1duosnuey Joyiny JHIO 1duosnuey Joyiny ¥HIO

1duasnuey Joyiny YHID

C | H R Canadian Institutes of Submitted by CIHR
& Health Research Déposé par les IRSC

(4
&

I RSC Instituts de recherche
en santé du Canada
Biochem Cell Biol. Author manuscript; available in PMC 2015 November 20.

Published in final edited form as:
Biochem Cell Biol. 1999 ; 77(4): 257-264.

DNA wrapping in transcription initiation by RNA polymerase I

Benoit Coulombe
Département de biologie, Faculté des sciences, Université de Sherbrooke, Sherbrooke, QC J1K
2R1, Canada, Internet: http://www.ircm.gc.ca/coulombe

Abstract

The DNA wrapping model of transcription stipulates that DNA bending and wrapping around
RNA polymerase causes an unwinding of the DNA helix at the enzyme catalytic center that
stimulates strand separation prior to initiation and during transcript elongation. Recent
experiments with mammalian RNA polymerase 1l indicate the significance of DNA bending and
wrapping in transcriptional mechanisms. These findings have important implications in our
understanding of the role of the general transcription factors in transcriptional initiation and the
mechanisms underlying transcriptional regulation.
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The RNA polymerase Il general transcription machinery

Eukaryotic mRNA is synthesized by RNA polymerase Il (Pol I1). In vitro the accurate
initiation of transcription by Pol Il at most promoters requires a set of five general
transcription factors (GTFs) (Orphanides et al. 1996; Hampsey 1998). The mammalian
GTFs include the TATA box-binding protein (TBP), and transcription factors (TF) 1B,
TFIIE (TFIIE56 and TFIIE34 subunits), TFIIF (RAP74 and RAP30 subunits), and TFIIH.
TFIIH comprises nine subunits including a kinase and two ATP-dependent, single-stranded
DNA helicases, one of which is essential for transcription initiation (Tirode et al. 1999). In
mammalian cell extracts, TBP is tightly associated with 8-11 TAF;s (TBP-associating
factors) to form the TFIID complex (M, = ~700 kDa) (Orphanides et al. 1996; Hampsey
1998). TFIIA is a trimeric factor that is not essential for transcription but which stimulates
the interaction of TFIID with some promoters (Coulombe et al. 1992). Early models of
preinitiation complex formation have proposed that the GTFs and Pol Il assemble in a
sequential order onto promoter DNA (Fig. 1). This notion has recently been challenged by
the discovery of large multisubunit complexes, called Pol 11 holoenzymes, which contain a
number of GTFs, core Pol I, the products of a set of SRB genes (Suppressors of RNA
polymerase B), and several additional polypeptides (Greenblatt 1997). Some of these Pol Il
holoenzymes contain all the necessary factors for accurate transcriptional initiation in vitro
in addition to those required for response to transcriptional activators. Preinitiation complex
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formation with the Pol Il holoenzyme can be achieved in either one or a limited number of
steps in vitro (Fig. 1); however, it is generally agreed that the single-step recruitment of the
holoenzyme is the mechanism of preinitiation complex formation in vivo.

Core Pol Il is a ~550 kDa enzyme composed of 8-12 subunits depending of the species of
origin (Orphanides et al. 1996; Hampsey 1998). The two largest subunits, Rpb1 (~220 kDa)
and Rpb2 (~180 kDa), are the most highly conserved subunits and are homologous to the B’
and B subunits, respectively, of bacterial RNA polymerase. Rpb1 contains a C-terminal
domain (CTD) composed of an heptapeptide tandemly repeated 26-27 times in yeast and 52
times in humans (Dahmus 1996). Two different forms of Pol Il exist in vivo, Pol I1A and Pol
I10. Pol 1A possesses an unphosphorylated CTD and preferentially enters the preinitiation
complex, while Pol 110 possesses an extensively phosphorylated CTD and is found in the
elongation complex. A number of kinases and one phosphatase that regulate CTD
phosphorylation have been identified (Dahmus 1996; Orphanides 1997; Hampsey 1998).
The structure of core Pol Il in solution has been determined, and indicates the presence of
finger-like projections that close to form a channel large enough to accommodate DNA
(Darst et al. 1991). See Fig. 2A for a schematic representation. Cross-linking studies using
E. coli RNA polymerase, which has a solution structure strikingly similar to that of yeast Pol
I1, indicate that the finger-like projections constitute the catalytic center of the enzyme and
can grasp DNA at the transcriptional initiation site in the preinitiation complex and at the
site of ribonucleotide addition in the elongation complex (Mustaev et al. 1997; Nudler et al.
1998) (see Fig. 2B). In solution, the CTD of Pol II has been shown to attach to the body of
the enzyme opposite to the catalytic center (Meredith et al. 1996) (see Fig. 2A). Recently,
the position of the CTD in the initiation complex has been determined (Douziech et al.
1999).

Promoter DNA is wrapped around Pol Il in the initiation complex

Evidence for the wrapping of promoter DNA around Pol 1 in the preinitiation complex is
emerging from site-specific DNA-protein photo-cross-linking studies using the adenovirus 2
major late promoter (Forget et al. 1997; Kim et al. 1997; Robert et al. 1998). Various
intermediate complexes have been analyzed using different cross-linking reagents located
along the promoter DNA. These studies indicate extensive bending and wrapping of the
DNA in the initiation complex (Coulombe and Burton 1999).

In studying a preinitiation complex containing TBP, TFIIB, TFIIF, TFIIE, and Pol 1IB (a
form of Pol Il lacking the CTD), we found that Pol Il closely approaches promoter DNA in
several regions between nucleotides —40 to +13 (Forget et al. 1997; Robert et al. 1998). This
53-bp region corresponds to ~18 nm of B-form DNA and is longer than the longest
dimension of Pol Il (14 nm; see Fig. 2A). Thus, the “footprint” is longer than the “foot.”
This apparent paradox can be explained if promoter DNA is wrapped around Pol Il in the
preinitiation complex (Fig. 2B). In addition, the TFIIF subunits have been detected along
promoter DNA from nucleotides —56 to +34, a 89-bp-long region that corresponds to ~30
nm of B-form DNA (Coulombe et al. 1994; Robert et al. 1996; Forget et al. 1997; Robert et
al. 1998). This finding alone argues against promoter DNA being in a linear conformation.
The cross-linking data also indicates that single molecules of RAP74, RAP30, and TFIIE34
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simultaneously approach the DNA both downstream of the transcriptional initiation site
(nucleotides +13 and +26) and upstream of the TATA element (nucleotides —39/-40 and
-56/-61) (Robert et al. 1998), demonstrating that these sequences are juxtaposed (see Fig. 3,
BACK view? and Fig. 4A). In addition, electron microscopy images of the initiation
complex on promoter DNA allow the direct visualization of DNA wrapping in the complex
(Forget et al. 1997), providing conclusive support for the cross-linking data. Measurements
obtained from electron microscopy images indicate that ~50-70 bp of DNA are consumed
by the protein core of the complex (Forget et al. 1997; Kim et al. 1997). Given the
dimensions of Pol 1l (14 x 13.6 x 11 nm), and the existence of a number of channels and
grooves on the enzyme surface that can accommodate DNA, a 70-100 bp DNA sequence
should be sufficient to wrap completely around the enzyme. This would imply that ~50-80
bp of B-form DNA are effectively consumed by the complex, in good agreement with
electron microscopy measurements.

DNA wrapping around RNA polymerase is an evolutionarily conserved

mechanism

DNA wrapping during preinitiation complex formation was first proposed for £. coli RNA
polymerase (Cowing et al. 1989; Schickor et al. 1990; Craig et al. 1995; Polyakov et al.
1995). In a manner reminiscent to that described above for Pol I, the footprint of the £. coli
RNA polymerase holoenzyme (the a,fp’ o complex) extends from either —70 or -50 to +20,
depending on the promoter. This corresponds to a ~31 nm-long region of B-form DNA, and
is longer than the longest dimension (16 nm) of £. co/i RNA polymerase (Darst et al. 1989).
Preinitiation complex formation using bacterial holoenzyme has been studied at various
temperatures (0, 15, and 30-37°C), thereby permitting characterization of the intermediates
in the formation of the holoenzyme—promoter complex. An important difference in the
structures of these complexes is the extent of the DNA region that is protected by RNA
polymerase. At low temperatures (0-15°C) the footprint lies between —70 or =50 and -10,
whereas at higher temperatures (30-37°C), the footprint extends from —70 or -50 to +20. In
a dynamic perspective, this observation indicates that promoter DNA is progressively
wrapped around £. coli RNA polymerase during preinitiation complex formation.

In the Pol Il system, we have also been able to characterize intermediates in the formation of
the preinitiation complex. Instead of using different temperatures, we took advantage of a set
of RAP74 deletion mutants in our photo-cross-linking experiments (Forget et al. 1997;
Robert et al. 1998). The presence of a fragment of RAP74 containing the first 172 amino
acids (e.g., one containing the RAP30-binding domain) resulted in promoter contacts by Pol
Il between positions —19 and -5. In contrast, RAP74(1-205) and other longer mutants
extend the promoter contacts by Pol Il from —39/-40 to +13. These results indicate that
RAP74 supports the progressive wrapping of the promoter DNA around Pol Il. The
progression of specific conformational changes in protein and DNA that occurs during
preinitiation complex formation is referred to as complex isomerization (Coulombe and
Burton 1999) and is summarized in Fig. 4A.

1Some of our molecular models are available on the Internet at http://www.ircm.qc.ca/coulombe.
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Together, these observations indicate that DNA is wrapped around both prokaryotic and
eukaryotic RNA polymerases and suggest that DNA wrapping around RNA polymerase may
be a fundamental transcriptional mechanism that is evolutionarily conserved.

A function of the GTFs is to help the wrapping of promoter DNA around Pol

The DNA wrapping model suggests that a function of the GTFs is to help promoter DNA
wrap around Pol Il (Figs. 3 and 4A). X-ray crystallography and NMR studies have revealed
that the binding of TBP and TFIIB to the TATA box induces a ~80° bend in the DNA (Kim
etal. 19934, 19934; Werner and Burley 1997). This observation indicates that the binding of
TBP and TFIIB to the promoter initiates DNA wrapping. Cross-linking experiments with the
TBP-TFIIB-TFIIF-Pol II-TFIIE-promoter complex have revealed that the DNA is bent in
the region of the TATA box, thereby allowing promoter contacts by Pol Il in the —39/-40
region, and that a second bend in the +1 region is responsible for promoter contacts by Pol Il
downstream of the transcriptional initiation site (Forget et al. 1997; Robert et al. 1998). See
Fig. 4B. Such a bend in the region of the transcriptional initiation site has been described by
Ebright and colleagues (Kim et al. 1997). Interestingly, Pol 11 contacts both upstream of the
TATA box and downstream of the initiation site require the presence of RAP74, minimally a
fragment containing amino acids 1-205. RAP74(1-205) contains both the RAP30-binding
domain (amino acids 1-172) and a homomeric interaction region (HIR1; amino acids 172—
205) required for the maintenance of TFIIF ina ay B » arrangement in the preinitiation
complex assembled with recombinant polypeptides (Robert et al. 1998). This observation
indicates that the association of a TFIIF a o B » heterotetramer is required for tight DNA
wrapping around Pol Il. The presence of TFIIE, which also enters the preinitiation complex
asaa o P » heterotetramer, favors DNA wrapping (Robert et al. 1998). Interestingly, the
cross-linking data further indicate that TFIIH tightens the DNA loop around the enzyme
(Robert et al. 1998). This observation defines a novel function for TFIIH in transcriptional
initiation.

In conclusion, the GTFs are all nvolved in the wrapping of the DNA around Pol II. In
principle, a role for the GTFs in DNA wrapping may exist regardless of whether the
preinitiation complex is assembled sequentially or through a single-step recruitment of the
Pol Il holoenzyme.

DNA wrapping induces helix unwinding which facilitates transcriptional

initiation

Transcriptional initiation requires the melting of promoter DNA immediately upstream of
the transcriptional initiation site, leading to the formation of the open complex (see Fig. 4A).
Open complex formation is necessary for the proper access of ribonucleotides to the
catalytic center of the enzyme. In the Pol Il system, open complex formation requires both
ATP hydrolysis and one of the TFIIH helicases (Orphanides et al. 1996; Hampsey et al.
1998). The TFIIH helicases use single-stranded DNA as substrate, implying that the
promoter DNA must be at least partly melted prior to helicase action. A possible explanation
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for this observation is that the tight wrapping of promoter DNA around Pol |1 in the
wrapping model induces a torsional strain in the DNA helix that may create just enough
stand separation so as to allow the TFIIH helicase to latch onto single-stranded DNA and
catalyze the formation of the open complex in the presence of ATP (Fig. 4). This idea has
yet to be supported by direct experimental results but is consistent with a number of
observations. For example, TFIIF and TFIIE have been shown to facilitate promoter melting
prior to initiation (Pan and Greenblatt 1994; Holstege et al. 1995). The effects of TFIIF and
TFIE may be the consequence of the torsional strain that follows DNA wrapping in the
preinitiation complex. Interestingly, the domain of RAP74 that is minimally required to
support tight DNA wrapping around Pol I, HIRZ, is important for transcriptional initiation
in vitro (Wang and Burton 1995; Lei et al. 1998). DNA wrapping during transcriptional
elongation may also play a role in facilitating the access of ribonucleotides to the catalytic
center of Pol 11 for transcript elongation (Coulombe and Burton 1999).

Promoter DNA is wrapped around TFIID: replacement of wrapped

structures?

The role of TFIID in transcriptional initiation has been extensively studied and is still a
subject of debate (Burley and Roeder 1996; Hahn 1998). Depending on the context, TAF}s
act as general promoter selectivity factors, co-activators or co-repressors of initiation, or are
not required at all for transcription. Thus, it appears that the requirement for TAF;s is
promoter specific and may operate at various levels. Recent experiments have indicated that
some TAF;s are subunits of other complexes, such as a histone acetyltransferase complex
called SAGA, adding to the complexity of their function (Hahn 1998).

Photo-cross-linking experiments have revealed that promoter DNA wraps around the
TFID-(TFIIA) complex (Oelgeschlager et al. 1996; Hoffmann et al. 1997) in a structure
that is very similar to that proposed for the preinitiation complex formed in the presence of
TBP, TFIIB, TFIIF, Pol 11, and TFIIE. Both wrapped structures occupy the same region of
the promoter, extending from about position =30 to +40 (Burke and Kadonaga 1996, 1997;
Oelgeschlager et al. 1996). This suggests that these two promoter complexes cannot co-exist.
Because of this incompatibility, preinitiation complex assembly requires that the TAFs
release their DNA contacts within the core promoter (Fig. 5). In many cases, a promoter may
be a nucleoprotein complex of TBP, TAF,;s, and DNA, rather than a linear DNA sequence,
and Pol Il and the GTFs may recognize both DNA and TFIID in promoter binding. Evidence
supporting this hypothesis comes from the identification of protein—protein interactions
between TBP and TFIIB (Ha et al. 1993), TAF,;250 and RAP74 (Diskstein et al. 1996),
TFIHA and TFIIE (Yokomori et al. 1998; Rojas, A., and Coulombe, B., unpublished data),
and TFIIA and TFIIF (A. Rojas, M.-F. Langelier, D. Forget, and B. Coulombe, unpublished
data). These data provide a rational explanation for the ability of TAF;s to act as promoter
selectivity factors or to be completely unrequired for transcriptional initiation depending on
the particular promoter. The role of TAFs as co-activators/co-repressors is addressed below.
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DNA wrapping as a mechanism of transcriptional control

Several reports have indicated that direct protein—protein interactions between the activation
domain of DNA-bound transcriptional activators and components of the Pol Il holoenzyme
are both necessary and sufficient for activation both in vitro and in vivo (Treisenberg 1995;
Ptashne and Gann 1997). These results have been interpreted as an indication that activator
proteins recruit the basal transcriptional machinery on core promoters. Activation-domain
bypass experiments appear to support this notion (Ptashne and Gann 1997). In these
experiments, the DNA-binding domain of an activator (lacking its activation domain) is
fused to a component of the general transcription machinery. The fusion protein is expressed
in cells and tested for its capability to activate transcription of a gene containing the
appropriate binding site. When general factors such as TBP have been used and found to
cause activation, the conclusion has been drawn that the binding of TBP, and therefore
recruitment of Pol 11 holoenzyme to the promoter, has been enhanced (Ptashne and Gann
1997).

According to the DNA wrapping model, however, another interpretation of this activation
data is possible. Activation may result not only from Pol Il recruitment, but also from
stimulation of open complex formation resulting from the DNA wrapping that must be
induced by looping the DNA between the upstream DNA element and the core promoter
(Fig. 6, top part). In the bacterial system, the CAP protein (Crothers and Steitz 1992;
Lavigne et al. 1992; Niu et al. 1996) and the A repressor (Hawley and McClure 1982) have
been shown to stimulate not only holoenzyme-promoter binding, but also isomerization of
the preinitiation complex.

In the DNA wrapping model, transcriptional regulation by activation (or repression) may
also occur at the level of the wrapped structure of the TFIID—(TFI1A)—promoter complex.
Activators requiring TFIID as a co-activator may help in the binding of TFIID to the
promoter DNA and, consequently, the formation of the wrapped promoter structure that is
ready to accommodate Pol Il and the GTFs (Fig. 6, bottom part). Alternatively, these TFIID-
dependent activators may facilitate the displacement of TFIID from the promoter, a
mechanism analogous to active anti-repression. Transcriptional repressors requiring TFIID
as cofactor may work by interfering with the positive role of TFIID.

The DNA wrapping model may also help to explain the synergetic effect of transcriptional
activators. Synergy may result from activators making a number of relatively weak contacts
with the Pol 1l holoenzyme. Formation of the DNA wrap is an inherently cooperative
process, because as the DNA is docked into grooves on the RNA polymerase holoenzyme
surface many favorable binding contacts are simultaneously developed along an extended
protein-DNA interface. Transcriptional activators can affect this process cooperatively
through multiple distinct protein—protein and protein—-DNA contacts. Cooperativity between
activators and the natural DNA wrapping process is expected to stimulate both the
recruitment of Pol Il and isomerization of the holoenzyme and promoter DNA in much the
same way that CAP and A repressor are thought to activate transcription in £. coli.
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Fig. 1.
Preinitiation complex formation on a class Il promoter. The GTFs (TFIIA, TFIIB, TFIID,

TFIE, TFIIF, and TFIIH) and Pol 11 can assemble sequentially onto the promoter DNA in
vitro. Alternatively, the Pol 11 holoenzyme, which typically contains core Pol I, a number of
GTFs, and several additional polypeptides, can bind to the promoter in a single step. TFIID
(TBP and TAF,;s) or TBP alone bind to the TATA box of promoters to begin preinitiation
complex formation close to the transcriptional initiation site (+1).
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Fig. 2.
Promoter DNA is wrapped around core Pol Il in the initiation complex. (A) Eukaryatic core

Pol Il is represented with the 2.5-nm channel in its open conformation and the point of
attachment of the CTD of Rpb1 (black dot). The longest dimension of Pol 1l is indicated (14
nm). The contact points of both Pol Il and TFIIF with promoter DNA are as determined by
the photo-cross-linking studies and comprise 18 and 30 nm of B-form DNA, respectively.
(B) The paradox described in (A) (e.g., the “footprint” is longer than the “foot”) is resolved
if the promoter DNA is wrapped around core Pol Il. After DNA binding, the 2.5-nm
channel, which contains the catalytic center of the enzyme, is in the closed conformation.
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Fig. 3.
Proposed structure for a TBP—TFIIB-TFIIF-Pol II-TFIIE—promoter complex. Six views are

presented. In the FRONT view, the complex is shown with the promoter between the TATA
element and the transcriptional initiation site being placed in the direction of the view. The
positions of the transcriptional initiation site (+1), TBP, TFIIB (B), Pol Il, and each of two
molecules of TFIIE34 (E34-1 and E34-2), RAP74 (F74-1 and F74-2), and RAP30 (F30-1
and F30-2) are shown.
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Fig. 4.
Wrapping of promoter DNA around Pol Il accompanies a conformational isomerization of

the preinitiation complex. (A) During preinitiation complex formation, the promoter DNA
(P) is progressively wrapped around Pol Il (Ry;) through the action of the various GTFs
including TBP (D), TFIIB (B), TFIIE (E), TFIIF (F), and TFIIH (H). The HIR1 of RAP74,
which is important for isomerization, is shown. Isomerization refers to the progression of
specific conformational changes in protein and DNA that occurs during preinitiation
complex formation. In the open complex (R P,), the melting of the DNA helix is completed
through the action of TFIIH in the presence of ATP. In Ry Py 1 (RiiIPwraAPPED, TIGHT): tight
wrapping is expected to induce a torsional strain in the DNA helix which facilitates local
helix unwinding. RyjPw L (RiiPwraPPED,LOOsE) and Ry P are intermediate complexes that
have been analyzed in photo-cross-linking experiments. The asterisk (*) indicates a
conformational change in core Pol Il. (B) DNA bending and wrapping around Pol 11
(isomerization) induces unwinding of the DNA helix in the vicinity of the transcriptional
initiation site.
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Fig. 5.
A proposed additional step in preinitiation complex assembly involving the replacement of

TAF;s by the GTFs and Pol Il on core promoter sequences. Protein—protein interactions
between TAF|s/TBP/TFIIA and the GTFs/Pol Il may facilitate this replacement step.
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Fig. 6.

A?nodel for the proposed role of transcriptional activators in the isomerization of the
preinitiation complex. Protein—protein interactions between the activation domain of a DNA-
bound activator and the Pol Il transcription machinery induce the formation of a loop that
initiates DNA wrapping around Pol I1. For activators requiring TFIID as a co-activator, the
promoter DNA is first wrapped around the TFIID complex. In such cases, the activator can
work by either helping the formation of a wrapped TFIID-promoter structure, or by
facilitating the displacement of TAF;s and their replacement by Pol II/GTFs.

Biochem Cell Biol. Author manuscript; available in PMC 2015 November 20.



	Abstract
	The RNA polymerase II general transcription machinery
	Promoter DNA is wrapped around Pol II in the initiation complex
	DNA wrapping around RNA polymerase is an evolutionarily conserved mechanism
	A function of the GTFs is to help the wrapping of promoter DNA around Pol II
	DNA wrapping induces helix unwinding which facilitates transcriptional initiation
	Promoter DNA is wrapped around TFIID: replacement of wrapped structures?
	DNA wrapping as a mechanism of transcriptional control
	References
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6

