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The function of the conserved zinc-binding domains in the related Pol II- and Pol III-specific factors TFIIB
and Brf was investigated. Three-dimensional structure modeling and mutagenesis studies indicated that for
both factors, the functional surface of the zinc ribbon fold consists of a small conserved patch of residues
located on one face of the domain comprised mainly of the second and third antiparallel b strands. Previous
studies have shown that the TFIIB zinc ribbon is essential for recruitment of Pol II into the preinitiation
complex. In contrast, Pol III recruitment assays and in vitro transcription demonstrate that the disruption of
the Brf zinc ribbon does not lead to a defect in Pol III recruitment but, rather, a defect in open complex
formation. Therefore, the same conserved surface of the zinc ribbon domain has been adapted to serve distinct
roles in the Pol II and Pol III transcription machinery.
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The TFIIB family is comprised of three classes of general
transcription factors (Fig. 1A). TFIIB functions specifi-
cally in RNA polymerase II (Pol II) transcription, in
which it binds the TATA-binding protein (TBP)–DNA
complex and recruits RNA Pol II/TFIIF to the promoter
(Orphanides et al. 1996; Hampsey 1998). In vivo, TFIIB is
a component of the RNA Pol II holoenzyme (Myer and
Young 1998) and likely binds the TFIID–TFIIA–DNA
complex as a subunit of holoenzyme (Ranish et al. 1999).
The Pol III-specific factor Brf, together with TBP and B”,
are subunits of TFIIIB, which forms stable promoter
complexes and functions to recruit RNA Pol III to pro-
moters (Chedin et al. 1998; Colbert et al. 1998; Kumar et
al. 1998; Shen et al. 1998). TFB is an Archaea general
factor, and along with Archaea TBP, promotes transcrip-
tion by Archaea RNA polymerase (Hausner et al. 1996;
Qureshi et al. 1997). TFIIB and Brf have been widely con-
served among eukaryotes, and TFB has been conserved
among all Archaea species examined.

The amino-terminal region of all three factors is com-
prised of a zinc-binding region followed by a conserved
block of ∼15 residues (Fig. 1B,C). The conserved block
forms a domain distinct from the zinc ribbon and in
TFIIB plays a role in transcription start site selection
(Pinto et al. 1994; Pardee et al. 1998), in polymerase ac-
tivity after preinitiation complex formation (Ranish

et al. 1999), and probably makes an intramolecular in-
teraction with the core domain (Roberts and Green
1994).

The zinc-binding region of the TFIIB family contains
the sequence motif CXXC(H)-15/17-CXXC. The struc-
ture of this zinc ribbon fold was determined for one TFB
factor using NMR (Zhu et al. 1996). To date, the struc-
tures of three distinct zinc ribbon domains have been
determined by NMR and the presence of this fold in a
number of other proteins has been inferred from se-
quence homology (Qian et al. 1993; Olmsted et al. 1998;
Wang et al. 1998). Factors containing this mini domain
have very diverse amino acid sequence and function. Ex-
amples include the RNA Pol II elongation factor TFIIS,
subunits of RNA Pol I, Pol II, and Pol III (Chedin et al.
1998), the general transcription factor TFIIE, DNA poly-
merase a, and T4 DNA primase. The only conserved
sequence features of this fold appear to be the CXXC(H)
and CXXC motifs. This fold consists of a rubredoxin
knuckle containing the first CXXC followed by a b
strand of variable length (see Fig. 2B). This is connected
to an antiparallel strand by a flexible loop. The second b
strand is followed by a second CXXC containing a rubre-
doxin knuckle, which connects to a third very short an-
tiparallel b strand. It has been proposed that the great
sequence diversity of zinc ribbons is due to the planar
nature of this fold, along with zinc coordination, which
eliminates the need for a hydrophobic core (Schwabe and
Klug 1994; Wang et al. 1998). This great sequence diver-
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sity allows the fold to be used in proteins of very differ-
ent function.

Disruption of the ribbon domain by mutation of con-
served cysteine residues in yeast TFIIB and Brf is lethal
(Buratowski and Zhou 1993; this work). Mutation of the
TFIIB ribbon severely compromises in vitro transcription
under all conditions tested (Buratowski and Zhou 1993;
Pardee et al. 1998; Ranish et al. 1999). The zinc ribbon of
TFIIB likely interacts with Pol II and/or TFIIF. Disrup-
tion of the domain blocks coimmune precipitation of Pol
II and TFIIB (Pardee et al. 1998) and prevents recruitment
of Pol II/TFIIF to the TBP–TFIIB–DNA complex (Barberis
et al. 1993; Buratowski and Zhou 1993; Hisatake et al.
1993; Ranish et al. 1999). The ribbon domain of TFIIB
has also been reported to interact with two transcription
activators (Colgan et al. 1995; Masuyama et al. 1997).

In a highly purified system, deletion of a large portion
of the amino terminus of yeast Brf including the zinc
ribbon, the conserved block, and the first repeat of the
core domain leads to a strong decrease in initiation but
does not completely eliminate transcription (Kassavetis
et al. 1997, 1998). The target of the Brf ribbon domain is
unknown. It is possible that the Brf ribbon domain con-
tacts Pol III, or alternatively contacts a Pol III general
factor.

At least three Pol II general factors function after re-
cruitment of Pol II to the preinitiation complexes (PICs)
TFIIB, TFIIF, and TFIIH (Coin and Egly 1998; Lei et al.
1998; Ranish et al. 1999). In the Pol III system, two fac-
tors were shown to affect open complex formation by Pol
III. Mutations were isolated in the Pol III subunit C34,
which affected open complex formation but not Pol III
recruitment (Brun et al. 1997). Similar defects were ob-
served with several small internal deletions in the TFIIIB
subunit B”, which specifically affected open complex
formation (Kassavetis et al. 1998). In addition, these B”

Figure 1. The TFIIB family and the conserved zinc ribbon fold.
(A) The three classes of TFIIB family members; (B) schematic of
the TFIIB family amino-terminal domain; (C) sequence align-
ment of Brf, TFB, and TFIIB family members. Conserved sec-
ondary structural elements are indicated. The numbering at the
top is for Saccharomyces cerevisiae BRF and numbering at the
bottom is for S. cerevisiae TFIIB. The models derived in this
study were for S. cerevisiae Brf residues 3–33 and TFIIB residues
23–53.

Figure 2. Structure modeling of the Brf and TFIIB zinc ribbons.
(A) Polypeptide backbone of two P. furiosis TFB zinc ribbon
domains used as templates for modeling (blue) and the backbone
of the three best Brf models (pink). This as well as other data
described in this paper can be viewed as three-dimensional mod-
els at the WWW site indicated in the text. (B) Cartoon of one Brf
model with the three b strands indicated. The side chains of
four Cys residues (yellow and green) coordinating the zinc atom
(red) are shown. (C) Polypeptide backbone of two P. furiosis TFB
zinc ribbon domains used as templates for modeling (blue) and
the backbone of the three best TFIIB models (pink).
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deletions were observed to have a more severe transcrip-
tion defect with supercoiled rather than linear DNA. In
contrast, the large Brf amino-terminal deletion men-
tioned above had a slightly lower defect on supercoiled
DNA compared with linear DNA, but was severely com-
promised for function on both templates (Kassavetis et
al. 1998).

As a step in understanding the function and target of
the zinc ribbon domains in the TFIIB family, three-di-
mensional structure modeling and systematic mutagen-
esis was used to identify the functional surface of this
domain in TFIIB and Brf. The resulting mutations in the
Brf ribbon domain were used to probe for the function of
the ribbon domain. Our results show that the two ho-
mologous domains play distinct roles in the Pol II and
Pol III systems.

Results

Structure modeling of the Brf zinc ribbon domain

As a first step in identification of the functional surface
of the Brf zinc ribbon, the three-dimensional structure of
the Brf ribbon fold was modeled. The NMR structure of
Pyrococcus furiosis TFB (Zhu et al. 1996) was used as a
template for modeling the structure of Brf. An overlay of
the 25 NMR structure models for P. furiosis TFB in the
protein database showed that the polypeptide backbone
of these models was very consistent within the zinc rib-
bon fold (residues 6–34). However, the residues amino- or
carboxy-terminal to this fold had no consistent structure
in the models and were not used in Brf modeling. The
sequence alignment used for modeling Brf residues 3–33
is shown in Figure 1C. The three yeast Brfs contain an
insertion of two residues in the loop between b strands
one and two compared with the other TFIIB family mem-
bers. The position of this insertion in the sequence align-
ment was arbitrary, as there is no homology between
TFB and Brf in this region. Using the program Modeller
(Sali and Blundell 1993), three TFB NMR models were
used as templates to generate a number of Brf Models
(Materials and Methods). Statistically based structural
validation methods were used to select the best three
models that closely followed the characteristics for pro-
teins of known structure. The three best Brf models were
very similar and all scored at least as well or better in
these tests than the NMR models used as templates.
Figure 2A shows the backbone of two TFB structure
models (blue) along with several Brf models (pink). The
main difference in the models is the polypeptide back-
bone of residues within the loop connecting b strands
one and two. This occurred because this loop contains
the two extra residues mentioned above and also because
there is no sequence homology between Brf and TFB in
this segment. A cartoon representation of one Brf model
is shown in Figure 2B along with the location of the four
Cys side chains (green and yellow) coordinating the zinc
atom (red).

Interactive three-dimensional models of both the Brf
and TFIIB zinc ribbons, along with display of the func-

tionally important residues and coordinates of the mod-
els, can be viewed on the World-Wide Web (WWW) at:
http://www.fhcrc.org/science/basic/labs/hahn/chime_
pages/3dstruct_index.html.

Radical and alanine scanning mutagenesis

Residues most likely to be surface exposed were identi-
fied using the three best structure models for the BRF
zinc ribbon. Because the flexible loop region did not give
a consistent structure in the three models, surface resi-
dues in the loop could not be identified. The ribbon do-
main is unlike a typical globular protein in that it does
not contain a hydrophobic core. Instead, the domain is
formed by coordination of the zinc atom as well as sev-
eral van der Waals interactions and a network of six hy-
drogen bonds holding the anti-parallel b strands. Thus,
there are no truly buried side chains in this domain.
Residues targeted for mutagenesis were identified using
surface accessibility calculations as well as identifica-
tion of residues that do not make intramolecular inter-
actions predicted to be important for structure or stabil-
ity of the domain or disrupt coordination of the zinc
atom.

The side chains identified above were targeted for radi-
cal mutagenesis, in which amino acid side chains were
replaced by either glutamic or aspartic acid. Radical mu-
tagenesis was used because in previous tests in vivo, this
type of substitution gave a stronger phenotype and was
more likely to identify functional regions of the protein
(Bryant et al. 1996; Tang et al. 1996; Chou and Struhl
1997; Lee and Struhl 1997). Radical substitutions that
cause a defect in function do not necessarily imply that
the wild-type side chain is important for function. Two
alternative explanations are that the newly introduced
bulky-charged side chain interferes with binding an in-
teracting factor, or that it affects the structural integrity
of the domain. To test for the requirement of particular
side chains, alanine substitutions were also introduced
at all surface-exposed residues causing truncation of the
side chain at the b carbon. Finally, to test the in vivo
requirement for this domain in cell growth, truncations
lacking the first 12 or 24 residues of Brf were generated.

All of the above mutations were made in a low-copy
number centromere containing vector that expresses HA
epitope-tagged Brf under control of its own promoter
(Materials and Methods). The HA epitope did not affect
function of Brf in vivo or in vitro. The mutant plasmids
were used to replace the wild-type yeast BRF gene by
plasmid shuffle. The resulting growth phenotype was
measured on synthetic glucose plates at 25, 30, and
35.5°C (Table 1). In contrast to our earlier findings, dis-
ruption of the zinc ribbon domain by deletion of the first
12 or 24 amino acids of Brf was lethal and did not cause
a cold-sensitive phenotype as reported previously (Col-
bert and Hahn 1992). The reason for this difference is
unknown.

Figure 3, A and B (also see the WWW site), shows two
faces of the Brf zinc ribbon model with side chains color
coded according to the in vivo phenotype caused by radi-
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cal substitution as follows: (yellow) no growth defect;
(blue) lethal; (red) temperature sensitive and/or slow
growth phenotype. It is striking that one face of the fold
is insensitive to mutagenesis, whereas on the other face,
four residues important for function (D22, V24, V30, and
V31) are clustered. A fifth residue identified by radical
mutagenesis, E33, is near this surface. However, because
E33 is the last residue in the model, it is not as certain
whether this side chain is likely to be surface exposed in
the context of full-length Brf, and whether it functions as
part of the ribbon fold or the conserved sequence block
domain carboxy-terminal to the ribbon domain. Of the
four clustered residues, D22 and V24 are located in the
second b strand, V31 is located in the third b strand, and
V30 is positioned at the junction between the second
knuckle and the third b strand.

Of the side chains that showed a phenotype when mu-
tated, D22 and V24 are the least accessible. However, in
two of the three best Brf structure models, the D22 side
chain is not predicted to interact with any other residue.
In one model, D22 makes a hydrogen bond with the side
chain of residue N20. N20 is not conserved in Brfs, so

this interaction is not predicted to be important. Model-
ing of the Brf structure with the D22R or A mutations
gave models that scored well in the statistical tests and
had structures essentially identical to the wild-type Brf
models (see WWW site). The side chain V24 is predicted
to make two van der Waals interactions with V31 and
D15. Modeling the V24E mutation gave models that
again scored well and in which the E side chain fit nicely
into the space occupied by the V side chain with the
charged part of the surface exposed. The interaction with
D15 is preserved in the modeled structure (see WWW
site). Therefore, mutation of D22 and V24, the least ex-
posed side chains in the Brf ribbon domain, is not pre-
dicted to be detrimental to the ribbon structure.

As an in vivo test for the structural integrity of the
mutagenized ribbon fold, the in vivo stability of the mu-
tant proteins was measured. Cells containing both an
HA-tagged mutant and wild-type untagged copy of Brf
were grown in minimal medium and cellular-protein ex-
tracted. The levels of mutant protein were assayed by
Western blot, probing for the HA epitope inserted on the
mutant copy of Brf. All of the mutant proteins were sta-
bly expressed at least as well as wild-type Brf, with the
exception of the truncation D2–12, which disrupts the
domain and was expressed at threefold-lower steady
state levels (not shown).

Modeling and mutagenesis of the TFIIB zinc ribbon

Because it is not clear as to what extent the function of
TFIIB and Brf have been conserved in their respective
transcription systems, it was of interest to compare the
function of the zinc ribbon domains in both factors. Be-
cause the precise molecular target of the domain for ei-
ther factor is unknown, it was impossible to predict
whether the location of the functional surfaces in the
two factors would be conserved. To answer this ques-
tion, the structure of the yeast TFIIB zinc ribbon fold was
modeled with the same strategy used for Brf. The se-
quence alignment with TFB used for the modeling is
shown in Figure 1C. The yeast TFIIB factors all contain
an insertion of two residues between the first rubredoxin
knuckle and b strand. The position of this insertion in
the alignment was arbitrary, as there is no homology
between the family members in this region. With the
same structure validation methods used for the Brf mod-
els, the best three TFIIB models were selected, were all
very similar, and scored well in the statistical tests. The
polypeptide backbone of three models along with two P.
furiosis NMR models closely align except for the region
between the first knuckle and b strand at the location of
the two residue insertion (Fig. 2C; see WWW site).

Amino acid side chains in the TFIIB ribbon were tar-
geted for radical mutagenesis in a centromere containing
yeast expression vector with TFIIB expression driven by
the natural promoter. The mutagenized TFIIB contained
a Flag epitope tag at the carboxyl terminus, which had no
effect on in vivo function. The mutagenized TFIIB plas-
mids were used to replace the wild-type copy of the
TFIIB gene, SUA7, by plasmid shuffle, and the growth

Table 1. In vivo function of Brf mutations

Mutation 18°C 25°C 30°C 35.5°C

Wild type +++ +++ +++ +++
V3E +++ +++ +++
V3A +++ +++ +++
K5E +++ +++ +++
K5A +++ +++ +++
N6E +++ +++ +++
N6A +++ +++ +++
H8E +++ +++ +++
H8A +++ +++ +++
T10E +++ +++ +++
T10A +++ +++ +++
E11R +++ +++ +++
E11A +++ +++ +++
E13R +++ +++ +++ +++
R14E +++ +++ +++
R14A +++ +++ +++
D22R NA lethal NA NA
D22A ++ ++ ++ ++
V24E NA lethal NA NA
V24A +++ +++ +++
K26E +++ +++ +++
K26A +++ +++ +++
V30E +/− + + +
V30A +++ +++ +++ +++
V31E +/− ++ ++ +
V31A ++ ++ ++ +
E33R ++ ++ ++
E33A +++ +++ +++
D2-12 NA lethal NA NA
D2-26 NA lethal NA NA

Yeast growth phenotypes on minimal complete glucose media
caused by radical and alanine substitution as well as deletion of
the domain are indicated relative to wild-type Brf. Growth phe-
notypes different from wild type are indicated by shading: dark
gray for slow growth or temperature sensitive; light gray for
lethal.
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phenotype was measured as was done for Brf mutations
(Table 2).

Figure 3, C and D, shows two faces of the TFIIB zinc
ribbon model with side chains color coded by growth
phenotype. Again, it is striking that one face of the TFIIB
fold is insensitive to mutagenesis, whereas on the other
face, five residues important for function (E26, D42, V44,
L50, and V51) are clustered. Of these residues, four are in
the analogous position to residues identified by radical
mutagenesis in Brf. TFIIB D42 is analogous to Brf D22,
V44 is analogous to Brf V24, V51 is analogous to Brf V31,
and L50 is analogous to Brf V30. The positions of these
five residues are all on the second or third b strands or on
the second rubredoxin knuckle (E26). These five residues
were also targeted for alanine substitution and assayed
for function in vivo. In contrast to Brf, in which only one
of these common residues was sensitive to alanine sub-
stitution, three common residues in TFIIB were sensitive
to alanine substitution (Table 2). Figure 4 compares the
molecular surface and electrostatic potential at the func-
tional surface of the Brf and TFIIB ribbon domains. The
four functionally conserved residues are predicted to
form a nearly identical surface in both factors.

Interestingly, TFIIB residue E26 is important for TFIIB
function, as substitution with arginine significantly de-
creases in vivo function, but the analogous substitution
in BRF (N6E) causes no phenotype. Substitution of TFIIB
E26 by alanine causes no noticeable effect on in vivo
function. However, substitution by asparagine, the same
residue as in yeast BRF, surprisingly decreased in vivo

function of TFIIB (Table 2), demonstrating that for yeast
TFIIB, E26 is the optimal residue compared with the side
chain found in BRF.

As an in vivo test for the expression of the TFIIB mu-
tants, the in vivo stability of the mutant proteins was
measured. Cells containing both a mutant tagged and
wild-type untagged copy of TFIIB were grown in minimal
medium, and cellular protein was extracted. The levels
of mutant protein were assayed by Western blot, probing
for the Flag epitope inserted on the mutant copy of TFIIB.
All of the mutant proteins were expressed to within 70%
of the wild-type level (not shown).

Transcription defects in Brf zinc ribbon mutants

To determine how strongly mutations in the Brf zinc
ribbon domain affected Pol III transcription, in vitro
transcription was conducted with three defective pro-
teins identified above. These mutant Brf proteins were
expressed and purified from Escherichia coli, the radical
substitution mutant D22R, and two deletion mutations
that disrupt the domain, D2–12 and D2–24. To assay the
transcriptional defects, a whole cell extract was prepared
from a strain containing the Brf temperature-sensitive
mutation W107R (Colbert 1997). Extracts made from
this mutant are severely defective for in vitro transcrip-
tion and TFIIIB–DNA complex formation, even when as-
sayed at the permissive temperature (S. Roberts and T.
Colbert, unpubl.). A total of 10 ng of either wild-type or
mutant Brf was added to the W107R extracts and mul-

Figure 3. In vivo phenotypes of Brf and TFIIB
zinc ribbon mutations and their position on
the structure models. (A,B) Two faces of the
Brf ribbon structure model are shown with the
side chains targeted for mutagenesis color
coded by growth phenotype caused by radical
substitution. (Yellow) No growth defect; (blue)
lethal; (red) temperature sensitive and/or slow
growth phenotype. Also indicated are muta-
tions that cause the in vivo phenotypes. (C,D)
Two faces of the TFIIB ribbon structure model
are shown with the side chains targeted for
mutagenesis color coded by in vivo phenotype
as was done in A and B. The views of the Brf
model in A and B correspond to the same faces
of the TFIIB model shown in C and D, respec-
tively. These data can also be viewed three-
dimensionally at the web site indicated in the
text.
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tiround transcription was assayed on supercoiled tem-
plates (Fig. 5A). Transcription from the LEU3 tRNA pro-
moter was stimulated 5-fold by wild-type Brf and was
only stimulated 2- to 2.5-fold when the extract was
supplemented with the Brf ribbon mutants. Transcrip-
tion from the SNR6 gene (U6) was stimulated 14-fold by
wild-type Brf and was only stimulated 4.6-fold by the
ribbon mutants. Finally, 5S rRNA transcription was
stimulated 3-fold by wild-type Brf and only 1.8- to 1.4-
fold by the ribbon mutants (not shown). Brf stimulation
of U6 transcription was also decreased from 14- to 3–4-
fold by the zinc ribbon mutants when nucleotides were
added for 3.5 min to limit transcription reinitiation (Fig.
5A, single). The above results are consistent with previ-
ous studies that showed that deletion of a large portion
of the Brf amino terminus, including the zinc ribbon and
at least two other Brf domains, caused a significant drop
in initiation but did not eliminate transcription entirely
(Kassavetis et al. 1997, 1998).

In vitro transcription defects were also found for sev-
eral of the nonlethal Brf ribbon mutants, D22A, V31E,
and E33R (Fig. 5B). In vitro transcription was performed

with extracts made from these mutant strains grown at
the permissive temperature. These extracts were most
defective for transcription at U6 showing 1.5- to 2.7-fold
lower transcription compared with wild-type. The de-
fects seen at the LEU3 promoter were much milder, with
defects ranging from 0.2- to 2-fold (not shown).

The Brf zinc ribbon mutants are not defective
in polymerase recruitment

On the basis of the above results along with other pub-
lished studies, the Brf ribbon mutants could be defective
in transcription because of a defect in either polymerase
recruitment or some later step such as open complex
formation or initiation. To assay polymerase recruit-
ment, PICs formed with wild-type or mutant Brfs were
directly isolated and analyzed (Fig. 6). Biotinylated ∼340-
bp fragments of the wild-type U6 promoter or a U6 pro-
moter containing TATA and B-block mutations (U6
mut) were immobilized to streptavidin-coated magnetic

Table 2. In vivo function of TFIIB mutations

Mutation 18°C 25°C 30°C 35.5°C

Wild type +++ +++ +++ +++
T23E +++ +++ +++ +++
P25E +++ +++ +++ +++
E26R ++ ++ ++ +
E26A +++ +++ +++ +++
E26N +++ +++ +++ ++
K28E +++ +++ +++ +++
Y30E +++ +++ +++ +++
P32E +++ +++ +++ +++
K33E +++ +++ +++ +++
I34E +++ +++ +++ +++
V35E +++ +++ +++ +++
E36R +++ +++ +++ +++
R37E +++ +++ +++ +++
F38E +++ +++ +++ +++
S39E +++ +++ +++ +++
E40R +++ +++ +++ +++
D42R N.D. + + +
D42A N.D. +++ +++ +++
D42C N.D. +++ +++ +++
D42E +++ +++ +++ +++
V43E +++ +++ +++ +++
V44E +++ ++ ++ ++
V44A +++ +++ +++ ++
L47E +++ +++ +++ +++
L50E ++ ++ ++ +
L50A ++ ++ ++ +
L50V +++ +++ +++ +++
V51E ++ ++ ++ +
V51A +++ +++ ++ +
S53E +++ +++ +++ +++

Yeast growth phenotypes on minimal complete glucose media
caused by site-directed mutagenesis of the yeast TFIIB zinc rib-
bon domain are indicated relative to wild-type TFIIB. Growth
phenotypes different from wild type are indicated by shading;
which indicates slow growth.

Figure 4. Molecular surface and electrostatic potential of the
Brf and TFIIB zinc ribbon functional surfaces. Surface and po-
tential indicated using Grasp (Nicholls et al. 1991). Positive
potential, (blue); negative potential, (red); hydrophobic, (white).
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beads. These fragments also contained a BamHI site en-
gineered upstream of the promoter. To assay PIC forma-
tion, the W107R extract with or without addition of Brf
was incubated with the immobilized templates at 30°C,
washed, and then the PIC complex isolated by liberation
with BamHI digestion. The liberated protein–DNA com-

plex was then assayed by SDS–PAGE and Western blot
for the presence of Pol III factors specifically bound to
the U6 but not the U6 mut fragment.

Figure 6B shows that TFIIIC binds to the immobilized
promoter in the absence of added Brf as assayed by the
presence of the TFIIIC subunit Tfc4. However, Pol III
was not recruited as measured by the absence of the Pol
III-specific subunit Rpc34. Brf and B” were not detected
under these conditions (not shown). TBP bound nearly as
well to both the U6 and U6 mut templates (not shown),
probably because of the fairly strong nonspecific-binding
capacity of TBP as well as the A T-rich nature of the U6
sequence. When wild-type Brf was added, Pol III was spe-
cifically recruited to the U6 but not the U6 mut pro-
moter. Brf and B” were also detected in these complexes,
although the available antisera against these proteins
was not as sensitive in Western blots as the Tfc4 and
Rpc34 antisera and the signals were sometimes difficult
to detect quantitatively (not shown). Strikingly, both the
D22R and D2–12 ribbon mutants recruited Pol III to the
U6 promoter as well as wild-type Brf. In contrast, tran-
scription from the washed PICs was drastically different
comparing wild-type and mutant Brfs (Fig. 6C) showing
that the ribbon domain is critical for initiation in the
washed complexes.

The Brf ribbon domain functions in open complex
formation

Probing PICs with potassium permanganate was used to
determine whether the Brf ribbon mutants were defec-
tive in open complex formation. Permanganate preferen-
tially reacts with single-stranded T residues and has been
used previously at both tRNA and the U6 promoter to
measure the amount of open complex formed (Kassavetis
et al. 1992, 1998; Brun et al. 1997). For technical reasons,
it was not possible to assay permanganate sensitivity on
the same DNA fragment used in the immobilized tem-
plate assay. First, template utilization of short DNA frag-
ments in the extracts is low compared with plasmid
templates, and second, the DNA fragments are either
dephosphorylated and/or degraded on prolonged incuba-
tion in the extract at 30°C. To avoid these problems, a

Figure 5. In vitro transcription defects
caused by Brf zinc ribbon mutations. (A) In
vitro transcription was performed for 30
min as described in Materials and Meth-
ods using the indicated promoter con-
tained on a supercoiled plasmid. A total of
10 ng of the indicated Brf was used to
supplement the Brf W107R extract as in-
dicated. For the U6 (single) panel, preini-
tiation complexes were performed in the
absence of nucleotides for 30 min followed
by addition of nucleotides for 3.5 min to

limit transcription to a single round. For LEU3 and U6 products, the top arrow indicates the full-length product; the bottom arrow,
a processed product derived from full-length transcript. (B) Whole cell extracts were made from the indicated Brf mutant strains grown
at 25°C and used for in vitro transcription at 32°C. Complexes were formed in the absence of NTPs for 30 min followed by NTP
addition for 3.5 min.

Figure 6. Isolation of preinitiation complexes using immobi-
lized promoter template. (A) Cartoon of the immobilized U6
and mutant templates used. (B) Western blot of complexes
formed on wild-type and mutant U6 templates probed with Tfc4
or Rpc34 antisera. Brf was added to the Brf W107R extract as
indicated. (C) in vitro transcription activity of isolated PICs.
Complexes were formed as in B, except that after washing,
nucleotides were added for 5 min and RNA products analyzed
by PAGE.
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supercoiled U6 plasmid was used in these assays analo-
gous to the experiments shown in Figure 5. PICs were
formed for 30 min in the W107R extract after the addi-
tion of wild-type or mutant BRF. Permanganate was
added for 1 min, the reaction was stopped, and modifi-
cation of the nontranscribed strand assayed by primer
extension (Materials and Methods). Figure 7 shows that
addition of wild-type BRF stimulates KMnO4 sensitivity
threefold at position T −5 with respect to the transcrip-
tion start site. In contrast, addition of either Brf D22R or
D2–12 did not significantly stimulate reactivity com-
pared with no Brf addition.

Discussion

The zinc ribbon fold has been conserved in the three
classes of TFIIB family members, TFIIB, TFB, and Brf.
The TFIIB zinc ribbon is known to interact with Pol II
and/or TFIIF, although the specific subunits with which
this domain interacts is unknown. Structural studies of
the TFIIB- and TFB–TBP–DNA complexes as well as
cross-linking of TFIIB to promoters suggests that the
amino-terminal region of TFIIB is located downstream of
the TATA element, where Pol II and TFIIF also interact
(Ebright 1998). Mutation of the TFIIB ribbon domain can
eliminate recruitment of Pol II to PICs when assembled
by either the stepwise assembly pathway or the holoen-
zyme pathway (Ranish et al. 1999).

In contrast to the function of the TFIIB ribbon, disrup-
tion of the Brf ribbon was shown to have no effect on
recruitment of Pol III to the PIC. This effect is under-
standable, as Pol III makes at least three other contacts
with subunits of TFIIIB and TFIIIC. First, the Pol III sub-
unit Rpc34 contacts the carboxy-terminal half of Brf and
possibly the amino-terminal half as well (Khoo et al.
1994; Brun et al. 1997). Second, the Pol III subunit Rpc17
also appears to contact Brf (Ferri et al. 2000). Finally, the

TFIIIC subunit Tfc4 contacts the Pol III subunit Rpc53
(Flores et al. 1999). Despite not having a role in Pol III
recruitment, the Brf ribbon domain is important for tran-
scription from both supercoiled and linear DNA tem-
plates. In the experiments reported here using Brf D22R
and two deletion mutants, in vitro transcription was de-
creased 2- to 4-fold in the Brf ribbon mutants assayed at
the different classes of Pol III promoters and at least 10-
fold in the washed PICs. Previously, it has been shown
that deletion of a large portion of the amino-terminal
half of Brf decreased in vitro transcription, consistent
with the results reported here (Kassavetis et al. 1997,
1998), although this and another amino-terminal dele-
tion reported recently (Kassavetis et al. 1999) removed
other domains in addition to the zinc ribbon. Finally, a
previous report from our laboratory showed that deletion
of the zinc ribbon led to a cold-sensitive phenotype and
an in vitro transcription defect (Colbert and Hahn 1992).
However, this analysis with the zinc ribbon is suspect,
because it was found in the present work that the zinc
ribbon domain is essential for growth of yeast.

The transcription defect in the Brf ribbon mutants was
shown to be due to a defect in open complex formation.
When PICs were formed with the ribbon mutants on
supercoiled DNA, significantly less permanganate reac-
tivity was seen near the transcription start site compared
with wild-type Brf. A similar effect on open complex
formation was seen using mutations in both the Pol III
subunit Rpc34 as well as in the TFIIIB subunit B” (Brun
et al. 1997; Kassavetis et al. 1998). Because B” has been
proposed to be a scaffold or structural component of the
TFIIIB complex (Kumar et al. 1998), it is possible that the
effect of these B” mutations on Pol III is indirect and is
the result of an altered structure of the TFIIIB–DNA
complex. In contrast, the Brf ribbon domain does not
play a role in the structure of TFIIIB–DNA (Colbert et al.
1998; Kumar et al. 1998) and would be more likely to
play a direct role in promoting a conformational change
in Pol III to the open complex state. However, as the
molecular target for the Brf ribbon domain is unknown,
it cannot be said whether this involves a direct interac-
tion with Pol III. To solve this problem, it will be nec-
essary to determine which factor interacts with the rib-
bon domain and how this relates to Rpc34 function. Be-
cause the ribbon domain probably does not contact the
active site of Pol III, a more general question that needs
to be answered is how distant protein–protein interac-
tions can promote a conformational change in the Pol
III–DNA complex. Similar questions have been raised for
prokaryotic activators that contact sites on Polymerase
far from the active site but nevertheless promote open
complex formation (Niu et al. 1996). It has been proposed
that these prokaryotic activators may cause an allosteric
change in polymerase or stabilize the transition state
between closed and open complexes.

Strikingly, the functional surface identified in both the
Brf and TFIIB ribbon domains has a common core of four
identical or conserved residues on one face of the do-
main. For both factors, this core region is a small hydro-
phobic surface with one negative charge comprised of b

Figure 7. Open complex defect in the Brf zinc ribbon mutants.
PICs were formed on 100 ng of supercoiled plasmid DNA as in
Fig. 5 (U6 single) using the Brf W107R extract supplemented
with 15 ng of the indicated Brf proteins (lanes 1–4). In lane 5,
extract made from wild-type yeast was supplemented with 15
ng of wild-type Brf. KMnO4 was added to 10 mM for 1 min,
followed by DNA isolation and detection of modified DNAs on
the nontranscribed strand by primer extension. The arrow
marks the position of base T −5.
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strands two and three. From the location of the func-
tional surface in both factors, an important role of zinc
coordination and the first b strand in the ribbon domain
is to orient the second and third antiparallel b strands to
form the functional surface of the domain. From the mu-
tagenesis results with TFIIB and Brf, it is likely that both
the side chains and polypeptide backbone at this surface
are involved in interaction with the target of this do-
main. However, the different sensitivity of these resi-
dues to alanine substitution leaves open the possibility
that the molecular details of how the two ribbons inter-
act with their targets are different. These surfaces in
TFIIB and Brf likely make multiple interactions with
their targets, since most single mutations did not com-
pletely disrupt the function of either domain compared
with mutation of the conserved Cys residues.

Previous mutagenesis of yeast TFIIB has identified sev-
eral non-cysteine residues important for function in the
ribbon domain. Mutation of two glycine residues in the
rubredoxin loop, G49S and G41E, both affected function
in vivo (Knaus et al. 1996) and likely interfered with zinc
coordination by altering the bending of the knuckle. The
mutation L50D in yeast TFIIB, one of the residues iden-
tified in this study, was found to impair Pol II binding
and caused a cold-sensitive growth phenotype (Bangur et
al. 1997; Pardee et al. 1998). The mutation L52P was
reported to cause either a cold-sensitive or lethal pheno-
type (Knaus et al. 1996; Bangur et al. 1997). From inspec-
tion of the TFIIB ribbon model, residue L52 is not surface
exposed and is likely important for folding of the do-
main. Consistent with this finding, attempts at model-
ing the TFIIB ribbon with this mutation did not result in
any reasonable three-dimensional models. Finally, mu-
tation S53P was found to cause a cold-sensitive pheno-
type (Knaus et al. 1996) and reduced transcription acti-
vation in vivo by two activators (Wu and Hampsey 1999),
in contrast to no phenotype observed in this study with
the S53E mutation. It should be noted that this is the last
residue in the TFIIB model, and it is uncertain whether
this residue acts as part of the ribbon domain or the
conserved sequence block and whether it is surface ex-
posed.

Among proteins of diverse function, the amino acid
sequence of zinc ribbon folds is not conserved outside of
the two CXXC(H) motifs. This sequence divergence al-
lows this fold to function in very different contexts in
many proteins. Mutagenesis of TFIIS has identified five
residues important for function, the location of all but
one differing markedly from the functional surface iden-
tified in TFIIB and Brf (Cipres-Palacin and Kane 1995;
Olmsted et al. 1998; Yoon et al. 1998). Comparison of the
important residues for TFIIS and the two TFIIB family
members discussed here demonstrates that these two
classes of factors interact very differently with their tar-
gets.

The structure modeling and functional analysis de-
scribed here are important for understanding the func-
tion of the ribbon domains of the TFIIB family and how
these factors interact with their targets. In the future,
identification of the target of the TFIIB and Brf ribbon

domains will lead to an understanding of how distant
protein–protein interactions contribute to conforma-
tional changes in Polymerase as well as the evolution
and specificity of the machinery for the three nuclear
RNA polymerases.

Materials and methods

General methods

General genetic, biochemical, and molecular biology methods
used in this study are detailed at the Hahn laboratory WWW
site: www.fhcrc.org/science/basic/labs/hahn. For determina-
tion of Brf or TFIIB temperature-sensitive mutant levels in vivo,
yeast were grown to ∼A600 = 1.0 in synthetic complete glucose
medium lacking both uracil and leucine to select for both the
wild-type and mutant copy of either BRF or SUA7. Rapid pro-
tein extracts were made by boiling cells in SDS buffer and as-
sayed by PAGE and Western blot as described on the above web
site. Results were quantitated using ImageQuant (Molecular
Dynamics). Polyclonal antisera directed against Rpc34 and
amino acids 1–170 of Tfc4 were generated by purification of
recombinant protein from E. coli and immunization of rabbits
(provided by K. Coachman, Fred Hutchinson Cancer Research
Center).

Structure modeling and model evaluation

The program ClustalX (Thompson et al. 1997) was used to align
the TFIIB family members for three-dimensional modeling. The
Brf family was first aligned and then this Brf profile was aligned
with P. furiosis TFB weighting the alignment for secondary
structural elements in the TFB NMR structure. The TFIIB fam-
ily was aligned separately and this profile was aligned with TFB
as above.

Of the 25 NMR models for the TFB zinc ribbon listed in the
Protein Data Bank, 3 were chosen to use as templates in the
structure modeling of Brf (models 1, 15, and 25). Each of the
three NMR models was used to generate 20 independent struc-
ture models of yeast Brf residues 3–33 using the program Mod-
eller 4 (Sali and Blundell 1993). The Modeller parameters for
refinement were set as follows: library schedule 1, iterations
300, molecular dynamics level 1, and repeat optimization 3. The
resulting 60 models were evaluated by statistically based struc-
tural validation methods to compare the properties of the mod-
els with properties of proteins of known structure. The models
were first evaluated using the program ERRAT, which analyzes
the interaction of nonbonded atoms (Colovos and Yeates 1993).
This program was found to be most useful as an initial screening
test. The best models were then evaluated using the Procheck
suite of programs (Laskowski et al. 1993), which examines the
distribution of dihedral angles and deviation of bond length and
angles from ideal. The best of this group were evaluated using
3-D Profile (Bowie et al. 1996), which evaluates the fitness of a
residue to its environment in the structure. By use of these
evaluation methods, one of the original TFB NMR models did
not score well (model 1) and all models derived from model 1 as
a template also did not score well and were discarded. The final
group of the three best models scored at least as well, and in
most cases, better than the original NMR models used as tem-
plates. The same methods were used to model the yeast TFIIB
residues 23–53 and select the best three structure models for
further analysis.

Mutagenesis and tests for in vivo function

The residues most likely to be surface exposed were identified
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by comparing the three best models for surface accessibility
using the programs Quanta (Molecular Simulations, Inc.) and
naccess (Hubbard and Thornton 2000). No consistent structure
of side chains or polypeptide backbone was seen for the loop
between b strands one and two in the Brf models, so this region
was not targeted for mutagenesis. The same methods were used
to identify the likely surface-exposed residues in yeast TFIIB.
The polypeptide backbone between the first knuckle and b

strand in the TFIIB models was not consistent between the
three best models due to reasons described in Results. However,
all three models predicted the same residues to lie on the sur-
face in this region, so all of these residues were targeted for
mutagenesis.

Brf mutations were made in the vector sBRF–HA–int-2 (C.
Landel and G. Schimmack, unpubl.), which contains yeast Brf
expressed under control of its own promoter with the coding
sequence altered to remove many rare E. coli codons without
altering the amino acid sequence, the mutation M166L to re-
duce internal initiation when expressed in E. coli (Librizzi et al.
1996), and insertion of an alanine residue after the initiation
methionine codon. In addition, an HA epitope and 8-His tag
were inserted in a nonconserved region near the carboxy-termi-
nal end of BRF (sequence available upon request) cloned in the
Ars Cen vector pRS315 (Sikorski and Hieter 1989). None of
these changes had any apparent effect on the in vivo or in vitro
function of Brf. Zinc ribbon mutations were introduced using
site-directed mutagenesis and confirmed by DNA sequencing.
Plasmids were transformed to yeast strain SHY285 (mata,
ade2D::hisG, his3D200, leu2D0, lys2D0, met15D0, trp1D63,
ura3D0, brf1D::HIS3/pSH524 (Ars Cen URA3, BRF1), and the
wild-type BRF1 gene replaced with the mutant gene by plasmid
shuffle at 25°C. Cells were tested for growth phenotype on syn-
thetic complete glucose plates (−leucine) at 18°C, 25°C, 30°C,
and 35.5°C.

TFIIB mutations were made in pLB2 (L. Boric, unpubl.), which
contains the SUA7 gene with two copies of a carboxy-terminal
Flag epitope tag (Hopp et al. 1988) expressed under control of the
Sua7 promoter cloned in the PRS315 vector. The mutant sua7
genes were introduced by plasmid shuffle and scored as above in
strain SHY98 [mata, ade6, leu2, his4, sua7D::HIS4/pSH374 (Ars
Cen URA3, SUA7)].

In vitro transcription

Yeast whole cell extracts were made from a strain with the Brf
temperature-sensitive mutation W107R (Colbert 1997). This
mutation disrupts in vitro transcription as well as TFIIIB com-
plex formation (Colbert 1997; S. Roberts, unpubl.). Yeast were
grown at the permissive temperature of 26°C and extracts made
by a modified method of Schultz et al. (1991) and P. Aprikian
and R. Reeder (unpubl.) as detailed on the above web site. In
vitro transcription was carried out under the following condi-
tions and as detailed on the web site using 30 µg of whole cell
extract: 2% glycerol, 20 mM HEPES (pH 7.9), 80 mM KCl, 5 mM

MgCl2, 1 mM EDTA, 1 mM DTT, 200 ng of a-amanitin, 4 units
of RNase Inhibitor (Amersham/Pharmacia), 140 ng of plasmid
template, 500 µM ATP, UTP, CTP, 50 µM GTP, and 0.5 µl of
[a-32P]GTP (10 mCi/ml, 3000 Ci/mmole). For multi-round tran-
scription reactions, proteins and DNA were mixed in 20 µl-
reactions on ice. Initiation was started by addition of nucleo-
tides and incubation at 30°C for 30 min and stopped by the
addition of 200 µl of 0.1 M Na acetate, 10 mM EDTA, 0.5% SDS,
and 5 µg/ml tRNA. For single-round transcription, proteins and
DNA were mixed on ice as above except that nucleotides were
omitted and the reactions incubated at 30°C for 20 min.
Nucleotides were then added and reactions stopped after 3.5

min. After phenol chloroform extraction and ethanol precipita-
tion, RNA products were analyzed on 6% denaturing urea acryl-
amide gels and quantitated by PhosphorImager analysis.

Open complex assay

Open complex formation was probed by DNA modification
with KMnO4 on supercoiled DNA and detected by primer ex-
tension (Sasse-Dwight and Gralla 1991). PICs were formed for
30 min as detailed above for single-round transcription, except
that plasmid template was 30 or 100 ng in 20 µl, and DTT,
a-amanitin, and RNase inhibitor were omitted from the reac-
tions. After 30 min, KMnO4 was added to a final concentration
of 5 or 10 mM for 1 min and stopped by addition of 2 µl of
2-mercaptoethanol and 200 µl of transcription stop mix. Reac-
tions were extracted with phenol/chloroform and precipitated
with ethanol. Modified DNAs were resuspended in 35 µl of
water and purified using MicroSpin G-25 columns (Amersham/
Pharmacia). These purified DNAs were then used as templates
for linear amplification with Taq polymerase using the 58 32P-
labeled oligonucleotide: CACAGCCTGGCATGAACAGTG-
GTA with the following amplification profile: 94°C for 20 sec;
50°C for 30 sec; 72°C for 2 min, and after 18 cycles, followed by
8 min at 72°C. Reaction products were ethanol precipitated and
analyzed on 8% urea acrylamide gels and quantitated by Phos-
phorImager analysis.

Brf purification

Brf and several zinc ribbon mutants from sBRF–HA–int2 were
subcloned to the expression vector pet21D (Novagen). Brf was
expressed and purified by Ni–NTA chromatography under de-
naturing conditions and renatured by dialysis as described pre-
viously (Colbert et al. 1998). This renatured Brf was further
purified by chromatography on Source 15Q (Amersham/Phar-
macia) and resulted in nearly homogenous full-length Brf.

Immobilized template assay

DNAs for immobilized templates were prepared and attached to
beads essentially as described by Ranish et al. (1999). A 58 bio-
tin-labeled 344-bp U6 promoter fragment was amplified by PCR
using the oligonucleotides 58 Biotin-TTCCGGAACGGGATC-
CCACAGCCTGGCATGAACAGTGGTA and 58-ACCGATA-
GCAAAGGCTTAGG using pCH6 (Brow and Guthrie 1990) as
a template. The U6 mut fragment was amplified from the plas-
mid U6 mutTATA (S. Roberts, unpubl.), which contains the
mutation TAGAGAAA at the U6 TATA box. The mutant
biotinylated fragment was synthesized by PCR using the biotin-
labeled oligo from above and the oligonucleotide CGCGA-
GACAATTTTCTATTCGAG, which deletes the TFIIIC box B-
binding site. A typical binding experiment contained 20 µg of
streptavidin magnetic beads (Dynal) linked to 60 ng of U6 DNA
in Pol III transcription buffer from above lacking nucleotides
with 0.01% Tween 20 and 30 µg of Brf W107R whole cell extract
in a final volume of 50 µl. Twenty nanograms of Brf was added
where indicated. Before adding the beads, extracts diluted in
transcription buffer were incubated 10 min on ice and then spun
5 min in a microcentrifuge at 4°C to remove any insoluble ma-
terial. After addition of all components on ice, reactions were
incubated for 30 min with shaking at 30°C. Beads were washed
three times in the above binding buffer and resuspended in 10 µl
of the same buffer including 30 units of BamHI. The restriction
digest was allowed to proceed for 25 min at room temperature
and then the supernatant was removed and analyzed by SDS-
PAGE and Western blot. For in vitro transcription analysis, the
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washed beads were resuspended in 50 µl of transcription buffer
with nucleotides and incubated at 30°C for 5 min.
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