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TFIIB plays essential, but as yet

general transcription factor
unclear, roles in transcription initia-
tion by RNA polymerase II. We recently
found that phosphorylation of TFIIB is
required for productive transcription.
We discuss the implications of this work
for the functions of TFIIB in promoter
escape and gene loop formation.

Introduction

The general transcription factors (GTFs)
guide RNA polymerase II (pol II) to the
promoter and assist in the initiation of
transcription at the correct site.! Once the
preinitiation complex (PIC) is formed,
open complex formation facilitates pol II
access to the template strand, leading to
synthesis of the first phosphodiester bond.
Before pol II enters into productive elon-
gation, it passes through a transition, pro-
moter escape, at which a subset of GTFs
remain at the promoter forming a scaffold
for the formation of the next transcription
initiation complex.*? Coincident with
transcription initiation, the C-terminal
domain (CTD) of pol Il is phosphorylated
at Serine-5, which stimulates the recruit-
ment of mRNA 5'end capping enzymes.*’
mRNA capping, splicing and polyadenyla-
tion take place co-transcriptionally, as the
pol II CTD is phosphorylated at Serine-2
and Serine-5 is progressively dephospho-
rylated as elongation proceeds.®” Some
genes also require pol II CTD Serine-7
phosphorylation in transcription regu-
lation.? In living cells, gene loops, which
connect promoters and terminators, have
been proposed as a potential mechanism
to link the multiple events involved in
transcription.
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TFIIB

TFIIB plays a critical role in the PIC,
showing absolute requirement at all pro-
moters for the recruitment of pol II.
Human TFIIB is a single peptide of
33 kDa consisting of a zinc ribbon at
the N-terminus and a C-terminal core
domain composed of a-helices that form
two direct repeats.” The core domain of
TFIIB complexes with TBP at the TATA
box and interacts with the DNA both
upstream and downstream of TATA. The
zinc ribbon of TFIIB is required for the
recruitment of pol II and interacts with
both pol II and TFIIE>" The region
between the zinc ribbon and core domain
of TFIIB is highly conserved and contains
structures termed the B-finger/B-reader.
At the promoter, the B-finger/B-reader
project into the RNA catalytic center and
abuts the initiation site, where it is pro-
posed to play a role in transcription start
site selection.!!

TFIIB has been proposed as a target of
transcriptional activators.” Interestingly,
the N- and C-terminal domains of TFIIB
engage
tion. This involves direct binding of the
B-finger/B-reader region of TFIIB to the
second direct repeat and results in equi-
librium between an “open” form of TFIIB
and a “closed” form. We and others have
shown that upon interaction with an acti-
vator, TFIIB intramolecular interaction is
disrupted, thereby stabilizing the “open”
form of TFIIB.” Mutations in TFIIB that
stabilize the closed form of TFIIB result
in defects in transcriptional activation,
suggesting that TFIIB conformational

change is important in the activation
12,13

in an intramolecular interac-

process.
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TFIIB and Transcription Initiation

The B-finger hairpin has been refined as
a unidirectional extension of the TFIIB
N-terminal ribbon into an a-helix and a
mobile loop, reaching into the active cen-
ter of pol II, where it interacts directly
with the DNA-RNA hybrids."! The
C-terminal region of TFIIB is located
above the enzyme active center cleft."
Given the contact with the catalytic cen-
ter of pol II via the RNA exit channel and
the mobility evident from the different
structures, the B-finger/B-reader domain
likely functions at several stages, includ-
ing transcription initiation and clear-
ance of pol II from the promoter. It has
been proposed that mutations within the
B-finger/B-reader alter the interaction of
TFIIB with the pol II active site and pos-
sibly impair bubble formation around the
TSS, leading to failure to expose the path
of promoter DNA across the central cleft
of pol II and thereby cause aberrant start
site selection.” These defects can be sup-
pressed by the RAP74 subunit of TFIIF
and pol II subunits.'®

Several studies suggest a role for TFIIB
in promoter escape by pol IL.IM41718
early pol II transcription, short DNA-
RNA hybrids are unstable and are tran-
siently ejected from the enzyme (abortive
transcription initiation). It has been pro-
posed that the TFIIB B-finger/B-reader
loop stabilizes the short RNA transcripts
with pol II until the growing RNA reaches
seven nucleotides and TFIIB is triggered to
release from the initiation apparatus as pol
IT enters the productive elongation com-
plex (promoter escape).'?° Bubble collapse
(reannealing of the upstream edge of DNA
strands) is associated with TFIIB release,
triggered by a clash of newly synthesized
RNA with the B-finger/B-reader and a
clash of the upstream DNA duplex with
the TFIIB B-linker (the region between
B-finger/B-reader and C-terminus of

TFIIB).2

In

New Roles for the TFIIB B-finger/
B-reader in Transcription Initiation
Control

Our recent study demonstrated that

human TFIIB is phosphorylated at
Serine-65 within the B-finger/B-reader
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domain and that this modification is
required for productive transcription
initiation.?! Mutation of TFIIB Serine-65
to Alanine led to failure in productive
transcription at several genes and the
accumulation of pol II phosphorylated at
serine-5 at the gene 5' end. Our findings
confirm the previous reported importance
of the TFIIB B-finger/B-reader loop in
regulating transcription initiation post-
PIC assembly, and in addition suggest
that its function in transcription initiation
is subject to regulation.

We found that the phosphorylation of
TFIIB in vivo was significantly inhibited
by the CDK inhibitor 5,6-dichloro-1-h-
ribofuranosyl-benzimidazole = (DRB).”
200 wM DRB was required for inhibition
and 50 wM DRB had minimal effect in
vitro. Although DRB is a broad inhibitor,
these results raise the possibility that the
CDK7 component of TFIITH might be a
TFIIB Serine-65 kinase. However, puri-
fied TFIIH failed to significantly phos-
phorylate recombinant TFIIB in vitro,
suggesting that, if TFIIB is indeed phos-
phorylated by TFIIH, then other factor(s)
are required to enhance this activity.
Indeed, there is precedent for this in the
ability of mediator or TFIIE to enhance
pol II CTD Serine-5 phosphorylation by
TFIIH.?>* TFIIB Serine-65 is not nested
within a sequence (PSR) that is typical of
a CDK substrate. However, we note that
Serine-7 of the pol II CTD also contains
the proline residue N-terminal to the
target serine that is phosphorylated by
TFIIH.® Although TFIIH is a prime can-
didate as the TFIIB Serine-65 kinase, this
remains an open question. The presence
of TFIIB phosphorylated at Serine-65 at
several promoters and the requirement
for this modification for productive tran-
scription suggests that phosphorylation of
TFIIB likely takes place within the PIC.
More work will be necessary to determine
the enzymes that are the physiologically
relevant kinases of TFIIB Serine-65.

Promoter-Terminator Connections
and TFIIB

TFIIB dissociates from the promoter at
transcription initiation and does not travel
with the elongating pol II or remain as
part of the scaffold.” However, a recent
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genome-wide search found that TFIIB
occupies both the promoter and terminator
regions of at least 120 genes in yeast.*
Similar genome-wide mapping in metazo-
ans uncovered TFIIB at the promoter and
terminator regions of a subset of protein
coding genes.”” TFIIB has been linked
with components of the transcription
termination and polyadenylation com-
plexes CPSF and CstF genetically and/or
by direct protein-protein interactions.?*%
Gene looping, which links promoters
and terminators, has been shown to be
dependent on pol IT CTD Serine-5 phos-
phorylation and polyadenylation factors
Ssu72 and Ptal.?® TFIIB was found to be
involved in this link through interaction
with Ssu72 directly.”” The role of gene
loops in transcription is unclear. However,
it has been demonstrated that gene looping
accompanies activated transcription and is
dependent on a transcriptional activator.”
Significantly, activators that facilitate loop
formation do not directly interact with the
3' end of the genes, but physically interact
with TFIIB.

Model for the Mechanism of
Action of TFIIB Phosphorylation
in Formation of Gene Loops
in Mammalian Cells

We found that TFIIB phosphorylation at
Serine-65 does not regulate its interaction
with Ssu72. However, in the absence of
TFIIB phosphorylation, Ssu72 is recruited
to the gene terminator, but not the pro-
moter. In contrast, TFIIB phosphorylation
at Serine-65 directly regulates its contact
with CstF-64. In the absence of TFIIB
phosphorylation, CstF-64 is not recruited
to the gene promoter or terminator.’ A
possible explanation for these observations
is that the association of phosphorylated
TFIIB with CstF-64 promotes the forma-
tion of gene loops, which stabilizes the
interaction between TFIIB and Ssu72.
Our data also suggest that the occupancy
of Ssu72 at the terminator is transcription
independent.”’ This observation seems to
be contrary to the previously reported role
of pol II in regulating the association of
Ssu72 during productive transcriptional
elongation.’® However, Ssu72 has been
shown to be dispensable for transcription
termination as it may function later in the
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Figure 1. A potential model for the mecha-
nism by which TFIIB phosphorylation
regulates the formation of gene loops. The
intermediates involved in the transition from
the closed PIC to transcription initiation are
shown. TFIIB stabilizes the formation of short
DNA-RNA hybrids, but the B-finger/B-reader
is ejected at bubble collapse. TFIIB phos-
phorylation occurs either coincident with or
after bubble collapse. Phosphorylated TFIIB
then associates with the CstF complex (via
CstF-64) and promotes the formation of gene
loops, which are further stabilized by interac-
tion between TFIIB and the CPSF complex (via
Ssu72). TFIIB is ejected from the complex at
promoter clearance.

established cleavage-competent complex
after the recognition of polyadenylation
signals by the other processing factors.’ In
addition, Ssu72 CTD phosphatase activ-
ity has been shown to be required imme-
diately after 5' end capping of mRNA to
facilitate the transition of pol II into the
elongation state.” Thus, it is possible that
the assembly of Ssu72 at the terminator
is auxiliary but not essential for produc-
tive transcription regulation or at least the
promoter function dominates to regulate
transcription start site selection. It has
been reported before that the transcription
coactivator PC4 (Subl in yeast) geneti-
cally interacts with CstF-64 and facilitates
its recruitment to the promoter.® It is
therefore significant that PC4 can directly
interact with TFIIB in vitro, suppresses
the effects of TFIIB B-reader mutations,
and is proposed to play a role in the release
of TFIIB from the transcription com-
plex.?® It will be interesting to determine
the effects of TFIIB phosphorylation on
PC4 recruitment to promoters and termi-
nators in vivo.

Our data are in agreement with previ-
ous findings that the formation of gene
loops is dependent on active transcrip-
tion. However, previous studies found
that the role of TFIIB in gene loop forma-
tion was transcription-independent.’ The
TFIIB B-finger/reader also plays a role in
facilitating “bubble collapse” leading to
the transition of pol II into a productive
transcribing enzyme.? One possibility
is that gene looping and bubble collapse
are coupled by TFIIB phosphorylation.
However, it is still not clear whether gene
loop structure is a cause or a consequence
of productive transcription initiation.
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Localization of the CPSF and CstF com-
plexes close to transcription start sites has
been described before, although the func-
tion has not been established.? Ssu72 and
PC4, in concert with TFIIB, can both
regulate transcription start site selection
in vivo.' It is also possible that their initial
recruitment to the promoter is linked to
transcription initiation by modulating the
release of TFIIB from promoters. Indeed,

Transcription

recent studies have revealed that gene
looping is conferred by activator-depen-
dent interactions between transcription
initiation and termination.” Interestingly,
activators facilitate the formation of
gene loops through direct interaction
with TFIIB. As described previously, the
B-finger/B-reader plays a role in modu-
lating the conformation of TFIIB during
the activation of transcription.!*" It is
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therefore possible that phosphorylation of
TFIIB Serine-65 modulates the capacity
of TFIIB to contact transcriptional activa-
tors and thus modulate the formation of
gene loops. Alternatively, activator-TFIIB
contact may regulate the efficiency of
TFIIB phosphorylation.

A potential model for the role of TFIIB
phosphorylation in  transcription-cou-
pled gene loop formation is presented in
Figure 1. Following PIC assembly, the
melted DNA template strand is exposed
to the catalytic center of pol II and
TFIIH/CDK?7 phosphorylates the pol II
CTD at Serine-5. The TFIIB B-finger/
reader is projected into the pol II cata-
lytic center and stabilizes short DNA-
RNA hybrids. At bubble collapse, the
TFIIB N-terminus is released from the
catalytic center. It is possible that TFIIB
Serine-65  phosphorylation  facilitates
bubble collapse and the release of TFIIB.
Alternatively, TFIIB phosphorylation may
occur after the B-finger/reader is released.
Phosphorylated TFIIB is then able to asso-
ciate with CstF-64, which augments the
interaction between Ssu72 and TFIIB and
drives loop formation. In this case, gene
loops may function to facilitate the release
of TFIIB and proofread correct initiation
before efficient transcription elongation
proceeds.

Future Perspectives

Evidence for a direct role of TFIIB phos-
phorylation in bubble collapse and/or
gene loop formation awaits further stud-
ies. It will also be important to determine
if TFIIB phosphorylation is universally
required for productive transcription ini-
tiation. As mentioned above, TFIIB has
been proposed as a target of transcrip-
tional activators. The possibility that
TFIIB phosphorylation may be important
in the process of transcriptional activation,
either as a trigger for transcription initia-
tion or in pause release, requires further
studies. Clues to the function(s) of TFIIB
phosphorylation will also be gained from
identification of the kinases/phosphatases
responsible and the context(s) in which
the modifications occur.
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In summary, the finding thac TFIIB
phosphorylation is required for produc-
tive transcription and promoter-termina-
tor contacts offers a potential regulatory
mechanism for gene loop formation and a
trigger for transcription in eukaryotes.
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