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Transcription factor IIIB (TFIIIB), the central transcription factor of Saccharomyces cerevisiae RNA poly-
merase III, is composed of TATA-binding protein, the TFIIB-related protein Brf, and B(. B(, the last component
to enter the TFIIIB-DNA complex, confers extremely tight DNA binding on TFIIIB. Terminally and internally
deleted B( derivatives were tested for competence to form TFIIIB-DNA complexes by TFIIIC-dependent and
-independent pathways on the SUP4 tRNATyr and U6 snRNA (SNR6) genes, respectively, and for transcription.
Selected TFIIIB-TFIIIC-DNA complexes assembled with truncated B( were analyzed by DNase I footprinting,
and the surface topography of B( in the TFIIIB-DNA complex was also analyzed by hydroxyl radical protein
footprinting. These analyses define functional domains of B( and also reveal roles in start site selection by RNA
polymerase III and in clearing TFIIIC from the transcriptional start. Although absolutely required for
transcription, B( can be extensively truncated. Core proteins retaining as few as 176 (of 594) amino acids
remain competent to transcribe the SNR6 gene in vitro. TFIIIC-dependent assembly on DNA and transcription
requires a larger core of B(: two domains (I and II) that are required for SNR6 transcription on an either-or
basis are simultaneously required for TFIIIC-dependent assembly of DNA complexes and transcription.
Domains I and II of B( are buried upon assembly of the TFIIIB-DNA complex, as determined by protein
footprinting. The picture of the TFIIIB-DNA complex that emerges is that B( serves as its scaffold and is folded
over in the complex so that domains I and II are near one another.

The yeast RNA polymerase III (pol III) transcription ma-
chinery is the least complex and, at this time, the most highly
resolved of the eukaryotic nuclear transcription systems. As
such, it comes closest to supporting a comprehensive and
deeper analysis of interactions and mechanisms in the initia-
tion of eukaryotic transcription. The components of its tran-
scription factors, transcription factor IIIA (TFIIIA), TFIIIB,
and TFIIIC, are now enumerated and known to be encoded by
10 essential genes (2, 9, 12, 16, 20, 24, 33, 36, 37, 40, 42, 44, 45a,
48). Three of these genes encode the three subunits of its
central transcription factor TFIIIB: the TATA-binding protein
(TBP), which is required for all nuclear transcription (reviewed
in reference 17), Brf, a TFIIB-related 596-amino-acid subunit
(also called TFIIIB70), and B0 (also called TFIIIB90), a 594-
amino-acid subunit with no discernible homology to other
transcription proteins.
The central role of TFIIIB is defined by its ability to recruit

pol III to the transcriptional start site (21, 25, 27). TFIIIB
binds very tightly to ;25 to 30 bp of greatly varying DNA
sequence upstream of the transcriptional start site. It can be
brought to these initiation-specifying sites by two mechanisms:
through the action of the assembly factor TFIIIC (5, 27) and
through direct DNA recognition by its TBP subunit (10, 38,
51). TFIIIC-dependent assembly of TFIIIB and pol III on the
promoter is conveniently analyzed on the SUP4 tRNATyr gene;
the TFIIIC-independent, TBP-directed assembly process is
readily analyzed on the strong TATA box-containing SNR6U6
snRNA gene. Both assembly pathways require the participa-
tion of all three TFIIIB subunits (14, 20, 22, 50). Entry of B0

into the TFIIIB-DNA complex, the last step of either assembly
pathway, greatly changes the physical properties of the DNA
complex (22, 24–26).
Stepwise assembly of TFIIIB on DNA upstream of the start

site of transcription of the SUP4 tRNA gene in vitro (3, 25, 26)
begins with binding of Brf to the TFIIIC-tRNA gene (tDNA)
complex, through its interaction with the second-largest sub-
unit of TFIIIC (t120; gene TFC4) (3, 11, 29, 37). Brf-dependent
entry of TBP generates the relatively stable B9 (Brf plus TBP)-
TFIIIC-tDNA complex with a DNase I footprint that covers
the start site of transcription (11) and extends further up-
stream. Entry of B9 into the DNA complex also greatly stabi-
lizes binding of TFIIIC to box A. Although Brf interacts with
the 34-kDa subunit (gene RPC34) of pol III (29, 49), the
B9-TFIIIC-tDNA complex is unable to stably incorporate pol
III into a transcription initiation complex. Drastic changes
occur upon entry of B0 and assembly of the complete TFIIIB-
TFIIIC-tDNA complex: (i) nuclease protection upstream of
the transcriptional start is more complete and extends further
upstream, but the transcriptional start site becomes fully ex-
posed to DNase I; (ii) photochemical cross-linking of DNA to
Tfc4/t120 upstream of the transcriptional start is greatly dimin-
ished, as is cross-linking to TBP; (iii) the TFIIIB-DNA com-
plex is resistant to stripping by 1 M NaCl and by polyanions
such as heparin or poly(dC); and (iv) competence for stable
assembly of pol III over the start site of transcription is ac-
quired.
The preceding observations indicate the critical role of B0 in

TFIIIB function and in pol III-mediated transcription and
suggest the existence of interactions with DNA, pol III, Tfc4/
t120, and TBP. An interaction with Brf is also expected, since
B0 does not stably associate with the TBP-DNA complex at the
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SNR6 (U6) TATA box in the absence of Brf (22, 24, 42); B0
may generate a conformational change in Brf and/or TBP that
makes the TFIIIB-DNA complex salt and polyanion resistant.
The recent cloning of the TFC5 gene, encoding B0 (24, 42,

44), makes it possible to dissect the internal and external in-
teractions of the components of TFIIIB along the assembly
pathway of the pol III transcription initiation complex. In the
experiments that are described below, we have carried out a
deletion analysis of the B0 protein, assessing competence of
truncated B0 according to the following functional criteria:
ability to form a DNA complex with the SUP4 tRNA gene
under the direction of TFIIIC and with the SNR6 U6 snRNA
gene in the absence of TFIIIC, resistance of these DNA com-
plexes to dissociation by the polyanion heparin and ability to
direct pol III to transcribe the SUP4 and SNR6 genes. The
deletion analysis defines segments of B0 that are required for
tight binding of TFIIIB to DNA, for interaction with TFIIIC,
for preventing occlusion of the start site of transcription by
TFIIIC, and for start site selection by pol III. A comparison of
the outcome of the deletion analysis with the surface topogra-
phy of B0 determined by protein footprinting points to two
regions of B0 that are important for TFIIIB function and that
become buried in the assembly of the TFIIIB-DNA complex.

MATERIALS AND METHODS

DNA templates and probes. Plasmids pTZ1, containing the SUP4 tRNATyr

gene with a G623C promoter-up mutation (28), pCS6, containing the wild-type
SNR6 (U6 snRNA) gene (8), and pU6LboxB and pU6R, containing altered
SNR6 genes constructs (51), have been described elsewhere. Labeled DNA
probes for electrophoretic mobility shift assays (EMSA) were generated by PCR
with one of two oligonucleotide primers 59 end labeled with T4 polynucleotide
kinase. The SNR6 TATA box probe (134 bp) was produced by PCR with pCS6
as the template and oligonucleotides 59-TCAACGGTACCTGGCATGAACAG
T-39 and 59-TGGTTATGCATTGACCAAATGTCCAC-39. The SUP4 tRNA
gene probe (240 bp) was PCR amplified from pTZ1 with 59-TTCACTCGGTA
CCCATCTTGGAAG-39 and 59-TTTCAACATGCATGTCTGGAAGTG-39.
DNA probes were purified on 4% polyacrylamide gels under native conditions,
passively eluted overnight into 10 mM Tris-Cl (pH 8.0)–1 mM EDTA–250 mM
NaCl, and chromatographed on NACS 52 (Bethesda Research Laboratories) to
remove residual acrylamide.
Transcription and EMSA. Protein-DNA complexes were formed as specified

in each figure legend in reaction mixtures of 20 ml (transcription) or 15 ml
(EMSA) containing 40 mM Tris-Cl (pH 8.0), 7 mM MgCl2, 3 mM dithiothreitol
(DTT), and 100 mg of bovine serum albumin (BSA) per ml, with 80 to 90 mM
NaCl for SUP4 tRNA gene binding and transcription or 60 to 80 mM NaCl for
SNR6 U6 snRNA gene binding and transcription. The reaction mixture analyzed
in the top panel of Fig. 3 contained 40 mM NaCl and 25 mM potassium acetate.
Samples for EMSA also contained 6% glycerol and 100 ng of pGEM1 (SUP4
probes) or poly(dG-dC) z poly(dG-dC) (SNR6 probes) as nonspecific carrier
DNA. Native gel electrophoresis was performed as previously described (7).
Multiple-round transcription reactions were initiated by adding 5 ml of a nucle-
otide mixture in transcription buffer providing 200 mM ATP, 100 mM CTP, 100
mM GTP, and 25 mM [a-32P]UTP (10,000 cpm/pmol) and analyzed as described
previously (28).
Proteins. TFIIIC, pol III, recombinant TBP, Brf, and wild-type B0 (full length

and C-terminally His6 tagged) were purified and assayed as previously described
or cited (24). Quantities of protein are specified as femtomoles of DNA-binding
activity for TFIIIC, femtomoles of protein capable of forming heparin-resistant
TFIIIB-DNA complexes for Brf and TBP, femtomoles of protein for wild-type
and deletion mutant B0 preparations (estimated relative to a Coomassie blue-
stained BSA standard curve on sodium dodecyl sulfate [SDS]-polyacrylamide
gels), and femtomoles of pol III active for specific transcription (26, 28). DNA
binding was determined by EMSA (Brf was 15% active in this assay; TBP and
wild type B0 were each nearly 100% active).
N- and C-terminal deletions of B0 were generated by PCR amplification of the

wild-type B0 expression plasmid (24) with a 1:1 mixture of Pfu and Taq DNA
polymerases and oligonucleotides (sequences available upon request) that intro-
duced NcoI and XhoI sites at the N and C termini, respectively, for insertion into
the vector pET21d. PCR-generated C termini were located at B0 amino acid
residue 378, 400, 418, 441, 464, 487, or 594 (full length), followed by the sequence
LEHHHHHH derived from the vector. PCR-generated N termini were located
at B0 amino acid residues 1 (with an S23G substitution [24]); 40 and 224 (both
preceded by the sequence MA); 116, 138, 158, 240, and 263 (each preceded by
M); and 186 (preceded by MD), 276, and 298.
Internal deletions in B0 were generated by transferring an XbaI-XhoI fragment

harboring TFC5 from the wild-type B0 expression plasmid into an M13 mp18
strain altered to contain an XhoI site in place of HindIII. Oligonucleotide-
mediated loop-out deletions (sequences available upon request) were generated
as described by Kunkel et al. (32). Oligonucleotides were designed to introduce
a restriction endonuclease cleavage site for initial screening. B0 internal deletion
mutants were then transferred back into pET21d as an XbaI-XhoI fragment. The
resulting internal deletions are shown in Fig. 1. Internal deletion D355-372
inserts an R residue at the deletion site. B0 mutants containing internal deletion
D272-292 with D424-438 or D438-449 were constructed by replacing an NcoI-
BsmI restriction fragment from D424-438 or D438-449 (the BsmI site is unique,
overlapping amino acid residues 314 to 316) with an NcoI-BsmI fragment from
D272-292.
B0 deletion mutants in pET21d were transformed into Escherichia coli

BL21(DE3) and grown at 378C in L broth containing 80 mg of ampicillin per ml
to an absorbance at 600 nm of 0.4, and 20 ml of each culture was induced with
1 mM isopropylthiogalactopyranoside (IPTG). Cells were harvested 2 h after
induction, resuspended in 2 ml of 100 mM NaxHxPO4 (pH 8.0) containing 8 M
freshly deionized urea, sonicated five times for 20 s each on ice, and sedimented
for 10 min at 16,000 3 g. The supernatant fluids were placed into tubes contain-
ing 50 ml of packed Ni-nitrilotriacetic acid (NTA) agarose (Qiagen) in the same
buffer and allowed to bind for 2 h at room temperature with constant rotation.
The resin was harvested by centrifugation and washed three times with 500-ml
portions of 100 mM NaxHxPO4 (pH 6.4) containing 8 M urea. B0 was then eluted
in 100 ml of 100 mM NaxHxPO4 (pH 6.4)–100 mM EDTA with 8 M urea. B0 was
renatured by rapid 100-fold dilution into BSA diluent (24).
B0(138-594) was purified from 4.3 g of induced cells under native conditions as

follows. Cells were resuspended in 12.9 ml of 50 mM Tris-Cl (pH 8.0)–0.1 mM
EDTA–5% glycerol–10 mM 2-mercaptoethanol–0.5 mM phenylmethylsulfonyl
fluoride (PMSF)–1 mg of pepstatin per ml–1 mg of leupeptin per ml–300 mg of
lysozyme per ml and incubated for 30 min at 08C. Tween 20 was added to 0.1%
(vol/vol), and the mixture was sonicated five times for 30 s each on ice. The lysate
was then diluted twofold with 17.2 ml of the same buffer containing 1 M NaCl but
lacking EDTA and lysozyme and again sonicated five times for 30 s each on ice.
The lysate was sedimented at 48C for 1 h at 40,0003 g, and the supernatant fluid
(32 ml; adjusted to contain 7 mM MgCl2 and 10 mM imidazole [pH 7]) was
loaded onto a 2.5-ml Ni-NTA agarose column equilibrated in buffer D500 (buffer
D [20 mM sodium HEPES, {pH 7.8}, 7 mM MgCl2, 10 mM 2-mercaptoethanol,
0.01% Tween 20, 10% glycerol, 0.5 mM PMSF] with 500 mMNaCl). The column
was washed with 13 ml of D500 plus 10 mM imidazole and 15 ml of D500 plus
30 mM imidazole, and B0(138-594) was eluted with 15 ml of D500 plus 60 mM
imidazole. The B0 fraction was diluted twofold with buffer D (to 250 mM NaCl)
and loaded on a 2-ml Bio-Rex 70 (Bio-Rad) column equilibrated in buffer D250.
The column was washed with 8 ml of buffer D250 and 12 ml of buffer D300, and
B0 was eluted with buffer D750. The concentrated B0 (2 ml) was then chromato-
graphed in 220-ml aliquots on Superose 12 (HR 10/30; Pharmacia) in buffer
D500.
Protein footprinting of B((138-594). B0(138-594), 22.5 pmol, was phosphory-

lated at S164 in a 25-ml volume containing 20 mM Tris-Cl (pH 7.5), 10 mM
MgCl2, 100 mM NaCl, 2.5 mM DTT, 5 mM [g-32P]ATP (6,000 Ci/mmol), and 25
U of bovine heart muscle protein kinase catalytic subunit for 60 min at 258C.
Unincorporated ATP was removed on a 600-ml Sephacryl S200 column in buffer
D500. The efficiency of labeling was estimated to be 14%. This material was then
chromatographed on a 20-ml Ni-NTA agarose column to remove traces of con-
tamination with other labeled proteins as follows. The Sephacryl fraction was
loaded in the presence of 10 mM imidazole, washed with buffer D500 (without
PMSF) containing, successively, 10 and 20 mM imidazole (10 and 5 column
volumes, respectively), and eluted with the same buffer containing 100 mM
imidazole (2 column volumes). Size markers for gel electrophoresis were pro-
vided by phosphorylated N- and C-terminally deleted B0(138-487), -(138-464),
-(138-441), -(138-418), -(138-400), and -(138-378). Other markers were made by
partial digestion of B0(138-594) with endoproteinase Lys-C or endoproteinase
Glu-C in buffer D with 50 mM NH4HCO3 (pH 7.7) in place of sodium HEPES
and containing 100 mg of BSA per ml and 100 mM NaCl, with endoproteinase
Arg-C (Clostripain) in 40 mM Tris-Cl (pH 8.0)–7 mM MgCl2–100 mM NaCl–1
mM CaCl2–10% glycerol–2.5 mM DTT–100 mg of BSA per ml or with CNBr in
either 70% formic acid or 50 mM HCl–1% SDS.
For hydroxyl radical protein footprinting (15, 19), TFIIIB-DNA complexes

were formed with 200 fmol of pTZ1, 150 fmol of TFIIIC, 250 fmol of TBP, 150
fmol of Brf, and 68 fmol of phosphorylated B0(138-594) for 60 min in a 30-ml
reaction volume. NaCl was then added to 400 mM to strip TFIIIC from the
complex, and plasmid DNA bearing TFIIIB was purified by chromatography on
a 200-ml Sepharose CL2B column in buffer C (50 mMNH4HCO3 [pH 7.7], 7 mM
MgCl2, 100 mM NaCl, 0.01% Tween 20, 0.1 mM 2-mercaptoethanol, 0.1%
glycerol, 1 mM EDTA, 200 mg of BSA per ml). Free B0 was transferred to buffer
C by chromatography through Sephadex G-75. Hydroxyl radicals were generated
for 1 min at 208C by the sequential addition of 2 ml each of 50 mM Fe(III)EDTA,
40 mM sodium ascorbate, and either 40, 20, or 10 mM H2O2 to B0 or TFIIIB-
DNA complexes in 14 ml of buffer C. The extent of cleavage was always less than
23% (i.e., single hit). Reactions were terminated by adding 5 ml of 315 mM
Tris-Cl (pH 6.8)–25% 2-mercaptoethanol–15% SDS–30% glycerol–0.5% bromo-
phenol blue, and half of each reaction volume was loaded onto an SDS–10 or
14% polyacrylamide gel (the resolving gel was 19 cm long).
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DNase I footprinting. For footprinting the SUP4 gene, a 294-bp EcoRI-XbaI
(Fig. 7A) or a 315-bp EcoRI-HindIII (Fig. 7B and 8) fragment from pTZ1 was
39 end labeled on the transcribed strand. For footprinting the SNR6 gene, the
134-bp segment described above for EMSAs (59 end labeled on the nontran-
scribed strand) was used. For Fig. 7A, 10 fmol of labeled DNA probe was mixed
with 75 fmol of TFIIIC, approximately 150 fmol each of Brf and TBP, and 100
fmol of wild-type or internally deleted B0 for 60 min at room temperature.
Digestion with 145 ng of DNase I per ml for 30 s was terminated by adding
Na3EDTA to 20 mM. For Fig. 7B and 8, 3.7 fmol of labeled DNA probe was
incubated with 75 fmol of TFIIIC, 100 fmol of TBP, 60 fmol of Brf, and 100 to
200 fmol of wild-type or deleted B0 (Fig. 7B) or 400 fmol of B0(276-594) (Fig. 8).
Digestion with 100 ng of DNase I per ml was terminated after 30 s by adding
EDTA to 15 mM and, when specified, heparin to 200 mg/ml. TFIIIB-DNA,
TFIIIB-TFIIIC-DNA, B9-TFIIIC-DNA, and TFIIIC-DNA complexes were pu-
rified by native polyacrylamide gel electrophoresis as described previously (7).
The desired protein-DNA complexes were passively eluted from excised gel
slices, and the contained partially digested DNA was resolved on 8 or 10%
polyacrylamide sequencing gels as described previously (27).

RESULTS

Deletion analysis of B(.Domains that are responsible for the
essential interactions of B0 have been defined by deletion anal-

ysis (Fig. 1). Effects of B0 deletions on the function of TFIIIB
in the TFIIIC-dependent pathway of TFIIIB-DNA complex
formation and transcriptional initiation have been examined
on the SUP4 tRNA gene. The SNR6 (U6 snRNA) gene with its
nearly symmetrical TATA box has been used to examine the
TFIIIC-independent pathway of transcriptional initiation and
TFIIIB-DNA complex formation, which is initiated by binding
TBP to the TATA box, followed by Brf and B0 (20, 22, 42, 43).
It is remarkable that B0 can be extensively truncated yet

remain functional for TFIIIC-independent U6 snRNA gene
transcription. Although B0 is absolutely required for U6
snRNA synthesis, no region of B0 is absolutely essential (only
the isolated amino acids 311, 326, 339, and 354 have not been
tested). Results of the relevant experiments are summarized in
Fig. 1, and examples of the transcription analysis are shown in
Fig. 2A. (We used an SNR6-derived construct that allows one
to display transcripts generated by TFIIIB binding to the U6
TATA box in either direction [51]. There were no changes of
polarity selection due to B0 deletions [Fig. 2A].) Removal of

FIG. 1. Transcriptional competence of deletion variants of the B0 component of TFIIIB. N- and C-terminal deletions in TFC5, the gene encoding B0, were
generated, and the encoded His6-tagged proteins were purified, as described in Materials and Methods. The retained portions and endpoints of each B0 deletion mutant
(N termini at the left) and competence for U6 snRNA and tRNA synthesis are indicated (■, active;h, inactive;3, active for U6 snRNA synthesis only). The
lower portion specifies the transcriptional competence of internally deleted B0 (u, extent of internal deletion). Transcriptional inactivity is defined as the failure to
detect B0-dependent production of SUP4 or SNR6 RNA with at least 100 fmol of the specified B0 mutant. TFIIIC dependence was an additional requirement for
assessing SUP4 transcription since a very weak background of TFIIIC-independent transcription can be detected on this gene. Domains I, II, and III, defined by protein
footprinting, are indicated.
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the N-terminal 275 amino acids (Fig. 2A, lanes g) or the C-
terminal 176 amino acids (lanes b) of B0 allowed relatively
efficient transcription, and the C-terminal truncation to amino
acid 378 also functioned, but less well (lanes c). B0 with small
(12- to 22-amino-acid) internal deletions spanning amino acids
253 to 449 was also functional (Fig. 1 and 3). B0 becomes
inactive for SNR6 transcription when certain N- and C-termi-
nal truncations or internal deletions are combined. Whereas
B0(224-418) and B0(186-378) functioned (Fig. 2A, lanes d; Fig.
1), B0(224-378) (Fig. 2A, lanes f) and B0(263-418) (Fig. 1) did
not. Combining B0 internal deletion D272-292 with D424-438
or D438-449 also led to loss of function (Fig. 3, lanes p and q).
The principal conclusion of these experiments is that a minimal
version of B0 containing only amino acids 224 to 400 (Fig. 1) is
still competent for SNR6 transcription. Deletions that ap-
proach this inner boundary generated quantitative defects but
retained readily detectable transcription factor activity.
The demands on B0 for TFIIIC-dependent SUP4 tRNA

gene transcription are more stringent: additional segments of
B0 at the N and C boundaries of the amino acid 224–400 core
are essential (summarized in Fig. 1, with examples of the pri-
mary data in Fig. 2B and 3). N-terminally deleted B0(224-594)
functioned well (Fig. 2B, lanes d), B0(263-594) functioned
poorly (lanes e), and B0(276-594) failed to function (lanes f).
C-terminally deleted B0(1-487) functioned well (Fig. 1) (24),
B0(1-464) functioned poorly (lanes b), and B0(1-418) failed to
function (lanes c). Internally deleted B0D272-292 (Fig. 3, lane
d), D424-438 (lane 1), and D438-449 (lane m) were essentially
inactive, and B0D409-421 was barely active (lane k). N- and

C-terminal truncations of B0 that individually functioned for
TFIIIC-dependent transcription failed in combination. For exam-
ple, whereas B0(158-464) generated transcription in amounts in-
distinguishable from those generated by B0(1-464), and
B0(224-487) allowed transcription at nearly full levels (Fig. 1),
B0(224-464) was essentially inactive (Fig. 2B, lanes g).
Effects on start site selection by pol III were also observed

with three internally deleted B0 proteins (Fig. 3). In addition to
the major initiation site for SUP4 transcription at 11, less
efficient initiation also occurred at 14 and 18 (23, 34); each
initiation site generated several primary transcripts due to re-
lease at any of the last four T residues of the seven T’s that
constitute the SUP4 termination signal (39). B0D291-310 (lane
e), B0D388-409 (lane j), and B0D409-421 (lane k) suppressed
initiation at14, while the barely active B0D409-421 suppressed
initiation at 11, making 18 the major start site. These rela-
tively subtle effects imply that B0 serves a metric function in
transcriptional initiation, either through a direct interaction
with pol III or indirectly, through its scaffold of interactions
with the other components of the promoter complex.
TFIIIB-DNA complex formation. Failure of a particular mu-

tant B0 to promote transcription can be due to failure to bind
to the B9(Brf plus TBP)-DNA complex or may arise at a
subsequent step, such as recruitment of pol III to the TFIIIB-
DNA complex. The ability of B0 deletion mutants to bind to
the B9-DNA complex was examined by electrophoretic mobil-
ity shift measurements. Results for TFIIIC-independent
TFIIIB-U6 snDNA complex formation by N- and C-terminally
truncated B0 are summarized in Table 1. As predicted by their
competence for transcription, B0 N-terminally truncated to
amino acid 276 or C-terminally truncated to amino acid 378
retained competence to form TFIIIB-DNA complexes. C-ter-
minal deletions extending beyond amino acid 464 generated
TFIIIB-DNA complexes that were sensitive to stripping by
heparin. B0(224-378) and B0(241-378) participated in TFIIIB-
DNA complex formation but were inactive in transcription.
Since B0(224-418) and B0(186-378) were active for transcrip-

FIG. 2. Effects of N- and C-terminal truncations in B0 on TFIIIC-indepen-
dent SNR6 gene transcription (A) and TFIIIC-dependent SUP4 gene transcrip-
tion (B). (A) For SNR6 transcription, preinitiation complexes were formed on
plasmid pU6R (100 fmol) for 60 min with 100 fmol of TBP, 60 fmol of Brf, 16
fmol of pol III, and 20 or 100 fmol of the B0 designated at the top (the numbers
specify the amino acids retained in each mutant protein; wt, full-length B0)
followed by 30 min of transcription. The nearly symmetrical U6 TATA box
generates rightward (R) and leftward (L) transcripts that are identified at the
left. A labeled DNA recovery marker (rm) is also identified. (B) For SUP4
transcription, preinitiation complexes were formed on pTZ1 (50 fmol) for 60 min
with 100 fmol of TBP, 30 fmol of Brf, 37 fmol of TFIIIC, 16 fmol of pol III, and
10 or 50 fmol of the B0 preparations designated at the top. The SUP4 transcripts
are designated at the left. A labeled DNA recovery marker, not shown, testified
to equivalent recoveries during processing of samples.

FIG. 3. Internal deletions of B0: effects of small internal deletions between
amino acids 253 and 449 on TFIIIC-independent SNR6 transcription and
TFIIIC-dependent SUP4 transcription. SNR6 initiation complexes were formed
for 60 min with 50 fmol of plasmid pCS6, 50 fmol of TBP, 34 fmol of Brf, 16 fmol
of pol III, and the preparations and quantities of internally deleted B0 designated
at the top. The reaction mixtures analyzed in lanes n to q were from a separate
experiment. SUP4 preinitiation complexes were formed for 60 min with 50 fmol
of plasmid pTZ1, 19 fmol of TFIIIC, 29 fmol of Brf, 50 fmol of TBP, 8 fmol of
pol III, and the quantities of internally deleted B0 shown. Transcription was
started by adding ribonucleoside triphosphates and continued for 30 min. Lanes
k to m of the SUP4 panel were exposed to film nine times longer. Transcripts are
identified at the left. Products from initiation at 11, 14, and 18 on the SUP4
gene are further specified at the right. Labeled DNA markers demonstrating
equivalent recoveries are not shown. wt, wild type.
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tion, this finding suggests that the amino acid 378–418 and
186–224 segments are involved in the interplay between pol III
and TFIIIB.
As expected, all B0 single internal deletion mutants were

competent to form TFIIIB-U6 snDNA complexes (summa-
rized in Table 2), but resistance to heparin was lost with D272-
292, D409-421, D424-438, and D438-449. Combining internal
deletion D272-292 with D424-438 or D438-449 produced B0
mutants that failed to generate TFIIIB-DNA complexes.
The abilities of B0 deletion variants to bind to B9-TFIIIC-

SUP4 tDNA complexes are summarized in Tables 1 and 2, with
examples of the primary data shown in Fig. 4 and 5. The ability
of N- and C-terminally truncated B0 to generate transcription
closely followed the ability to be incorporated into a heparin-
resistant TFIIIB-DNA complex (Fig. 4). For example, B0(224-
594) and B0(1-464) allowed transcription and generated hep-

arin-resistant TFIIIC-dependent TFIIIB-DNA complexes (lanes
e and c, respectively), whereas B0(224-464) failed on both counts
(lane j). The ability to determine whether B0 deletion mutants
incapable of generating transcription or heparin-resistant
TFIIIB-DNA complex formation might still be incorporated
into a heparin-sensitive TFIIIB-TFIIIC-tDNA complex was
compromised by the fact that as more of B0 is deleted, the
resulting TFIIIB-TFIIIC-DNA complexes are not well sepa-
rated from the B9-TFIIIC-DNA complex on gels. In this re-
gard, B0(276-594) generated complexes that migrated slightly
more slowly than the B9-TFIIIC-tDNA complex in the absence
of heparin (lane g). In other experiments (not shown), the
mobility of this complex decreased in a continuous and pro-
gressive manner with increasing concentration of B0(276-594),
suggesting that B0(276-594) binds to the B9-TFIIIC-tDNA
complex but dissociates and reassociates during electrophore-
sis [free B0(276-594) is expected to enter these gels]. Among
the internally deleted B0, the transcriptionally inactive D424-
438 and D438-449 failed to generate TFIIIB-DNA complexes
(Fig. 5, lanes l and m); D272-292 and D409-421 formed hepa-
rin-sensitive TFIIIB-TFIIIC-DNA complexes (lanes d and k,
respectively), with D409-421 transcriptionally competent and
D272-292 transcriptionally inert on the SUP4 gene.
Evidence that wild-type B( resolves a potential interference

by TFIIIC with pol III at the transcriptional start site. The
ability of B0D272-292, -D424-438, and -D438-449 to function
for TFIIIC-independent SNR6 gene transcription but not for
TFIIIC-dependent SUP4 gene transcription is puzzling. The
failure of SUP4 transcription with B0D424-438 and -D438-449
is attributable to the inability to associate with the B9-TFIIIC-

FIG. 4. Effects of N- and C-terminal truncations of B0 on TFIIIB complex
formation with the SUP4 gene. Shown is EMSA of TFIIIB-DNA complexes
formed with 9 fmol of SUP4 DNA, 100 of fmol TBP, 29 fmol of Brf, 37 fmol of
TFIIIC, and 100 fmol of the B0 preparation designated at the top. Samples for
the bottom panel were subsequently treated with 200 mg of heparin per ml for;7
min prior to electrophoresis. Only the top of the gel, showing protein-DNA
complexes (there was very little free DNA in these samples), is presented in the
upper panel. The mobilities of unbound DNA, TFIIIB-DNA (B), TFIIIC-
TFIIIB-DNA (CB), TFIIIC-B9-DNA (CB9), and TFIIIC-DNA (C) complexes
are identified at the left. wt, wild type.

TABLE 1. Effects of N- and C-terminal deletions of B0 on
TFIIIB-DNA complex formation and stability

Mutant(s)

SNR6 SUP4

Formation Susceptibility
to heparina Formation Susceptibility

to heparin

1-594, 1-464 1 r 1 r
1-418, 1-378 1 s 2
138-594, 138-464 1 r 1 r
138-441 NDc 2
138-378 1 s ND
158-464 1 r 1 r
158-378 1 s ND
186-594 1 r 1 r
186-378 1 s ND
224-594 1 r 1 r
224-464 1 r 2
224-441, 224-418,
224-400

1 s ND

224-378 6 s 2
240-378 1 s ND
263-594 1 r 1 r
263-464 1 r 2
263-418, 263-378 2b ND
276-594 1 r 1 s
276-418 2 2

a r, resistant; s, susceptible.
b 2, may form trace amounts of TFIIIB-DNA complexes that are not resolved

from the B9-DNA complex.
c ND, not determined.

TABLE 2. Internal deletions in B0 and
TFIIIB-DNA complex formationa

Deletion(s)

SNR6 SUP4

Formation Susceptibility
to heparina Formation Susceptibilityto heparin

253-269 1 r 1 r
272-292 1 s 1 s
291-310, 312-325,
327-338, 340-355,
355-372, 372-387,
388-409

1 r 1 r

409-421 1 s 1 s
424-438, 438-449 1 s —
272-292/424-438,
272-292/438-449

2 ND ND

a For details, see the footnotes to Table 1.
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DNA complex, but B0D272-292 fails despite incorporation into
the B9-TFIIIC-DNA complex, indicating that the resulting
complex is aberrant. We considered the following explanations
for the dichotomy between SNR6 and SUP4 gene transcription:
the SNR6 consensus TATA box might contribute additional
protein-DNA interactions that suppress a loss of B0 function in
the context of a weaker TATA box; alternatively, TFIIIC might
interfere with binding of these truncated B0 to the B9-DNA
complex, or in the case of B0D272-292, TFIIIC might interfere
with the recruitment of pol III by the transcription factor-DNA
complex.
An order-of-addition experiment with plasmid pU6LboxB

(51) was performed to distinguish between these alternative
explanations. This plasmid contains a small artificial pol III
transcription unit, U6L (Fig. 6, top), in opposite orientation to
the natural U6 gene (U6R), with both transcriptional initiation
sites correctly spaced relative to the nearly symmetrical U6
TATA box. The latter, and its flanking sequence, are turned
around to favor leftward transcription of pU6LboxB: ;75% of
bound TFIIIB directs pol III to transcription of U6L. The
plasmid also has a box B inserted at the optimal distance from
the SNR6 gene’s natural box A. This allows efficient binding of
TFIIIC, which, in turn, assembles TFIIIB only for rightward
transcription (U6R). If the TATA box ameliorates the defect
in B0 internal deletion mutants, then binding TFIIIC prior to
TFIIIB should stimulate rightward transcription. This did not
happen (Fig. 6).
If TFIIIC generates aberrant binding of B0D272-292 and/or

subsequently blocks productive association of pol III, then
addition of TFIIIC prior to TFIIIB should reduce U6L (left-
ward) transcription by simple competition (since TFIIIC ori-
ents TFIIIB for rightward transcription) but not stimulate, and
perhaps even inhibit, U6R (rightward) transcription. A similar
result would be anticipated to occur if TFIIIC directly pre-
vented the incorporation of B0D438-449 into the B9-DNA com-

plex. The results of TFIIIC order-of-addition experiments with
TFIIIB formed with full-length B0, B0D272-292, or B0D438-449
are compared in Fig. 6. The orientation of each form of TFIIIB
at the TATA box was such as to direct approximately 75% of
transcription to U6L in the absence of TFIIIC. Forming a
TFIIIC-DNA complex prior to incubation with TFIIIB stimu-
lated U6R transcription 18-fold with wild-type B0 but gener-
ated no stimulation with B0D272-292 or B0D438-449. Prior
binding of TFIIIC diminished U6L transcription 2.5- to 3.5-
fold with full-length B0, with B0D272-292, and with B0D438-
449, while addition of TFIIIC after TFIIIB-DNA complex for-
mation had no effect on the direction of transcription. (The
ability of TFIIIC to nearly saturate preformed TFIIIB-DNA
complexes was confirmed separately [data not shown].) Similar
experiments with B0D424-438 yielded an essentially identical
outcome (data not shown).
The inability of B0D272-292, -D424-438, and -D438-449 to

function on the SUP4 tRNA gene clearly is not due to the lack
of a consensus 8-bp TATA box. For B0D424-438 and B0D438-
449, TFIIIC prevented stable binding to the B9-DNA complex
(Table 2), which accounts for their inability to support tran-
scription. Incorporation of B0D272-292 into the B9-DNA com-
plex apparently generated a TFIIIB-TFIIIC-DNA complex
that was transcriptionally incompetent. The DNase I protec-
tion analysis that follows (Fig. 7) correlates this transcriptional
inactivity with an aberrant structure around the start site of
transcription.
Probing for structural alterations with DNase I footprint-

ing. DNase I footprints of TFIIIC-TFIIIB-SUP4 tDNA com-
plexes assembled with wild-type B0 and B0 internally deleted
between amino acids 253 and 409 are shown in Fig. 7A. As
noted previously (26), addition of B9 to the TFIIIC-DNA com-
plex increased protection attributable to TFIIIC around box A

FIG. 5. Effects of small internal deletions in B0 on formation and stability of
TFIIIB-DNA complexes with the SUP4 gene. TFIIIB-DNA complexes were
assembled with 5 fmol of SUP4 tDNA, 37 fmol of TFIIIC, 100 fmol of TBP, 29
fmol of Brf, and the B0 preparations and amounts indicated above each pair of lanes.
For samples shown in the bottom panel, heparin was added to 180 mg/ml sub-
sequent to complex formation. Analysis and presentation of data are as for Fig. 4.

FIG. 6. Order-of-addition experiments with TFIIIC. Twenty-seven femto-
moles of the U6 snRNA construct pU6LboxB (diagrammed at the top) was
incubated with buffer (h) or with 75 fmol of TFIIIC for 6 min either before
3 or after■ a 60 min-incubation with TFIIIB, constituted from 100 fmol
of TBP, 67 fmol of Brf, and 50 fmol of wild-type (wt) B0 (left), B0D272-292
(middle), and B0D438-449 (right). Transcription was started by adding ribonu-
cleoside triphosphates and 8 fmol of pol III and was allowed to proceed for 30
min. Samples were subsequently processed in the presence of a labeled DNA
recovery marker; transcription products were separated by denaturing gel elec-
trophoresis and quantified with a phosphorimager. The production of each
transcript is normalized to the recovery marker.
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between bp141 and14, generated new protection between bp
13 and 232, and enhanced DNase I cleavage at bp 236, 237,
238, and 244 (compare lane c with lane b [Fig. 7B, panel i]).
Recruitment of wild-type B0 to the complex led to a substantial
loss of protection around the start site of transcription (be-
tween bp 12 and 21), generated nearly complete protection
between bp 214 and bp 239, and generated partial protection
between bp 242 and 244 (Fig. 7A, lane d; Fig. 7B, panel ii).
With the exception of B0D272-292 and B0D409-421, the B0
internal deletions that enter a TFIIIB9-DNA complex on the
SUP4 gene generated footprints closely matching that of wild-
type B0 (Fig. 7A; compare lanes e and g to l with lane d), except
for enhanced cleavage at bp 212 with B0D291-310 (lane g).
Incorporation of B0D272-292 (Fig. 7A, lane f; Fig. 7B, panel

iii) or B0D409-421 (Fig. 7B, panel iv) into the B9-TFIIIC-DNA
complex yielded complexes whose footprints were nearly iden-
tical hybrids of B9-TFIIIC-DNA and wild-type TFIIIB-TFIIIC-
DNA complex footprints. Both deletion mutants resembled
wild-type B0 in regard to the upstream segment of the foot-
print, with protection between bp 214 and 232 substantially
more complete than for the B9-TFIIIC-DNA complex and new
protection generated between bp 233 and 240 (although less
complete than with wild-type B0, partly due to the faster mi-
gration of the heparin-sensitive TFIIIB-TFIIIC-DNA com-
plexes containing these two internal deletion [Fig. 5], which led
to increased cross-contamination with residual B9-TFIIIC-
DNA complexes). However, both B0 internal deletions left the
B9-TFIIIC-DNA complex unchanged downstream of bp 212
and, in particular, did not generate increased accessibility to
DNase I around the start site of transcription. We conclude
that both B0D409-421, which is barely active for SUP4 tran-
scription, and B0D272-292, which is inactive for SUP4 tran-
scription, generate an aberrant structure at the downstream
end of the TFIIIB-DNA complex that leaves the transcrip-
tional start site occluded. In contrast, the internally deleted
forms of B0 covering amino acids 253 to 310 and 388 to 449
(i.e., including the two just referred-to mutants) generated
TFIIIB-SNR6 gene nontranscribed strand footprints that were
essentially identical with the wild-type TFIIIB-SNR6 footprint
(data not shown), leaving the SNR6 transcriptional start site
fully accessible for DNase I cleavage. In particular, we detected
no difference between these deletion mutants and the wild type
and no differences in the footprint of heparin-sensitive and
heparin-resistant TFIIIB-SNR6 gene complexes (Table 2 and
data not shown). We surmise that the aberrant DNase I foot-
prints generated with B0D272-292 and B0D409-421 on the
SUP4 gene reflect an inability to fully displace the t120 subunit
of TFIIIC from start site-proximal DNA.
The analysis of DNase I footprints was extended to extreme

N- and C-terminal truncations of B0 that were still competent
in forming a TFIIIB complex on the SUP4 gene. Although
C-terminally truncated B0(1-464) was less active than wild-type
B0 in SUP4 transcription (Fig. 2B) and in the formation of
heparin-resistant TFIIIB-DNA complexes (Fig. 3), the DNase
I footprints generated by incorporation of B0(1-464) and wild-
type B0 into the B9-TFIIIC-DNA complexes differed little (Fig.
8, panel i), except for increased accessibility of sequence sur-
rounding the start site of transcription in the complex formed
with B0(1-464). Incorporation of the N-terminally truncated
B0(263-594) into the B9-TFIIIC-DNA complex produced a
subtle but unexpected result (Fig. 8, panel ii). The footprint
was superimposable with the TFIIIB footprint formed with
wild-type B0 upstream of bp 214 (panel ii) but was superim-
posable with the TFIIIC-alone footprint downstream of bp 27

(panel iii). That is, the stabilization of TFIIIC interaction with
the DNA region surrounding box A that is generated by for-
mation of the B9-TFIIIC-DNA complex (Fig. 7B, panel i) and
retained in the wild-type TFIIIB-TFIIIC-DNA complex (Fig.
7B, panel ii) was reversed in the TFIIIB [B0(263-594)]-TFIIIC-
DNA complex. The protection between bp 16 and 13 and
between bp 24 and 27 generated by formation of the B9-
TFIIIC-DNA complex and retained in the wild-type TFIIIB-
TFIIIC-DNA complex was also reversed in the complex
formed with B0(263-594). Evidently, entry of B0(263-594) into
the DNA complex destabilizes contacts between B9 and
TFIIIC that are maintained in forming the wild-type TFIIIB-
TFIIIC-DNA complex.

FIG. 7. DNase I protection analysis of TFIIIB-TFIIIC-SUP4 gene complexes
containing internally deleted variants of B0. (A) Ten femtomoles of a 294-bp
EcoRI-XbaI fragment containing the SUP4 gene, 39 end labeled on the tran-
scribed strand, was incubated as specified in Materials and Methods with TFIIIC
(lanes b to l), Brf and TBP (lanes c to l), and 100 fmol of wild-type (wt) or
internally deleted B0, as specified above lanes d to l. Complexes were treated with
DNase I, and samples were processed as described in Materials and Methods.
The locations of the box A- and box B-binding sites of TFIIIC and further
upstream sequence are indicated at the left. (B) B0D272-292 and B0D409-421 are
incorporated into a TFIIIB-TFIIIC-SUP4 gene complex but fail to free DNA
surrounding the start site of transcription for access by pol III. DNase I foot-
printing was performed as described in Materials and Methods, and phospho-
rimage density profiles were normalized for the total radioactivity loaded in each
gel lane and subjected to pairwise comparison. i, comparison of the TFIIIC
complex (fine black line) and the B9-TFIIIC complex (heavy grey line) footprints.
ii, comparison of the B9-TFIIIC complex (fine black line) and the wild-type
TFIIIB-TFIIIC complex (heavy grey line), showing in the latter exposure of the
transcriptional start site (11) and protection between bp 212 and 244. iii,
footprint of the TFIIIB(B0D272-292)-TFIIIC complex (heavy grey line). iv, foot-
print of the TFIIIB(B0D409-421)-TFIIIC complex (heavy grey line). Compari-
sons in panels iii and iv with the B9-TFIIIC complex (fine black line) show that
these TFIIIB-TFIIIC complexes do not expose the vicinity of the transcriptional
start site (11). Locations in the DNA sequence are indexed (up- and down-
pointing arrows), and box A is indicated (filled box).
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The DNase I footprint of the transcriptionally inactive
TFIIIB [B0(276-594)]-TFIIIC-SUP4 DNA complex (Fig. 2B
and Table 1) was also examined. Unlike TFIIIB complexes
formed with internally deleted B0D272-292 and N-terminally
deleted B0(263-594), B0(276-594) failed to generate significant
protection upstream of bp 232 and for the most part closely
conformed to the B9-TFIIIC-DNA complex footprint (Fig. 8,
panel iv).
In summary, the analysis of these three external deletions

shows that removal of 262 N-terminal or 131 C-terminal amino
acids of B0 generates only relatively subtly changed DNase I
footprints and that such changes as occur are confined to the
same (downstream) side of the DNA. Removal of only 13 more
N-terminal amino acids from B0 generates a protein that is
grossly defective in generating the DNA contacts that are char-
acteristic of the TFIIIC-dependent TFIIIB complex with the
SUP4 gene. These findings prompt two speculations that are
discussed further below: (i) the amino and carboxy ends of B0
may be located near each other in the TFIIIB-DNA complex,
and (ii) B0 serves as a scaffold that remolds the B9-DNA complex.
Extensive structure changes of B( during assembly of

TFIIIB-DNA complexes. The loss of function that is generated
by certain combinations of deletions that are widely separated
on the B0 polypeptide (Fig. 3 and 5) suggests that B0 might be
a partner in multiple, reinforcing interactions within the

TFIIIB-DNA complex. A concrete and independent view of
these protein-protein and protein-DNA interactions is pro-
vided by hydroxyl radical protein footprinting (15, 18, 19) of B0
within TFIIIB-DNA complexes. B0 contains a consensus site,
RRLS, for phosphorylation by cyclic AMP-dependent protein
kinase at amino acids 161 to 164 (with S164 getting phosphor-
ylated). B0(138-594) is fully functional (Fig. 2 and data not
shown) and places this natural phosphorylation site sufficiently
close to the N terminus to serve as an effective 32P end label.
We ascertained that S164 is the only site in B0(138-594) that is
labeled by cyclic AMP-dependent protein kinase by showing
that only full-length C-terminally His-tagged and 32P-labeled
B0(138-594) is retained on Ni-NTA agarose following extensive
digestion with endoproteinase Glu-C (data not shown). Gel
mobility shift assays also demonstrated the ability of pol III to
assemble onto TFIIIB-DNA complexes containing S164-phos-
phorylated B0 (data not shown).
End-labeled B0(138-594) was used to form TFIIIB-TFIIIC-

SUP4 DNA complexes. These were then treated with 400 mM
NaCl to strip away TFIIIC and nonspecifically bound proteins
and purified away from unbound proteins on Sepharose CL2B
(27). Figure 9A displays the size distribution of fragments
generated by hydroxyl radical cleavage of B0(138-594) free in
solution (lanes f to h) and in a TFIIIB-SUP4 DNA complex
(lanes b to d). Since cleavage was single hit, the sizes of the

FIG. 7—Continued.
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products correspond to the distance between the site of B0
cleavage and the N terminus. B0migrates anomalously in SDS-
polyacrylamide gel electrophoresis (as a 90-kDa protein [24]).
It turns out that no single region of B0 generates this effect; all
of the B0 deletion mutants made thus far migrate anomalously.
To accurately locate sites of hydroxyl radical-mediated cleav-
age, size standards were generated based on the predicted
partial CNBr (lane i), endoproteinase Glu-C (lane k), and
Lys-C and Arg-C (data not shown) digestion products of
B0(138-594). Phosphorylation of double-deletion B0(138-x)
proteins provided additional markers (lane j). A standard
curve generated from data in lanes i to k of Fig. 9A shows that
the dependence of electrophoretic mobility on B0 polypeptide
length is irregular (Fig. 9B), the most notable deviation occur-
ring between amino acids 434 and 399.
An alignment of the hydroxyl radical cleavage profiles gen-

erated by the reactions analyzed in lanes b (TFIIIB-DNA com-
plex) and f (free B0) of Fig. 9A is shown in Fig. 9C. Two major
regions of protection from hydroxyl radical cleavage upon for-
mation of a TFIIIB-SUP4 DNA complex involve B0 amino

acids ;470 to 390 (region I in Fig. 9C and 1) and ;305 to 270
(region II). We also reproducibly noted enhanced accessibility
of amino acids ;210 to 190 (region III) to hydroxyl radicals.
Smaller changes of susceptibility to hydroxyl radical cleavage
elsewhere (e.g. at amino acid ;350 to 305 and ;245 to 255
were reproducibly seen but are more difficult to interpret be-
cause alignment and normalization of patterns with as many
differences as are seen here is subject to some judgment and
alternative adjustment.
However, the principal insight that is provided by hydroxyl

radical footprinting of B0 is unencumbered by ambiguity. The
two regions of B0 that are most strongly protected from cleav-
age by hydroxyl radical upon incorporation into a TFIIIB-
DNA complex cover the locations of deletions that individually
generate susceptibility of TFIIIB-SNR6 DNA complexes to
heparin (Fig. 9C). Certain combinations of deletions from re-
gions I and II lead to a failure to form TFIIIB-DNA complexes
and to support transcription. Deletions in regions I and II
individually make B0 incompetent for TFIIIC-dependent tran-
scription.

FIG. 8. DNase I footprints of TFIIIB-TFIIIC-SUP4 gene complexes containing terminally deleted B0. DNase I footprinting was performed as described in Materials
and Methods. TFIIIC was stripped from TFIIIB-DNA complexes containing wild-type (wt) B0, B0(1-464), and B0(263-594) after DNase I treatment by addition of
heparin. i, comparison of the wild-type and B0(1-464)-TFIIIB-TFIIIC footprints (fine and heavy lines, respectively). ii and iii, comparison of the TFIIIB[B0(263-594)]-
TFIIIC footprint (heavy line) with the wild-type TFIIIB-TFIIIC footprint (panel ii, fine line) and the TFIIIC footprint (panel iii, fine line). iv, binding of B0(276-594)
(heavy line) barely changes the B9-TFIIIC footprint (fine line). Locations in the DNA sequence are indicated as in Fig. 7B.
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DISCUSSION

The 594-amino-acid B0 subunit of yeast TFIIIB is essential
for all transcription by pol III, and it is encoded by an essential
yeast gene. It is remarkable, therefore, that our deletion anal-
ysis has not identified a single absolutely required amino acid

for B0 function in SNR6 transcription (only four isolated amino
acids remaining unexplored). With regard to SNR6 transcrip-
tion, B0 is an indispensable protein constructed from dispens-
able domains! Nevertheless, pairwise combinations of dele-
tions identify two regions of B0 that are essential for TFIIIC-
independent U6 snRNA synthesis on an either/or basis. The

FIG. 9. Hydroxyl radical protein footprints of B0 in the TFIIIB-SUP4 gene complex: mapping the topographical changes accompanying assembly. (A) Comparison
of the hydroxyl radical cleavage patterns of B0(138-594) 32P-labeled at S164 in a TFIIIB-DNA complex (lanes a to d) and free in solution (lanes e to h). Partial CNBr
(lane i) and endoproteinase Glu-C (lane k) digestions of B0(138-594) and C-terminal deletions of B0(138-594) (lane j) serve as size standards (see Materials and
Methods). The C termini of the CNBr partial digestion products [i.e., B0(138-x)] are identified at the right. Domains I, II, and III are indicated at the left. (B) Standard
curve of size markers shown in panel A. Not every endoproteinase Glu-C fragment was unambiguously identified due to anomalous electrophoretic migration. Only
those cleavage products identified by further partial cleavage with endoproteinase Lys-C, endoproteinase Arg-C, and CNBr are plotted. (C) Phosphorimage profile of
the cleavage reactions shown in panel A, lane a (untreated B0; thin mottled line, bottom), lane b (TFIIIB-DNA complex; thick line, middle), and lane f (free B0; thin
line, top). The splotches in lanes e to g of panel A were autoradiographic (caused by static electrical charge) and not part of the further analyzed phosphorimager output.
Profiles were initially normalized to total phosphorimager signal in each gel lane. The profiles for free B0 and B0 in the TFIIIB-DNA complex were renormalized to
total phosphorimager signal of cleavage products with C termini between amino acids;164 and 190 and between amino acids 210 and 241. Migration of marker proteins
is noted at the top, as an aid to mapping distance along the horizontal axis to location in the B0 peptide chain. C indicates compressions of the gel (panel B) near amino
acids 420, 360, and 285. These compressions involve only small segments of domains I and II that are buried upon TFIIIB-DNA complex formation and are absent
from the region of domain III, which is brought more to the surface upon complex formation. The locations of the putative SANT domain (44) and of internal deletions
conferring heparin sensitivity (heps) on TFIIIB-DNA complexes as well as defective SUP4 transcription are noted at the top. C-term D, C-terminal deletion.
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absence of amino acid sequence that is essential for SNR6
transcription is consistent with the existence of multiple sites of
interaction, with DNA, pol III, Brf, TBP, and the Tfc4/t120,
subunit of TFIIIC (3, 22, 24–26, 42, 44). It is conceivable that
loss of one DNA, Brf, or TBP contact or one internal contact
within B0 would generate a TFIIIB-DNA complex that is stable
enough for transcription but no longer resistant to displace-
ment by polyanions.
Topography of B(. Footprinting with hydroxyl radical maps

accessibility of the surface of a protein to a very small, reactive
molecule (18), potentially to single-peptide bond resolution.
The hydroxyl radical protein footprint of B0 yields a second
remarkable outcome. The B0-alone footprint is dominated by
four well-separated peaks of susceptibility to hydroxyl radical
cleavage (Fig. 9A and C). These are likely to be protrusions in
the structure of B0 in solution or less ordered segments. More
important for our immediate concerns, there is an extensive
burial of surface in two extended regions of B0 (I and II), and
unfolding in a third region (III), when B0 is incorporated into
a TFIIIB-DNA complex. In region II, a peak of susceptibility
to cleavage by hydroxyl radical is almost completely eliminated
when B0 enters the TFIIIB-DNA complex. Region I (amino
acids 390 to 460) includes the previously identified SANT do-
main (1, 44). SANT domains are implicated in protein-protein
and protein-nucleic acid interactions (both of which, of course,
contribute to the burial of protein surface [e.g., reference 46]).
Regions I and II of B0, which get buried in the TFIIIB-DNA
complex, are also identified as important by the deletion anal-
ysis. Clearly, these are sites at which interactions of B0 with the
other components of TFIIIB (or internal interactions between
separate domains of B0) are required for function. Region III,
which becomes more exposed to cleavage by hydroxyl radical
upon entry into a TFIIIB-DNA complex, is not essential for
transcription in vitro.
This analysis of the topography of TFIIIB by protein foot-

printing gives a clear indication of just how useful the method
will be in probing the interior architecture of the pol III pro-
moter complex, particularly in combination with other ap-
proaches, such as protein-DNA and protein-protein photo-
chemical cross-linking and site-directed mutagenesis.
B0 exerts a profound influence on the structure of the fully

assembled TFIIIB-DNA complex: it confers heparin insensi-
tivity and very tight binding and extends the DNase I footprint
;10 bp further upstream, while at the same time making the
start site of transcription accessible to cleavage by DNase I
(and presumably to binding by pol III) by shifting TFIIIC out
of the way. It is known that B0 is within photochemical cross-
linking range (;9 Å) of DNA at multiple sites throughout the
span of the TFIIIB-DNA complex (3, 5). One might therefore
anticipate seeing B0 aligned with and extended along DNA. To
our surprise, we have not found DNase I footprints retracting
progressively from either end of the DNA-binding site of
TFIIIB as B0 is truncated or internally deleted. Extensive de-
letions from the N and C ends of B0 (more than 390 amino
acids altogether) do not change the footprint of the corre-
sponding TFIIIB-DNA complex. Smaller (11- to 22-amino-
acid) internal deletions between amino acids 253 and 310 and
between amino acids 388 and 449 also leave the TFIIIB foot-
print on the SNR6 gene essentially unchanged. At this point,
only amino acids 311 to 387 remain untested in the search for
a segment of B0 that directly generates the upstream-extending
end of the TFIIIB footprint on the SNR6 gene. (The search is
likely to be fruitless since smaller internal deletions of B0
between amino acids 327 and 387 generated TFIIIB-tDNA
footprints that were indistinguishable from the wild-type foot-
print [Fig. 7A].) These findings leave open the possibility that

B0 principally generates the upstream footprint extension of
the TFIIIB-TFIIIC-DNA complex (relative to the B9-TFIIIC-
DNA complex) indirectly, through its action on Brf.
B( as the scaffold of the TFIIIB-DNA complex. The outcome

of the DNase I footprinting analysis of B0 deletion mutants
(Fig. 7 and 8), interpreted in the light of prior information
from photochemical DNA-protein cross-linking analyses (3, 5),
prompts the speculation that B0 serves as a kind of scaffold for
the TFIIIB-DNA complex. B0 may remold the B9-DNA com-
plex as it binds to it and generate the heparin resistance of the
TFIIIB-DNA complex indirectly by means of protein-protein
interactions that “lock down” the TFIIIB-DNA complex rather
than exclusively by a simple, separate and discrete B0-DNA
interaction. Perhaps that is why internal deletions in the SANT
domain of B0 (in region I) and in region II (Fig. 9), which make
the corresponding TFIIIB (B0D)-SNR6 gene complex heparin
sensitive, show no characteristically different DNase I foot-
print. Detailed mapping of the B0 polypeptide chain to DNA
should allow one to test this suggestion, by determining
whether segments of domains I and II that are associated with
heparin resistance (Fig. 9C) are in direct contact with, or close
to, DNA. We have begun to map such close approaches be-
tween B0 and DNA at the respective protein as well as DNA
ends by a photochemical method.
TFIIIC-dependent tRNA gene transcription demands more

of B0 than does TFIIIC-independent U6 gene transcription.
Domains I and II, which serve on an either/or basis for the
latter, are separately required for the former. Moreover,
B0(263-464), which includes regions I and II, is inadequate for
SUP4 transcription. Transcriptional competence for the SUP4
gene is conferred either by additional C-terminal or by N-
proximal amino acids, since B0(263-594) and B0(158-464) are
transcriptionally active (Fig. 1). We attribute these extra re-
quirements to an interaction of B0 with the Tfc4/t120 subunit of
TFIIIC, which lies near B0 on upstream DNA sequence. The
existence of such an interaction is supported by a dominant
mutation in the second tetratricopeptide repeat of Tfc4/t120
that increases B0 activity in fractionated yeast extracts 11-fold
(41) and also by the strong activation levels achieved with a
two-hybrid construct demanding an interaction between B0
and mutant Tfc4/t120 deleted for its second tetratricopeptide
repeat (44).
Our findings (Fig. 1 and 2) implicate two domains of B0 that

are widely separated on the polypeptide chain in interaction
with TFIIIC, which clearly sits to one side of TFIIIB in the
DNA complex (3–5, 45). Two small internal deletions (B0D272-
292 in domain II and B0D409-421 in domain I) generate es-
sentially identical effects on the TFIIIB-TFIIIC-DNA complex
footprint at its downstream end (Fig. 7), suggestive of a defect
in displacing the t120 subunit of TFIIIC from the transcrip-
tional start (Fig. 6). The two mutants are, respectively, severely
and completely defective in SUP4 transcription. This finding is
readily rationalized if B0 is folded over in the preinitiation
complex (TFIIIB-TFIIIC-DNA) so that domains I and II are
near one another. Since DNA is very sharply bent in the
TFIIIB complex (6, 35), more sharply than by TBP alone (30,
31, 47), we suggest that B0 folds DNA along with it. A folded
structure of the TFIIIB-DNA complex would allow segments
of the B0 polypeptide chain that are associated with the two
flanks of the DNA contact site (3) to be also located near each
other, consistent with the observation that transcriptional ac-
tivity on the SUP4 gene can be restored to the U6 transcrip-
tion-competent cores of B0 with additions of N-proximal amino
acids or C-proximal amino acids (Fig. 1). If B0 were assembled
in the TFIIIB-DNA complex as a head-to-tail dimer, one could
also imagine domain I-II interaction between B0 subunits. We
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believe that TFIIIB contains only a single molecule of B0 for
the following reasons. (i) Photochemical cross-linking experi-
ments with DNA probes containing multiple photoactive nu-
cleotides clearly show co-cross-linking of Brf and B0 to a single
molecule of DNA but no evidence for two copies of B0 (3). (ii)
Attempts to regenerate B0 active for tRNA gene transcription,
by complementing B0(1-418) with B0(276-594) to provide ad-
ditional N- and C-terminal sequence, failed. In contrast, tRNA
gene transcription was partially rescued by complementing
B0(1-418) with an essentially nonoverlapping C-terminal pep-
tide containing amino acids 418 to 594 (31a). (iii) We saw
neither stimulation nor inhibition of tRNA gene transcription
in attempts to drive B0 heterodimer formation with dilute wild
type B0 (1 to 20 fmol, in titration) and excess B0(276-594),
B0(1-418), or B0(224-464) (150 fmol of each [data not shown]).
A close examination of SUP4 gene transcription yields evi-

dence that B0 plays a role in determining the spacing of the
TFIIIB-binding site relative to the site of transcriptional initi-
ation (Fig. 3). This could be due to a direct interaction between
B0 and pol III. (In fact, a direct, specific interaction has been
detected in B0 affinity chromatography experiments [27a]).
However, seeing the effect in SUP4 transcription, but not SNR6
transcription, and realizing that the SNR6 gene harbors alter-
native start sites for transcription in vivo (13), we suggest that
B0 exerts its effect on pol III docking indirectly, probably
through TFIIIC.
Other evidence for aberrant preinitiation complex assembly

by B0 deletion mutants can also be discerned. B0(276-594),
which has a deletion extending into domain II, forms a hepa-
rin-resistant TFIIIB complex with the SNR6 gene that is tran-
scriptionally active (Table 1 and Fig. 2A) but forms a heparin-
sensitive TFIIIB-TFIIIC complex with the SUP4 gene (Fig. 4
and data not shown) that is transcriptionally inert (Fig. 1, Fig.
2B, and Table 1). Although B0(276-594) clearly binds to the
B9-TFIIIC-SUP4 DNA complex (Fig. 4 and data not shown), it
leaves the DNase I footprint of that complex only barely
changed from the B9 form (Fig. 8, panel iv). The interesting
implication of this finding is that a failure of interaction with
TFIIIC leads to gross misassembly of B0(276-594) into a
TFIIIB-DNA complex.
To this point, the analysis of B0 has focused on transcription

complex assembly and transcriptional initiation on DNA tem-
plates. It will be interesting to know whether extensively
trimmed down versions of B0 also confer transcriptional com-
petence in the context of chromatin, and whether they sustain
viability in vivo.

ACKNOWLEDGMENTS

We are grateful to E. Ramirez for experimental assistance, to R. H.
Ebright and C. Meares for communicating results in advance of pub-
lication, and to C. A. P. Joazeiro for comments on the manuscript.
Our research was supported by a grant from the National Institute

of General Medical Sciences.

REFERENCES

1. Aasland, R., A. F. Stewart, and T. Gibson. 1996. The SANT domain: a
putative DNA-binding domain in the SWI-SNF and ADA complexes, the
transcriptional co-repressor N-CoR and TFIIIB. Trends Biochem. Sci. 21:
87–88.

2. Archambault, J., C. A. Milne, K. T. Schappert, B. Braum, J. D. Friesen, and
J. Segall. 1992. The deduced sequence of the transcription factor TFIIIA
from Saccharomyces cerevisiae reveals extensive divergence from Xenopus
TFIIIA. J. Biol. Chem. 267:3282–3288.

3. 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.

4. Bartholomew, B., G. A. Kassavetis, B. R. Braun, and E. P. Geiduschek. 1990.

The subunit structure of Saccharomyces cerevisiae transcription factor IIIC
probed with a novel photocrosslinking reagent. EMBO J. 9:2197–2205.

5. Braun, B. R., B. Bartholomew, G. A. Kassavetis, and E. P. Geiduschek. 1992.
Topography of transcription factor complexes on the Saccharomyces cerevi-
siae 5S RNA gene. J. Mol. Biol. 228:1063–1077.

6. Braun, B. R., G. A. Kassavetis, and E. P. Geiduschek. 1992. Bending of the
Saccharomyces cerevisiae 5S rRNA gene in transcription factor complexes.
J. Biol. Chem. 267:22562–22569.

7. Braun, B. R., D. L. Riggs, G. A. Kassavetis, and E. P. Geiduschek. 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.

8. Brow, D. A., and C. Guthrie. 1990. Transcription of a yeast U6 snRNA gene
requires a polymerase III promoter element in a novel position. Genes Dev.
4:1345–1356.

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

10. Burnol, A.-F., F. Margottin, P. Schultz, M.-C. Marsolier, P. Oudet, and A.
Sentenac. 1993. Basal promoter and enhancer element of yeast U6 snRNA
gene. J. Mol. Biol. 233:644–658.

11. Chaussivert, N., C. Conesa, S. Shaaban, and A. Sentenac. 1995. Complex
interactions between yeast TFIIIB and TFIIIC. J. Biol. Chem. 270:15353–
15358.

12. Colbert, T., and S. Hahn. 1992. A yeast TFIIB-related factor involved in
RNA polymerase III transcription. Genes Dev. 6:1940–1949.

13. Eschenlauer, J. B., M. W. Kaiser, V. L. Gerlach, and D. A. Brow. 1993.
Architecture of a yeast U6 RNA gene promoter. Mol. Cell. Biol. 13:3015–
3026.

14. Geiduschek, E. P., and G. A. Kassavetis. 1995. Comparing transcriptional
initiation by RNA polymerases I and III. Curr. Opin. Cell Biol. 7:344–351.

15. Greiner, D. P., K. A. Hughes, A. H. Gunasekera, and C. F. Meares. 1996.
Binding of the sigma 70 protein to the core subunits of Escherichia coli RNA
polymerase, studied by iron-EDTA protein footprinting. Proc. Natl. Acad.
Sci. USA 93:71–75.

16. Hahn, S., S. Buratowski, P. A. Sharp, and L. Guarente. 1989. Isolation of the
gene encoding the yeast TATA binding protein TFIID: a gene identical to
the SPT15 suppressor of Ty element insertions. Cell 58:1173–1181.

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

18. Heyduk, E., and T. Heyduk. 1994. Mapping protein domains involved in
macromolecular interactions: a novel protein footprinting approach. Bio-
chemistry 33:9643–9650.

19. Heyduk, T., E. Heyduk, K. Severinov, H. Tang, and R. H. Ebright. 1996.
Determinants of RNA polymerase a subunit for interaction with b,b9, and s
subunits: hydroxyl-radical protein footprinting. Proc. Natl. Acad. Sci. USA
93:10162–10166.

20. Huet, J., C. Conesa, N. Manaud, N. Chaussivert, and A. Sentenac. 1994.
Interactions between yeast TFIIIB components. Nucleic Acids Res. 22:3433–
3439.

21. Huet, J., and A. Sentenac. 1992. The TATA-binding protein participates in
TFIIIB assembly on tRNA genes. Nucleic Acids Res. 20:6451–6454.

22. Joazeiro, C. A., G. A. Kassavetis, and E. P. Geiduschek. 1994. Identical
components of yeast transcription factor IIIB are required and sufficient for
transcription of TATA box-containing and TATA-less genes. Mol. Cell. Biol.
14:2798–2808.

23. Joazeiro, C. A. P., G. A. Kassavetis, and E. P. Geiduschek. 1996. Alternative
outcomes in assembly of promoter complexes: the roles of TBP and a flexible
linker in placing TFIIIB on tRNA genes. Genes Dev. 10:725–739.

24. Kassavetis, G. A., S. T. Nguyen, R. Kobayashi, A. Kumar, E. P. Geiduschek,
and M. Pisano. 1995. Cloning, expression and function of TFC5, the gene
encoding the B0 component of the Saccharomyces cerevisiae RNA polymer-
ase III transcription factor TFIIIB. Proc. Natl. Acad. Sci. USA 92:9786–9790.

25. 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.

26. Kassavetis, G. A., B. Bartholomew, J. A. Blanco, T. E. Johnson, and E. P.
Geiduschek. 1991. Two essential components of the Saccharomyces cerevisiae
transcription factor IIIB: transcription and DNA-binding properties. Proc.
Natl. Acad. Sci. USA 88:7308–7312.

27. 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 III while TFIIIA and TFIIIC are assembly factors. Cell 60:235–245.

27a.Kassavetis, G. A., M. Hambalko, and S. Nguyen. Unpublished data.
28. Kassavetis, G. A., D. L. Riggs, R. Negri, L. H. Nguyen, and E. P. Geiduschek.

1989. Transcription factor IIIB generates extended DNA interactions in
RNA polymerase III transcription complexes on tRNA genes. Mol. Cell.
Biol. 9:2551–2566.

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

VOL. 17, 1997 FUNCTIONS AND FUNCTIONAL DOMAINS OF B0 1879



30. Kim, J. L., D. B. Nikolov, and S. K. Burley. 1993. Co-crystal structure of TBP
recognizing the minor groove of a TATA element. Nature 365:520–527.

31. Kim, Y., J. H. Geiger, S. Hahn, and P. Sigler. 1993. Crystal structure of a
yeast TBP/TATA box complex. Nature 365:512–520.

31a.Kumar, A. Unpublished data.
32. Kunkel, T. A., J. D. Roberts, and R. A. Zakour. 1987. Rapid and efficient

site-specific mutagenesis without phenotypic selection. Methods Enzymol.,
154:367–382.
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