
sults presented above, we reasoned that the Zn ribbon and possi-
bly the reader/linker would be necessary for the full activity of the
open complexes but that the TFIIB core domain would be dis-
pensable. To generate a construct lacking the TFIIB core domain,
the N terminus of TFIIB containing the ribbon and reader/linker
regions was fused to the N terminus of TBP (Fig. 9A). The first 60
residues of yeast TBP is not conserved and likely serves as a flexible
linker between the TFIIB N terminus and the TBP conserved do-
main.

This recombinant factor was purified and, as expected, had no
activity in the reconstituted transcription system with double-
stranded DNA (not shown). In striking contrast, the TFIIBN-TBP
fusion worked nearly as well to promote transcription from bub-
ble 3 as did TBP and TFIIB (Fig. 9B, compare lanes 2 and 4). If the
TFIIF-dependent positioning of the TFIIB core domain on Pol II
contributes to repression, then transcription using the fusion con-
struct lacking the core domain should be resistant to TFIIF. As
predicted by this model, the addition of TFIIF had no repressive
effect, in contrast to the system with TBP and TFIIB, which was
repressed by TFIIF (Fig. 9B, lanes 4 and 5). High-resolution anal-
ysis showed that the TFIIB-TBP fusion allowed initiation at the
same position in the single-stranded DNA bubble as that of wild-
type factors, but the fusion was defective in promoting initiation
from downstream double-stranded DNA (Fig. 9C). Together, our
results suggest that the positioning of the TFIIB core domain on
the Pol II wall at bubble 3 is inhibitory to initiation.

DISCUSSION

Although Pol II and the general transcription factors are highly
conserved, there is a clear difference in the positions and mecha-
nisms of transcription start site selection between S. cerevisiae and
mammals. Here we have examined the ability of the yeast system
to initiate transcription at variable distances from TATA using a
series of premelted HIS4 promoters, forming minimal open com-
plexes with Pol II, TFIIB, and TBP. We found that yeast Pol II has
remarkable flexibility in the ability to initiate transcription from
these bubbles spaced over �50 bp of promoter DNA. Within this
window, we found that the sequence of the bubble was the most
important determinant of promoter activity but that the position
of the bubble and the sequence immediately upstream of the bub-
ble also contributed to initiation efficiency. The activity of these
templates required only Pol II, TBP, and TFIIB, the same compo-
nents required for the human system to transcribe premelted pro-
moters (12, 20, 25). The most active HIS4 promoter derivatives
were those with bubbles overlapping either the mammalian start
site (�30 bp downstream of TATA) or promoters with bubbles
overlapping the normal HIS4 start sites (�70 bp downstream).
However, bubbles of appropriate sequence positioned between
these two optimal locations did support initiation although less
efficiently.

An unexpected finding was that TFIIF could modulate the ac-
tivity of the minimal open complexes. At most bubble derivatives,
TFIIF repressed initiation within the single-stranded region while

FIG 7 TFIIB B-reader and B-linker mutants are active in minimal open complexes. (A) In vitro transcription comparing wild-type (WT) TFIIB with B-reader/
linker mutants. Shown are data for transcription utilizing a complete purified transcription system on double-stranded (DS) HIS4 (lanes 1 to 5) or minimal open
complexes (Pol II, TBP, and TFIIB) transcribing bubble 3 (lanes 6 to 10) or bubble 15 (lanes 11 to 17). For each promoter, relative RNA levels are indicated, where
the level observed with TBP/TFIIB/Pol II (bubble templates) or with the complete set of factors (double-stranded templates) is set to 1.0. (B) High-resolution
analysis of initiation by minimal open complexes, with and without TFIIF, comparing wild-type TFIIB (lanes 1 and 2) with B-reader/linker mutants (lanes 3 to
10) from the bubble 3 promoter. The promoter sequence, major start sites, bubble location, and size standards are labeled as described in the legend of Fig. 2.
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permitting initiation 2 to 4 bp downstream of the bubble when an
appropriate sequence was present. In contrast, bubbles surround-
ing the normal HIS4 start sites were either slightly stimulated by
TFIIF or insensitive to its presence. Surprisingly, we found that the
response to TFIIF was mediated by the sequence of the bubble. For
example, the replacement of bubble 3 (repressed by TFIIF and
overlapping the mammalian start site) with the bubble 15 se-
quence (stimulated by TFIIF and located at the yeast start site)
created a promoter that was stimulated by TFIIF but that initiated
transcription close to the mammalian start site. Conversely, the
replacement of bubble 15 with the bubble 3 sequence gave a pro-
moter that initiated far from TATA and was repressed by TFIIF.
Additional experiments showed that the sequence of the single-
stranded template strand, within a few bases upstream of the
single-strand– double-strand junction, can determine whether an
open complex is repressed or stimulated by TFIIF (Fig. 6A). What

sequence feature of the heteroduplex region dictates the response
to TFIIF? Heteroduplex templates that are not repressed by TFIIF
tend to have some A/T character at the 5= end of the bubble and
G/C at the 3= end, while bubbles repressed by TFIIF tend to have
G/C spread throughout the bubble sequence. Heteroduplex re-
gions that do not work as efficient promoters are very A/T rich
(bubbles 9, 10, and 12).

Combined, our results show that the HIS4 promoter sequence
is optimized to direct initiation from the in vivo initiation region
located �60 to 80 bp from TATA. Pol II, attempting to initiate at
the mammalian position, would presumably be inhibited by
TFIIF. Furthermore, the sequence of HIS4 �40 to 60 bp down-
stream from TATA does not support initiation when it is single
stranded. However, there must be additional control over tran-
scription start site selection. The positioning of an active initiator
(the bubble 15 sequence) 30 bp downstream from TATA in

FIG 8 TFIIF positions the TFIIB core domain in the open complex. (A) TFIIB derivatives were conjugated to FeBABE at the indicated cysteine residues and
assembled in PICs on a duplex HIS4 promoter (lanes 1 to 6) or in minimal open complexes on the bubble 3 promoter (lanes 7 to 12). Hydroxyl radical cleavage
was monitored with a Western blot probed with an antibody reactive to the N terminus of Rpb1. Reproducible cleavage products are indicated by red asterisks
and are located in the active center and dock regions (A/D) and the Rpb1 clamp. (B) TFIIB with FeBABE linked to residue 135 was used to form PICs on duplex
HIS4 DNA (lanes 1 and 2) or minimal open complexes on bubble 3 (lanes 3 and 4) or bubble 15 (lanes 5 and 6). TFIIF was added where indicated, and the cleavage
of Rpb1 was monitored as described in panel A. (C) TFIIB-FeBABE derivatives were assembled in PICs on a duplex HIS4 promoter with or without IIF, as
indicated. The hydroxyl radical cleavage of C-terminally Flag-tagged Rpb2 was monitored by Western blotting and was observed for the fork/protrusion (F/P)
and wall domains. (D) Model for the position of the TFIIB core on Pol II (9, 14). Cleavage (3) is shown in the Rpb2 protrusion (magenta) and Rpb1 clamp domain
(blue) from TFIIB 135-FeBABE (green spheres). Also shown is the area of cleavage in the wall domain of Rpb2 (brown) from TFIIB 184-FeBABE (red spheres).
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double-stranded DNA does not allow initiation (not shown).
Consistent with this, the insertion of the strong SNR14 initiator at
variable distances from the HIS4 TATA shows that transcription
cannot initiate closer than �50 bp from TATA (not shown). Thus,
there are at least two levels of control that dictate the transcription
start site in the yeast system, (i) the promoter sequence and (ii) an
inherent property of Pol II and/or the general factors.

The complete purified transcription system also allowed us to
test the function of the TFIIB reader and linker regions. B-linker
mutations were found to block transcription from double-
stranded DNA in the yeast and archaeal systems, and archaeal TFB
linker mutants were rescued by the premelting of promoter DNA
(14). Here we found that mutations in the TFIIB linker could also
be rescued by the premelting of the DNA, as transcription from
both bubbles 3 and 15 occurred at near-normal levels using the
TFIIB L110P reader mutant. Similarly, three B-reader mutants
were nearly inactive on double-stranded DNA but were rescued by
premelted promoter DNA. The B-reader was previously reported
to be critical for TFIIB function and to assist in transcription start
site selection (1, 14, 21, 25, 26). Together, our new results show
that both the B-reader and B-linker regions play a major role in
melting and/or the stabilization of the melted DNA in the open
complex; detrimental effects of the TFIIB mutations on the tran-
scription of double-stranded DNA are almost completely reversed
at heteroduplex promoters.

Finally, the minimal open complex system allowed us to probe
the architecture of these complexes compared to that of PICs.
Although the TFIIB ribbon, reader, and linker regions were posi-
tioned similarly in PICs and open complexes, there was a striking

difference in the positions of the TFIIB core domain in the two
complexes. In PICs, the TFIIB core domain binds the Pol II wall,
while this TFIIB domain is positioned away from the wall in the
minimal open complex containing TBP, TFIIB, Pol II, and the
heteroduplex bubble. The addition of TFIIF caused a shift in
the positioning of the TFIIB core domain to the location on the
Pol II wall observed in PICs, and this occurred at both bubbles 3
and 15. We found that the elimination of the TFIIB core domain
also eliminated the ability of TFIIF to repress transcription at bub-
ble 3, showing that the repositioning of TFIIB contributes to the
repression of transcription by TFIIF. These results give a different
model for the architecture of the open complex state compared to
previous proposals based on merging models for the PIC and the
Pol II elongation complex (Fig. 10) (14, 18). In the previously
reported models, the positioning of the TFIIB core domain on Pol

FIG 9 The TFIIB core domain is required for repression of open complexes by
TFIIF. (A) Schematic diagram of full-length TBP, TFIIB, and the IIBN-TBP
fusion protein. (B) In vitro transcription from the bubble 3 promoter by Pol II
alone (lane 1), Pol II plus the IIBN-TBP fusion protein (lanes 2 and 3), or Pol II
plus TBP and TFIIB (lanes 4 and 5). TFIIF was added to the reaction mixtures
as indicated. Relative RNA levels are indicated, where the level observed with
TBP/TFIIB/Pol II is set to 1.0. (C) High-resolution analysis of initiation from
reactions as described in panel B. The promoter sequence, major start sites,
bubble location, and size standards are annotated as described in the legend of
Fig. 2.

FIG 10 Model for the active form of the minimal open complex at bubble 3.
The top panel shows a model for the minimal open complex in which the
TFIIB core domain has been displaced from the Rpb2 wall domain, eliminat-
ing the sharp bend in the template strand DNA (blue) at the junction of
double- and single-stranded DNAs. The nontemplate strand (pink), TBP
(green), and TFIIB (yellow) are shown. The bottom panel shows a model for
the minimal open complex proposed previously by Kostrewa and colleagues
(14), with the addition of TFIIF (orange, Tfg1; red, Tfg2) (9).
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II results in a sharp bend in the template strand, 14 bp upstream
from the transcription start site, at the junction of single- and
double-stranded DNAs. In contrast, the repositioning of the
TFIIB core domain away from Pol II would eliminate this bend
and the presumed resulting strain on the stability of the complex.

To develop a working model for the architecture of the TFIIF-
containing open complexes, we need to account for the finding
that TFIIF does not repress all minimal open complexes. Recall
that open complexes formed on bubble 15 were slightly stimulated
by TFIIF, while at the same time, TFIIF caused a repositioning of
the TFIIB core on bubble 15 (Fig. 8B). One model consistent with
our data is that TFIIF, either directly or indirectly, can “read” the
sequence of the single-stranded template strand and help position
this DNA within Pol II in an active and/or stable state. By this
model, the stable positioning of the bubble 15 template strand
would be assisted by TFIIF. In contrast, when TFIIF is added to
open complexes that are repressed by TFIIF (e.g., bubble 3), the
resulting bend in the template strand, caused by the binding of
TFIIB to the Pol II wall, may pull the DNA into a nonfunctional
position, leading to the repression of initiation. From the model-
ing of the PIC and the structure of the TFIIB-Pol II complex, we
know that the TFIIB B-reader and B-linker as well as the unstruc-
tured linker in the TIIF small subunit are close to or within the Pol
II active-site cleft (9, 14, 18). In future work to test this model, it
will be informative to probe protein-DNA contacts between the
single-stranded bubble, TFIIB, TFIIF, and Pol II to more precisely
determine the path of single-stranded DNA in both active and
inactive minimal complexes and to probe for direct interactions
between TFIIB, TFIIF, and promoter DNA.

ACKNOWLEDGMENTS

We thank Hung-Ta Chen for initial design of the heteroduplex bubble
strategy, Bruce Knutson for sequence analysis, Patrick Cramer for com-
munication of an RNA Pol II purification method, and members of the
Hahn laboratory for advice and comments on the manuscript.

This work was supported by grant GM053451 from the National In-
stitutes of Health.

REFERENCES
1. Bangur CS, Pardee TS, Ponticelli AS. 1997. Mutational analysis of the

D1/E1 core helices and the conserved N-terminal region of yeast tran-
scription factor IIB (TFIIB): identification of an N-terminal mutant that
stabilizes TBP-TFIIB-DNA complexes. Mol. Cell. Biol. 17:6784 – 6793.

2. Chen H-T, Hahn S. 2004. Mapping the location of TFIIB within the RNA
polymerase II transcription preinitiation complex: a model for the struc-
ture of the PIC. Cell 119:169 –180.

3. Chen HT, Hahn S. 2003. Binding of TFIIB to RNA polymerase II: map-
ping the binding site for the TFIIB zinc ribbon domain within the preini-
tiation complex. Mol. Cell 12:437– 447.

4. Chen HT, Warfield L, Hahn S. 2007. The positions of TFIIF and TFIIE in
the RNA polymerase II transcription preinitiation complex. Nat. Struct.
Mol. Biol. 14:696 –703.

5. Chen ZA, et al. 2010. Architecture of the RNA polymerase II-TFIIF
complex revealed by cross-linking and mass spectrometry. EMBO J. 29:
717–726.

6. Cramer P, et al. 2008. Structure of eukaryotic RNA polymerases. Annu.
Rev. Biophys. 37:337–352.

7. Datwyler SA, Meares CF. 2000. Protein-protein interactions mapped by
artificial proteases: where sigma factors bind to RNA polymerase. Trends
Biochem. Sci. 25:408 – 414.

8. Dvir A, et al. 1996. A role for ATP and TFIIH in activation of the RNA

polymerase II preinitiation complex prior to transcription initiation. J.
Biol. Chem. 271:7245–7248.

9. Eichner J, Chen HT, Warfield L, Hahn S. 2010. Position of the general
transcription factor TFIIF within the RNA polymerase II transcription
preinitiation complex. EMBO J. 29:706 –716.

10. Giardina C, Lis JT. 1993. DNA melting on yeast RNA polymerase II
promoters. Science 261:759 –762.

11. Hahn S. 2004. Structure and mechanism of the RNA polymerase II tran-
scription machinery. Nat. Struct. Mol. Biol. 11:394 – 403.

11a.Hahn S, Young ET. Transcriptional regulation in S. cerevisiae: transcrip-
tion factor regulation and function, mechanisms of initiation, and rules
for activators and coactivators. Genetics in press.

12. Holstege FC, van der Vliet PC, Timmers HT. 1996. Opening of an RNA
polymerase II promoter occurs in two distinct steps and requires the basal
transcription factors IIE and IIH. EMBO J. 15:1666 –1677.

13. Holstege FCP, Fiedler U, Timmers HTM. 1997. Three transitions in the
RNA polymerase II transcription complex during initiation. EMBO J. 16:
7468 –7480.

14. Kostrewa D, et al. 2009. Structure of the RNA polymerase II-TFIIB
complex and the mechanism of transcription initiation. Nature 462:
323–330.

15. Kuehner JN, Brow DA. 2006. Quantitative analysis of in vivo initiator
selection by yeast RNA polymerase II supports a scanning model. J. Biol.
Chem. 281:14119 –14128.

16. Lane WJ, Darst SA. 2010. Molecular evolution of multisubunit RNA
polymerases: structural analysis. J. Mol. Biol. 395:686 –704.

17. Li Y, Flanagan PM, Tschochner H, Kornberg RD. 1994. RNA polymer-
ase II initiation factor interactions and transcription start site selection.
Science 263:805– 807.

18. Liu X, Bushnell DA, Wang D, Calero G, Kornberg RD. 2010. Structure
of an RNA polymerase II-TFIIB complex and the transcription initiation
mechanism. Science 327:206 –209.

19. Miller G, Hahn S. 2006. A DNA-tethered cleavage probe reveals the path
for promoter DNA in the yeast preinitiation complex. Nat. Struct. Mol.
Biol. 13:603– 610.

20. Pan G, Greenblatt J. 1994. 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. 269:30101–30104.

21. Pinto I, Wu W-H, Na JG, Hampsey M. 1994. Characterization of sua7
mutations defines a domain of TFIIB involved in transcription start site
selection in yeast. J. Biol. Chem. 269:30569 –30573.

22. Ranish JA, Yudkovsky N, Hahn S. 1999. Intermediates in formation and
activity of the RNA polymerase II preinitiation complex: holoenzyme re-
cruitment and a postrecruitment role for the TATA box and TFIIB. Genes
Dev. 13:49 – 63.

23. Saecker RM, Record MT, Jr, Dehaseth PL. 2011. Mechanism of bacterial
transcription initiation: RNA polymerase—promoter binding, isomeriza-
tion to initiation-competent open complexes, and initiation of RNA syn-
thesis. J. Mol. Biol. 412:754 –771.

24. Thomas MC, Chiang CM. 2006. The general transcription machinery
and general cofactors. Crit. Rev. Biochem. Mol. Biol. 41:105–178.

25. Thompson NE, Glaser BT, Foley KM, Burton ZF, Burgess RR. 2009.
Minimal promoter systems reveal the importance of conserved residues in
the B-finger of human transcription factor IIB. J. Biol. Chem. 284:
24754 –24766.

26. Tran K, Gralla JD. 2008. Control of the timing of promoter escape and
RNA catalysis by the transcription factor IIb fingertip. J. Biol. Chem. 283:
15665–15671.

27. Wang W, Carey M, Gralla JD. 1992. Polymerase II promoter activation:
closed complex formation and ATP-driven start site opening. Science 255:
450 – 453.

28. Werner F, Grohmann D. 2011. Evolution of multisubunit RNA poly-
merases in the three domains of life. Nat. Rev. Microbiol. 9:85–98.

29. Yan M, Gralla JD. 1997. Multiple ATP-dependent steps in RNA polymer-
ase II promoter melting and initiation. EMBO J. 16:7457–7467.

30. Zhang Z, Dietrich FS. 2005. Mapping of transcription start sites in Sac-
charomyces cerevisiae using 5= SAGE. Nucleic Acids Res. 33:2838 –2851.

Yeast RNA Polymerase II Open Complexes

January 2012 Volume 32 Number 1 mcb.asm.org 25

 on N
ovem

ber 19, 2019 by guest
http://m

cb.asm
.org/

D
ow

nloaded from
 

http://mcb.asm.org
http://mcb.asm.org/

