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ABSTRACT

Previous studies have established a critical role
of both TFIIB and RNA polymerase II (RNAPII) in
start site selection in the yeast Saccharomyces
cerevisiae. However, it remains unclear how the
TFIIB±RNAPII interaction impacts on this process
since such an interaction can potentially in¯uence
both preinitiation complex (PIC) stability and con-
formation. In this study, we further investigate the
role of TFIIB in start site selection by characterizing
our newly generated TFIIB mutants, two of which
exhibit a novel upstream shift of start sites in vivo.
We took advantage of an arti®cial recruitment
system in which an RNAPII holoenzyme component
is covalently linked to a DNA-binding domain for
more direct and stable recruitment. We show that
TFIIB mutations can exert their effects on start site
selection in such an arti®cial recruitment system
even though it has a relaxed requirement for TFIIB.
We further show that these TFIIB mutants have
normal af®nity for RNAPII and do not alter the
promoter melting/scanning step. Finally, we show
that overexpressing the genetically isolated TFIIB
mutant E62K, which has a reduced af®nity for
RNAPII, can correct its start site selection defect.
We discuss a model in which the TFIIB±RNAPII
interaction controls the start site selection process
by in¯uencing the conformation of PIC prior to or
during PIC assembly, as opposed to PIC stability.

INTRODUCTION

Accurate initiation of transcription by RNA polymerase II
(RNAPII) requires the polymerase itself and a group of
general transcription factors (GTFs), including TATA-binding
protein (TBP), TFIIB, TFIIE, TFIIF and TFIIH (1±4). The
existence of analogous GTFs from different eukaryotic
species, including human, rat, fruit ¯y and yeast, suggests
that RNAPII transcription is a highly conserved process.
However, one particular feature of transcription appears to be
different between the yeast Saccharomyces cerevisiae and
other eukaryotes, namely transcription start site determination.
In higher eukaryotic cells, transcription generally starts at a

®xed distance of ~30 bp downstream of the TATA element
(5), normally utilizing a single initiation site. In S.cerevisiae,
transcription occurs within a window located ~40±120 bp
downstream of the TATA box, often with multiple start sites
(6,7).

An essential step in transcription initiation is the recruit-
ment of RNAPII to the promoter region. TFIIB plays a critical
role at this step by providing a physical link between TBP and
RNAPII (8). A large body of studies also suggested that yeast
TFIIB is involved in the process of transcription start site
selection (9±12). Genetic analysis revealed that mutations in
both RNAPII and TFIIB can cause transcription start site
alterations in vivo (13). In addition, an in vitro pair-wise
replacement experiment using GTFs from S.cerevisiae and
Schizosaccharomyces pombe demonstrated that RNAPII and
TFIIB are both necessary and suf®cient to determine tran-
scription start site pro®les characteristic of a given organism
(10). Despite different start site usage in S.cerevisiae and other
eukaryotes, certain aspects of the start site selection mechan-
isms may remain conserved. In particular, mutations in human
TFIIB corresponding to two genetically isolated mutations in
yeast TFIIB also cause detectable, albeit less severe, start site
alterations in vitro (14). These ®ndings suggest that under-
standing how start sites are determined in yeast will also yield
information relevant to transcription in mammalian cells.

Despite extensive studies of transcription mechanisms and
start site selection in yeast, several questions remain to be
answered fully. First, since all the previously described
TFIIB mutants only shift start sites further downstream
(9,11,12,15±17), it is unclear whether TFIIB is responsible
for preventing RNAPII from utilizing DNA sites that are
located not only downstream but also upstream of the normal
start sites. Second, since the TFIIB±RNAPII interaction can
potentially affect both preinitiation complex (PIC) stability
and conformation, experiments in vivo that can further
differentiate between these two possibilities are of particular
importance. Interestingly, two of the genetically isolated
TFIIB mutants both have a reduced ability to interact with
RNAPII (18). Third, it remains to be determined at what
step(s) TFIIB may confer the start site selection properties to
RNAPII; in particular, previous studies have shown that
mutations in RNAPII can exhibit altered properties in both
elongation and start site selection (19,20), suggesting that start
site selection defects may be caused by promoter melting/
scanning properties.
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The experiments described in this report further address the
questions outlined above. In particular, we report new TFIIB
mutants that cause novel transcription start site pro®les
characteristic of an upstream shift. In addition, we take
advantage of an arti®cial recruitment system in which the
RNAPII holoenzyme is directly and stably recruited to DNA
through a covalent link to a DNA-binding domain. We show
that TFIIB mutations can still exert their effects on the start
site selection process even though the requirement for TFIIB
becomes relaxed. Using an in vivo footprint assay, we further
demonstrate that the promoter melting/scanning step is not
altered by TFIIB mutations. Finally, we show that over-
expressing E62K, a genetically isolated TFIIB mutant with a
reduced af®nity for RNAPII, can correct its start site selection
defect in vivo. Our results are consistent with a model in which
the TFIIB±RNAPII interaction may control the start site
selection process by in¯uencing the conformation of RNAPII
prior to or during PIC assembly, as opposed to PIC stability.

MATERIALS AND METHODS

Yeast strains and plasmids

Yeast strain 604 (MATa ura3-52 leu2 his3 trp1 cyh2r sua7)
with wild-type TFIIB expressed from a Ura3/ARS-CEN
plasmid was used as the parent strain to generate all our
mutant TFIIB strains (21). Mutant TFIIB genes were gener-
ated using PCR-based mutagenesis methods. The mutant
DNA was inserted into a Trp1/2 mm plasmid. A plasmid
shuf¯ing procedure (22) was used to generate yeast strains
with mutant TFIIB but lacking the endogenous SUA7 gene.

Primer extension

Total RNA was isolated using an acidic phenol method as
previously described (21). Primer extension experiments using
50 mg total RNA were carried out as described previously (23).
The sequences of the primers were: for the endogenous ADH1
gene, 5¢-CGTAGAAGATAACACCTTTTTG-3¢; for the
lacZ reporter gene, 5¢-CACCAGTGAGACGGGCAACAG-
3¢. DNA samples were subjected to 9% acrylamide sequencing
gel electrophoresis in the presence of 7 M urea.

Protein puri®cation and interaction assay

GST fusion proteins were expressed in Escherichia coli strain
DH5a and puri®ed as previously described (21). Different
amounts of GST±TFIIB protein (as speci®ed in the legend to
Fig. 5) were bound to 40 ml of glutathione±Sepharose 4B
beads and incubated with 1 mg partially puri®ed RNAPII
(kindly provided by Drs Bushnell and Kornberg) at 4°C for 2 h.
The beads were washed thoroughly and eluted with 45 ml of
SDS±PAGE loading buffer. Aliquots of 15 ml of the super-
natant were subjected to SDS±PAGE and assayed by western
blot using antibodies against GST (Santa-Cruz) and Rpb1
(Babco).

Quantitative S1 analysis of mRNA

The S1 analysis of mRNA was performed as described
previously (21). The oligonucleotide probe used to detect the
lacZ mRNA level has 40 nt matching the sequence of lacZ
with six mismatched nucleotides at the 3¢ end (underlined).
The probe used to detect the endogenous ADH1 gene mRNA

level has 30 nt matching the sequence of ADH1 with six
mismatched nucleotides at the 3¢ end (underlined). The
sequences of the probes were: lacZ, 5¢-GGAAGGGCGATC-
GGTGCGGGCCTCTTCGCTATTACGCCAGCAATAG-3¢;
ADH1, 5¢-GGAACTGGAATATCTTTGTATTCCAACTTA-
CCAAAA-3¢

Analysis of promoter melting pattern

In vivo footprinting was carried out according to a method
described previously (5) with the following modi®cations.
Yeast cells were grown in selective medium to OD600 = 1.0.
An aliquot of 100 OD-ml yeast cells was resuspended in 1 ml
of growth medium. Permanganate treatment was carried out
by adding 85 ml of freshly made 0.35 M KMnO4 solution to the
cells and incubation at 25°C for 2 min. DNA was prepared and
treated with piperidine as described (5). Primer extension
analysis to detect the in vivo footprint patterns was carried out
as described previously (24). The DNA was subjected to 9%
acrylamide sequencing gel electrophoresis in the presence of
7 M urea.

RESULTS

Novel TFIIB mutants affecting start site selection in vivo

Almost all the previously reported TFIIB mutants defective in
start site selection in vivo have individual amino acid
substitutions. In addition, these mutants share a common
defect in that they all shift start sites downstream. To generate
TFIIB derivatives with potentially novel and/or more severe
defects in start site selection, we took the drastic approach of
inserting ®ve alanines at various locations in a region
previously proposed to be critical for start site selection
(12,15; Fig. 1B). This region is located immediately down-
stream of the zinc ribbon structure in the N-terminal domain of
TFIIB and is highly conserved in eukaryotes. In particular, two
amino acid residues in this region (highlighted in Fig. 1A),
Glu62 (E62) and Arg78 (R78), are proposed to form a salt
bridge essential for start site selection in yeast (13). For our
TFIIB mutants, a string of ®ve consecutive alanines was
inserted at locations surrounding these two residues. As shown
in Table 1, all these TFIIB mutants were able to support cell
growth in the absence of the chromosomal/endogenous SUA7
gene (which encodes TFIIB) (11). However, three of these
mutants, 53A5, 63A5 and 79A5, conferred a cold-sensitive
phenotype; yeast cells containing these TFIIB derivatives but
lacking endogenous SUA7 failed to grow (or grew very
poorly) at 18°C. In addition, cells containing two other
mutants, 58A5 and 70A5, exhibited a heat/temperature-
sensitive phenotype and failed to grow at 37°C (Table 1).

To analyze how the newly generated TFIIB mutants affect
start site selection in vivo, we determined the transcription
initiation sites of the endogenous ADH1 gene in yeast cells
containing these mutants but lacking endogenous SUA7. The
start site usage at the ADH1 promoter is sensitive to mutations
in RNAPII and TFIIB and, therefore, has been widely used in
previous studies (9,11,23,25,26). Another important feature of
ADH1 is that, unlike many other yeast promoters which have
multiple TATA boxes, the ADH1 promoter contains only one
functional TATA element (16). In wild-type yeast cells
(Fig. 2A, lane 1), ADH1 transcription initiates at two major
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positions, ±27 and ±37, with the A residue of the translation
initiation codon ATG designated as +1. To better compare the
start site selection pro®les, we also generated intensity
scanning graphs for ADH1 in both wild-type cells and cells
containing selected mutants (Fig. 2B).

Our newly generated TFIIB mutants can be grouped into
three classes according to their effects on start site usage at the
ADH1 promoter (Fig. 2). First, three of the mutants, 62A5,
77A5 and 78A5, have relatively little or no effect on start site
selection (Fig. 2A, lanes 5, 10 and 11), demonstrating that
these locations of TFIIB can tolerate alanine insertions
without causing gross start site selection defects. Second,
both 53A5 and 79A5 caused a typical downstream shift of start
site usage (lanes 3 and 12). In both cases, the intensity of the
±27 start site, as well as that of several minor start sites that are
further downstream, was signi®cantly increased, with usage of
the ±37 site dramatically reduced. Three other mutants also
had detectable but less severe defects in shifting start sites
downstream (63A5, 68A5 and 76A5). Third, mutants 58A5
and 70A5 caused novel start site selection pro®les character-
istic of an upstream shift similar (but not identical) to that

obtained in cells lacking the RPB9 subunit of RNAPII (23).
Speci®cally, the use of start sites further upstream of the ±37
major start site was signi®cantly enhanced in both DRPB9
yeast cells (Fig. 2A, lane 2) and cells containing the 58A5 or
70A5 mutants (Fig. 2A, lanes 4 and 8; see also Fig. 2B). In
addition, the intensity of the start sites between ±27 and ±37
was also signi®cantly increased in cells containing these two
TFIIB mutants.

Start site selection with an arti®cially recruited RNAPII
holoenzyme

Since TFIIB represents a critical link between TBP and
RNAPII, the TFIIB±RNAPII interaction can potentially affect
the start site selection process by in¯uencing either PIC
stability or conformation. To further differentiate between

Figure 1. Schematic diagram of the structural motifs of yeast TFIIB (A) and locations of alanine insertions (B). The C-terminal core domain of TFIIB
contains two imperfect repeats folded into two compact sub-domains. The N-terminal domain contains a zinc ribbon structure, followed immediately by a
region that is highly conserved among eukaryotes and is important for start site selection in vivo. Highlighted are residues in this region corresponding to E62
and K78 of yeast TFIIB, two residues that are proposed to form a salt bridge.

Table 1. Growth phenotypes of TFIIB derivatives

TFIIB derivative Temperature
37°C 30°C 18°C

Wild-type ++++ ++++ ++++
53A5 ++++ ++++ ±
58A5 ± +++ +++
62A5 ++++ ++++ ++++
63A5 +++ ++++ +/±
68A5 ++++ ++++ ++
70A5 ± +++ +++
76A5 ++++ ++++ ++++
77A5 ++++ ++++ ++++
78A5 ++++ ++++ ++++
79A5 ++++ ++++ +/±

Figure 2. Transcription start sites of the endogenous ADH1 gene.
(A) Shown are primer extension results to determine ADH1 transcription
start sites in cells (grown at 30°C) containing the indicated TFIIB mutants.
As a control, cells that lack the RNAPII subunit RPB9 were also used in the
same analysis. Two major start sites of ADH1, ±27 and ±37, are marked.
(B) Shown are intensity scanning graphs for ADH1 start site usage in cells
containing selected mutants.
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these two possibilities, we took advantage of an arti®cial
recruitment system, in which the RNAPII holoenzyme is
directly recruited to the promoter through a covalent link to a
DNA-binding domain. Speci®cally, we used a LexA±GAL11
fusion protein containing the holoenzyme component of
GAL11 fused to the DNA-binding domain of LexA (27±29).
Previous studies have shown that transcription supported by
arti®cially recruited RNAPII holoenzyme is more sensitive to
distance and promoter architecture than activator-stimulated
transcription (30), suggesting that these two processes are
mechanistically different (see also 31,32). Using temperature-
sensitive alleles for TFIIB and other GTFs (Fig. 3B), we
further demonstrate that transcription achieved through these
two mechanisms exhibits differential requirements for GTFs

(Fig. 3C and data not shown). For example, in cells containing
the temperature-sensitive allele TFIIB(70A5), the level of lacZ
mRNA induced by LexA±VP16 (see Fig. 3A for reporter
diagram) decreased signi®cantly after the cells were shifted to
the non-permissive temperature (Fig. 3C, lanes 5±8, top
panel). In contrast, when the reporter gene was induced by
LexA±GAL11, the lacZ mRNA level remained unchanged
after the temperature shift (Fig. 3C, lanes 1±4, top panel). As
expected, the endogenous ADH1 gene exhibited a reduction in
transcription after the temperature shift in cells containing
TFIIB(70A5) (Fig. 3C, lanes 1±8, bottom panels). In cells
containing wild-type TFIIB, both lacZ and ADH1 mRNA
levels remained constant (Fig. 3C, lanes 9±16). These results
demonstrate a more relaxed requirement for TFIIB by the
arti®cial recruitment system, presumably due to the more
direct and stable recruitment of RNAPII holoenzyme through
a covalent link, as opposed to protein±protein interactions.

We reasoned that if transcription start sites are determined
in a manner that is irrespective of PIC stability, start site
alterations caused by TFIIB mutations should persist even
when the RNAPII holoenzyme is arti®cially and more stably
recruited to DNA. For our experiments, we used an
ADH1±lacZ reporter gene (Fig. 3A) which contains the
ADH1 core promoter region (including the TATA box,
transcription initiation sites and ATG) and two LexA-binding
sites located 50 bp upstream of the ADH1 TATA box. As
shown in Figure 4, individual TFIIB mutations caused nearly
identical start site alterations for both the endogenous ADH1
gene (Fig. 4A) and the ADH1±lacZ reporter gene activated by
either LexA±VP16 (Fig. 4B) or LexA±GAL11 (Fig. 4C).
These results demonstrate that TFIIB mutations can exert their
effects on start site selection irrespective of the RNAPII
recruitment mechanism. They are consistent with the hypoth-
esis that the TFIIB±RNAPII interaction controls the start site
selection process by in¯uencing the conformation of PIC, as
opposed to its stability.

Figure 3. Activator-stimulated transcription and arti®cial recruitment-
supported transcription behave differently. (A) Shown is a schematic
diagram depicting the ADH1±lacZ reporter gene. It contains the TATA box,
transcription start site and ATG codon from the ADH1 promoter with two
LexA-binding sites placed 50 bp upstream of the TATA box. (B) Growth
curves of yeast cells containing either wild-type or the indicated TFIIB mu-
tants. Time points at which the optical density (OD600 nm) measurements of
the yeast cultures were taken are given; time 0 represents the temperature
shift from 30 to 37°C. (C) Yeast cells containing 70A5 but lacking
endogenous SUA7 were grown at 30°C and then shifted to 37°C. RNA was
isolated at indicated time points to determine the cellular level of lacZ
mRNA using an S1 nuclease assay. The reporter gene was activated by
either the classical activator LexA±VP16 (lanes 5±8) or the arti®cial
recruiter LexA±GAL11 (lanes 1±4). Cells containing 58A5 exhibited
expression pro®les of the reporter gene identical to those observed in cells
containing 70A5 (not shown). Also shown in this ®gure are the expression
pro®les of the reporter gene in cells containing wild-type TFIIB (lanes
9±16). For each time course, the expression level of the endogenous ADH1
gene is shown as a control (bottom panels). These experiments suggest a
relaxed requirement for TFIIB by LexA±GAL11-supported transcription.
However, LexA±GAL11-supported transcription is not independent of
TFIIB because start site alteration defects associated with TFIIB mutations
persist even when transcription is activated by LexA±GAL11 under both
permissive and non-permissive temperatures (Fig. 4C and data not shown).

Figure 4. TFIIB mutations can confer their effects to arti®cially recruited
RNAPII. Shown are primer extension assay results to determine the start
sites for the endogenous ADH1 gene (A) and the ADH1±lacZ reporter gene
activated by either LexA±VP16 (B) or LexA±GAL11 (C). The yeast cells
contained either the wild-type or the indicated TFIIB mutants and were
grown at 30°C. The two major start sites, ±27 and ±37, are marked.
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TFIIB mutations do not affect interaction with RNAPII
or promoter melting/scanning

To further investigate the role of the TFIIB±RNAPII inter-
action in start site selection, we determined how our TFIIB
mutants interacted with RNAPII in vitro. Recombinant mutant
TFIIB proteins were expressed in bacteria as GST fusions and
bound to glutathione beads. After incubation with partially
puri®ed yeast RNAPII, the bound proteins were analyzed by
western blot using antibodies against both GST and RPB1, the
largest subunit of RNAPII. An antibody against GST was used
in the same western blot analysis because the GST±TFIIB
band represented an internal control for the overall pull-down
ef®ciency. In addition, we used different amounts of
GST±TFIIB proteins to better compare their strength in
interacting with RNAPII. In our experiments, three TFIIB
mutants with the most severe start site selection defects were
analyzed; two of them have novel start site pro®les sharing
similarity with that of DRPB9 (Fig. 2A). As shown in Figure 5,
all these TFIIB mutants interacted with RNAPII in vitro with a
similar ef®ciency compared with wild-type TFIIB. Under the
same conditions, a non-functional TFIIB, C48S, which is
known to be defective in RNAPII interaction (33), failed to
interact with RNAPII (data not shown). These results, together
with those published previously (15), further demonstrate that
start site selection properties do not correlate with the
ef®ciency of the TFIIB±RNAPII interaction. Although
unlikely (10), it is formally possible that an altered interaction
with other factors may be responsible for the start site
selection defects.

An essential step in transcription initiation is the separation
of the double-stranded DNA at the promoter region, a process
referred to as promoter melting (34). Previous studies have
suggested a scanning model in which yeast RNAPII melts the
promoter ~20 bp downstream of the TATA box and scans
downstream to search for initiation sites (5,35). To determine
whether the promoter melting/scanning step(s) is affected by
our TFIIB mutations, we carried out an in vivo permanganate
footprint assay. Permanganate preferentially reacts with
thymines in single-stranded regions of DNA, a strategy that
has been used previously to determine promoter melting
pro®les in vivo (5). Our initial efforts to determine the
promoter melting pattern at the endogenous ADH1 promoter

did not reveal useful information because ADH1 is constitu-
tively expressed in yeast cells and, thus, it was not possible to
detect transcription-dependent signals. To circumvent this
problem, we used our ADH1±lacZ reporter gene (Fig. 3A),
which contains the ADH1 core promoter fused to lacZ. Since
this reporter is activated by LexA±VP16 but not LexA alone
(Fig. 6A), it allowed us to detect transcription-dependent

Figure 6. Promoter melting in cells containing various TFIIB mutants.
(A) Shown are b-galactosidase activity assay results of the ADH1±lacZ
reporter gene in yeast cells (grown at 30°C) containing the indicated TFIIB
proteins. The reporter was under the control of either LexA alone or
LexA±VP16. (B) Shown are in vivo permanganate footprint results to detect
transcription-induced DNA strand separation in the promoter region of the
ADH1±lacZ reporter gene. The TATA box and the two major start sites are
marked. Yeast cells (grown at 30°C) either contained wild-type TFIIB (WT)
or the indicated TFIIB mutants (70A5 and 79A5), with the reporter gene
activated by either LexA alone or LexA±VP16. Lane 1 is a DNA
sequencing C ladder. Lane 2 shows the results for yeast DNA that was
treated with KMnO4 in vitro.

Figure 5. Normal interaction between TFIIB mutants and RNAPII in vitro.
Partially puri®ed yeast RNAPII was used in a GST pull-down assay with
different bacterially expressed GST±TFIIB fusion proteins. The proteins
were detected in a western blot using antibodies against the largest subunit
of RNAPII and GST. In this experiment, increasing amounts of GST±TFIIB
derivatives were used: lanes 3±6, 1 mg; lanes 7±10, 2 mg; lanes 13±16, 4 mg;
lanes 17±20, 8 mg. To ensure a comparable loading, decreasing amounts of
the pull-down products were loaded onto the gel: lanes 3±6, 1/4 the
pull-down product; lanes 7±10 and 13±16, 1/8 the product; lanes 17±20,
1/16 the product. GST alone in lane 12 is a smaller protein compared with
GST±TFIIB and thus is not seen in this picture.
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signals in the permanganate footprint assay. As shown in
Figure 6B, LexA±VP16 induced permanganate-reactive bands
at the ADH1 promoter of the reporter gene (compare lanes 3
and 4). However, despite some relatively minor differences,
the pro®les induced by LexA±VP16 in cells that contain TFIIB
mutants exhibit an overall similarity to that in wild-type cells
(lanes 4±6). These results suggest that the mutations in TFIIB
do not cause a gross alteration at the promoter melting/
scanning step.

The biological defect of E62K can be corrected by
overexpressing the mutant protein

Although our experiments described thus far suggest that the
TFIIB±RNAPII interaction does not control the start site
selection process by in¯uencing PIC stability, some TFIIB
mutants (such as E62K) that are defective in start site selection
do have a weakened RNAPII interaction (12,13,18). To further
determine whether its reduced ability to interact with RNAPII
contributes to the defect of E62K in start site selection, we
expressed this TFIIB mutant at different levels in yeast cells
(either from a single copy plasmid or a high copy plasmid).
We reasoned that if the defect of E62K in start site selection
was caused by its reduced af®nity for RNAPII, overexpression
of this protein in yeast cells may correct, or partially correct,
such a defect. Our experiments show that in yeast cells
overexpressing E62K from a high copy plasmid, the tran-
scription start site pattern of the endogenous ADH1 gene is
corrected to a nearly wild-type pro®le (Fig. 7A, lanes 1 and 2).
In addition, E62K expressed from the high copy plasmid also
corrected the temperature-sensitive phenotype conferred by
this protein expressed from a single copy plasmid (data not
shown). However, the start site selection defect of E62K
persists even when the RNAPII holoenzyme is arti®cially

recruited to DNA (Fig. 7B). We will discuss the implications
of these ®ndings further in the Discussion.

Given the different behaviors of E62K when expressed at
different levels in cells, it is important to note that our newly
generated TFIIB mutants were all expressed from high copy
plasmids. Several of these mutants tested could not support
cell growth when expressed from single copy plasmids, thus
making it impossible to determine their behavior under these
conditions. Regardless, the fact that these mutants exhibited
start site selection defects even when overexpressed indicates
that their defects are distinct from that of E62K. This
suggestion is consistent with the ®nding that these newly
generated TFIIB mutants, unlike E62K, can interact with
RNAPII normally in vitro (Fig. 5).

DISCUSSION

The experiments described here argue against the possibility
that the TFIIB±RNAPII interaction controls the start site
selection process by in¯uencing the stability of the PIC
because: (i) TFIIB mutations can cause start site alterations
without affecting its interaction with RNAPII (Fig. 5); (ii) the
start site selection defects persist even when the RNAPII
holoenzyme is more stably recruited to DNA through a
covalent link to a DNA-binding domain (Fig. 4). Instead, our
data are consistent with the idea that the TFIIB±RNAPII
interaction controls the start site selection process by affecting
the conformation of the PIC, most likely RNAPII itself.
Biochemical studies have demonstrated that TFIIB, at least in
a mammalian transcription system, remains associated with
RNAPII until transcription initiates (36). If yeast TFIIB is also
associated with RNAPII when transcription start sites are
selected, TFIIB mutations in the evolutionarily conserved
region that interfaces with RNAPII could readily alter the
conformation and biochemical properties of RNAPII.

Our experiments with the mutant E62K suggest that TFIIB
may be able to confer its start site selection properties to
RNAPII prior to or during PIC formation. Unlike the newly
generated TFIIB mutants described in this report (Fig. 5),
E62K is impaired in RNAPII interaction (18). Although a
post-assembly defect has been detected for E62K in vitro (37)
(see also a similar study using E62G; 38), such a defect cannot
be the underlying cause for its start site selection defect; if this
were the case, increasing the amount of E62K could not have
restored the defective PIC once it was already fully assembled.
Our ®nding that the start site selection defect of E62K persists
even when the RNAPII holoenzyme is more stably recruited
(Fig. 7B) further argues against a PIC stability defect being
responsible for the alteration of start sites. Previous studies
suggest that TFIIB is the least tightly associated component of
the RNAPII holoenzyme: depending on the puri®cation
procedures, TFIIB is either present or absent in the
holoenzyme complex (39±43). It is possible that RNAPII
can adopt different conformations depending on whether the
holoenzyme recruited to the promoter contains or lacks E62K,
i.e. whether E62K and RNAPII join the PIC together or
separately.

An important ®nding of the current work is that TFIIB
mutations can cause an upstream shift of start sites in vivo,
suggesting that TFIIB is responsible for preventing RNAPII
from utilizing DNA sites that are located both upstream and

Figure 7. High levels of E62K can correct its start site selection defect.
(A) Shown are primer extension assay results to determine the start sites of
the endogenous ADH1 gene when the mutant TFIIB E62K was expressed
from either a single copy (LC) or a high copy (HC) plasmid. The result for
cells containing wild-type TFIIB expressed from a single copy plasmid
(lane 1) is also shown. The two major start sites are marked. (B) Shown is
the primer extension assay result of the ADH1±lacZ reporter gene activated
by LexA±GAL11 in cells containing E62K expressed from a single copy
plasmid. Yeast cells were grown at 30°C for experiments in both (A)
and (B).
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downstream of the normal start sites. It is currently unknown
why some mutations cause an upstream shift of start sites
while others cause a downstream shift. Start site selection
defects could potentially arise from both relaxation of
speci®city and an altered DNA preference of RNAPII. In
cells lacking RPB9 or containing our new TFIIB mutants
58A5 and 70A5, there is an increased usage of sites that are
both upstream and downstream of the normal start sites of
ADH1 (Fig. 2A, lanes 2, 4 and 8), suggesting a relaxed
speci®city. In this context, it is interesting to note that yeast
RNAPII lacking the RPB9 subunit has a reduced ability to
recognize and stall at potential arrest sites in vitro (19). In
addition, structural studies reveal that residues or domains of
RNAPII subunits important for start site selection, including
RPB9 (20,23,44), are located along the projected DNA
path (45,46), suggesting that their alterations can affect
protein±DNA contacts.

The distance between the TATA box and the active center
of yeast RNAPII is ~30 bp in the crystal structure (35), but a
transcription initiation site placed ~30 bp downstream of the
TATA box is not ef®ciently utilized in yeast cells (47±49).
This suggests that yeast RNAPII cannot ef®ciently recognize
or initiate transcription until its active center is translocated
further downstream. A scanning model has been proposed for
yeast transcription initiation where yeast RNAPII melts
promoter DNA at ~20 bp downstream of TATA and scans
further downstream to initiate transcription (5). It has been
shown that an intramolecular interaction exists in both human
and yeast TFIIB (21,50±53). It is possible that an open
conformation of yeast TFIIB is required to `activate' RNAPII.
Perhaps the transition from a closed to an open conformation
of TFIIB would allow its N-terminal domain, which is critical
for RNAPII interaction (54), to extend downstream of the
promoter and, consequently, cause RNAPII to scan. Although
our experiments show that TFIIB mutations that cause start
site selection defects do not grossly alter the promoter melting/
scanning step, the question of why yeast RNAPII needs to
undergo a scanning step remains extremely important and
requires further biochemical studies.
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