TRANSCRIPTION

2018,VOL. 9, NO. 4,255-261
https://doi.org/10.1080/21541264.2017.1416268

Taylor & Francis
Taylor & Francis Group

POINT-OF-VIEW

3 OPEN ACCESS | cteskforupias

Breaking the mold: structures of the RNA polymerase | transcription complex

reveal a new path for initiation

Ashleigh J. Jackobel?, Yan Han (2°, Yuan He

b and Bruce A. Knutson?

3SUNY Upstate Medical University, Department of Biochemistry and Molecular Biology, 750 East Adams Street, Syracuse, NY 13210;
PNorthwestern University, Department of Molecular Biosciences, 2205 Tech Drive, Evanston, IL 60208

ABSTRACT

While structures of the RNA polymerase (Pol) Il initiation complex have been resolved and extensively
studied, the Pol | initiation complex remained elusive. Here, we review the recent structural analyses of
the yeast Pol | transcription initiation complex that reveal several unique and unexpected Pol I-specific

properties.

Introduction

Eukaryotes encode at least three multisubunit RNA
polymerases (Pols I-III) that synthesize RNA from
DNA templates [1]. Pol I is the most specialized as it
exclusively transcribes ribosomal DNA (rDNA) into
ribosomal RNA (rRNA) that is processed into the
structural and catalytic components of the ribosome
[1,2]. High-resolution structures of the large and
dynamic Pol II initiation complexes have been solved
with the help of technical advances in cryo-EM, but
until recently, similar structures of the Pol I initia-
tion complex remained elusive. Given that the Pols
share an evolutionarily conserved core and a set of
conserved initiation factors, it was anticipated that
the Pol I initiation complex may resemble that of the
Pol II system [1]. However, these recent Pol I struc-
tures reveal an entirely new paradigm for eukaryotic
Pol initiation factor architecture that breaks the
mold of how initiation complexes assemble and
interact with promoter DNA [3-5]. In this point of
view, we summarize recent progress in understand-
ing the molecular architecture of the yeast Pol I initi-
ation complex.
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Core Factor structure

Core Factor (CF) is a central player at the heart of Pol
I transcription and recent structures reveal a novel
architecture that is directly involved in many key steps
of the initiation process. Transcription initiation can
be subdivided into the formation of a pre-initiation
complex (PIC), closed complex (CC), open complex
(OC), and initially transcribing complex (ITC) [6].
Efficient transcription of rDNA by Pol I relies on the
recruitment of transcription factors to form the PIC
that includes upstream activating factor (UAF), CF,
TATA-box binding protein (TBP) and Rrn3 [2,7].
Once formed, the PIC transitions into the early initia-
tion phases starting with the CC where the rDNA is
double stranded to the OC where DNA near the tran-
scription start site is melted, and finally the ITC where
nascent RNA is first synthesized before entering the
elongation phase [6,8].

CF is a heterotrimer comprised of two Pol I-specific
subunits, Rrn6 and Rrnll, and a TFIIB-like factor,
Rrn7 [9,10]. Each CF subunit contains unique struc-
tural elements. Rrn6 contains a WD40 pS-propeller
domain, known for coordinating protein complex
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assembly, and a helical headlock domain followed by a
lysine-rich CTD [3,9]. Rrnll contains a disordered,
yet essential, N-terminal domain (NTD) and a tetra-
tricopeptide repeat (TPR) domain that is also known
[3,9].
Finally, Rrn7 contains an N-terminal zinc ribbon (ZR)
domain and linker region followed by two cyclin fold
domains where a unique insertion is found in the C-
terminal cyclin fold [9,10]. The crystal structure of the

for mediating protein-protein interactions

CF complex is subdivided into two modules linked by
a central hinge region [3]. Module I includes Rrnll
and the Rrn6 B-propeller domain whereas module II
includes Rrn7 and the Rrn6 C-terminal helical head-
lock domain. Surprisingly, the Rrn7 cyclin folds,
although similar in structure, have an altered rota-
tional axis compared to TFIIB that is likely due to its
unique interaction with the rDNA promoter [3-5].

Polymerase interaction

TFIIB makes two important contact points with Pol II
[11]. For instance in Pol II, the TFIIB ZR and N-ter-
minal cyclin domain contact the dock domain and the
periphery of the wall domain, respectively [11]. In the
Pol I system, Rrn7 seems to have a minor role in Pol I
interaction compared to TFIIB and Brfl. CF contains
three Pol I interacting regions (PIRs) with Pol I-Rrn3
(Figure 1) [3]. The Rrn7 N-terminal ZR domain, des-
ignated PIR I, contacts the Pol I dock domain, similar
to TFIIB, in addition to making contact with Rrn3
[3,5]. PIR II consists of the essential Rrn11 C-terminal
TPR domain, which contacts the Pol I clamp and pro-
trusion [3-5]. Finally, PIR III is found in the Rrn7 C-
terminal cyclin fold insertion domain, which contacts
the Pol I wall domain of A135 [3,4]. Interestingly, pre-
vious mutational analysis showed that this region in
Rrn7 is not essential for yeast growth [9], so it is possi-
ble that PIR III is less important for CF-Pol I interac-
tion. the Rrnll TPR domain that
encompasses PIR II is essential for cell viability [9],
likely due its importance in Rrn6 and Pol I interaction
[3,5]. Contact between CF and Pol I is mainly medi-
ated by a small and essential interaction surface of CF
subunit Rrnl1 [3-5,9]. Additional studies will be nec-
essary to understand the contribution of each PIR to

However,

understand their individual and collective importance
in Pol I binding and initiation.

Rrn7 has unique characteristics that set it apart
from its TFIIB paralog. While the Rrn7 ZR occupies a

Rrn7
cyclin fold
domain

Pol |

insertion

Rrn11 NTD/TPR

Figure 1. CF contacts with Pol | and the rDNA promoter. CF-rDNA
(cyan and blue) interactions are primarily mediated through
backbone interactions of Rr7 cyclin folds and the Rrn11 NTD
with the promoter from positions -27 to -20 and -24 to -16,
respectively. Rrn6 acts as a scaffold for CF complex. PIR I: Rrn7 N-
terminal zinc ribbon domain contacts the Pol | dock and within
Rrn3 HEAT repeats 4-5, residues 1-39. PIR II: C-terminal TPR
domain of Rrn11 contacts the Pol | clamp and protrusion, resi-
dues 265-440. PIR IlI: Rrn7 insertion domain contacts the Pol |
wall of A135, residues 405-415.

similar position as the TFIIB B-reader, the cyclin
domains adopt a different position [3-5]. The Rrn7
N-terminal cyclin domain is buried within module II
of CF, relatively far away from Pol I, whereas its Pol II
counterpart TFIIB contacts the wall domain of the
polymerase [3]. The Rrn7 cyclin domains lack an
interface with Pol I, different from their TFIIB coun-
terparts, but engage the promoter DNA [3-5].

The Rrné C-terminus, the majority of which is not
resolved in the CF crystal structure, is necessary for
Rrn3 interaction in yeast two-hybrid studies [3,12]. A
striking feature of the Pol I PIC structures is the dis-
tance between CF and Rrn3. It is noted in negative
stain reconstructions of the Pol I-Rrn3-CF structure
that additional density is present that lies between CF
and Rrn3 [3]. It is possible that this density may repre-
sent the lysine-rich Rrn6 CTD that is non-essential for
yeast growth or the disordered Rrn3 N-terminus [9].

In the absence of promoter DNA, CF module I con-
tacts the upstream end of the Pol I cleft while module
I projects outward and is mobile as demonstrated by
its ability to adopt various positions in EM reconstruc-
tions [3]. Given the positioning of CF in the structure,



as it is shown to block the upstream end of the Pol I
cleft, major structural changes must occur for DNA to
be loaded into the Pol I active center. Indeed, when a
nucleic acid scaffold was added to the cryo-EM experi-
ments, CF adopted a different position than when
observed with just the Pol I-Rrn3-CF complex [3]. A
movement of 90A and rotation of up to 60° allows the
CF structure to open and contact Pol I between the
protrusion and wall domains [3]. The rotation of CF
facilitates loading of the promoter DNA into the Pol I
cleft while PIRs are maintained [3]. This is consistent
with other recent work that describes the movement
of CF during PIC formation [4].

In the presence of promoter DNA, CF and DNA
were found to have a rotational movement up to 10°
that allow them to adopt a variety of conformational
states on Pol I where State 1, 2, and 3 depict distinct
orientations of CF during Pol I transcription initiation
[4]. State 1 reveals CF and DNA rotated towards the
back of Pol I placing the upstream DNA away from
the active site. In State 2, the stabilization of the Rrn7
ZR on Pol I corresponds to the movement of CF and
DNA [4]. CF adopts a more intermediate position in
State 3 where strong density was observed near the
Pol I wall domain corresponding to the A49 tandem
winged helix (tWH) domain [4].

A49 forms heterodimer with A34.5 that act as a
built-in elongation factor related to TFIIF [13].
Resolving the A49 linker domain structure, which
connects the A49/A34.5 dimerization interface to the
A49 tWH, has been attempted with little success [13].
In recent structures, both the A49 tWH and the A49
linker domain were resolved and shown to interact
with template DNA and Pol I, respectively [4]. The
A49 tWH contacts upstream DNA while the linker
domain spans the active site cleft and contacts the Pol
I clamp coiled-coil [4]. Strikingly, the position of the
Rrn7 linker domain and the A49 tWH clash between
State 2 and 3 [4]. Together, these structures suggest
that A49 might displace the Rrn7 linker, opening the
RNA exit channel and CF pre-conditions Pol I in an
elongation-competent state during initiation [4].
Although A49 is non-essential, its deletion drastically
impairs cell growth [14], and furthermore, mutations
within the tWH exhibit 6-azauracil and mycophenolic
acid sensitivity that are indicative of defects in tran-
scription elongation [15]. A49 tWH mutants also
show reduced Pol I occupancy at the rDNA locus and
less recruitment of Pol I and Rrn3 at the promoter
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further supporting a direct role for A49 in transcrip-
tion initiation [15].

Promoter recognition

The rDNA promoter region is bipartite comprising an
upstream activation sequence and core element in
which UAF and CF bind, respectively [2,7]. Collec-
tively, recent structures demonstrate that CF primarily
engages the TDNA promoter via two subunits Rrn7
and Rrnll, while Rrn6 has more of a scaffolding role
in assembly of the complex and the PIC [3-5]. CF
bound to rDNA is thought to resemble a right hand
holding the rDNA between the palm and fingers [4].
In this context, the thumb pointing towards Pol I is
composed of the Rrn11 C-terminus, the palm consists
of the N-terminal regions of Rrnl1 and Rrné, the fin-
gers are composed of Rrn7, and knuckles are the Rrn6
C-terminus [4].

Rrn7 and Rrnll mediate rDNA promoter interac-
tions mainly through backbone contacts from posi-
tions -27 to -20 and -24 to -16, respectively [3-5]. The
Rrn7 C-terminal cyclin fold domain contacts the
major groove at position -27, which is likely a critical
interaction as the PIC fails to assemble with DNA
template lacking the -27 nucleotide base [4].

Rrn11 uses three of the four helices within the NTD
and helice 5 of the TPR domain to interact with the
DNA backbone near position -16 [3-5]. It is worth
noting that majority the Rrn11 TPR domain is impor-
tant for cell viability and complex integrity [9]. More
importantly, mutation of the Rrn11 NTD is lethal yet
CF complex integrity is retained, consistent with its
role in promoter engagement [9]. Pol I also makes
contacts with the rDNA sequence downstream of the
promoter via Rpb5, the lobe domain of A135 and the
clamp head, cleft and jaw domains of A190, similar to
DNA contacts found in Pol II initiation complexes [3-
5]. However, Pol I contacts the promoter near position
-10 where the DNA lies between the wall and protru-
sion, which is different from Pol II where DNA is
located above the cleft [3-5].

The path of the rDNA promoter is fundamentally
different from the path of DNA in the Pol II system.
Two kinks were identified in the rDNA at position -21
of ~35° and position -16 of ~45° that presumably
form as a result of protein-DNA interactions [3-5]. In
the Pol II system, TBP is responsible for a 90° bend
that projects upstream DNA toward the side of Pol II
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[16]. In the Pol I PIC, the orientation of the rDNA
promoter more closely resembles the path of DNA
found in the elongating Pol I structures, which further
pre-conditions Pol I for a more efficient transition
from initiation to elongation [17,18].

An insightful observation noted that the rDNA
promoter naturally bends within the core element
[3,19]. Intriguingly, DNA bending prediction analysis
of the rDNA promoter shows that the essential -27
position lies at the apex of the DNA bend [3,19,20]. It
is speculated that CF may recognize DNA structure
rather than a specific sequence, which is in line with
its primarily backbone mechanism of rDNA interac-
tion [3,19]. Furthermore, this may help explain the
enigmatic observation that rDNA promoters lack
sequence conservation across species, and are rela-
tively unaffected by single base substitutions [3,21].
However, it is also noted that Pol I factors evolve at a
faster rate compared to their Pol II and III counter-
parts, which may also contribute to the lack of conser-
vation of the rDNA promoter and the Pol I factors
that bind them [22]. Given that multiple domains of
CF and Pol I contact DNA, the importance of specific
sequences in Pol I promoter interaction may be
masked and could be revealed when domains are ana-
lyzed in isolation.

Promoter opening

Unlike the Pol II system which contains TFIIH, an
ATP-helicase that assists with promoter opening, Pol
I transcription initiation is independent of ATP [23].
The identification of three distinct States of CF bound
to rDNA lead to the hypothesis that the intrinsic
mobility of CF may act as a ratchet in promoter open-
ing [4]. Within the three States, two mobile domains
play active roles in establishing the PIC that include
the Rrn7 ZR/linker and A49 tWH/linker region [4].
Movement of CF-rDNA in State 2 correlates with the
stabilization of the Rrn7 ZR/linker region on Pol I
near the single-stranded template DNA [4]. In the
absence of the ZR, CF is still recruited to the promoter
in vivo, which would suggest the Rrn7 ZR or linker
region plays a post-recruitment role [9].

Previous domain swap studies showed that the
TFIIB and Rrn7 B-linker domains are interchangeable,
pointing to a possible shared mechanism for the
TFIIB-related factors in the stabilization of OC DNA
[10]. In combination with the intrinsic mobility of

CF-rDNA, the recent structural studies suggest that
Rrn7 ZR and linker domain play a direct role in pro-
moter opening, which agrees with importance of the
Rrn7 ZR and possibly linker domain for melting pro-
moter DNA [4]. One caveat to these studies is the
absence of Rrn3, which may help position the Rrn7
ZR in the Pol I dock domain, although the linker
domain would still be able to localize to the open
DNA [3,5]. Further studies will be necessary to under-
stand the importance of the Rrn7 ZR and linker posi-
tioning during Pol I initiation.

Recent results with human TFIIH showed that XPB
helicase ATPase activity is dispensable for Pol II tran-
scription as global initiation is relatively unaffected
upon XPB deletion [24]. In agreement with this, the
yeast Pol II CC shows signs of DNA melting in the
absence of TFIIH [24]. This led to the hypothesis that
all three eukaryotic Pols use a similar mechanism of
promoter opening where the Pols and initiation fac-
tors have an intrinsic ability to melt DNA without
ATP [24]. This fits well with the model presented for
Pol I, which has likely evolved an efficient means to
melt Pol I promoter DNA without the help of ATP-
dependent translocases [3-5]. It will be exciting to elu-
cidate the ATP-independent promoter opening mech-
anism for Pol III, which remains unsolved.

A different role for TBP in Pol | transcription?

TBP may occupy a different location in the Pol I PIC
than once previously thought. TBP most strongly
interacts with the CF subunit Rrn6, leading to the pos-
sibility that one of Rrn6 domains, such as the B-pro-
peller or headlock domain that lie on the periphery of
the CF complex, may provide a platform for TBP
interaction [5,25,26]. Although TBP was added to the
experimental conditions in the Han et al. reconstitu-
tions, it was not resolved in the cryo-EM studies [4].
Clearly, the mechanism of CF-TBP interaction
remains unclear and warrants further attention.
Previous studies using Acanthamoeba castellanii
postulated that TBP’s role in the Pol I system is funda-
mentally different [27]. This was partially based on the
lack of sensitivity of Pol I transcription to TATA-con-
taining oligonucleotides which successfully competed
away Pol II and III activity [27]. Additional site
directed DNA-protein photo-crosslinking studies also
illuminated differences in Pol I PIC architecture,
where TBP appears to crosslink further upstream of



the transcription start site compared to the Pol II sys-
tem [28]. Recent Pol I initiation structures leave little
room for TBP to adopt its typical Pol II position [3-5].
It is also clear from in vitro studies that TBP stimulates
yeast Pol I transcription activity [29], indicating that
TBP acts more like a coactivator in the Pol I system
rather than a basal initiation factor. Given that TBP is
a stable component of human Selectivity Factor 1
(SL1) unlike CF [30,31], this also leaves open the possi-
bility that TBP may be utilized differently between
yeast and human Pol I systems.

Conclusions and further perspectives

These most recent structural and biochemical efforts
have elucidated reconstructions that greatly enhance
our understanding of the Pol I transcription machin-
ery [3-5]. Overall, it appears that Pol I initiation
machinery is very different from the Pol II system.
The key findings of these studies show that the intrin-
sic mobility of CF allows the complex to adopt a vari-
ety of interaction surfaces, which suggests CF has both
recruitment and post-recruitment roles in transcrip-
tion initiation including promoter opening. In addi-
tion, these studies show that DNA takes a different
path through Pol I than in Pol II [3-5].

These recent structural efforts have taken huge strides
to provide high-resolution structures of CF and near-
atomic resolution structures of the Pol I PIC [3-5].
Future studies are poised to expand upon these struc-
tural analyses to include UAF and TBP with the ulti-
mate goal to complete the entire yeast Pol I PIC
(Figure 2). It will be exciting to see if these features are
conserved in the human Pol I PIC and if the Rrn7
human ortholog, TAF1B of the SL1 complex, retains
similar recruitment and post-recruitment properties in
transcription initiation [10,32]. It is also noteworthy
that TAF1B contains a large insertion within the N-ter-
minal cyclin domain that is rich in modifiable residues
that could possibly serve as a regulatory protein-protein
interaction surface or have additional functions in SL1
recruitment, DNA engagement, or polymerase interac-
tion given its placement within the structure [7,10]. We
are hopeful that these new structures will help mold
new strategies to specifically target the Pol I transcrip-
tion machinery that is often upregulated in cancer [33-
35]. More broadly, these studies may also be used to
help further characterize the Pol III PIC structure that
remains unresolved.
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Figure 2. Yeast Pol | PIC highlighting possible upstream location
of TBP and UAF. CF (teal) moves in the three States of initiation
acting like a ratchet that opens DNA (cyan and blue) using an
ATP-independent mechanism. An arrow depicts CF rotational
movement. Dashed outline denotes CF, A49 tWH, and Rrn7 ZR
mobility during initiation. Previous biochemical studies, in combi-
nation with the recent Pol | PIC structures, suggest that TBP (red)
may occupy a position more upstream between UAF (purple)
and CF. Pol | and Rrn3 are depicted in grey and orange, respec-
tively. Upstream DNA is depicted by a dash blue line.

For more information, we direct readers to two
other excellent recent reviews on this subject that
complements the work presented above [36,37].
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