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Abstract
Recent X-ray crystallographic studies of Pol II in complex with the general transcription fac-

tor (GTF) IIB have begun to provide insights into the mechanism of transcription initiation.

These structures have also shed light on the architecture of the transcription preinitiation

complex (PIC). However, structural characterization of a functional PIC is still lacking, and

even the topological arrangement of the GTFs in the Pol II complex is a matter of contention.

We have extended our activity-based affinity crosslinking studies, initially developed to in-

vestigate the interaction of bacterial RNA polymerase with σ, to the eukaryotic transcription

machinery. Towards that end, we sought to identify GTFs that are within the Pol II active site

in a functioning PIC. We provide biochemical evidence that TFIIB is located within*9 Å of

the −2 site of promoter DNA, where it is positioned to play a role in de novo transcription

initiation.

Introduction
Multisubunit RNA polymerases (RNAPs) display a conserved core structure across the three
domains of life. While one RNAP suffices for all RNA synthesis in eubacteria and archaebac-
teria, eukaryotic cells harbor three distinct enzymes, RNAPs I, II, and III (Pols I, II, and III).
The 12-subunit Pol II is the enzyme largely responsible for transcription of protein-encoding
genes [1]. Counterparts of all five of the core bacterial RNAP subunits are found in the eukary-
otic Pols I, II, and III [2]. These orthologs include the two largest subunits RPB1 and RPB2,
which correspond, respectively, to the bacterial β' and β subunits [2–4], RPB3 and RPB11,
which correspond to the two copies of the bacterial α subunit [5], as well as the small RPB6
subunit, which corresponds to the bacterial ω subunit [6]. Consistent with the increased com-
plexity of the eukaryotic transcriptional machinery, Pol II has several additional subunits that
do not have bacterial counterparts.

Like the bacterial core RNAP, eukaryotic Pol II is incompetent on its own for promoter-spe-
cific transcription initiation. In bacteria, a single additional factor, termed σ, directs promoter-
specific initiation [7]. Structural and biochemical studies have defined distinct roles for the
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four conserved domains of σ that lead to promoter-dependent transcription initiation. These
roles include interactions with core RNAP to form the holoenzyme, and transcription start-site
(TSS) selection through interactions with conserved promoter elements [8–17].

Most intriguingly, a conserved but unstructured (loop-like) segment of σ, called conserved
region 3.2 [18] snakes through the RNAP active-site channel with a portion in proximity to the
active center itself [9, 10]. Previously, [11] identified this region of σ as being in proximity to
the γ-phosphate of the initiating (5’) nucleotide substrate using activity based affinity crosslink-
ing. Subsequent studies indicated σ region 3.2 (σ3.2) played an important role in formation of
the first phosphodiester bond [13, 19]. Since σ3.2 sits in the path of the nascent RNA transcript,
it plays an important role in abortive initiation and in the transition from the initial transcrib-
ing complex to the elongation complex [8].

Eukaryotic Pol II requires at least 6 additional general transcription factors (GTFs) in order
to form the promoter-specific pre-initiation complex (PIC), which is analogous to the closed
promoter complex described for prokaryotic systems [1, 20]. Although recent data suggest that
additional, newly identified factors also act as GTFs in certain contexts [21], for the paradig-
matic case of the adenovirus major late (Ad ML) promoter, the key GTFs include TFIIA,
TFIIB, TFIID, TFIIE, TFIIF, and TFIIH. Formation of the PIC takes place in a stepwise fashion,
beginning with the recognition of TATA-box DNA by the TBP subunit of TFIID [22]. Next,
TFIIB is recruited to promoter DNA through direct contacts with TBP and DNA [1, 20, 22]. A
preformed TFIIF-Pol II complex is added through direct binding of TFIIB to both TFIIF and
Pol II [1, 20]. Finally, the addition of TFIIE and TFIIH completes PIC assembly [1, 20].

It has generally been believed that during the course of evolution, the functional roles of the
various σ regions came to be distributed across these GTFs, especially the three factors that in-
teract directly with Pol II (TFIIB, TFIIE, and TFIIF). However, the precise functional counter-
parts of σ in eukaryotic systems have remained unidentified. Some evidence based on limited
sequence conservation [23], and structural [24, 25] and biochemical analysis pointed to TFIIF
[26, 27]. Thus, the Rap30 subunit of TFIIF (mammalian TFIIF is composed of 2 subunits,
Rap74 and Rap30) shows apparent sequence homology to E. coli σ70 region 2 (31%) and B.
subtilis σ43 (28%) [23]. Interestingly, Rap30 is able to bind to E. coli RNAP and is displaced by
σ70; conversely, σ70 binds Pol II and is dissociated by Rap30 [28]. Furthermore, TFIIF regu-
lates the interaction of Pol II and promoter DNA by reducing the affinity of Pol II for free
DNA containing either promoter or non-promoter DNA [29], which is a known function of σ.
TFIIF also appears to play a role in start site selection [26, 30, 31]. However, rather than
through a direct interaction with DNA, this may be due to the stabilization of IIB in the active
site [27].

More recent evidence has pointed to TFIIB as possibly playing some σ-like roles during
initiation. TFIIB recruits Pol II to promoter DNA through its Zn-ribbon and linker domains
[32–35]. Prior to Pol II recruitment, TFIIB binds to and helps to stabilize TBP to TATA-
box DNA through its C-terminal domain [22, 35], in part through recognition of specific DNA
sequences flanking the TATA-box [36, 37]. TFIIB also functions at steps subsequent to Pol II
recruitment. Mutations to an N-terminal ‘reader’ region of TFIIB have been shown to affect
overall transcription start site selection [38–41]. Indeed, structures of Pol II in complex with
TFIIB place this B-reader within the active site cleft in proximity to the active center [39, 42–
44], analogous to the structural role of σ3.2. Akin to what was described for σ [9], structural
and biochemical studies further revealed a role for TFIIB in “overseeing” the promoter escape
step, wherein the B-reader first sterically clashes with the nascent RNA chain of approximately
13 nucleotides in length, but ultimately yields to the RNA once a stable ternary complex can be
formed [42, 44, 45].

Location of Transcription Factor IIB in the RNA Pol II Active Center

PLOS ONE | DOI:10.1371/journal.pone.0119007 March 16, 2015 2 / 14



Although X-ray crystallographic studies of Pol II have begun to provide insights into the
mechanism of transcription initiation, it has not yet been possible to describe structures of Pol
II and Pol II with TFIIB in the context of a functional PIC. Previous Pol II-TFIIB co-crystal
structures have helped to define the topological architecture of the PIC [39, 42, 43]. A more re-
cent Pol II-TFIIB structure has further clarified IIB's role in transcription initiation, and has
provided additional evidence for the IIB-σ connection [44]. Towards identifying how the vari-
ous roles of σ are fulfilled by eukaryotic GTFs, we used an activity-based affinity chemical
crosslinking approach to identify GTFs that are proximal to the Pol II active site in a function-
ing PIC. We provide biochemical evidence that TFIIB is located within*9 Å of the −2 site of
promoter DNA where, in a manner analogous to σ70 3.2, it is positioned to play a role in de
novo transcription initiation.

Materials and Methods

Protein Expression and Purification
Pol II, his-tagged TFIIB, TFIIE, TFIIF, and TFIIH were isolated exactly as described [46]. Flag-
tagged TFIIB was purified as described [47]. His-tagged TBP was purified as described [48].

Synthesis of Crosslinking Derivatives of the Initiating Substrate and RNA
Primers
To a solution of 36mg (0.2 mmol) of 4-azido-1-fluoro-2-nitrobenzene in 0.2 ml of DMF 30 ml
of ethylenediamine was added, followed by incubation of the reaction mixture for 20 min at
room temperature, and an additional 20 min at 50°C. The reaction mixture was diluted by
water and extracted with chloroform. The organic layer was collected, dried over anhydrous so-
dium sulfate, evaporated in vacuo, and dissolved in 0.1 ml of anhydrous DMSO. A solution of
0.5–1 mmol of triethylammonium salt of AMP, pCpA, or pUpCpA in 50 ml of DMSO was sup-
plemented with 30 mg each of triphenylphosphine, 2,2’-dipyridyldisusphide, and 10 ml of N-
methylimidazole. After a 30 min incubation at 20°C, the mixture was precipitated with 1 ml of
ether, washed with ether and air-dried. The residue was dissolved in 30 ml of DMSO and sup-
plemented with 10 ml of the solution of the ethylenediamine derivative of azidonitrobenzene
(see above). After a 20 min incubation at room temperature the mixture was precipitated by
ether, the residue collected by centrifugation, dissolved in water and subjected to HPLC
chromatography on a C18 250 x 4 mm column using a 30 ml gradient of acetonitrile in water
(0–40%). The flow rate was 1 ml/min. Fractions containing the main colored products were
collected and evaporated to dryness under reduced pressure. The UV absorption spectra of the
products were close to a superposition of the UV spectra for the starting nucleotide compounds
and the ethylenediamine derivative of azidonitrobenzene. Acidic hydrolysis of the products
(pH 2, 37°C, 1 h) yielded a mixture of the starting nucleotides and the ethylenediamine deriva-
tive of azidonitrobenzene. The products exhibited characteristic spectral changes upon irradia-
tion at 360 nm, due to photoreaction of the azido group.

Abortive Initiation
Abortive initiation reactions were assembled on ice in eppendorf tubes and consisted of 3 μl of
assay cocktail (1.25 μl of 10X assay mix (0.2 M HEPES, pH 8.2, 40 mMMgCl2, prepared fresh
each experiment), 0.25 μl of 20 mg/ml BSA, 0.25 μl of RNasin (40 units/μl, Promega), 0.625 μl
DTT, 0.25 μl 40% PEG-8000, and ddH2O to 3 μl), 1 μl of 50 ng/μl plasmid pTREruΔ53 contain-
ing the adenoviral major late promoter (Ad ML), 3.5 μl of a Pol II/general transcription factor
(GTF) mix of GTFs and Pol II that contained 20 ng Pol II, 8 ng TBP, 8 ng TFIIB, 2 ng TFIIEα,
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1.0 ng TFIIEβ, and 10 ng TFIIF in BC100 (BC100 alone was added for the “no protein” con-
trol), and 4 μl of BC100 (20 mM Tris-Cl, pH 7.4, 20% glycerol, 0.1 mM EDTA, 0.5 mM PMSF,
2 mM DTT, 100 mM KCl). This mixture was incubated on ice for 50 min at 30°C. 1 μl of a
2:1:1 nucleotide mix (10 mM of either UCA or CA crosslinking nucleotide analog, or ATP,
20 μM cold CTP, α-32P-CTP (3000Ci/ml) was added, the solution was mixed by gentle pipett-
ing and incubated for an additional 30 min at 30°C. To stop the reaction, the reactions were
heated to 65°C for 5 min, and then put on ice for 2 min. 1 μl of CIP (New England Biolabs), di-
luted to 2 units/μl in BC100, was added to the reactions in order to clear out unincorporated
nucleotides, and the reactions were incubated for an additional 30 min at 30°C. The reactions
were separated on a 25% PAGE gel containing 7 M urea and 1X TBE buffer. The gels were
wrapped in Saran and imaged using BioMax MR film (Kodak) after an overnight incubation
at −80°C.

Crosslinking
Crosslinking experiments were set up in a similar fashion as the abortive initiation reactions.
Reactions were assembled on ice in eppendorf tubes and consisted of 3 μl of assay cocktail
(made fresh), 5 μl of 50 ng/μl pTREruΔ53 plasmid (ddH2O for the "no DNA" control), 2.5 μl
of 2X BC100, and 5 μl of a concentrated mix of GTFs and Pol II that contained 100 ng Pol II,
40 ng TBP, 40 ng TFIIB, 12 ng TFIIEα, 6 ng TFIIEβ, and 60 ng TFIIF in BC100 (BC100 alone
was added for the “no protein” control). This mixture was incubated for 50 min at 30°C. Cross-
linking nucleotide analog (0.75 μl of 10 mM) was added and the reaction was incubated at
room temperature for 2 min. The eppendorf tube lids were opened and the reactions were ex-
posed to a handheld UV (302 nm) device for 2 min, and an additional 30 s on a gel imaging
table, also at 302 nm. Next, 0.35 μl of 20 μMCTP and 0.35 μl α-32P-CTP (3000Ci/ml) were
added. The reactions were mixed by gentle stirring with a pipet tip and incubated at 30°C for
50 min. To improve the signal to background ratio, unincorporated nucleotide was removed
by spinning the reactions through a 180 μl bed volume of G-50 fine Sephadex (GE Life Sci-
ences) in Micro Bio-Spin columns (Bio-Rad). The Sephadex was equilibrated with 20 mM
Tris-Cl, pH 7.9, 4 mMMgCl2, 60 mM KCl, 10 mM DTT, 0.1 mM PMSF, 12% glycerol, 0.1%
NP-40. The reactions were run out on 4–20% Tris-Glycine PAGE gels (Novex) at 100 volts.
The portion of the gel below 10 kDa was removed prior to drying at 55°C for 1 h. Gels were im-
aged using BioMax MS film (Kodak) and the corresponding BioMax MS intensifying screens
after exposure at −80°C for varying times.

Results

AMinimal Transcription System for Pol II Initiation
Our general strategy was to use super-selective crosslinking and labeling techniques to define
the functional topography of the Pol II active center, similar to what has previously been de-
scribed for prokaryotic systems [11, 49]. This entails first assembling functional PICs in the
presence of a promoter-containing template, then using initiating substrate analogs to crosslink
moieties near the active site of transcription, followed by elongation of the crosslinked sub-
strate residue by the next radioactive NTP. Due to the complexity of the eukaryotic transcrip-
tion machinery (Pol II and the six GTFs are composed of more than 40 polypeptides), we
aimed to simplify the analysis by focusing on a minimal transcription system. Previously, it has
been shown that in addition to Pol II, TBP, TFIIB, and TFIIF can suffice for basal (activator-in-
dependent) transcription from a supercoiled template containing the Ad ML core promoter
[50–53]. TFIIE further stimulates this activity [50, 53]. TFIIH (carrying an ATP-dependent
helicase activity) was additionally required for transcription from linear templates, presumably
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for promoter escape, and it was dispensable for synthesis of the first phosphodiester bond in
abortive initiation assays utilizing a dinucleotide primer [54]. However, there is not a general
agreement on the dispensability of TFIIH for abortive initiation since it may be dependent on
specific experimental conditions (e.g., relative concentrations of GTFs in the reaction), as oth-
ers have reported a requirement for TFIIH in abortive initiation [55].

We therefore first ascertained that a system reconstituted from our own homogeneous prep-
arations of Pol II, TBP, TFIIB, TFIIE, and TFIIF sufficed for basal transcription from the Ad
ML promoter. For this purpose, transcription factors TBP, TFIIB, TFIIE, and TFIIF were ex-
pressed recombinantly in E. coli and purified; Pol II was purified from a Hela cell line express-
ing Flag-tagged RPB9 (Fig. 1A, Methods). In standard transcription assays in which steady-
state production of a full-length transcript (ca 300 nucleotides) was monitored, Pol II, TBP,
TFIIB, TFIIE, and TFIIF sufficed to support efficient transcription from a supercoiled template
bearing the Ad ML (Fig. 1B, lane 1). Consistent with its lack of dependence on TFIIH, this sys-
tem displayed no energy dependence, as ATP could be substituted for the non-hydrolyzable
analogue ATPγS (Fig. 1B, lane 2 vs. lane 1). However, as expected, transcription from the same
template upon linearization by restriction digestion was completely dependent on energy from
ATP (presumably in a TFIIH-dependent fashion), as it was completely abolished when ATPγS

Fig 1. A minimal transcription system sufficient for initiation at the Ad ML promoter. A. SDS-PAGE analyses of Pol II and GTFs used in the study.
TFIIE subunits (α and β) were expressed and added to reactions separately. TFIIF was reconstituted prior to use. The Pol II preparation was stained with
silver; all others with Coomassie. B. All transcription reactions contained Pol II, TBP, TFIIB, TFIIE, and TFIIF; TFIIH and other additions were as indicated.
Following standard transcription reactions with templates with the indicated topologies (supercoiled or linearized), full-length (FL) transcripts were processed
for electrophoresis on 4% PAGE containing urea. C. Abortive initiation reactions were primed with the CpA dinucleotide and reactions also contained α32P-
CTP. TBP and TFIIB were omitted from control reactions in lanes 9 and 10. TFIIH was added as indicated; other additions were also as indicated. α-ama, α-
amanitin.

doi:10.1371/journal.pone.0119007.g001
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was used but was restored when dATP, which cannot be incorporated into RNA, was added
back as the energy source (Fig. 1B, lanes 3–6).

We next analyzed the initiation characteristics of this minimal transcription system. Unlike
full-length transcription from a linear template (Fig. 1B), the assay system reconstituted with
Pol II, TBP, TFIIB, TFIIE, and TFIIF readily supported formation of a trimer in the presence of
the CpA dinucleotide primer (corresponding to the −1/+1 bases around the Ad ML TSS; see
also Fig. 2B) and 32P-CTP (+2 base) (Fig. 1C, lane 1) from the same template. The abortive pro-
duction of this trimer (CpApC) was TFIIH-independent (Fig. 1C, lane 2 vs. lane 1) and there-
fore also energy-independent (lanes 3–6). This product was specifically produced by a Pol II
PIC, as it was sensitive to α-amanitin (Fig. 1C, lanes 7 and 8) and was dependent on the key
promoter recognition GTFs, TBP and TFIIB (Fig. 1C, lanes 9 and 10).

Thus, we conclude that a minimal system consisting of Pol II, TBP, TFIIB, TFIIE, and TFIIF
readily supports formation of the initial phosphodiester bond in abortive transcription assays
on a linear Ad ML promoter template. In this regard, our data closely recapitulate the earlier
results of Goodrich and Tjian, who were the first to conclude that while TFIIH is required for
promoter escape, it is dispensable for early initiation events [54]. These results thus establish
the conditions ideally suited for the crosslinking studies described below.

Crosslinking of TFIIB to an Initiating Nucleotide
Our crosslinking strategy for identifying GTFs located in the active center of Pol II is similar to
the activity-dependent affinity labeling described by Grachev et al. for E. coli RNA Polymerase
[49]. In the presence of α-32P-CTP (corresponding to the +1 position of the Ad ML promoter)
only nucleotide analogs crosslinked in the proper orientation near the active center are elongat-
ed (and thus radioactively labeled) by the catalytic activity of Pol II. Crosslinks to other sites on
Pol II (specific or not) are not radioactively labeled and are therefore silent, reducing the non-
specific background and assuring detection of only the desired crosslinked products. In the
present experiments, our aromatic azide photoactivatable analogs (Fig. 2A) can follow two re-
action pathways when irradiated with 302 nm UV light. Activation starts with the generation
of a nitrene biradical from the azido group, which is accompanied by the liberation of nitrogen.
Nitrene crosslinks directly to nearby moieties with little or no preference for residue type. This
crosslink is thought to occur on the order of milliseconds to seconds. Competitively, nitrene
can react in an intramolecular fashion with the adjacent carbon of the dinitrophenyl ring and
form a heterocyclic reactive intermediate. This intermediate reacts relatively slowly and has a
preference for nucleophilic residues (Cys, Lys, His, etc.).

We next established whether our crosslinking nucleotide analogs were competent as initiat-
ing substrates for transcription. In an abortive initiation assay using the minimal transcription
system composed of TBP, TFIIB, TFIIE, and TFIIF with Pol II, both the CpA and UpCpA
analogs were competent as primers to produce abortive products when supplemented with
α-32P-CTP (Fig. 2B). Surprisingly, the mononucleotide A analog did not generate an abortive
product, even though unmodified ATP did (data not shown). This could be due to the absence
of the two phosphates in the analog, which is expected to significantly reduce the Km of the re-
active mononucleotide analog.

Using our minimal transcription system, pre-initiation complexes were first assembled on
promoter DNA. UV irradiation at 302 nm after incubation with the �UCA X-linker nucleotide
analog, followed by extension with α-32P-CTP, resulted in two crosslinked, radiolabeled prod-
ucts with molecular weights of approximately 40 kDa and 150 kDa, as visualized by SDS-
PAGE and autoradiography (Fig. 3A). The dinucleotide analog failed to produce a radiolabeled
product (data not shown). The*150 kDa labeled product corresponded to the Pol II subunit
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Rpb2, consistent with results reported for labeling bacterial β. The mobility of the*40 kDa ra-
diolabeled product most closely matched the mobility of TFIIB. We also observed extensive la-
beling of BSA, a protein component of our transcription assays. In our reaction mixtures BSA
is in significant abundance to Pol II and GTFs. The non-specific labeling of BSA by radioactive
nucleotides has been reported previously [56].

To confirm the identity of the ca. 40 kDa labeled band as TFIIB, and to ensure that we were
not observing a degradation product from another protein species (e.g. Rpb2 or BSA), we car-
ried out additional control experiments (Fig. 3B). First, crosslinking reactions were performed
using two differentially tagged TFIIB constructs, one with an N-terminal His6-tag [57] (the
version shown in Fig. 2A and used in most of our assays) and one with an N-terminal Flag-tag
(sequence DYKDDDDK; [47]). The His6-tag has a molecular mass of approximately 841 Da,
while the Flag-tag is approximately 1013 Da. Mass differences of this magnitude are resolvable
by high percentage acrylamide gel electrophoresis (Fig. 3D). We first confirmed that our Flag-
tagged IIB was competent in an abortive initiation assay (Fig. 3C). Our crosslinking experi-
ments showed that transcription reactions reconstituted from either His-tagged (lane 3) or
Flag-tagged TFIIB (lane 4) yield the ca. 40 kDa labeled band. Moreover, the differences in the
electrophoretic mobilities of crosslinked Flag- and His6-tagged TFIIBs visualized by

Fig 2. Abortive initiation using crosslinking nucleotide analog substrates. A. Structure of the photoactivatable crosslinking nucleotide analog
substrates used in the present study. B. Abortive initiation reactions using a minimal transcription system containing the general transcription factors TFIIB,
TFIIE, TFIIF, and TBP and Pol II, and the crosslinking nucleotide analogs as substrates. These reactions were carried out without photo-crosslinking. Left to
right: Lane 1—UCA initiating nucleotide. Lane 2—UCA crosslinking analog. Lane 3—CA crosslinking analog. Lane 4—no protein control.

doi:10.1371/journal.pone.0119007.g002
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autoradiography (Fig. 3B) parallel the differential mobilities seen when the two TFIIB prepara-
tions are visualized by Coomassie staining (Fig. 3D). The result in Fig. 3B, which shows the dif-
ferentially migrating crosslinked Flag- and His6-IIB products, is representative of 5 replicated
experiments. Second, we relied on the ability of Pol II to non-specifically initiate at very low
levels in the absence of GTFs (see for example Fig. 1C, lane 9 and Fig. 3C, lane 1). We found
that when the crosslinking reaction is carried out in the absence of TFIIB, labeling of RPB2 is
considerably reduced (Fig. 3B, lane 5), consistent with its compromised ability to form authen-
tic PICs. Importantly, under these conditions, no labeling of the ca. 40 kDa band is detectible
(lane 5 versus lanes 3 and 4). Indeed, we find that the labeling of this species is critically depen-
dent on TFIIB concentration (not shown). Other control reactions established that the appear-
ance of the ca. 40 kDa labeled species is dependent on Pol II and the minimal set of GTFs
(lanes 1, 2, and 6), as well as on template DNA. Together, these results confirm that the 40 kDa
radiolabeled product reflects UCA crosslinking to TFIIB in the context of an authentic PIC.

Discussion
Here, we have shown that TFIIB is located within*9 Å of the −2 site of the template DNA in
an active PIC, similar to the position of σ3.2 near the active site of prokaryotic RNAP (11).

Fig 3. Cross-linking of TFIIB to an Initiating Nucleotide. A. Left to right: Lane 1—Products of a reaction
carried out using the trinucleotide crosslinking analog UCA and a complete set of transcription factors (Pol II,
TBP, TFIIB, TFIIE, and TFIIF). As indicated, reaction results in the crosslinking of transcription factor TFIIB,
as well as the Pol II subunit RPB2. BSA is also labeled, as has been reported previously [56]. Lane 2—control
reaction without any transcription factors added (DNA and BSA are present). B. Products of crosslinking
reactions as in panel A but with the indicated controls. Left to right: Lane 1 –His-TFIIB only. Lane 2—the
same reaction as in lane 1, except that a Flag-tagged version of TFIIB was used. Lane 3—Reaction
containing His-tagged TFIIB and complete set of Pol II and general factors (TBP, TFIIE, TFIIF). Lane 4—
Reaction as in lane 3, except that Flag-TFIIB was substituted for His-tagged TFIIB. Lane 5—Control reaction
containing Pol II, TBP, TFIIE, and TFIIF but no TFIIB. Lanes 6 and 7—control reactions in which, respectively,
either the complete set of factors or the template was left out. C. Abortive initiation reactions comparing the
activity of the His- and Flag-tagged TFIIB constructs. Left to right: Lane 1—control reaction that contained Pol
II and all GTFs except TFIIB. Lane 2—reaction as in lane 1 but supplemented with His-tagged IIB. Lane 3—
reaction as in lane 1 but supplemented with Flag-tagged IIB. D. Coomassie stained gel showing the
differential electrophoretic mobility of the His and Flag-tagged TFIIB proteins in SDS-PAGE. Left to right:
Lane 1—His-TFIIB. Lane 2—Flag-TFIIB.

doi:10.1371/journal.pone.0119007.g003
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These results are consistent with structural analyses of Pol II/TFIIB complexes in the absence
of promoter DNA [39, 42–44]. Also similar to σ3.2, if the B-reader maintains its position with-
in the active site, its presence will force a termination of the growing RNA chain, resulting in
abortive initiation [8, 9, 42]. Indeed, perturbation to TFIIB alters the distribution of abortive
transcripts [45].

Recent structural analyses of Pol II/TFIIB binary complexes reveal a consistent overall ar-
chitecture [39, 43, 44]. Sainsbury et al. [44] have produced a structural model of the Pol II ac-
tive center from an initially transcribing Pol II-TFIIB structure containing a promoter based
DNA-RNA hybrid. The structure details the positions of the TFIIB-reader elements within the
active center. A B-reader strand is positioned to make interactions with the Pol II lid, while the
B-reader helix is positioned underneath the lid and adjacent to the −8 position of template
DNA [44]. An additional IIB element, the B-linker, is located near the clamp helices. These ele-
ments themselves are too far removed from the active site to make contributions to RNA poly-
merization. A previously disordered region in all other Pol II-TFIIB structures, termed the B-
reader loop, is located closest to the active site center. This region connects the B-reader to the
B-linker and makes interactions with the growing RNA chain at approximately position −6.
Sainsbury et al. have proposed that the B-reader loop is responsible for separating RNA from
DNA and directing the RNA chain towards the active site exit tunnel. Excursions to the +1
and −1 sites, according to structure from Sainsbury et al. and the open complex model from
Kostrewa et al. appear to be possible [39, 42–44]. This loop is a potential site of crosslinking in
our studies. To investigate this idea further, we generated a structural model, based on the
most recent TFIIB-Pol II structure from Sainsbury et al., of a Pol II initiating complex contain-
ing a 3-residue RNA primer (Fig. 4) [44]. The crosslinking moiety is attached to the 5'-phos-
phate of the RNA, and would have a range of approximately 0.9 nm for crosslinking to amino
acid side chains of TFIIB. The closest TFIIB residue available for crosslinking is approximately
1.7 nm away from the RNA 5'-phosphate, which is greater than the distance coverable by the
crosslinking group by 0.8 nm. However, an alignment of σ region 3.2 [9] with the B-reader
loop demonstrates that a corresponding aspartate residue in σ is within striking distance of the
crosslinker (*10 nm). We predict that the B-reader loop must adopt a conformation similar
to σ3.2 at some point during transcription initiation.

Protein/protein crosslinking suggested physical proximity of TFIIB to TFIIF within the
RNAP active site cleft [33]. In our studies, we did not observe crosslinking from any initiating
primers to any GTF other than TFIIB, including TFIIF. However, this is a negative result that
does not rule out the possibility that TFIIF plays some kind of role within the RNAP active site
cleft during transcription initiation.

TFIIF may only be ancillary to transcription, playing a mainly supporting role to TFIIB. In-
deed, Cabart et al. [58] have shown recently that, under some conditions, TFIIF is required nei-
ther for transcription initiation or promoter clearance. Instead, their results point to a primary
supportive role for TFIIF in stabilizing TFIIB within the Pol II complex. The absence of TFIIF
in the PIC results in a reduction of transcription at some promoters, however this is due to a
destabilizing of TFIIB [58]. These facts do not diminish TFIIF's importance to transcription
under some conditions. Mutations in IIB that alter start-site selection can be offset by compen-
satory mutations in IIF [59, 60]. By controlling the differing positions of the IIB core domain
in the PIC and open promoter complexes, TFIIF strongly influences start site selection [61]. In
addition, TFIIF may interact with the nontranscribed strand of promoter DNA, fulfilling the
role of σ domain 2 [62].

Nature abounds with examples of proteins that share functional and or structural character-
istics, yet have no primary sequence in common. TFIIB interacts with promoter DNA both up-
stream and downstream of the TATA box, similar to σ domains 2 and 4, which contact the −10
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and −35 elements, respectively. Like σ, it is the GTF responsible for bringing Pol II (in complex
with TFIIF) to the transcription start site. Little to no sequence conservation exists between
TFIIB and E. coli σ70. However, the two proteins do share structural elements responsible for
binding DNA. Both contain two helix-turn-helix motifs that serve to bind two DNA elements
of promoter DNA, sequences flanking TBP in eukaryotes, and the extended −10 and −35 ele-
ments in prokaryotes [63]. In addition, a high degree of structural homology exists between the
region connecting the B-linker and B-reader and σ domain's 3 and 4 [39, 42, 43]. Iyer and Ara-
vind speculate that the last unique common ancestor of σ70 and TFIIB recruited RNA Poly-
merase to specific sites of DNA, to which it was already bound, and thus forged a co-
dependent relationship for promoter specific transcription [63].

Author Contributions
Conceived and designed the experiments: MJB SM SAD. Performed the experiments: MJB SM.
Analyzed the data: MJB SM SAD. Contributed reagents/materials/analysis tools: MJB SM AM
SAD. Wrote the paper: MJB SM SAD.

References
1. Roeder RG. The role of general initiation factors in transcription by RNA polymerase II. Trends Biochem

Sci. 1996; 21(9):327–35. Epub 1996/09/01. doi: 0968000496100505 [pii]. PubMed PMID: PMID:
8870495.

2. LaneWJ, Darst SA. Molecular evolution of multisubunit RNA polymerases: sequence analysis. J Mol
Biol. 2010; 395(4):671–85. Epub 2009/11/10. doi: S0022-2836(09)01321-7 [pii] doi: 10.1016/j.jmb.
2009.10.062. PubMed PMID: PMID: 19895820; PubMed Central PMCID: PMC2813377.

3. Jokerst RS, Weeks JR, ZehringWA, Greenleaf AL. Analysis of the gene encoding the largest subunit of
RNA polymerase II in Drosophila. Mol Gen Genet. 1989; 215(2):266–75. Epub 1989/01/01. PubMed
PMID: PMID: 2496296.

Fig 4. Structural model of the Pol II—TFIIB active site, based on pdb 4BBS (44). The trinucleotide RNA
primer (magenta) is representative of the crosslinking reagent used in our studies. The closest TFIIB residue
available for reaction with our crosslinker would be D74, 1.7 nm away from the 5' phosphate of the RNA
primer. The corresponding position of σ domain 3.2 (orange ribbon) in a bacterial initiation complex is shown.
Based on a range of 0.9 nm for the crosslinking moiety, we can speculate that the IIB reader is at least 0.8 nm
closer to the active site in an actual initiating complex. Distances are indicated in Å.

doi:10.1371/journal.pone.0119007.g004

Location of Transcription Factor IIB in the RNA Pol II Active Center

PLOS ONE | DOI:10.1371/journal.pone.0119007 March 16, 2015 10 / 14

http://www.ncbi.nlm.nih.gov/pubmed/8870495
http://dx.doi.org/10.1016/j.jmb.2009.10.062
http://dx.doi.org/10.1016/j.jmb.2009.10.062
http://www.ncbi.nlm.nih.gov/pubmed/19895820
http://www.ncbi.nlm.nih.gov/pubmed/2496296


4. Sweetser D, Nonet M, Young RA. Prokaryotic and eukaryotic RNA polymerases have homologous
core subunits. Proc Natl Acad Sci U S A. 1987; 84(5):1192–6. Epub 1987/03/01. PubMed PMID: PMID:
3547406; PubMed Central PMCID: PMC304392.

5. Zhang G, Darst SA. Structure of the Escherichia coli RNA polymerase alpha subunit amino-terminal do-
main. Science. 1998; 281(5374):262–6. Epub 1998/07/10. PubMed PMID: PMID: 9657722.

6. Minakhin L, Bhagat S, Brunning A, Campbell EA, Darst SA, Ebright RH, et al. Bacterial RNA polymer-
ase subunit omega and eukaryotic RNA polymerase subunit RPB6 are sequence, structural, and func-
tional homologs and promote RNA polymerase assembly. Proc Natl Acad Sci U S A. 2001; 98(3):892–
7. Epub 2001/02/07. doi: doi: 10.1073/pnas.98.3.892 [pii]. PubMed PMID: PMID: 11158566; PubMed
Central PMCID: PMC14680.

7. Gruber TM, Gross CA. Multiple sigma subunits and the partitioning of bacterial transcription space.
Annu Rev Microbiol. 2003; 57:441–66. Epub 2003/10/07. doi: doi: 10.1146/annurev.micro.57.030502.
090913. PubMed PMID: PMID: 14527287.

8. Murakami KS, Masuda S, Campbell EA, Muzzin O, Darst SA. Structural basis of transcription initiation:
an RNA polymerase holoenzyme-DNA complex. Science. 2002; 296(5571):1285–90. Epub 2002/05/
23. doi: doi: 10.1126/science.1069595296/5571/1285 [pii]. PubMed PMID: PMID: 12016307.

9. Murakami KS, Masuda S, Darst SA. Structural basis of transcription initiation: RNA polymerase holoen-
zyme at 4 A resolution. Science. 2002; 296(5571):1280–4. Epub 2002/05/23. doi: doi: 10.1126/
science.1069594296/5571/1280 [pii]. PubMed PMID: PMID: 12016306.

10. Vassylyev DG, Sekine S, Laptenko O, Lee J, Vassylyeva MN, Borukhov S, et al. Crystal structure of a
bacterial RNA polymerase holoenzyme at 2.6 A resolution. Nature. 2002; 417(6890):712–9. Epub
2002/05/10. doi: doi: 10.1038/nature752 [pii]. PubMed PMID: PMID: 12000971.

11. Severinov K, Fenyo D, Severinova E, Mustaev A, Chait BT, Goldfarb A, et al. The sigma subunit con-
served region 3 is part of "5'-face" of active center of Escherichia coli RNA polymerase. J Biol Chem.
1994; 269(33):20826–8. Epub 1994/08/19. PubMed PMID: PMID: 8063697.

12. Mekler V, Kortkhonjia E, Mukhopadhyay J, Knight J, Revyakin A, Kapanidis AN, et al. Structural organi-
zation of bacterial RNA polymerase holoenzyme and the RNA polymerase-promoter open complex.
Cell. 2002; 108(5):599–614. Epub 2002/03/15. doi: S0092867402006670 [pii]. PubMed PMID: PMID:
11893332.

13. Campbell EA, Muzzin O, Chlenov M, Sun JL, Olson CA, Weinman O, et al. Structure of the bacterial
RNA polymerase promoter specificity sigma subunit. Mol Cell. 2002; 9(3):527–39. Epub 2002/04/05.
doi: S1097276502004707 [pii]. PubMed PMID: PMID: 11931761.

14. Feklistov A, Darst SA. Structural Basis for Promoter −10 Element Recognition by the Bacterial RNA Po-
lymerase sigma Subunit. Cell. 2011; 147(6):1257–69. Epub 2011/12/06. doi: S0092-8674(11)01339-0
[pii] doi: 10.1016/j.cell.2011.10.041. PubMed PMID: PMID: 22136875; PubMed Central PMCID:
PMC3245737.

15. Murakami KS, Masuda S, Darst SA. Crystallographic analysis of Thermus aquaticus RNA polymerase
holoenzyme and a holoenzyme/promoter DNA complex. Methods Enzymol. 2003; 370:42–53. Epub
2004/01/10. doi: doi: 10.1016/S0076-6879(03)70004-4S0076687903700044 [pii]. PubMed PMID:
PMID: 14712632.

16. Schwartz EC, Shekhtman A, Dutta K, Pratt MR, Cowburn D, Darst S, et al. A full-length group 1 bacteri-
al sigma factor adopts a compact structure incompatible with DNA binding. Chem Biol. 2008; 15
(10):1091–103. Epub 2008/10/23. doi: S1074-5521(08)00365-7 [pii] doi: 10.1016/j.chembiol.2008.09.
008. PubMed PMID: PMID: 18940669; PubMed Central PMCID: PMC2677525.

17. Zhang Y, Feng Y, Chatterjee S, Tuske S, Ho MX, Arnold E, et al. Structural basis of transcription initia-
tion. Science. 2012; 338(6110):1076–80. Epub 2012/10/23. doi: science.1227786 [pii] doi: 10.1126/
science.1227786. PubMed PMID: PMID: 23086998; PubMed Central PMCID: PMC3593053.

18. Lonetto M, Gribskov M, Gross CA. The sigma 70 family: sequence conservation and evolutionary rela-
tionships. J Bacteriol. 1992; 174(12):3843–9. Epub 1992/06/01. PubMed PMID: PMID: 1597408;
PubMed Central PMCID: PMC206090.

19. Kulbachinskiy A, Mustaev A. Region 3.2 of the sigma subunit contributes to the binding of the 3'-initiat-
ing nucleotide in the RNA polymerase active center and facilitates promoter clearance during initiation.
J Biol Chem. 2006; 281(27):18273–6. Epub 2006/05/13. doi: C600060200 [pii] doi: 10.1074/jbc.
C600060200. PubMed PMID: PMID: 16690607.

20. ThomasMC, Chiang CM. The general transcription machinery and general cofactors. Crit Rev Biochem
Mol Biol. 2006; 41(3):105–78. Epub 2006/07/25. doi: doi: 10.1080/10409230600648736. PubMed
PMID: PMID: 16858867.

21. Sikorski TW, Buratowski S. The basal initiation machinery: beyond the general transcription factors.
Curr Opin Cell Biol. 2009; 21(3):344–51. Epub 2009/05/05. doi: S0955-0674(09)00076-3 [pii] doi: 10.
1016/j.ceb.2009.03.006. PubMed PMID: PMID: 19411170; PubMed Central PMCID: PMC2692371.

Location of Transcription Factor IIB in the RNA Pol II Active Center

PLOS ONE | DOI:10.1371/journal.pone.0119007 March 16, 2015 11 / 14

http://www.ncbi.nlm.nih.gov/pubmed/3547406
http://www.ncbi.nlm.nih.gov/pubmed/9657722
http://dx.doi.org/10.1073/pnas.98.3.892
http://www.ncbi.nlm.nih.gov/pubmed/11158566
http://dx.doi.org/10.1146/annurev.micro.57.030502.090913
http://dx.doi.org/10.1146/annurev.micro.57.030502.090913
http://www.ncbi.nlm.nih.gov/pubmed/14527287
http://dx.doi.org/10.1126/science.1069595296/5571/1285
http://www.ncbi.nlm.nih.gov/pubmed/12016307
http://dx.doi.org/10.1126/science.1069594296/5571/1280
http://dx.doi.org/10.1126/science.1069594296/5571/1280
http://www.ncbi.nlm.nih.gov/pubmed/12016306
http://dx.doi.org/10.1038/nature752
http://www.ncbi.nlm.nih.gov/pubmed/12000971
http://www.ncbi.nlm.nih.gov/pubmed/8063697
http://www.ncbi.nlm.nih.gov/pubmed/11893332
http://www.ncbi.nlm.nih.gov/pubmed/11931761
http://dx.doi.org/10.1016/j.cell.2011.10.041
http://www.ncbi.nlm.nih.gov/pubmed/22136875
http://dx.doi.org/10.1016/S0076-6879(03)70004-4S0076687903700044
http://www.ncbi.nlm.nih.gov/pubmed/14712632
http://dx.doi.org/10.1016/j.chembiol.2008.09.008
http://dx.doi.org/10.1016/j.chembiol.2008.09.008
http://www.ncbi.nlm.nih.gov/pubmed/18940669
http://dx.doi.org/10.1126/science.1227786
http://dx.doi.org/10.1126/science.1227786
http://www.ncbi.nlm.nih.gov/pubmed/23086998
http://www.ncbi.nlm.nih.gov/pubmed/1597408
http://dx.doi.org/10.1074/jbc.C600060200
http://dx.doi.org/10.1074/jbc.C600060200
http://www.ncbi.nlm.nih.gov/pubmed/16690607
http://dx.doi.org/10.1080/10409230600648736
http://www.ncbi.nlm.nih.gov/pubmed/16858867
http://dx.doi.org/10.1016/j.ceb.2009.03.006
http://dx.doi.org/10.1016/j.ceb.2009.03.006
http://www.ncbi.nlm.nih.gov/pubmed/19411170


22. Nikolov DB, Chen H, Halay ED, Usheva AA, Hisatake K, Lee DK, et al. Crystal structure of a TFIIB-
TBP-TATA-element ternary complex. Nature. 1995; 377(6545):119–28. Epub 1995/09/14. doi: doi: 10.
1038/377119a0. PubMed PMID: PMID: 7675079.

23. Sopta M, Burton ZF, Greenblatt J. Structure and associated DNA-helicase activity of a general tran-
scription initiation factor that binds to RNA polymerase II. Nature. 1989; 341(6241):410–4. Epub 1989/
10/05. doi: doi: 10.1038/341410a0. PubMed PMID: PMID: 2477704.

24. Kornberg RD. The molecular basis of eukaryotic transcription. Proc Natl Acad Sci U S A. 2007; 104
(32):12955–61. Epub 2007/08/03. doi: 0704138104 [pii] doi: 10.1073/pnas.0704138104. PubMed
PMID: PMID: 17670940; PubMed Central PMCID: PMC1941834.

25. ChungWH, Craighead JL, ChangWH, Ezeokonkwo C, Bareket-Samish A, Kornberg RD, et al. RNA
polymerase II/TFIIF structure and conserved organization of the initiation complex. Mol Cell. 2003; 12
(4):1003–13. Epub 2003/10/29. doi: S1097276503003873 [pii]. PubMed PMID: PMID: 14580350.

26. Chen HT, Warfield L, Hahn S. The positions of TFIIF and TFIIE in the RNA polymerase II transcription
preinitiation complex. Nat Struct Mol Biol. 2007; 14(8):696–703. Epub 2007/07/17. doi: nsmb1272 [pii]
doi: 10.1038/nsmb1272. PubMed PMID: PMID: 17632521; PubMed Central PMCID: PMC2483787.

27. Eichner J, Chen HT, Warfield L, Hahn S. Position of the general transcription factor TFIIF within the
RNA polymerase II transcription preinitiation complex. EMBO J. 2010; 29(4):706–16. Epub 2009/12/25.
doi: emboj2009386 [pii] doi: 10.1038/emboj.2009.386. PubMed PMID: PMID: 20033062; PubMed Cen-
tral PMCID: PMC2829161.

28. McCracken S, Greenblatt J. Related RNA polymerase-binding regions in human RAP30/74 and
Escherichia coli sigma 70. Science. 1991; 253(5022):900–2. Epub 1991/08/23. PubMed PMID: PMID:
1652156.

29. Conaway JW, Conaway RC. An RNA polymerase II transcription factor shares functional properties
with Escherichia coli sigma 70. Science. 1990; 248(4962):1550–3. Epub 1990/06/22. PubMed PMID:
PMID: 2193400.

30. Freire-Picos MA, Krishnamurthy S, Sun ZW, Hampsey M. Evidence that the Tfg1/Tfg2 dimer interface
of TFIIF lies near the active center of the RNA polymerase II initiation complex. Nucleic Acids Res.
2005; 33(16):5045–52. Epub 2005/09/09. doi: 33/16/5045 [pii] doi: 10.1093/nar/gki825. PubMed PMID:
PMID: 16147988; PubMed Central PMCID: PMC1201334.

31. Ghazy MA, Brodie SA, AmmermanML, Ziegler LM, Ponticelli AS. Amino acid substitutions in yeast
TFIIF confer upstream shifts in transcription initiation and altered interaction with RNA polymerase II.
Mol Cell Biol. 2004; 24(24):10975–85. Epub 2004/12/02. doi: 24/24/10975 [pii] doi: 10.1128/MCB.24.
24.10975-10985.2004. PubMed PMID: PMID: 15572698; PubMed Central PMCID: PMC533996.

32. Chen HT, Hahn S. Binding of TFIIB to RNA polymerase II: Mapping the binding site for the TFIIB zinc
ribbon domain within the preinitiation complex. Mol Cell. 2003; 12(2):437–47. Epub 2003/10/11. doi:
S109727650300306X [pii]. PubMed PMID: PMID: 14536083.

33. Chen HT, Hahn S. Mapping the location of TFIIB within the RNA polymerase II transcription preinitiation
complex: a model for the structure of the PIC. Cell. 2004; 119(2):169–80. Epub 2004/10/14. doi:
S0092867404009018 [pii] doi: 10.1016/j.cell.2004.09.028. PubMed PMID: PMID: 15479635.

34. Elsby LM, O'Donnell AJ, Green LM, Sharrocks AD, Roberts SG. Assembly of transcription factor IIB at
a promoter in vivo requires contact with RNA polymerase II. EMBO Rep. 2006; 7(9):898–903. Epub
2006/08/01. doi: 7400767 [pii] doi: 10.1038/sj.embor.7400767. PubMed PMID: PMID: 16878124;
PubMed Central PMCID: PMC1559668.

35. Malik S, Lee DK, Roeder RG. Potential RNA polymerase II-induced interactions of transcription factor
TFIIB. Mol Cell Biol. 1993; 13(10):6253–9. Epub 1993/10/01. PubMed PMID: PMID: 8413225; PubMed
Central PMCID: PMC364684.

36. DengW, Roberts SG. A core promoter element downstream of the TATA box that is recognized by
TFIIB. Genes Dev. 2005; 19(20):2418–23. Epub 2005/10/19. doi: 19/20/2418 [pii] doi: 10.1101/gad.
342405. PubMed PMID: PMID: 16230532; PubMed Central PMCID: PMC1257396.

37. Lagrange T, Kapanidis AN, Tang H, Reinberg D, Ebright RH. New core promoter element in RNA poly-
merase II-dependent transcription: sequence-specific DNA binding by transcription factor IIB. Genes
Dev. 1998; 12(1):34–44. Epub 1998/02/21. PubMed PMID: PMID: 9420329; PubMed Central PMCID:
PMC316406.

38. Faitar SL, Brodie SA, Ponticelli AS. Promoter-specific shifts in transcription initiation conferred by yeast
TFIIB mutations are determined by the sequence in the immediate vicinity of the start sites. Mol Cell
Biol. 2001; 21(14):4427–40. Epub 2001/06/21. doi: doi: 10.1128/MCB.21.14.4427-4440.2001. PubMed
PMID: PMID: 11416123; PubMed Central PMCID: PMC87103.

39. Kostrewa D, Zeller ME, Armache KJ, Seizl M, Leike K, ThommM, et al. RNA polymerase II-TFIIB struc-
ture and mechanism of transcription initiation. Nature. 2009; 462(7271):323–30. Epub 2009/10/13. doi:
nature08548 [pii] doi: 10.1038/nature08548. PubMed PMID: PMID: 19820686.

Location of Transcription Factor IIB in the RNA Pol II Active Center

PLOS ONE | DOI:10.1371/journal.pone.0119007 March 16, 2015 12 / 14

http://dx.doi.org/10.1038/377119a0
http://dx.doi.org/10.1038/377119a0
http://www.ncbi.nlm.nih.gov/pubmed/7675079
http://dx.doi.org/10.1038/341410a0
http://www.ncbi.nlm.nih.gov/pubmed/2477704
http://dx.doi.org/10.1073/pnas.0704138104
http://www.ncbi.nlm.nih.gov/pubmed/17670940
http://www.ncbi.nlm.nih.gov/pubmed/14580350
http://dx.doi.org/10.1038/nsmb1272
http://www.ncbi.nlm.nih.gov/pubmed/17632521
http://dx.doi.org/10.1038/emboj.2009.386
http://www.ncbi.nlm.nih.gov/pubmed/20033062
http://www.ncbi.nlm.nih.gov/pubmed/1652156
http://www.ncbi.nlm.nih.gov/pubmed/2193400
http://dx.doi.org/10.1093/nar/gki825
http://www.ncbi.nlm.nih.gov/pubmed/16147988
http://dx.doi.org/10.1128/MCB.24.24.10975-10985.2004
http://dx.doi.org/10.1128/MCB.24.24.10975-10985.2004
http://www.ncbi.nlm.nih.gov/pubmed/15572698
http://www.ncbi.nlm.nih.gov/pubmed/14536083
http://dx.doi.org/10.1016/j.cell.2004.09.028
http://www.ncbi.nlm.nih.gov/pubmed/15479635
http://dx.doi.org/10.1038/sj.embor.7400767
http://www.ncbi.nlm.nih.gov/pubmed/16878124
http://www.ncbi.nlm.nih.gov/pubmed/8413225
http://dx.doi.org/10.1101/gad.342405
http://dx.doi.org/10.1101/gad.342405
http://www.ncbi.nlm.nih.gov/pubmed/16230532
http://www.ncbi.nlm.nih.gov/pubmed/9420329
http://dx.doi.org/10.1128/MCB.21.14.4427-4440.2001
http://www.ncbi.nlm.nih.gov/pubmed/11416123
http://dx.doi.org/10.1038/nature08548
http://www.ncbi.nlm.nih.gov/pubmed/19820686


40. Li Y, Flanagan PM, Tschochner H, Kornberg RD. RNA polymerase II initiation factor interactions and
transcription start site selection. Science. 1994; 263(5148):805–7. Epub 1994/02/11. PubMed PMID:
PMID: 8303296.

41. Pardee TS, Bangur CS, Ponticelli AS. The N-terminal region of yeast TFIIB contains two adjacent func-
tional domains involved in stable RNA polymerase II binding and transcription start site selection. J Biol
Chem. 1998; 273(28):17859–64. Epub 1998/07/04. PubMed PMID: PMID: 9651390.

42. Bushnell DA, Westover KD, Davis RE, Kornberg RD. Structural basis of transcription: an RNA polymer-
ase II-TFIIB cocrystal at 4.5 Angstroms. Science. 2004; 303(5660):983–8. Epub 2004/02/14. doi: doi:
10.1126/science.1090838303/5660/983 [pii]. PubMed PMID: PMID: 14963322.

43. Liu X, Bushnell DA, Wang D, Calero G, Kornberg RD. Structure of an RNA polymerase II-TFIIB com-
plex and the transcription initiation mechanism. Science. 2010; 327(5962):206–9. Epub 2009/12/08.
doi: science.1182015 [pii] doi: 10.1126/science.1182015. PubMed PMID: PMID: 19965383; PubMed
Central PMCID: PMC2813267.

44. Sainsbury S, Niesser J, Cramer P. Structure and function of the initially transcribing RNA polymerase
II-TFIIB complex. Nature. 2013; 493(7432):437–40. Epub 2012/11/16. doi: nature11715 [pii] doi: 10.
1038/nature11715. PubMed PMID: PMID: 23151482.

45. Pal M, Ponticelli AS, Luse DS. The role of the transcription bubble and TFIIB in promoter clearance by
RNA polymerase II. Mol Cell. 2005; 19(1):101–10. Epub 2005/07/02. doi: S1097-2765(05)01350-X [pii]
doi: 10.1016/j.molcel.2005.05.024. PubMed PMID: PMID: 15989968.

46. Malik S, Roeder RG. Isolation and functional characterization of the TRAP/mediator complex. Methods
Enzymol. 2003; 364:257–84. Epub 2003/11/25. PubMed PMID: PMID: 14631850.

47. Chiang CM, Roeder RG. Expression and purification of general transcription factors by FLAG epitope-
tagging and peptide elution. Pept Res. 1993; 6(2):62–4. Epub 1993/03/01. PubMed PMID: PMID:
7683509.

48. Ge H, Martinez E, Chiang CM, Roeder RG. Activator-dependent transcription by mammalian RNA poly-
merase II: in vitro reconstitution with general transcription factors and cofactors. Methods Enzymol.
1996; 274:57–71. Epub 1996/01/01. PubMed PMID: PMID: 8902796.

49. Grachev MA, Kolocheva TI, Lukhtanov EA, Mustaev AA. Studies on the functional topography of
Escherichia coli RNA polymerase. Highly selective affinity labelling by analogues of initiating sub-
strates. Eur J Biochem. 1987; 163(1):113–21. Epub 1987/02/16. PubMed PMID: PMID: 3545823.

50. Holstege FC, Tantin D, Carey M, van der Vliet PC, Timmers HT. The requirement for the basal tran-
scription factor IIE is determined by the helical stability of promoter DNA. EMBO J. 1995; 14(4):810–9.
Epub 1995/02/15. PubMed PMID: PMID: 7882984; PubMed Central PMCID: PMC398147.

51. Malik S, Guermah M, Roeder RG. A dynamic model for PC4 coactivator function in RNA polymerase II
transcription. Proc Natl Acad Sci U S A. 1998; 95(5):2192–7. Epub 1998/04/16. PubMed PMID: PMID:
9482861; PubMed Central PMCID: PMC19292.

52. Pan G, Greenblatt J. Initiation of transcription by RNA polymerase II is limited by melting of the promoter
DNA in the region immediately upstream of the initiation site. J Biol Chem. 1994; 269(48):30101–4.
Epub 1994/12/02. PubMed PMID: PMID: 7982911.

53. Tyree CM, George CP, Lira-DeVito LM, Wampler SL, Dahmus ME, Zawel L, et al. Identification of a
minimal set of proteins that is sufficient for accurate initiation of transcription by RNA polymerase II.
Genes Dev. 1993; 7(7A):1254–65. Epub 1993/07/01. PubMed PMID: PMID: 8319911.

54. Goodrich JA, Tjian R. Transcription factors IIE and IIH and ATP hydrolysis direct promoter clearance by
RNA polymerase II. Cell. 1994; 77(1):145–56. Epub 1994/04/08. doi: 0092-8674(94)90242-9 [pii].
PubMed PMID: PMID: 8156590.

55. Kumar KP, Akoulitchev S, Reinberg D. Promoter-proximal stalling results from the inability to recruit
transcription factor IIH to the transcription complex and is a regulated event. Proc Natl Acad Sci U S A.
1998; 95(17):9767–72. Epub 1998/08/26. PubMed PMID: PMID: 9707550; PubMed Central PMCID:
PMC21411.

56. Schmidt MC, Hanna MM. Nonenzymatic radiolabeling of protein by 32P-containing nucleotides. FEBS
Lett. 1986; 194(2):305–8. Epub 1986/01/06. doi: 0014-5793(86)80106-5 [pii]. PubMed PMID: PMID:
3510130.

57. Hoffman A, Sinn E, Yamamoto T, Wang J, Roy A, Horikoshi M, et al. Highly conserved core domain
and unique N terminus with presumptive regulatory motifs in a human TATA factor (TFIID). Nature.
1990; 346(6282):387–90. Epub 1990/07/26. doi: doi: 10.1038/346387a0. PubMed PMID: PMID:
2374612.

58. Cabart P, Ujvari A, Pal M, Luse DS. Transcription factor TFIIF is not required for initiation by RNA poly-
merase II, but it is essential to stabilize transcription factor TFIIB in early elongation complexes. Proc
Natl Acad Sci U S A. 2011; 108(38):15786–91. Epub 2011/09/08. doi: 1104591108 [pii] doi: 10.1073/
pnas.1104591108. PubMed PMID: PMID: 21896726; PubMed Central PMCID: PMC3179120.

Location of Transcription Factor IIB in the RNA Pol II Active Center

PLOS ONE | DOI:10.1371/journal.pone.0119007 March 16, 2015 13 / 14

http://www.ncbi.nlm.nih.gov/pubmed/8303296
http://www.ncbi.nlm.nih.gov/pubmed/9651390
http://dx.doi.org/10.1126/science.1090838303/5660/983
http://www.ncbi.nlm.nih.gov/pubmed/14963322
http://dx.doi.org/10.1126/science.1182015
http://www.ncbi.nlm.nih.gov/pubmed/19965383
http://dx.doi.org/10.1038/nature11715
http://dx.doi.org/10.1038/nature11715
http://www.ncbi.nlm.nih.gov/pubmed/23151482
http://dx.doi.org/10.1016/j.molcel.2005.05.024
http://www.ncbi.nlm.nih.gov/pubmed/15989968
http://www.ncbi.nlm.nih.gov/pubmed/14631850
http://www.ncbi.nlm.nih.gov/pubmed/7683509
http://www.ncbi.nlm.nih.gov/pubmed/8902796
http://www.ncbi.nlm.nih.gov/pubmed/3545823
http://www.ncbi.nlm.nih.gov/pubmed/7882984
http://www.ncbi.nlm.nih.gov/pubmed/9482861
http://www.ncbi.nlm.nih.gov/pubmed/7982911
http://www.ncbi.nlm.nih.gov/pubmed/8319911
http://www.ncbi.nlm.nih.gov/pubmed/8156590
http://www.ncbi.nlm.nih.gov/pubmed/9707550
http://www.ncbi.nlm.nih.gov/pubmed/3510130
http://dx.doi.org/10.1038/346387a0
http://www.ncbi.nlm.nih.gov/pubmed/2374612
http://dx.doi.org/10.1073/pnas.1104591108
http://dx.doi.org/10.1073/pnas.1104591108
http://www.ncbi.nlm.nih.gov/pubmed/21896726


59. Sun ZW, Hampsey M. Identification of the gene (SSU71/TFG1) encoding the largest subunit of tran-
scription factor TFIIF as a suppressor of a TFIIB mutation in Saccharomyces cerevisiae. Proc Natl
Acad Sci U S A. 1995; 92(8):3127–31. Epub 1995/04/11. PubMed PMID: PMID: 7724527; PubMed
Central PMCID: PMC42118.

60. Thompson NE, Glaser BT, Foley KM, Burton ZF, Burgess RR. Minimal promoter systems reveal the im-
portance of conserved residues in the B-finger of human transcription factor IIB. J Biol Chem. 2009;
284(37):24754–66. Epub 2009/07/11. doi: M109.030486 [pii] doi: 10.1074/jbc.M109.030486. PubMed
PMID: PMID: 19590095; PubMed Central PMCID: PMC2757179.

61. Fishburn J, Hahn S. Architecture of the Yeast RNA Polymerase II Open Complex and Regulation of Ac-
tivity by TFIIF. Mol Cell Biol. 2012; 32(1):12–25. Epub 2011/10/26. doi: MCB.06242-11 [pii] doi: 10.
1128/MCB.06242-11. PubMed PMID: PMID: 22025674.

62. Liu X, Bushnell DA, Kornberg RD. Lock and Key to Transcription: sigma-DNA Interaction. Cell. 2011;
147(6):1218–9. Epub 2011/12/14. doi: S0092-8674(11)01427-9 [pii] doi: 10.1016/j.cell.2011.11.033.
PubMed PMID: PMID: 22153066.

63. Iyer LM, Aravind L. Insights from the architecture of the bacterial transcription apparatus. J Struct Biol.
2011. Epub 2012/01/03. doi: S1047-8477(11)00361-3 [pii] 10.1016/j.jsb.2011.12.013. PubMed PMID:
22210308.

Location of Transcription Factor IIB in the RNA Pol II Active Center

PLOS ONE | DOI:10.1371/journal.pone.0119007 March 16, 2015 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/7724527
http://dx.doi.org/10.1074/jbc.M109.030486
http://www.ncbi.nlm.nih.gov/pubmed/19590095
http://dx.doi.org/10.1128/MCB.06242-11
http://dx.doi.org/10.1128/MCB.06242-11
http://www.ncbi.nlm.nih.gov/pubmed/22025674
http://dx.doi.org/10.1016/j.cell.2011.11.033
http://www.ncbi.nlm.nih.gov/pubmed/22153066


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


