition
of vertebrate TFIIIB is controversial. Polypeptides associated
with TBP in a TFIIIB fraction from a phosphocellulose column
have been identified by immunoprecipitation with antibody to
TBP, but different polypeptide constituents have been ob-
served in different laboratories (5, 23, 33). These differences
may reflect the presence of multiple TBP-containing com-
plexes in the starting phosphocellulose fraction, namely,
TFIIIB and the putative pol II factor B-TFIID (26). A 90-kDa
TFIIIB subunit (TFIIIB90) has recently been isolated by a
combination of conventional chromatography and anti-TBP
immunoprecipitation, and a cDNA for this subunit was cloned
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(36). TFIIIB90 is similar in sequence to TFIIB and to the
[IB-related domain of yeast TFIIIB70; TFIIIB90 also contains
high-mobility-group box domains which could participate in
DNA binding.

On the basis of the presence of TBP in TFIIIB and the
observation that DNA oligonucleotides containing the consen-
sus TATA-box sequence will inhibit pol III transcription (27,
40), presumably by binding TBP, we have examined the
TATA-box DNA binding activity of TFIIIB from Xenopus lae-
vis. We find that proteins present in chromatographic fractions
containing TFIIIB transcriptional activity will bind a TATA-
box oligonucleotide in a sequence-specific and highly stable
manner. Moreover, this binding activity cofractionates with
TFIIIB under conditions that separate human TFIIIB from
B-TFIID (26). The TATA-box DNA binding activity of TFIIIB
has been used to identify the polypeptide subunits of Xenopus
TFIIIB. Reconstituted transcription reactions suggest that Xe-
nopus TFIIIB is composed of TBP and two polypeptides with
apparent molecular masses of 75 and 92 kDa. The 92-kDa
polypeptide likely corresponds to human TFIIIB90 (36).

MATERIALS AND METHODS

Oligonucleotides. Double-stranded oligonucleotides were prepared by anneal-
ing equal molar amounts of the two complementary strands. The wild-type
TATA-box oligonucleotide was derived from the adenovirus major late promoter
and had the top-strand sequence 5'-GATCGGGGGCTATAAAAGGGGGTG
GG-3'. A second TATA-box oligonucleotide had the top-strand sequence 5'-
TCCTGAAGGGGGGCTATAAAAGGGGGTGGGG-3'. The mutant TATA-
box oligonucleotide had the top-strand sequence 5'-TCCTGAAGGGGGGTA
GAGAAGGGGGTGGGG-3' (the two base changes within the TATA box are
underlined). The latter two oligonucleotides were the generous gift of M. Paule
(Colorado State University, Fort Collins). A 23-bp oligonucleotide correspond-
ing in sequence to the C-box promoter element of the Xenopus somatic-type 5S
RNA gene (nucleotide positions +75 to +97 of the 120-bp gene) was used as a
nonspecific oligonucleotide. Oligonucleotides were end labeled with [y->*P]ATP
and polynucleotide kinase.

Egg extracts and protein fractions. A high-speed supernatant from unfertil-
ized Xenopus egg extracts was prepared as described previously (10) and con-
tained ~3 to 5 mg of protein per ml. The egg extract was dialyzed and subjected
to chromatography on phosphocellulose P-11 (Whatman) as described previ-
ously (29). PC-B refers to the 0.1 to 0.35 M KCl fraction (~1.6 mg of protein per
ml, containing TFIIIB and RNA pol III), and PC-C refers to the 0.35 to 0.65 M
KCl fraction (~440 wg of protein per ml, containing TFIIIC and the majority of
the RNA pol III activity). PC-C+D refers to a 0.35 to 1 M KCl fraction. Protein
fractions were dialyzed against buffer A-100, containing 20 mM N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid (HEPES; pH 7.9), 100 mM KCl, 2 mM
dithiothreitol, 0.2 mM phenylmethylsulfonyl fluoride, 0.1 mM EDTA, and 20%
(vol/vol) glycerol. One-half milliliter of the dialyzed PC-B fraction was applied to
a 1-ml Mono Q FPLC (fast protein liquid chromatography) column (Pharmacia).
The column was washed with 5 volumes of buffer A-100, and proteins were
eluted with a 20-ml linear gradient of KCI from 100 to 600 mM in buffer A.
Aliquots from the peak fractions of TFIIIB transcription activity from the Mono
Q column were pooled and concentrated by precipitation with methanol. This
TFIIIB protein fraction was then dissolved in sodium dodecyl sulfate (SDS)
sample buffer and subjected to electrophoresis on an SDS-10% polyacrylamide
gel. Prestained protein size markers (Rainbow markers; Amersham) were run on
both sides of the TFIIIB sample, and appropriate gel slices were excised on the
basis of the migration of the prestained standards. Proteins were eluted from
SDS-polyacrylamide gel slices overnight at ambient temperature as described
previously (9), with the modification that the samples (supplemented with 100 p.g
of bovine serum albumin per ml) in 6 M guanidine-HCI were diluted fivefold with
buffer A-100 and then concentrated fivefold with a Centricon 30 concentrator.
This procedure was repeated for a total of four dilution and concentration steps
to remove guanidine and to renature the proteins. Because of the addition of
bovine serum albumin, the concentration of the eluted proteins could not be
determined. However, the final volume of concentrated protein (200 pl) was
approximately the same as the starting volume of the Mono Q-purified TFIIIB
fraction prior to SDS-gel electrophoresis. TFIIIB was also purified by sequential
chromatography on phosphocellulose, DEAE-Sepharose (200 to 350 mM KCl
step, in buffer A), heparin-agarose, and Mono Q FPLC. The DEAE-Sepharose
TFIIIB fraction was diluted with an equal volume of buffer A without KCI and
applied directly to heparin-agarose without a dialysis step. The heparin-agarose
resin was washed with buffer A-100, and bound proteins were eluted with a linear
gradient of KCI from 200 to 600 mM (in buffer A). Fractions containing TFIIIB
activity were pooled and dialyzed against buffer A-100 prior to chromatography
on Mono Q FPLC as described above.
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Gel mobility shift assays. Binding reaction mixtures contained the amounts of
32P-Jabeled double-stranded oligonucleotides and protein fractions indicated in
the figure legends in a final volume of 20 pl. The buffer for the binding reactions
consisted of 20 mM HEPES (pH 7.9), 50 to 60 mM KCl, 1 mM MgCl,, 20 pM
ZnCl,, 5 mM dithiothreitol, 0.1 mM EDTA, and 12% (vol/vol) glycerol except
for analysis of the Mono Q fractions, in which case the KCI concentrations
ranged from 55 to 135 mM. Reaction mixtures generally contained 1 ng of
labeled oligonucleotide and 200 ng of pBluescript DNA (Stratagene) and were
incubated for a minimum of 20 min prior to electrophoresis on 6% polyacryl-
amide gels in 25 mM Tris—190 mM glycine (pH 8.5)-1 mM EDTA (3) at ambient
temperature (22 to 23°C). Gels measuring 20 cm (height) by 16 cm (width) by
0.75 mm (depth) were subjected to preelectrophoresis at 150 V for 2 h prior to
electrophoresis at 150 V for 2.5 to 3 h. Extent of binding was estimated either by
laser densitometry of the gel autoradiograms or by Molecular Dynamics Phos-
phorImager analysis of the dried gels. For estimation of equilibrium binding
constants, data were plotted as [bound DNA] versus [free DNA] and analyzed
with the KaleidaGraph program (Synergy Software, Reading, Pa.) for the Apple
Macintosh computer. For isolation of the TATA/PC-B protein complex, a reac-
tion mixture consisting of 100 ul of the PC-B fraction, 20 ng of the 3?P-labeled
TATA-box oligonucleotide, and 1 g of unlabeled oligonucleotide in a total
volume of 200 pl was subjected to electrophoresis in all lanes of a 1-mm-thick
gel. The protein-DNA complex was excised from the gel (with the aid of an
autoradiogram of the wet gel) and eluted into buffer A supplemented with 6 M
guanidine-HCI. After incubation with gentle rocking for 16 h at 4°C, eluted
proteins were applied to a spin column containing 100 pl of DEAE-Sepharose
A25 equilibrated in buffer A-100 plus bovine serum albumin at 100 pg/ml.
Guanidine was removed, and the bound proteins were renatured by washing the
column five times with 100-ul aliquots of buffer A-100 (without bovine serum
albumin); proteins were separated from the oligonucleotide by elution of the
protein with buffer A containing 0.36 M KCI. Fractions of 100 I were collected,
and the peak of eluted protein was identified with the Bradford assay (Bio-Rad).
The concentration of the eluted protein was too low to be accurately determined.

Transcription reactions. Reaction mixtures contained the fyrD tRNA gene of
X. laevis (32) and volumes of protein fractions indicated in the figure legends.
The reaction mixtures also contained 20 mM HEPES (pH 7.9), 65 mM KCl, 6
mM MgCl,, 2 mM dithiothreitol, 0.1 mM EDTA, 12% (vol/vol) glycerol, 10 U of
recombinant RNasin (Promega), 0.6 mM ATP, UTP, and CTP, 20 pM GTP, and
10 pCi of [a-*?P]GTP (DuPont NEN) in a final volume of 20 pl. Protein
fractions and DNA template were incubated for 20 min prior to the addition of
the labeled nucleotide. Reactions were carried out for 1 to 2 h at ambient
temperature and were terminated with a stop buffer consisting of 20 mM Tris-
HCI (pH 7.5), 1% SDS, 0.3 M sodium acetate, and 10 mM EDTA; in some
experiments, equal amounts of radiolabeled 5S RNA or a labeled DNA fragment
were added to each reaction to act as a recovery standard. RNAs were purified
by extraction with RNAzol (Tel-Test Inc., Friendswood, Tex.) and precipitation
with isopropanol and were analyzed by electrophoresis on denaturing 6% poly-
acrylamide gels (29:1 acrylamide to bisacrylamide) containing 8.3 M urea in 88
mM Tris-borate (pH 8.3)-2 mM EDTA. After electrophoresis, the gels were
dried and subjected to autoradiography with Kodak Biomax film. For quantita-
tion, dried gels were subjected to PhosphorImager analysis with a Molecular
Dynamics instrument, and the relative amounts of radioactivity in the RNA
transcripts were determined by using the Molecular Dynamics ImageQuant
software.

Cloning of Xenopus TBP, protein expression, and TAF depletion. A cDNA
expression clone for Xenopus TBP was generated by PCR amplification of the
TBP coding sequence from total DNA isolated from a Xenopus oocyte cDNA
library prepared in NZap II (Stratagene; a gift of A. Wolffe, National Institutes
of Health). The following oligonucleotides were used for amplification: 5'-GTA
CGGATCCATGGATCAAAACAACAGCATACCCC-3' and 5'-CCAGGAAT
TCCTATTACGTTGTTTTTCTGAAGCCTTTAAGG-3'. The coding regions of
these oligonucleotides were derived from the Xenopus TBP sequence deposited
in GenBank by Hashimoto et al. (11). The 5’ oligonucleotide contains an BamHI
restriction site (underlined) and initiating ATG codon (boldface), while the 3’
oligonucleotide contains an EcoRI site (underlined) and stop codons (boldface).
After digestion with BamHI and EcoRI, the PCR product was isolated after
purification on a 1.6% agarose gel and cloned in pGEX-2T (Pharmacia). Se-
quence analysis revealed two differences between two clones that we isolated and
the sequence in GenBank (11); these are at nucleotide positions 163 and 529,
which correspond to changes at amino acid positions 55 (Gln to Glu) and 177
(Met to Ile). These sequence differences could reflect either allelic or animal
variation, but the possibility that these differences are due to PCR artifacts
cannot be excluded. Protein expression was obtained in Escherichia coli
BL21(DE3) cells (Novagen) after induction for 4 h with 0.4 mM isopropylthio-
galactopyranoside (IPTG). The glutathione S-transferase fusion protein was
isolated by chromatography on glutathione-Sepharose as recommended by the
supplier (Pharmacia). TAFs and other TBP-binding proteins were depleted from
the PC-C fraction by incubation of 100 wl of PC-C with 100 pl of packed
glutathione-Sepharose (in buffer A-100) containing 25 pg of bound GST-TBP
for 30 min at 4°C. After centrifugation for 30 s in a microcentrifuge, the super-
natant was removed and designated PC-CATAFs. The BamHI-EcoRI fragment
from the TBP cDNA was also cloned in the vector pET-21a (Novagen) for
expression of a hexahistidine-tagged protein. Protein expression was in E. coli
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BL21(DE3) cells, and Hiss-TBP was purified by Ni>* -nitrilotriacetic acid-agar-
ose chromatography (Qiagen). This protein sample (1.2 to 1.5 mg of TBP per ml)
was the generous gift of P. Labhart (Scripps Research Institute). This recombi-
nant protein was active in DNA binding and supported pol III transcription in
vitro (see below). Recombinant human TBP and monoclonal antibody to human
TBP were purchased from Promega.

RESULTS

TATA-box DNA binding activity of proteins present in a
phosphocellulose fraction from a Xenopus egg extract. Previous
studies (27, 40) have documented that DNA oligonucleotides
containing the RNA pol II TATA-box promoter element will
inhibit transcription of a variety of genes that are transcribed
by RNA pol III, presumably by binding to the TBP subunit of
the RNA pol III transcription factor TFIIIB (see the introduc-
tion). These studies were performed with extracts and chro-
matographic fractions from human (40) and Acanthamoeba
(27) cells. We tested the effect of a TATA-box oligonucleotide,
derived from the sequence of the adenovirus major late pro-
moter (27), on transcription of a Xenopus tRNA™" gene in a
crude extract prepared from unfertilized Xenopus eggs. Figure
1A shows that this oligonucleotide is a potent inhibitor of class
IIT gene transcription (lanes 3 to 6). Similar to results in the
Acanthamoeba system (27), higher concentrations of a mutant
TATA-box oligonucleotide (TAGAGAA) were required for
inhibition (lanes 8 to 11). A control oligonucleotide, corre-
sponding in sequence to the binding site for TFIIIA within a 5S
RNA gene, was without effect on tRNA transcription (lanes 14
to 17). No inhibition was observed even at DNA concentra-
tions 10-fold higher than those found to inhibit transcription
with the TATA-box oligonucleotide (lanes 16 and 17). A quan-
titative comparison of the effects of the wild-type and mutant
TATA-box oligonucleotides on tRNA transcription is shown in
Fig. 1B. Approximately threefold-higher concentrations of mu-
tant oligonucleotide are required for levels of inhibition similar
to those obtained with the wild-type oligonucleotide.

On the basis of these results, we tested the TATA-box DNA
binding activity of TFIIIB with a gel mobility shift assay using
the radiolabeled TATA-box oligonucleotide (Fig. 2A). A sin-
gle protein-DNA complex is observed with this DNA probe
and either the unfractionated extract isolated from unfertilized
Xenopus eggs (lanes 2 and 3) or the PC-B fraction (lanes 4 and
5) isolated from this extract. We will refer to this complex as
the TATA/PC-B protein complex. The proteins that generate
this complex either are absent from or are present in vastly
reduced concentration in the PC-C fraction (lane 6). Similarly,
the TATA/PC-B protein complex is not observed with a PC-
C+D fraction (data not shown). To assess whether TBP is a
component of this complex, we tested the effect of a monoclo-
nal antibody to human TBP on the formation and mobility of
the complex. This antibody blocks the formation of the com-
plex if PC-B proteins and antibody are incubated prior to the
addition of the DNA probe (Fig. 2B, lane 3); however, the
antibody has no effect on the formation or mobility of the
complex if added after incubation of protein and DNA (lane
2). Nonspecific antibodies (antiactin) and preimmune rabbit
serum do not block the formation of the TATA/PC-B protein
complex (data not shown). Further, preincubation of the anti-
body and recombinant human TBP prior to the addition of the
PC-B fraction prevents the inhibitory effect of this antibody on
the formation of the TATA/PC-B complex (data not shown).
Thus, TBP is a component of this protein-DNA complex.
These results also suggest that the epitope(s) recognized by the
antibody is not exposed in the protein-DNA complex. Using
the Tris-glycine-EDTA gel system (3), we find that recombi-
nant TBP (rTBP) alone does not generate a stable protein-
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FIG. 1. Inhibition of tRNA transcription with a TATA-box DNA oligonu-
cleotide. (A) Aliquots of 2.5 pl of an unfertilized egg extract were incubated with
the amounts of oligonucleotide indicated below for 30 min at 22°C prior to the
addition of a tRNA gene template and labeled and unlabeled nucleotides as
described in Materials and Methods. Transcription reactions were terminated
after 1 h, and equivalent aliquots of radiolabeled 5S RNA were added to each
reaction to act as a recovery marker (RM; lanes 1, 7, and 12). The reactions
shown in lanes 1 to 11 and 12 to 17 were from different experiments. Control
reactions, without added oligonucleotide, are shown in lanes 2 and 13. Wild-type
TATAAA oligonucleotide was added to the reactions of lanes 3 to 6, and mutant
TAGAGA oligonucleotide was added to the reactions of lanes 8 to 11: 5 ng (0.24
pmol), lanes 3 and 8; 10 ng (0.49 pmol), lanes 4 and 9; 20 ng (0.98 pmol), lanes
5 and 10; 30 ng (1.5 pmol), lanes 6 and 11. A C-box 5S gene oligonucleotide was
added to the reactions of lanes 14 to 17: 30 ng (2 pmol), lane 14; 100 ng (6.6
pmol), lane 15; 200 ng (13 pmol), lane 16; 300 ng (20 pmol), lane 17. Oligonu-
cleotide sequences are given in Materials and Methods. (B) Quantitation of
inhibition data. The relative tRNA transcription (corrected for the 55 RNA
recovery marker) at each oligonucleotide concentration was determined by Phos-
phorImager analysis of the dried gel. Data are shown for the wild-type TATAAA
oligonucleotide (circles) and for the mutant TAGAGA oligonucleotide (trian-
gles).

DNA complex (assaying up to a 90-fold molar excess of rTBP
[data not shown, but see Fig. 6C]); however, a stable TBP-
TATA-box oligonucleotide complex is observed with both re-
combinant human and Xenopus TBP in a Mg-containing gel
system (data not shown). In combination, these observations
indicate that the TATA/PC-B complex contains TBP and as-
sociated polypeptides.

We next tested the specificity of this complex for the TATA-
box DNA sequence by competition with either a wild-type
(TATAAAA) or a mutant (TAGAGAA) oligonucleotide (Fig.
3A). Fifty percent reduction in binding was observed with a
~2.5-fold molar excess of unlabeled wild-type competitor
DNA in the reaction mixture, while a ~16-fold molar excess of
unlabeled mutant oligonucleotide was required to observe a
similar 50% reduction in binding (Fig. 3B). This finding sug-
gests that the proteins that generate the TATA/PC-B protein
complex have a ~6-fold-higher affinity for the wild-type over
the mutant sequence. This difference in affinity is also similar
(within a factor of 2 to the relative inhibitory effects of these
same wild-type and mutant TATA-box oligonucleotides on
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FIG. 2. Formation of a protein-DNA complex with a TATA-box oligonucle-
otide and proteins present in the PC-B fraction isolated from a Xenopus egg
extract. (A) Each reaction mixture contained 1 ng of the 3?P-labeled double-
stranded TATA-box oligonucleotide and other reaction components as de-
scribed in Materials and Methods, plus the following additions: lane 1, DNA
alone; lane 2, 0.5 pl of egg extract (ext.); lane 3, 1 pl of egg extract; lane 4, 0.5
wl of PC-B fraction; lane 5, 1 pl of PC-B fraction; lane 6, 1 wl of PC-C fraction.
(B) Antibody to TBP blocks formation of the TATA/PC-B protein complex.
Each reaction mixture contained 1 ng of the labeled TATA-box oligonucleotide
and, where indicated at the top, 1 pl of the PC-B fraction and/or 1 pl of
anti-human TBP monoclonal antibody (Ab; 0.18 mg/ml; Promega). In the reac-
tion of lane 2, antibody was added 20 min after addition of PC-B, while in the
reaction of lane 3, antibody and PC-B proteins were incubated for 20 min prior
to the addition of DNA. Samples were subjected to electrophoresis after an
additional 20-min incubation.

RNA pol III gene transcription (Fig. 1B and reference 27) and
the relative effects of mutations at these positions on RNA pol
II transcription (31). An ~80-fold mass excess of nonspecific
plasmid DNA was required for 50% reduction in binding,
suggesting a ~30-fold preference for the TATA sequence over
nonspecific DNA.

The TATA-box binding activity in PC-B corresponds to
TFIIIB. Since human PC-B fractions contain both TFIIIB and
B-TFIID, two complexes that contain TBP (26), we subjected
the PC-B fraction to chromatography on Mono Q FPLC to
determine whether the TATA-box DNA binding activity and
TFIIIB transcriptional activity reside in the same complex.
Mono Q chromatography has been used previously in the pu-
rification of TFIIIB (5, 23, 27) and readily separates human
TFIIIB from B-TFIID (26). Figure 4A shows the results of a
TATA-box gel mobility shift assay with the input PC-B fraction
and the fractions from the Mono Q column, and Fig. 4B shows
the results of a tRNA gene transcription experiment with the
input PC-B fraction and these same Mono Q fractions. In the
transcription experiment, TFIIIC and RNA pol III activities
were supplied by the PC-C fraction, which absolutely requires
TFIIIB for activity (Fig. 5, lanes 1 and 2). Clearly, both the gel
shift and TFIIIB transcriptional activities coelute from the
resin in the same fractions, with the peak of both activities in
fraction 16 (corresponding to elution at 300 to 400 mM KCl, in
agreement with previous studies [5, 8, 23, 27]). This experiment
suggests that the gel shift activity does not correspond to B-
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FIG. 3. Competition of the TATA/PC-B protein complex with specific, mu-
tant TATA-box DNA and nonspecific DNAs. Each reaction mixture contained
0.6 ng (lanes 1 to 13) or 1 ng (lanes 14 to 17) of the labeled oligonucleotide, 1 .l
of the PC-B fraction, and either no competitor (lanes 1 and 14) or the following
competitor DNAs: lanes 2 to 7, 0.6, 1.5, 3, 6, 15, and 30 ng of the wild-type
TATAAA oligonucleotide, respectively; lanes 8 to 13, 0.6, 1.5, 3, 6, 15, and 30 ng
of a mutant TAGAGA oligonucleotide, respectively; lanes 15 to 17, 20, 50, 100,
and 200 ng of pBluescript SK+ DNA (Stratagene). In panel A, the portion of the
autoradiogram containing the protein-DNA complex is shown, and a graphical
representation of the data is shown in panel B. Lanes 1 to 13 and 14 to 17 were
from separate experiments. Additional data, not shown in panel A, are included
in the graphical treatment shown in panel B. Circles indicate competition with
the wild-type oligonucleotide, triangles indicate competition with the mutant
TAGAGA oligonucleotide, and squares denote competition with plasmid DNA.

TFIID, since human B-TFIID has been reported to elute from
Mono Q at a lower KCI concentration (150 mM) than TFIIIB
(26); however, we have no data on the chromatographic prop-
erties of B-TFIID from X. laevis. Additionally, the TATA-box
DNA-protein complex was found to cofractionate with TFIIIB
during sequential chromatography on four ion-exchange resins
(phosphocellulose, DEAE-Sepharose, heparin-agarose, and
Mono Q FPLC [data not shown]).

To demonstrate further that the TATA/PC-B protein com-
plex corresponds to TFIIIB, we eluted this complex from the
nondenaturing gel and tested the transcriptional activity of the
eluted proteins (separated from the oligonucleotide by chro-
matography on DEAE-Sepharose A25) in combination with
TFIIIC and RNA pol IIT (provided by the PC-C fraction). In
this experiment, the TATA/PC-B complex was isolated from a
scaled-up reaction in which 1 pg of double-stranded TATA-
box oligonucleotide was incubated with 200 pl of PC-B and
subjected to electrophoresis in all lanes of a nondenaturing gel.
The relative migration of the TATA/PC-B complex was the
same for this reaction as for standard reaction conditions con-
taining 1 ng of TATA oligonucleotide and a 200-fold mass
excess of nonspecific competitor DNA (Fig. 2). In preliminary
experiments, we found that the PC-C fraction supplemented
with recombinant Xenopus TBP (rX-TBP) gave a low level of
pol III gene transcription (Fig. 5, lane 3), suggesting that the
PC-C fraction contains a low level of pol III TAF activity. To
assay the gel-purified proteins, the PC-C fraction was depleted
of TAF activity by TBP affinity chromatography using a gluta-
thione S-transferase—TBP fusion protein bound to glutathione-
Sepharose (as described in Materials and Methods). This TAF-



VoL. 16, 1996

A.

ONA Pc8 9 10 11 12 13 14 15 16 17 18 19 20 21

B. i
'l ! ! !' ' -tRNA

pc8 9 10 11 12 13 14 15 16 17 18 19 20 21
MONO Q FRACTION

FIG. 4. Cofractionation of the TATA/PC-B protein complex with TFIIIB
activity by chromatography on Mono Q FPLC. In panel A, 5-ul aliquots of each
of the indicated Mono Q fractions were incubated with 1 ng of the 3?P-labeled
TATA-box oligonucleotide (in 20-pl reactions), and formation of protein-DNA
complexes was analyzed on a nondenaturing polyacrylamide gel. The lane
marked DNA did not contain protein, and the reaction of the lane marked PC-B
contained 1 pl of the PC-B fraction. In panel B, TFIIIB transcriptional activity
was analyzed with 300 ng of the fyrD tRNA gene plasmid DNA, 8 ul of PC-C
(containing TFIIIC and RNA pol IIT), and either 3 wl of PC-B or 3-ul aliquots
of the indicated Mono Q fractions. Other reaction components and conditions
were as described in Materials and Methods. The position of tRNA is shown at
the right.

depleted PC-C (PC-CATAF) supplemented individually with
either rX-TBP (lane 7) or the eluted proteins (lane 8) did not
support tRNA gene transcription; however, in combination,
the eluted proteins, rX-TBP, and PC-CATAF supported
~12% of the level of tRNA transcription as did PC-B plus
PC-CATAF (lane 9). These data demonstrate that the TATA/
PC-B protein complex contains the TFIIIB TAF activity. The
requirement for exogenous TBP suggests that TBP either was
not recovered from the nondenaturing gel or was inactivated

PC-C PC-CATAFs
PCB  rTBP - PCB (TBP eluate eluate
RM +r1BP  RM

- T p——— --‘/ -55 ANA
‘. 5 e - RNA
~ —

1 2 3 4 5 6 7 8 9 10

FIG. 5. The TATA/PC-B protein complex contains TFIIIB TAFs. Transcrip-
tion reaction mixtures contained 320 ng of the fyrD tRNA gene plasmid DNA, 10
wl of PC-C (lanes 1 to 3), or 10 pl of PC-CATAF (lanes 5 to 9), other reaction
components, and either no additions (lanes 1 and 5) or the following: lanes 2 and
6, 5 pl of PC-B; lanes 3, 7, and 9, 1 pl (120 ng) of rX-TBP; lanes 8 and 9, 5 pl
of proteins eluted from the TATA/PC-B protein complex. After termination of
the reactions, equivalent aliquots of a radiolabeled 5S RNA transcript were
added to each of the reactions to serve as a recovery marker (RM). Lanes 4 and
10 contained only 5S RNA. The positions of the 5S and tRNAs are indicated.
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by the elution and purification protocols that we used. Consis-
tent with this observation, a silver-stained SDS-polyacrylamide
gel of the eluted proteins failed to reveal a polypeptide at the
expected position for Xenopus TBP (33 kDa [Fig. 6A, lane 1]).
A 33-kDa polypeptide was observed when the TATA/PC-B
complex was eluted from the nondenaturing gel with a buffer
containing 1% SDS (not shown). Three major bands corre-
sponding to polypeptides with apparent molecular masses of
65, 75, and 92 kDa were present in the eluted protein fraction.
Other minor components were also present in the eluted pro-
tein fraction. The 65-kDa polypeptide was also observed when
PC-B proteins were subjected to electrophoresis in the absence
of the TATA-box oligonucleotide and a gel slice was taken
from the nondenaturing gel at the position of the TATA/PC-B
complex (data not shown); however, neither the 75- nor the
92-kDa polypeptide was observed in the absence of the TATA-
box oligonucleotide. Densitometry of the silver-stained gel sug-
gests that these two polypeptides are present in stoichiometric
amounts (assuming equivalent silver staining of the two
polypeptides on a molar basis), suggesting a 1:1 molar ratio of
these polypeptides in TFIIIB.

Renaturation of TFIIIB TAF activity of Mono Q-purified
TFIIIB subjected to SDS-gel electrophoresis. The peak frac-
tions containing TFIIIB transcriptional activity and TATA-box
DNA binding activity from the Mono Q column (Fig. 4) were
pooled, and the proteins in these fractions were precipitated
and subjected to SDS-gel electrophoresis. Prestained molecu-
lar weight markers were run along side the TFIIIB protein
fraction, and slices from the gel were excised at the expected
positions of the 65-, 75-, and 92-kDa polypeptides that were
observed in the TATA-box gel shift complex. Figure 6A (lane
2) shows the silver stain of this Mono Q-purified TFIIIB.
Polypeptides were eluted from the SDS-gel and renatured
from 6 M guanidine as described by Hager and Burgess (9),
with the modifications noted in Materials and Methods. Ali-
quots of the renatured proteins were tested both individually
and in combination for the ability to support tRNA transcrip-
tion with rX-TBP and the PC-CATAF fraction (as a source of
TFIIC and RNA pol III). As before, neither PC-CATAF
alone nor PC-CATAF supplemented with rX-TBP supports
accurate tRNA transcription (Fig. 6B, lanes 1 and 2); however,
a nonspecific transcript is observed when the reaction is sup-
plemented with rX-TBP (lane 2; band above the recovery
marker). Addition of PC-B proteins to the PC-CATAF fraction
results in active transcription of the tRNA™* gene (lane 3).
None of the eluted and renatured proteins tested individually
supported tRNA transcription (lanes 4 to 6); only the combi-
nation of the polypeptides from the 75- and 92-kDa gel slices
or the mixture of polypeptides eluted from all three gel slices
(lanes 9 and 10, respectively) supported tRNA transcription.
These eluted proteins in combination with TBP and the PC-
CATAF fraction supported ~10% of the level of tRNA tran-
scription as did the PC-B fraction. Consistent with the artifac-
tual comigration of the 65-kDa polypeptide with the TATA/
PC-B complex, the protein fraction containing this polypeptide
is not required for specific tRNA transcription. These data
suggest that Xenopus TFIIIB is composed of TBP and two
polypeptides with apparent molecular masses of 75 and 92
kDa.

We next tested whether the eluted and renatured polypep-
tides could reconstitute the TATA-box gel shift complex when
supplemented with rX-TBP. The fractions containing the 65,
75-, and 92-kDa polypeptides were tested individually and in
combination for gel shift activity (Fig. 6C). In the Tris-glycine-
EDTA gel system, a 60-fold molar excess of rX-TBP does not
yield a stable complex with the TATA-box oligonucleotide
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FIG. 6. Identification of TFIIIB TAFs. (A) SDS-gel electrophoresis and silver staining of polypeptides eluted from the TATA/PC-B gel shift complex (lane 1) and
Mono Q-purified TFIIIB (lane 2). The positions of prestained protein standards are shown at the left, and the centers of the positions of the gel slices taken for elution
and renaturation are indicated at the right. Each gel slice was approximately 0.5 cm from a 12 cm-long gel. (B) Reconstituted transcription reaction mixtures containing
the tRNA™DT gene (200 ng per reaction) and 7.5 ul of the PC-CATAF fraction were incubated for 30 min prior to the addition of rX-TBP (120 ng), 7.5 ul of PC-B,
or 2.5-ul aliquots of the eluted and renatured protein fractions as indicated. Reaction mixtures were incubated for an additional 30 min prior to the addition of
nucleotides. Reactions were supplemented where necessary with buffer to a final volume of 20 wl. The reactions were terminated after a 2-h incubation, and aliquots
of a radiolabeled 474-bp DNA restriction fragment were added to each of the reactions to serve as a recovery marker (RM). The position of the tRNA transcript is
indicated. (C) Reconstitution of gel shift activity. Each 20-pl binding reaction mixture contained 1 ng of the radiolabeled TATA-box oligonucleotide, 100 ng of vector
DNA, and, where indicated, 120 ng of rX-TBP and 5-pl aliquots of the indicated eluted and renatured protein fractions or 1 pl of the PC-B fraction. Most of the region

of the gel containing the free DNA probe is not shown.

(lane 3). None of the individual eluted protein fractions along
with rX-TBP reconstituted TATA-box DNA binding activity;
however, the mixture of all three protein fractions and TBP
(lane 10) or just the 75- and 92-kDa fractions and TBP (lane 8)
reconstituted DNA binding activity at approximately 5 to 10%
of the activity of the PC-B fraction. As found for reconstitution
of TFIIIB transcription activity, the 65-kDa protein fraction
was not necessary for reconstitution of gel shift activity. The
mixture of TBP and the 75-kDa protein fraction yielded a
minor protein-DNA complex of higher mobility than the
TATA/PC-B complex, suggesting that the 75-kDa polypeptide
might form a low-affinity complex with TBP in the absence of
the 92-kDa polypeptide.

Apparent dissociation constant and stability of the TATA/
PC-B protein complex. The apparent dissociation constant for
the formation of the TATA-TFIIIB protein complex was de-
termined in the gel mobility shift assay by DNA titration with
a constant amount of Mono Q-purified TFIIIB in each reac-
tion (Fig. 7). Under the conditions of this experiment, maxi-
mum complex formation is observed within 10 min of incu-
bation (data not shown). Protein-DNA complexes were
incubated for a sufficient time prior to gel electrophoresis (30
min) to ensure that the reactions had reached equilibrium. For
determination of an apparent dissociation constant, data were
obtained over a range of DNA concentrations spanning 2 log
units (0.075 to 6 nM). The relative amounts of bound and free
DNA for each input DNA concentration were determined by
PhosphorImager analysis of the gel, and Fig. 7 shows a graph-
ical representation of this data, where [bound DNA] is plotted
versus [free DNA] and the apparent dissociation constant was

obtained by using a quadratic fit to a single-component binding
equation. This analysis yields a dissociation constant of 0.34 =
0.07 nM. Similar values for the apparent dissociation constant
were obtained in binding experiments performed either with or
without nonspecific competitor DNA (plasmid DNA). This
equilibrium dissociation constant is similar to the kinetic dis-
sociation constant (0.3 nM) measured for the interaction of
recombinant yeast TBP with the same TATA-box sequence (at
60 mM KCI [14]). In agreement with previous studies with
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FIG. 7. Determination of the apparent dissociation constant for formation of
the TATA-TFIIIB complex by DNA titration. Binding reaction mixtures were
incubated for 30 min prior to analysis by gel electrophoresis and contained 0.25
wl of the Mono Q TFIIIB fraction and the following final concentrations of the
32P-labeled double-stranded TATA-box oligonucleotide in a 20-wl volume:
0.075, 0.15, 0.45, 0.6, 0.75, 0.9, 1.05, 1.5, 3, and 6 nM. Quantitation of bound and
free oligonucleotide in each reaction was by PhosphorImager analysis of the
nondenaturing polyacrylamide gel. The concentration of bound DNA is plotted
against the concentration of free DNA for each reaction.
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yeast TFIIIB (15), once the TATA/PC-B protein complex has
been formed, it is highly resistant to dissociation. Negligible
dissociation of the complex is observed upon competition with
a 100-fold excess of unlabeled oligonucleotide for up to 2 h
prior to electrophoresis (data not shown). In contrast, the
recombinant yeast TBP-TATA-box DNA complex dissociates
in solution with a half-life of between 65 to 100 min (depending
on the KCl concentration in the reaction [14]).

DISCUSSION

Previous studies have shown that TATA-box DNA oligonu-
cleotides inhibit pol III transcription in vitro, using extracts and
protein fractions from either human or Acanthamoeba cells
(27, 40). This same TATA-box sequence is also inhibitory to
transcription of a tRNA gene as assayed with an unfraction-
ated extract from Xenopus eggs (Fig. 1). Further, we have
shown that a TATA-box DNA-Sepharose resin will retain
TFIIIB activity (8). Thus, it was reasonable to suspect that the
TBP subunit of TFIIIB would be available to bind a TATA-box
element and give rise to a stable protein-DNA complex that
could be resolved by nondenaturing gel electrophoresis. A
previous report from this laboratory demonstrated the cofrac-
tionation of TFIIIB transcriptional activity and TATA-box
DNA binding activity on Mono Q FPLC (8); however, it was
not determined in that study whether the gel mobility shift
activity was due to TFIIIB, to free TBP, or to other TBP-
containing complexes. The present report provides evidence
that this protein-DNA complex corresponds to TFIIIB. It is
conceivable that the TATA-box DNA binding activity of ver-
tebrate TFIIIB that we describe does not reflect an activity
utilized in vivo since TATA-containing pol III genes (such as
the U6 small nuclear RNA gene) require other upstream bind-
ing factors for transcription (28, 43). However, a recent report
has shown that Drosophila pol 111 can transcribe artificial DNA
templates containing only TATA elements and the initiation
sites derived from small nuclear RNA genes (35). Pol III must
be recruited to these templates by a TBP-TFIIIB complex
since these DNA constructs lacked all other pol III promoter
elements.

Several lines of evidence indicate that the TATA/PC-B pro-
tein complex that we have identified by gel mobility shift assay
contains TBP and that this complex corresponds to TFIIIB,
rather than to free TBP or to other TBP-containing complexes.
First, an antibody to TBP will block the formation of the
complex if the antibody and PC-B proteins are incubated to-
gether prior to the addition of the TATA-box oligonucleotide
(Fig. 2B), and prebinding of TBP to the antibody will reverse
the inhibitory effect of the antibody. These results show that
TBP is indeed part of this complex. Once the TATA/PC-B
protein complex is formed, however, this antibody is without
effect on either the abundance or the mobility of the complex.
This finding suggests that the TBP epitope(s) recognized by
this monoclonal antibody is masked either by the DNA, by
conformational changes in TBP within the protein-DNA com-
plex, or by other components of the complex. Second, the
specificity of the complex for the TATA element was estab-
lished by competition with wild-type (TATAAAA) and mutant
(TAGAGAA) oligonucleotides (Fig. 3). The results of this
experiment established a ~6-fold preference for the wild-type
over the mutant sequence and a ~30-fold preference over
nonspecific plasmid DNA. These relative affinities are similar,
within a factor of 2 to the affinities of Acanthamoeba and
Xenopus TBP for the same sequences as measured by inhibi-
tion of pol III transcription (Fig. 1B and reference 27). Third,
the apparent dissociation constant for formation of the TATA/
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PC-B protein complex is similar to that observed for the inter-
action of recombinant yeast TBP with the same TATA element
(14). The finding that rTBP alone will not generate a stable
protein-DNA complex with the Tris-glycine-EDTA gel system
(3) suggests that the TATA/PC-B complex contains polypep-
tides in addition to TBP. These polypeptides must confer com-
plex stability in this gel system. Additionally, the TATA/PC-B
complex, once formed, is far more stable in solution than the
rTBP-TATA complex. The half-life of the rTBP complex has
been reported to be 60 to 100 min (14), while we observe no
dissociation of the TATA/PC-B complex over this time period
(data not shown). This stability is similar to that reported for
yeast TFIIIB bound to class III genes (15).

Several lines of evidence document that the TATA/PC-B
complex corresponds to TFIIIB rather than to other TBP-
containing complexes, such as the pol II factor TFIID or B-
TFIID, or to the pol I factor SL1 or the U6 small nuclear RNA
gene-specific factor PTF or SNAPc (reviewed in reference 13).
First, the TATA/PC-B complex is most abundant in the PC-B
fraction that contains TFIIIB and B-TFIID (Fig. 2A). TFIID
and SL1 are most abundant in the PC-D fraction (0.6 to 1 M
KCl), while SNAPc is most abundant in the PC-C (0.35 to 0.6
M KCl) fraction (13, 28). Human TFIIIB and B-TFIID can be
separated by chromatography of PC-B proteins on Mono Q
FPLC, where B-TFIID elutes from the resin at 0.15 M KCl
while TFIIIB elutes at 0.3 to 0.4 M KCI (26, 36). We find that
both the Xenopus TATA/PC-B gel shift activity and TFIIIB
transcriptional activity coelute from the Mono Q resin between
0.3 and 0.4 M KCI (Fig. 4). The TATA-box DNA binding
activity that we describe cofractionates with TFIIIB during
chromatography on four ion-exchange resins. Further, TFIIIB
TAF activity has been recovered from the TATA/PC-B com-
plex eluted from the nondenaturing polyacrylamide gel (Fig.
5). TBP activity is not recovered from the complex with our
isolation and renaturation protocol, and recombinant TBP was
needed to observe TFIIIB transcriptional activity. No polypep-
tide of the expected molecular mass of Xenopus TBP (33 kDa)
was observed in a silver-stained SDS-polyacrylamide gel of the
eluted proteins; however, a polypeptide corresponding to 33
kDa was observed when proteins were eluted from the TATA/
PC-B complex with a buffer containing SDS.

SDS-gel electrophoresis and silver staining of the polypep-
tides present in the TATA/PC-B gel shift complex revealed two
major specific polypeptides with apparent molecular masses of
75 and 92 kDa (Fig. 6A). A 65-kDa polypeptide was also
recovered from the nondenaturing gel at the position of the
TATA/PC-B complex when PC-B proteins were subjected to
electrophoresis either in the presence or in the absence of the
TATA-box oligonucleotide, showing that this polypeptide is
not a TFIIIB subunit. Densitometry of the silver-stained gel
revealed that the 75- and 92-kDa polypeptides are present in
approximately equal molar ratios (assuming equivalent silver
staining of each polypeptide), suggesting that they are present
in a 1:1 stoichiometry in the TATA/PC-B complex. It is evident
that the latter two polypeptides are TFIIIB TAFs from the
experiment in which Mono Q-purified TFIIIB was subjected to
SDS-gel electrophoresis and polypeptides were eluted from gel
slices corresponding to the expected migration positions for
these polypeptides. These polypeptides were renatured by us-
ing a modification of the method of Hager and Burgess (9) and
then tested for transcriptional activity in combination with
rX-TBP, TFIIIC, and pol III (provided by a TAF-depleted
PC-C fraction). The protein fractions containing the 75- and
92-kDa polypeptides were sufficient to support tRNA tran-
scription in this reconstituted system (Fig. 6B) and were suffi-
cient, along with rX-TBP, to reconstitute TATA-box DNA
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binding activity in the Tris-glycine-EDTA gel system (Fig. 6C).
We conclude that Xenopus TFIIIB contains, minimally, TBP
and these 75- and 92-kDa polypeptides. Since previous studies
have indicated that TFIIIB consists of polypeptides that are
both tightly and loosely associated with TBP (33, 36), we do
not know whether the TATA/PC-B complex contains the full
complement of TFIIIB polypeptides or only the tightly bound
TAF(s). Other TFIIIB components could have been provided
by the PC-C fraction used in the transcription assays. None-
theless, our experiments provide evidence that the TATA/
PC-B complex corresponds to TBP and two tightly bound
TFIIIB TAFs with apparent molecular masses of 75 and 92
kDa.

Previous studies have identified TBP-associated polypep-
tides in the PC-B fraction by immunoprecipitation with anti-
body to TBP (5, 23, 33). Polypeptides of 190, 87, and 60 kDa
(5), 150, 82, and 54 kDa (23), and 172 kDa (33) were identified.
The large polypeptide identified in each of these studies likely
corresponds to a B-TFIID TAF since it can be separated from
TFIIIB by methods that separate TFIIIB from B-TFIID (36).
Similarly, we do not observe a high-molecular-weight TAF in
the TATA/PC-B gel shift complex. The 92-kDa polypeptide
that we observe in the TATA/PC-B complex most likely cor-
responds to human TFIIIB90, recently cloned by Wang and
Roeder (36). These authors found that the immunopurified
92-kDa polypeptide or the recombinant TFIIIB90 polypeptide
and TBP were sufficient to reconstitute TFIIIB activity when
assayed with TFIIIC and RNA pol III (provided by a conven-
tional PC-C fraction), while we find that both the 75- and
92-kDa polypeptides along with TBP are needed to reconsti-
tute TFIIIB activity. One likely explanation for this difference
is that we depleted our TFIIIC fraction of TBP-binding pro-
teins prior to assaying for TFIIIB activity. If human TFIIIB
contains multiple TAFs, the TFIIIC fraction used by Wang and
Roeder could have provided the loosely associated TAFs (33).
Indeed, Wang and Roeder noted that additional factors were
needed for TFIIIB activity when the TBP-TFIIIB90 complex
was assayed with highly purified TFIIIC and pol III (36). Al-
ternatively, the polypeptide compositions of Xenopus and hu-
man TFIIIB could differ. A 67-kDa human TFIIIB TAF has
also been described (5, 36). Cloning and expression of the
Xenopus TFIIIB TAFs will be needed to unambiguously define
the subunits of TFIIIB and will provide needed reagents for
future studies on the regulation of TFIIIB activity during dif-
ferentiation and the cell cycle (8, 34, 39, 41).

ACKNOWLEDGMENTS

This work was supported by Public Health Service grant GM26453
awarded by the National Institute of General Medical Sciences.

We thank G. Kassavetis, P. Geiduschek, M. Paule, and J. Nyborg for
numerous discussions of this work and P. Labhart for preparation of
Xenopus TBP.

REFERENCES

1. Bartholomew, B., G. A. Kassavetis, B. R. Braun, and E. P. Geiduschek. 1990.
The subunit structure of Saccharomyces cerevisiae transcription factor ITIC
probed with a novel photo-crosslinking reagent. EMBO J. 9:2197-2205.

2. Bartholomew, B., G. A. Kassavetis, and E. P. Geiduschek. 1991. Two com-
ponents of Saccharomyces cerevisiae TFIIIB are stereospecifically located
upstream of a tRNA gene and interact with the second largest subunit of
TFIIIC. Mol. Cell. Biol. 11:5181-5189.

3. Buratowski, S., S. Hahn, L. Guarente, and P. A. Sharp. 1989. Five interme-
diate complexes in transcription initiation by RNA polymerase II. Cell 56:
549-561.

4. Buratowski, S., and H. Zhou. 1992. A suppressor of TBP mutations encodes
an RNA polymerase III transcription factor with homology to TFIIB. Cell
71:221-230.

5. Chiang, C.-M., H. Ge, Z. Wang, A. Hoffmann, and R. G. Roeder. 1993.
Unique TATA-binding protein-containing complexes and cofactors involved

MoL. CELL. BIOL.

in transcription by RNA polymerases II and III. EMBO J. 12:2749-2762.

6. Colbert, T., and S. Hahn. 1992. A yeast TFIIB-related factor involved in

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

RNA polymerase III transcription. Genes Dev. 6:1940-1949.

. Geiduschek, E. P., and G. A. Kassavetis. 1992. RNA polymerase III tran-

scription complexes, p. 247-280. In S. McKnight and K. Yamamoto (ed.),
Transcription regulation. Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, N.Y.

. Gottesfeld, J. M., V. J. Wolf, T. Dang, D. J. Forbes, and P. Hartl. 1994.

Mitotic repression of RNA polymerase III transcription in vitro mediated by
phosphorylation of a TFIIIB component. Science 263:81-84.

. Hager, D. A, and R. R. Burgess. 1980. Elution of proteins from sodium

dodecyl sulfate-polyacrylamide gels, removal of sodium dodecyl sulfate, and
renaturation of enzymatic activity: results with sigma subunit of Escherichia
coli RNA polymerase, wheat germ DNA topoisomerase and other enzymes.
Anal. Biochem. 109:76-86.

Hartl, P., J. M. Gottesfeld, and D. J. Forbes. 1993. Mitotic repression of
transcription in vitro. J. Cell Biol. 120:613-624.

Hashimoto, S., H. Fujita, S. Hasegawa, R. G. Roeder, and M. Horikoshi.
1992. Conserved structural motifs within the N terminal domain of TFIIDtau
from Xenopus, mouse and human. Nucleic Acids Res. 20:3788.

Henry, R. W., C. L. Sadowski, R. Kobayashi, and N. Hernandez. 1995. A
TBP-TAF complex required for transcription of human snRNA genes by
RNA polymerases IT and III. Nature (London) 374:653-656.

Hernandez, N. 1993. TBP, a universal eukaryotic transcription factor? Genes
Dev. 7:1291-1308.

Hoopes, B. C., J. F. LeBlanc, and D. K. Hawley. 1992. Kinetic analysis of
yeast TFIID-TATA box complex formation suggests a multi-step pathway.
J. Biol. Chem. 267:11539-11547.

Kassavetis, G. A., B. R. Braun, L. H. Nguyen, and E. P. Geiduschek. 1990. S.
cerevisiae TFIIIB is the transcription initiation factor proper of RNA poly-
merase I1I, while TFIITA and TFIIIC are assembly factors. Cell 60:235-245.
Kassavetis, G. A., C. A. P. Joazeiro, M. Pisano, E. P. Geiduschek, T. Colbert,
S. Hahn, and J. A. Blanco. 1992. The role of the TATA-binding protein in
the assembly and function of the multisubunit yeast RNA polymerase III
transcription factor, TFIIIB. Cell 71:1055-1064.

Kassavetis, G. A., S. T. Nguyen, R. Kobayashi, A. Kumar, E. P. Geiduschek,
and M. Pisano. 1995. Cloning, expression, and function of TFCS5, the gene
encoding the B” component of the Saccharomyces cerevisiae RNA polymer-
ase III transcription factor TFIIIB. Proc. Natl. Acad. Sci. USA 92:9786—
9760.

Khoo, B., B. Brophy, and S. Jackson. 1994. Conserved functional domains of
the RNA polymerase III general transcription factor BRF. Genes Dev.
8:2879-2890.

Kovelman, R., and R. G. Roeder. 1992. Purification and characterization of
two forms of human transcription factor IIIC. J. Biol. Chem. 267:24446—
24456.

Lagna, G., R. Kovelman, J. Sukegawa, and R. G. Roeder. 1994. Cloning and
characterization of an evolutionary divergent DNA-binding subunit of mam-
malian TFIIIC. Mol. Cell. Biol. 14:3053-3064.

L’Etoile, N. D., M. L. Fahnestock, Y. Shen, R. Aebersold, and A. J. Berk.
1994. Human transcription factor IIIC box B binding subunit. Proc. Natl.
Acad. Sci. USA 91:1652-1656.

Leveillard, T., G. A. Kassavetis, and E. P. Geiduschek. 1993. Repression and
redirection of Saccharomyces cerevisiae tRNA synthesis from upstream of the
transcriptional start site. J. Biol. Chem. 268:3594-3603.

Lobo, S. M., M. Tanaka, M. L. Sullivan, and M. Hernandez. 1992. A TBP
complex essential for transcription from TATA-less but not TATA-contain-
ing RNA polymerase III promoters is part of the TFIIIB fraction. Cell
71:1029-1040.

Lopez-de-Leon, A., M. Librizzi, K. Puglia, and 1. M. Willis. 1992. PCF4
encodes an RNA polymerase III transcription factor with homology to
TFIIB. Cell 71:211-220.

McBryant, S. J., G. A. Kassavetis, and J. Gottesfeld. 1995. Repression of
vertebrate RNA polymerase III transcription by DNA binding proteins lo-
cated upstream from the transcription start site. J. Mol. Biol. 250:315-326.
Meyers, R. E., and P. A. Sharp. 1993. TATA-binding protein and associated
factors in polymerase II and polymerase III transcription. Mol. Cell. Biol.
13:7953-7960.

Radebaugh, C. A., J. L. Matthews, G. K. Geiss, F. Liu, J. Wong, E. Bateman,
S. Camier, A. Sentenac, and M. R. Paule. 1994. TATA box-binding protein
(TBP) is a constituent of the polymerase I-specific transcription initiation
factor TIF-IB (SL1) bound to the rRNA promoter and shows differential
sensitivity to TBP-directed reagents in polymerase I, II, and III transcription
factors. Mol. Cell. Biol. 14:597-605.

Sadowski, C. L., R. W. Henry, S. M. Lobo, and N. Hernandez. 1993. Tar-
geting TBP to a non-TATA box cis-regulatory element: a TBP-containing
complex activates RNA polymerases II and III transcription from snRNA
promoters through the PSE. Genes Dev. 7:1535-1548.

Segall, J., T. Matsui, and R. G. Roeder. 1980. Multiple factors are required
for the accurate transcription of purified genes by RNA polymerase
II1. J. Biol. Chem. 255:11986-11991.

Sinn, E., Z. Wang, R. Kovelman, and R. G. Roeder. 1995. Cloning and



VoL. 16, 1996

31.

32.

33.

34,

35.

36.

37.

characterization of a TFIIIC2 subunit (TFIIICB) whose presence correlates
with activation of RNA polymerase III-mediated transcription by adenovirus
E1A expression and serum factors. Genes Dev. 9:675-685.

Starr, D. B., B. C. Hoopes, and D. K. Hawley. 1995. DNA bending is an
important component of site-specific recognition by the TATA binding pro-
tein. J. Mol. Biol. 250:434-446.

Stutz, F., E. Gouilloud, and S. G. Clarkson. 1989. Oocyte and somatic
tyrosine tRNA genes in Xenopus laevis. Genes Dev. 3:1190-1198.
Taggart, A. K. P., T. S. Fisher, and B. F. Pugh. 1992. The TATA-binding
protein and associated factors are components of Pol III transcription factor
TFIIB. Cell 71:1015-1028.

Tower, J., and B. Sollner-Webb. 1988. Polymerase III transcription factor B
activity is reduced in extracts of growth-restricted cells. Mol. Cell. Biol.
8:1001-1005.

Wang, Y., and W. E. Stumph. 1995. RNA polymerase II/III transcription
specificity determined by TATA box orientation. Proc. Natl. Acad. Sci. USA
92:8608-8610.

Wang, Z., and R. G. Roeder. 1995. Structure and function of a human
transcription factor TFIIIB subunit that is evolutionarily conserved and
contains both TFIIB- and high-mobility-group protein 2-related domains.
Proc. Natl. Acad. Sci. USA 92:7026-7030.

Werner, M., N. Chaussivert, I. M. Willis, and A. Sentenac. 1993. Interaction

38.

39.

40.

41.

42.

43.

ANALYSIS OF XENOPUS TFIIIB 4647

between a complex of RNA polymerase IIT subunits and the 70-kDa com-
ponent of transcription factor IIIB. J. Biol. Chem. 268:20721-20724.
White, R. J. 1994. RNA polymerase III transcription. R. G. Landes Co.,
Austin, Tex.

White, R. J., T. M. Gottlieb, C. S. Downes, and S. P. Jackson. 1995. Mitotic
regulation of a TATA-binding-protein-containing complex. Mol. Cell. Biol.
15:1983-1992.

White, R. J., S. P. Jackson, and P. W. J. Rigby. 1992. A role for the
TATA-box-binding protein component of the transcription factor IID com-
plex as a general RNA polymerase IIT transcription factor. Proc. Natl. Acad.
Sci. USA 89:1949-1953.

White, R. J., D. Stott, and P. W. J. Rigby. 1989. Regulation of RNA poly-
merase III transcription in response to F9 embryonal carcinoma stem cell
differentiation. Cell 59:1081-1092.

Whitehall, S. K., G. A. Kassavetis, and E. P. Geiduschek. 1995. The sym-
metry of the yeast U6 RNA gene’s TATA box and the orientation of the
TATA-binding protein in yeast TFIIIB. Genes Dev. 9:2974-2985.

Yoon, J., S. Murphy, L. Bai, Z. Wang, and R. Roeder. 1995. Proximal
sequence element-binding transcription factor (PTF) is a multisubunit com-
plex required for transcription of both RNA polymerase II- and RNA poly-
merase III-dependent small nuclear RNA genes. Mol. Cell. Biol. 15:2019-
2027.



