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ABSTRACT

Here, we discuss the overall architecture of the RNA polymerase | (Pol I) and Il (Pol Ill) core enzymes
and their associated general transcription factors in the context of models of the Pol | and Pol Il
pre-initiation complexes, thereby highlighting potential functional adaptations of the Pol | and Pol
Il enzymes to their respective transcription tasks. Several new insights demonstrate the great
degree of specialization of each of the eukaryotic RNA polymerases that is only beginning to be
revealed as the structural and functional characterization of all eukaryotic RNA polymerases and

their pre-initiation complexes progresses.

Introduction

Transcription is the first step of gene expression in
which RNA is synthesized from a DNA template by a
macromolecular machine called RNA polymerase
(RNAP). In eukaryotes, transcription is carried out by
three RNAPs. RNA polymerase I (Pol I) contains 14
subunits and solely transcribes the rRNA precursor
gene that in yeast is consecutively cleaved into 25,
18S, and 5.8S rRNA.! S. cerevisiae Pol I only tran-
scribes from one promoter that contains two regions
to which upstream activity factor (UAF), TBP, and
core factor (CF) bind and subsequently recruit Pol I.
RNA polymerase III (Pol III) contains 17 subunits
and produces all tRNAs, spliceosomal U6 snRNA,
ribosomal 5S rRNA, but also other small, structured
RNAs, generally not exceeding 400 nucleotides.>’
Pol IIT uses three different promoter types. First, the
5S rRNA type I promoter that recruits TFIITA, TFIIIB,
and TFIIIC, second, the tRNA type II promoter that
only recruits TFIIIC and TFIIIB, and third, the U6
snRNA type III promoter which in S. cerevisiae resem-
bles the type II promoter. RNA polymerase II (Pol II)
consists of 12 subunits and transcribes all mRNAs and
most regulatory RNAs. Pol II is recruited to a large
variety of different promoters that (like Pol I and Pol
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III) require multiple general transcription factors and
chromatin modifying complexes, but in addition also
co-activators such as the mediator complex that medi-
ate the interaction with hundreds of activator proteins
bound to specific enhancer elements. Together all
these factors allow the precise regulation of Pol II's
diverse transcriptome.

Despite this diversity, key steps in initiation follow
a conserved pattern. During initiation of transcription,
all RNAPs are recruited to a target gene with the help
of general transcription factors that sequentially
assemble on the promoter and form the pre-initiation
complex (PIC). In a consecutive step, the DNA double
strand in the closed complex is melted and the
transcription bubble is formed in the open complex.*
Formation of the PIC is a key step during transcrip-
tion that is tightly regulated and utilizes conserved
mechanisms, especially during the recruitment
and assembly of the core RNAP-PIC that comprises
RNAP, TBP, TFIIA and TFIIB-, TFIIE- and TFIIF-
like factors.” In contrast to Pol I and Pol III, the
transition from the closed to the open complex in Pol
IT also generally requires the additional general factor
TFIIH, which harbors ATPase and helicase activities.
The recent molecular structures of Pol I’ and Pol IIT®
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contribute to the better understanding of general
RNAP architecture and PIC assembly. At the same
time they also illustrate functional adaptations as
TFIIF- and TFIIE-like factors are incorporated
as stable subcomplexes in the Pol I and Pol III
enzymes in contrast to Pol II, where these factors are
only recruited during PIC assembly.

Flexible arms of TFIIF- and TFIIE-like subcomplexes
mark their specialization

Molecular structures of all three eukaryotic RNAPs are
now available, which allows a broader view on the
topology and function of their TFIIF- and TFIIE-like
subcomplexes. Although these subcomplexes share a
number of related domains, Pol I-, Pol II-, and Pol III-
specific loops and extensions reach out towards the
DNA, the DNA-binding cleft, the stalk and other subu-
nits, thereby mediating their specific functionalities.>*"°

In Pol II, TFIIF, and TFIIE subcomplexes are tran-
siently recruited and form essential components of the
Pol II-PIC,” where they stabilize the DNA, directly
recruit Pol II and facilitate formation of the open com-
plex.'"'* TFIIE comprises the two subunits TFIIEx
and TFIIES that span over the DNA binding cleft
toward the Pol II protrusion and together contain
three winged helix (WH) domains. TFIIFa/f also
forms a heterodimer with its dimerization domains
located on the lobe of the Pol II enzyme. Despite this
peripheral position, several flexible extensions reach
toward the cleft and the DNA duplex in the Pol II-
PIC.'"™'* TFIIFe and TFIIFS both contain WH
domains at their C-terminal ends which are important
for transcription initiation and the recruitment of
other Pol IT-specific factors.'>'*>"?

In Pol I, the subcomplex A49/A34.5 is the
structural homolog of TFIIF. Like TFIIF it associates
to the lobe of Pol I via its dimerization domains, but
also carries out related functions as subcomplex A49/
A34.5 was reported to assist in Pol I initiation and
elongation."*'> Subunit A49 contains a tandem WH
(tWH) domain at its C-terminus reminiscent of the
two WH domains present in TFIIES (Fig. 1a).° How-
ever, the TFIIF-like subcomplex A49/A34.5 contains
additional features specific to the Pol I system. An
extended C-terminal arm of A34.5 travels along the
periphery of Pol I toward a small cavity where it
anchors the subcomplex to three core subunits.*” The
increased binding surface between this subcomplex

and the Pol I core enzyme increases the stability of
their interaction and might enhance processivity of
Pol T as a functional adaptation toward the efficient
transcription of long ribosomal precursor transcripts.
In addition, the fusion of the tWH domain to A49
could be an evolutionary adaptation to the require-
ment of a single promoter in Pol I that would benefit
from a more streamlined and specialized (but less reg-
ulated) recruitment machinery.

In Pol 111, the TFIIE-, and TFIIF-like subcomplexes
C82/C34/C31 and C53/C37 were shown to function

9,16-18 and

in transcription initiation and termination
are similarly positioned on the RNAP core compared
to Pol 1T and Pol 1.'**° Recent studies further support
the view that C34 and TFIIE are structurally
related,”®'" in agreement with their partially equiva-
lent roles in transcription initiation during promoter
opening and transition to the open complex.>'® In
contrast, the Pol III subunit C82 that positions four
WH domains on the clamp domain of Pol IIT’s largest
subunit C160 does not contain direct structural coun-
terparts in Pol I and Pol II. Indeed, in the elongating
Pol NI complex two WH domains of C82 reach
toward downstream DNA, and the cleft loop from
WH domain 2 protrudes through a cavity of the
clamp, all of which are Pol IIT unique features. In the
Pol IITI-PIC model (Fig. 1b), this cleft loop is contact-
ing the closed DNA strand, and together with a small
helix from the extended clamp head forms a positive
patch.® This patch could shift away from the DNA
duplex by a conformational switch of the clamp head
to the open clamp conformation. This feature could
induce promoter melting during open complex forma-
tion and would constitute a Pol III-specific capability.
Strikingly, the recent structure of Pol III shows two
remarkable adaptations of the C53/C37 subcomplex,®
the first being an extended contact surface of subunit
C37 with C11 (the subunit that confers intrinsic RNA
cleavage activity in Pol III), the second an extended
C37 C-terminus that folds back to the dimerization
domain over the Pol IIT lobe. This allows the position-
ing of residues required for transcription termina-
tion”*! in close proximity to the putative path of the
non-template DNA strand® (Fig. 1b). In Pol III, tran-
scription termination is a unique feature that unlike in
other RNAPs only requires a terminator sequence of
5-7 thymidines in the non-template DNA strand.'®
Both described features could mark adaptations
toward the Pol III-specific transcription termination
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Figure 1. PIC—models for Pol I and Pol Ill. (a) Model of a Pol I-PIC depicting the TFIIB-, TFIIF-, and TFIIE-like factors together with core
factor in a closed PIC. Pol | specific proteins except TBP are shown in color and adaptations are marked with black-dotted circles. The
Pol I crystal structure (4c3i), the Pol II-TFIIB-TFIIF initial transcribing structure (4vin), the Rrn3 crystal structure (3tj1) and the Pol Il —PIC
map (EMDB 3115) were used to model proteins and the DNA, and positioning of the CF proteins and Rrn3 was additionally aided by
available crosslinking data®**? and the described A43-Rm3 and Rrn3-Rmé6 interactions.>* (b) Model of a Pol l—PIC highlighting Pol Ill
specific TFIIB-, TFIIF-, and TFIIE-like factors. C82 is shown in red. Unique adaptations are depicted with black circles, the tentative position
of C34 WH domains 1 and 2 is shown as yellow circles. The Pol Il structure (5fja), the Brf2-TBP structure (4roc) and the Pol Il -PIC map
(EMDB 3115) were used to generate the model. Subunits and domains that could be positioned only approximately (Rrn3, 6, 11, C34-
WH1 and WH2, and A49-tWH) are depicted schematically as low-resolution localization densities.

mechanism and indeed presumably function in a
concerted manner.'®** In summary, despite conserved
positions and function of TFIIE- and TFIIF-like sub-
complexes in the eukaryotic RNAPs, flexible N- and
C-terminal extensions (some of which have not yet
been structurally characterized) confer specialization
and adaptation to their specific tasks in all three
RNAPs.

C-terminal specialization in TFlIB-like factors in Pol |
and Pol Ill modulate promoter-specific recruitment

All three eukaryotic RNAPs utilize TFIIB-like fac-
tors that together with TBP form essential compo-
nents in assembling RNAP-PICs. TBP interacts

with TFIIB in Pol II, with the TFIIB-like subunit
Rrn7 but also with subunits Rrn6 and Rrnll of the
CF complex in Pol I and with TFIIIB subunit Brfl
in Pol III,>*** thereby using an exceptional feature
of TBP in PICs of all three eukaryotic RNAPs. TBP
associates to TA-rich sequences in the upstream
DNA (the TATA-box) and by doing so induces a
~90° bend in the DNA,* which together with the
TFIIB-like proteins sets the stage for RNAP
recruitment.

Pol II-specific TFIIB contains a zinc ribbon
domain in its very N-terminus followed by two
short functional motifs, the B-linker and B-reader,
and two cyclin domains.>*® TFIIB is conserved
among different species and recruits Pol II
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through its zinc ribbon domain and the first cyclin
domain. Next, the B-reader motif contributes to
transcription start site (TSS) selection and with
the help of the B-linker, promoter melting is
achieved.”®”” The two cyclin domains of TFIIB
mediate the interaction with TBP throughout this
process.

The two TFIIB-like paralogues in Pol I and Pol III,
Rrn7 and Brfl, share a conserved N-terminal domain
architecture with TFIIB.*® In fact, the zinc ribbon
domains are interchangeable between Rrn7 and
Brf1,”® and the B-linker is interchangeable among all
three TFIIB-like proteins although its length varies
between them.?®?® However, in contrast to TFIIB,
both Rrn7 and Brfl contain C-terminal extensions
following the cyclin domains that mediate additional
functionalities as discussed below.

In Pol I, the C-terminal extension of Rrn7 folds
into several helices that interact with Pol I, TBP,
and two additional components of the CF complex,
Rrn6 and Rrn11.?* Therefore, the C-terminal exten-
sion of Rrn7 might serve as a central linker for the
assembly and positioning of the Pol I PIC on the
TSS. TAF1B, the human ortholog of Rrn7, contains
a C-terminal domain with very weak sequence sim-
ilarity to Rrn7, indicating independent interactions
with transcription factors in yeast and human.
Nevertheless, the N-terminal domain of TAF1B can
replace the N-terminal domain of Rrn7, whereas a
full TAF1B replacement led to cell lethality in
Arrn7 cells.”

In Pol III, the TFIIIB interaction between Brfl
and TBP is mediated by the cyclin folds and also
by the extended C-terminus of Brfl, which addi-
tionally interacts with Bdpl and Pol IIL*° In the
human system, additional functions of Pol III-spe-
cific TFIIB-like subcomplexes have evolved. Brf2,
which is a vertebrate Brfl ortholog, contains a C-
terminal redox sensor that mediates an oxidative
stress response thereby controlling the transcription
of Brf2-dependent genes.”!

In summary, despite the conservation of TFIIB-like
factors in Pol I and Pol III, both Rrn7 and Brfl show
specific adaptations toward their respective RNAP
and the associated GTFs. While in the Pol II system
TFIIB seems to be mainly involved in TSS recognition
and open complex formation, Rrn7 and Brfl acquired
additional functions in the regulation and recruitment
of accompanying GTFs.

PIC models of Pol I and Pol Ill show potential
promoter opening mechanisms

Structural studies on PICs have mainly been conducted
on the Pol II system and although little is known about
the PICs of Pol I and III, combining topological
restraints and functional data have given good starting
points for preliminary models of the Pol I and Pol III
PICs in the past.*>'*** In all structures and models of
a closed PIC of Pol I, Pol II, and Pol III, the position of
RNAP with respect to promoter DNA is conserved,
flanked by upstream TFIIB (Pol II), TFIIIB component
TBP/Brfl (Pol III) or CF components TBP/Rrn7
(Pol I). However, increasing structural insight on Pol I,
Pol II, and Pol III and associated GTFs allows expand-
ing the PIC models of Pol I and Pol III (Fig. 1).

Pol I contains a unique transcription factor, Rrn3,
which acts as a regulatory factor.”>> Additionally,
Rrn3 is needed to recruit Pol I and to establish the cor-
rect interactions between Pol I and CF.** Interestingly,
other studies have shown that CF alone is sufficient for
recruitment of Pol I to the promoter in the absence of
Rrn3, yet that this PIC is non-functional.”® The exact
position of Rrn3 on the Pol I enzyme is still unclear
and its role in the PIC is poorly understood. Neverthe-
less, the approximate position of Rrn3 in vicinity to the
stalk could orchestrate the CF function in transcription
initiation, thus stabilizing the PIC and ensuring reliabil-
ity of Pol I-specific promoter recognition.

Interestingly, two CF subunits show structural
similarity to TFIIIC. First, Rrnll contains several
tetra-trico peptide repeats (TPRs) similar to the 7131
subunit of TFIIIC, a motif often utilized as docking
platform for additional factors. Second, CF
subunit Rrn6 and TFIIIC subunit t60** both contain
B-propellers as central cores. Additionally, the very
C-terminus of Rrn6 contains many positively charged
residues, which could interact with the promoter
DNA in the vicinity of subunit A49 and the C-termi-
nus of Rrn7. Interactions involving subunits Rrn3,
Rrn6, and Rrn7 could promote the ATP-independent
DNA melting in Pol I and together with the tWH
domain of A49 stabilize open complex formation.

The Pol II-PIC extends to downstream TFIIIC,
which was shown to interact with Pol III and
TFIIB.”** The displayed model shows much free space
opposite of Pol IIT on the DNA (Fig. 1b) and possibly
the TFIIIC subcomplex TA formed by subunits 755,
795, and 7131 could be located here. Notably, TA



contacts the A-box, a 9-nucleotide DNA motif found
close to the TSS.>® Furthermore, the two subunits 755
and 795 form a triple-B-barrel structure as also
observed in TFIIF and similar to TFIIFg, the C-termi-
nus of 795 contains a DNA-binding WH domain.
Finally, the third tA subunit 7131 interacts with Bdpl
and TBP-Brf1,>” but also with Pol III subunits C53 and
ABC10a,”* which positions 7131 in the close vicinity
of TFIIIB and Pol III.

Summary

The PICs of Pol I and Pol III show several unique
features that help them to fulfill their respective tasks.
The stable incorporation of functional TFIIE- and
TFIIF-like subcomplexes as additional subunits into
Pol I and Pol III serves their specific transcriptional
tasks by enabling increased processivity in Pol I and
factor-reduced rapid transcription initiation and
termination in Pol III. Therefore, it will be interesting
to discover if the tWH domain of Pol I subunit A49
indeed functions as a TFIIE-like factor in Pol I. In
Pol I, Rrn3 is essential for functional transcription and
could stabilize open complex formation with a closed
clamp. In Pol III, subunit C82 together with the
extended clamp head might function in promoter
melting induced by a transition between the closed
clamp and open clamp state. Despite the conserved
TFIIB-like architecture in the N-terminal part of Rrn7
in Pol I and Brfl in Pol III, both proteins harbor addi-
tional functionalities in their C-terminal extensions. It
will be interesting to reveal in greater detail the diverse
interaction networks of Rrn7 and Brfl and how they
serve their distinct transcription tasks. In conclusion,
integrated structural and functional analysis of all
three RNAPs and their associated GTFs now allows
studying the specialization of all three eukaryotic Pols
and their PICs in greater detail giving insight into
their specific adaptions in accordance with their
distinct transcriptional activities.
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