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1. Overview, history and trajectory
Multi-subunit RNA polymerases (RNAPs) are ornate molecular machines that translocate on
a DNA template as they generate a complementary RNA chain. RNAPs are highly
conserved in evolution among eukarya, eubacteria, archaea and some viruses. As such,
multi-subunit RNAPs appear to be an irreplaceable advance in the evolution of complex life
on earth. Because of their stepwise movement on DNA, RNAPs are considered to be
molecular motors, and, because RNAPs catalyze a templated polymerization reaction, they
are central to biological information flow. Ubiquitous transcription of intergenic regions in
eukaryotes has emerged as a process crucial for regulation of chromatin structure and
synthesis of regulatory RNA molecules, and, in animals with complex body plans, promoter-
proximal pausing of RNAP II is recognized as a common feature of gene transcription
control. RNAPs synthesize very long polymers, so their exceptional processivity, accuracy,
reaction to DNA lesions, response to accessory factors, termination and recycling are of
significance. The carboxy terminal domain (CTD) of eukaryotic RNAP II is an unusual
heptapeptide repeat (i.e. 52 nearly identical repeats in human RNAP II) that integrates
regulated and dynamic interactions with initiation, capping, elongation, chromatin
modification, termination, and RNA export factors. As the initial step in expression of
genes, eukaryotic RNAPs are highly regulated with central roles in human AIDS, cancer,
viral infection, leukodystrophies4 and normal development. Eubacterial RNAPs are targets
for antibiotics.

The history of RNAP discovery and investigation of its mechanism and regulation appear as
complex as RNAP itself. The central role of templated RNA synthesis in biological
information flow was predicted by Jacob and Monod, and the enzymatic activity promoting
formation of RNA polymers was reported in eubacteria and eukaryotes at that time by
several groups. However, the DNA-dependent RNA polymerase proved elusive until 1960
when it was independently identified in bacteria by Hurwitz and Stevens and in plants by the
Bonner group5. Later, investigations focused on mechanisms of RNA polymerization
established that synthesis was not monotonous. Observations of distinct pauses by E. coli
RNAP followed by isolation and characterization of individual stalled elongation complexes
by the Chamberlin group6 lead to the “inchworming” model of RNAP movement along the
template7 suggesting that RNAP translocation is driven by major conformational changes.
The alternative mechanism, which explained RNAP pausing by backward sliding
(backtracking) of RNAP along the DNA, accompanied by extrusion of the 3′-end of the
nascent transcript, was proposed by investigators from the Goldfarb laboratory8. The
backtracking mechanism was largely proposed from investigation of the thermodynamics of
the transcription elongation complex by von Hippel9. Later, RNAP backtracking was
observed in vivo in bacteria10 and confirmed by crystallographic studies11, and eukaryotic
RNAP II undergoes backtracking during promoter-proximal pausing12. Transcriptional
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pausing by bacterial RNAP can also occur without backtracking, often in a hairpin-
dependent manner13. Beyond the thermodynamic dimension, promoting backtracking from
weaker to stronger RNA-DNA hybrids9, and the allosteric component, which is dependent
on RNA hairpin interactions with the RNA exit channel14, the exact mechanisms underlying
pausing remain poorly understood. Detailed analyses of the nucleotide addition cycle
(NAC), including pre-steady-state kinetic methods15 and mutagenesis guided by
computational approaches similar to the studies described in this issue by Weinzierl and by
Wang, Feig, Cukier and Burton are required to understand the fine regulation of catalysis by
RNAPs. An epochal advance in the understanding of RNAP structure-function was the
solution of x-ray crystal structures for these large and dynamic enzymes both without and
with associated nucleic acid scaffolds2,16. In 2006, Roger Kornberg was awarded the Nobel
Prize in recognition in part of his success in determining yeast RNAP II structures.

Shortly after its discovery and in parallel with investigations of RNAP translocation along
template, regulation by external factors emerged as an important mechanism of gene
expression, starting with the bacterial sigma factor17. Building a detailed understanding of
higher order structures, such as TFIID18, TFIIH19, SAGA20, mediator21 and the decorated
CTD (Jeronimo, Bataille and Robert; Geyer and Eick; Cordon), is ongoing. Enhancer and
silencer structure and function and their interaction with promoters remain incompletely
understood22. Chromatin and histone transaction and modification factors have multiple
dynamic and regulated interactions with RNAP and its accessory factors23. It is clear that
gene expression and interacting epigenetics are at the very core of human development, viral
infections, cancer and other disease, and in the future, the connection between gene
expression, the transcription apparatus and human health will result in development of
innovative and effective therapeutics24.

2. Genesis according to multi-subunit RNAPs
Multi-subunit RNAPs are a fascinating feature of evolution of complex life on earth. With
minor gaps in the fossil and evolutionary record, multi-subunit RNAPs appear rooted the
RNA world1. The initial templated RNAP was probably a ribozyme. In time, proteinaceous
RNA-dependent RNAPs (RDRPs), which have living representatives in many eukaryotes,
probably invaded and then replaced a primordial ribozyme precursor. Multi-subunit RNAPs
share a core structure with these RDRPs (termed a “double-psi beta barrel (DPBB)” (Figure
1). Remarkably, DPBBs now found in the two largest subunits of multi-subunit RNAPs
were generated from a primordial RDRP dimer. Connected to the DPBB is the defining
DXDGD Mg2+ binding active site motif of eukaryotic RDRPs that corresponds to the nearly
invariant NADFDGD Mg2+ binding site in RNAPs1a. The active site, buried deep within the
structure and wedged between the two DPBBs, is a composite of from two (i.e. human,
bacterial) to four (some archaea) subunits encoded by separate genes. Remarkably, the three
domains of life, eukarya, eubacteria and archaea are fully dependent on multi-subunit
RNAPs. As described in the Werner and Weinzierl reviews, eukarya have RNAPs I, II and
III and some plants have RNAPs IV and V. Core catalytic function was entrenched and
retained in evolution, and regulatory mechanisms have developed around interactions with
RNAP surfaces far from the active center. Werner also describes regulation of elongation
and factors that support high processivity as a probable evolutionary precursor to initiation
control. For instance, high processivity is essential for end-to-end RNA genome replication.

Building organisms of increasing complexity and differentiation has divided RNAP I, II and
III functions in eukarya and layered fascinating regulatory schemes on RNAP II, including
the CTD (the RNAP II Rpb1 subunit carboxy terminal domain), the mediator, TFIID, TFIIH
and SAGA and promoter-proximal pausing (regulation by DSIF-NELF involving the CTD
and P-TEFb), discussed below. In evolution of modern animals and plants, these CTD-
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mediated innovations in control of gene expression very likely made possible complex
differentiation of cell types. The evolution of the CTD is highlighted by Corden, and the
roles of the CTD in driving evolution of eukarya are discussed by Eick and Geyer.

3. Getting the NAC: catalysis, translocation and fidelity
RNAPs have complex functions as targets of regulators, but the mechanism by which these
enzymes acquire substrates, polymerize RNA and translocate on template are also of
significant interest and importance. Encoded life is built on templated polymerization
mechanisms including DNA replication, transcription and translation. Transcription (or
RNA synthesis) involves RNAP translocating on DNA, reading a DNA template strand to
polymerize a complementary RNA strand. The nucleotide addition cycle (NAC) is the
process by which RNAP elongates a RNA polymer from a DNA template that involves NTP
binding, NTP sequestration, NMP incorporation, pyrophosphate release and translocation
(see the Werner review). Because living systems are fully dependent on templated
polymerization reactions, transmission of the genomic code/cipher into gene products is
fundamental. Because templated polymerization requires multiple similar substrates, errors
in polymerization occur in replication, transcription and translation. Maintenance of
adequate fidelity, therefore, is an essential feature of complex life. On the other hand, in
order to evolve, living systems must cope with some coding errors. RNAP fidelity is
discussed by Wang et al. and Weinzierl.

3.1. The RNAP factory (in vitro)
Molecular motions of RNAP domains during transcription elongation have been addressed
using a combination of site-directed mutagenesis and biochemical assays. A high-throughput
example of this approach (The RNAP “factory”) is described by Weinzierl. Archaeal RNAP
is highly amenable to a factory analysis because, in some archaea, the two largest RNAP
subunits found in eubacteria and eukarya are each divided into two polypeptide chains
encoded by separate genes. This allows more efficient assembly of these archaeal RNAPs
from recombinant proteins produced in E. coli, facilitating mutagenesis. Systematic
substitution of the catalytic subunits of archaeal RNAP and subsequent high-throughput
functional analyses of the mutants revealed flexible hinges in the bridge helix domain,
which are important for transcription elongation. Weinzierl champions the use of all-atom
molecular dynamics analyses to help interpret high-throughput mutagenic data.

3.2. Biophysics and translocation: RNAP as a motor and nanobot
Single molecule studies provide unique insights into the dynamics and functioning of
complex macromolecular machines. As reviewed by Michaelis and Treutlein, transcription
initiation, elongation dynamics, effects of nucleosome packaging of the template, and
possible consequences of transcription errors have been addressed using single molecule
approaches. Details of the initiation and elongation complex architecture can be viewed
using nanopositioning systems. Optical tweezers are employed to analyze RNAP elongation
and encounters with nucleosomes and terminators. RNAP-nucleosome transactions have
also been viewed by atomic force microscopy. Sophisticated probes of transcription
initiation and elongation are developed for in vivo studies resulting in observation of
transcriptional bursting, initiation, elongation and factor recruitment and cycling.

Shimamoto considers RNAP as a complex nanoscale machine with diverse modes and
functions. His review seeks to elucidate the biological roles of heterogeneity in RNAP
locating a promoter, initiating transcription and commencing elongation. Investigations of
molecular motions during transcription, including RNAP translocation, using single
molecule approaches are also discussed in his review. The energetics and kinetics of RNAP
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translocation via a thermal ratchet or a power stroke are compared. The application of single
molecule techniques to understand heterogeneity in initiation and elongation complexes is
discussed. Despite enthusiasm for new methods, caution is recommended in interpreting
results from some single molecule approaches including fluorescence resonance energy
transfer.

3.3. Computational approaches
All-atom molecular dynamics simulation techniques and related approaches have been
applied to multi-subunit RNAPs, reviewed by Wang et al. Because RNAP and DNAP
mechanisms are so similar, both are considered. Quantum methods to understand the core
RNAP and DNAP mechanisms are discussed. Molecular dynamics is computationally
expensive and has limitations in making and breaking covalent bonds. Quantum approaches
potentially solve this problem but are limited to a small collection of selected atoms and are
difficult to correlate with experiment. An interesting discussion of basic residues termed
“histidine and arginine micro-switches” that may interact with the NTP, RNA and DNA and
drive conformational changes during each NAC is offered.

4. Regulation
Multi-subunit RNAPs are key enzymes in gene expression. RNAPs are subject to complex
regulation by a multitude of protein factors during transcription initiation, elongation and
termination. In eukaryotes, RNAP passage along the DNA leads to changes in chromatin
packaging and histone modifications. Investigation of this regulation provides insights into
regulation, RNA processing and export, and is essential for promoting understanding of cell
division, differentiation and function.

4.1. The CTD
The Rpb1 CTD is a humbling topic, giving transcription in higher eukaryotes a distinctly
Rube Goldberg look and flavor. The CTD, NELF (negative elongation factor), P-TEFb,
promoter-proximal pausing, chromatin, epigenetics and interacting and modifying factors
comprise a seemingly endless set of layered regulatory add-ons and compensations. The
evolution of complex organisms from the single-celled appears to have been driven by the
conflicting restrictions of the need for innovation and differentiation on a scaffold that will
only tolerate limited stress to core essential functions. As a result, the final regulatory
scheme seems overly intricate with layers upon layers of positive, anti-negative and negative
regulation.

The RNAP II CTD is a repeat of heptapeptide units of varying length in different organisms.
In humans, 52 near perfect repeats of the amino acid sequence 1-YSPTSPS-7 are found at
the C-terminal end of the Rpb1 subunit. The repeat is heavily modified, for instance, by
cyclin-dependent kinases, including TFIIH and P-TEFb. The CTD appears to function as an
integrator to track the progress of RNAP II through the transcription cycle from initiation to
elongation to termination, mRNA export and recycling. During initiation, the CTD is largely
unmodified for interaction with enhancer-binding and promoter-binding regulators. The
complex mediator, which envelops RNAP II, is a target of the unmodified CTD. During
initiation, the CTD is heavily phosphorylated by TFIIH at SP serine 5. S5-phosphorylation
appears to signal dissociation from mediator and promoter factors and entry into early
elongation and is a precursor to 5′-end mRNA capping. Productive elongation is associated
with a decrease in S5-phosphorylation and an increase in S2-phosphorylation, catalyzed by
P-TEFb and related cyclin-dependent kinases. Modification of the CTD is important in
recruitment of specific elongation, chromatin-modification, termination and recycling
factors. Of course, modification marks must be placed, regulated and removed, and CTD
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reader factors must bind and dissociate. The CTD appears, therefore, to be an interaction
scaffold for factors that regulate position and progression through the transcription cycle.
Progression involves checkpoints regulated by cyclin-dependent kinases, phosphatases,
ubiquitin ligases, protein degradation, acetylation/deacetylation and methylation/
demethylation. Thus, the transcription cycle by RNAP II resembles a cell cycle in its
inception and regulation. Three reviews in this issue relate to CTD evolution, readers,
writers and control (Cordon; Jeronimo et al.; and Eick and Geyer).

Reviews in this issue focus on various aspects of the CTD complex contacts and roles.
Evolution, composition and function of the CTD addressed by structural, biochemical and
genetic approaches are reviewed by Corden. Eick and Geyer discuss the role of the CTD in
evolution of eukaryotic organisms specifically emphasizing its essential role in splicing,
which, in turn, increases the coding capacity of the eukaryotic genome. Nino, Herissant,
Babour and Dargemont address the ornate machinery for mRNA export through the nuclear
pore. Initial recruitment of export factors occurs co-transcriptionally and depends on the
CTD and specific chromatin modifications (i.e. H2B ubiquitinylation). Jeronimo et al. focus
on the CTD modification machinery and discuss the mechanisms of recruitment of
chromatin modification factors and histone chaperons to the CTD. Lu, Li and Zhou focus on
the role of CTD phosphorylation by P-TEFb in human AIDS, which leads to an increase in
RNAP II processivity on pro-viral DNA, activating HIV-1 transcription.

4.2. mRNA nuclear export
In eukarya, transcription is decoupled from translation by the nuclear envelope and nuclear
pore, but mRNA synthesis, processing, decoration, export and tagging for translation are
coupled processes. The RNAP II CTD couples transcription to capping, splicing, 3′ end
cleavage and polyadenylation. RNA synthesis is strongly coupled to export-competent
mRNP transport through the nuclear pore. One purpose of coupling transcription, processing
and handoff factors is to ensure the accuracy of mRNA processing and mRNP completion.
After mRNA export to the cytoplasm, many transport factors dissociate to reenter the
nucleus and restart the export cycle. Higher order cellular organization in eukaryotes,
therefore, is coupled to mRNP production, fidelity and targeted mRNA decay.

4.3. Promoter-proximal pausing
In higher animals (including Drosophila), promoter proximal pausing of RNAP II has
recently been recognized as an important mechanism of gene control. The essential
evolutionary advance supporting this pausing mechanism appears to be the multi-subunit
NELF (negative elongation factor) that cooperates with DSIF and P-TEFb. Organisms with
NELF (i.e. Drosophila) demonstrate promoter-proximal RNAP II pausing, and organisms
lacking NELF (i.e. C. elegans) do not. P-TEFb and related factors are found in virtually all
eukaryotes. Two reviews in this issue deal with promoter proximal pausing. One from the
Price laboratory stresses the importance of P-TEFb, NELF and Gdown1 in pausing control.
Gdown1 is a factor that communicates to the mediator complex, making Gdown1 a link
between initiation and elongation of RNAP II transcription. Protein factors involved in
eukaryotic RNAP II initiation, elongation and termination are also reviewed by Guo and
Price. They summarize the mechanisms of action of elongation factors identified to date;
some, including TFIIS, TFIIF, ELL, Gdown1, GNAF, NELF and DSIF bind to core RNAP
II. These factors affect the efficiency of promoter-proximal pausing observed in complex
animals (i.e. Drosophila but not C. elegans).

A paper from the Zhou laboratory focuses on the regulation of HIV-1 (human
immunodeficiency virus-type 1) transcription. The deadly human disease AIDS (auto-
immune deficiency syndrome) is caused by HIV-1 infection. Attack by this virus involves
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regulation of early RNAP II elongation control mediated by the transcriptional regulator Tat,
encoded by the virus, and a TAR RNA sequence just downstream of the viral promoter
within the long terminal repeat (LTR). Transcription from the LTR regulates viral latency
versus virus production, and clinical strategies versus AIDS involve suppression of latency
to allow more complete and effective HIV-1 clearing using anti-viral agents. Positive Tat/
TAR regulation involves host P-TEFb recruitment and binding of a host Super Elongation
Complex (SEC), which is also recruited inappropriately in human lymphomas and
leukemias. Inappropriate readthrough of an early RNAP II elongation checkpoint (promoter-
proximal pausing), therefore, is an important issue in human development and disease.

4.4. Coupling of transcription and translation and the universal elongation factor
Function and conformational transitions of NusG, a bacterial analogue of metazoan DSIF
(Spt5-Spt4; DRB-sensitivity inducing factor) and archaeal (and yeast) Spt5, are discussed by
Tomar and Artsimovitch. Potential mechanisms of RNAP pause suppression by NusG and
its paralog RfaH are considered: these proteins prevent transitions to an elemental pause
state and might promote translocation by binding to RNAP and stabilizing the closed
position of the downstream DNA-binding clamp. It remains to be established whether
archaeal Spt5 and eukaryotic DSIF promote transcription elongation by a similar
mechanism.

Prokaryotic NusG is related by evolution to the Spt5 subunit of DSIF/Spt5-Spt4, making this
factor universal in transcription elongation control. In eubacteria, NusG couples
transcription and translation. In Archaea, Spt5 is the NusG homolog. In eukarya, DSIF/Spt5-
Spt4 takes on variable responsibility for elongation, depending on organismal complexity. In
yeast, Spt5-Spt4 regulates elongation, and Spt5 is a major target of cyclin-dependent kinases
and phosphatases that regulate the transcription cycle. In animals with more complex body
structures, DSIF, NELF and P-TEFb cooperate to regulate promoter-proximal pausing of
RNAP II. Artsimovitch describes eubacterial NusG and related factors. RfaH is a striking
example, termed a “transformer” protein, that radically rearranges the secondary and tertiary
structure of a domain to participate in transcriptional-translational coupling for a select set of
bacterial genes.

5. RNAP and the genomic DNA
5.1. What could go wrong?

What could possibly go wrong in initiating on and transcribing across a complex, congested
and dynamic genome and how could transcription and DNA structure anomalies be
subverted in gene rearrangement and regulation? Two reviews address aspects of these
broad questions. Belotserkovskii, Mirkin and Hanawalt summarize the effects of unusual
DNA conformations on transcription, outlining several possible mechanisms of RNAP
stalling, including guanosine-quadruplexes, triplex DNA, Z-DNA, H-DNA, cruciforms,
(GAA)n repeats, RNA hairpins and R-loops. In immunoglobulin gene recombination
switching, formation of R-loops exposes single-stranded DNA that can form G-
quadruplexes. Telomere repeat-containing RNA (TERRA) also generates G-quadruplexes,
indicating that these features of single-stranded RNA and DNA play key regulatory roles.
YY1 binds extended DNA/RNA, as in R-loops, and supports X-chromosome silencing.
Collisions between RNAPs or RNAPs and DNA polymerases can be highly consequential
for generation of nucleic acid anomalies.

Thus, transcriptional processes may lead to genome modifications, including transcription-
coupled DNA repair, as well as transcription-induced mutagenesis and recombination,
reviewed in detail by Aguilera, Gaillard and Herrera-Moyano, who emphasize the impact of
transcription on genome (in)stability and discuss various biological impacts of transcription-
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driven events leading to DNA modifications and damage. Ongoing transcription of genes is
associated with recombination and mutation (TAM/TAR=transcription-associated mutation/
recombination). TAM+TAR=TAGIN (transcription-associated genomic instability). TC-
NER=transcription-coupled nucleotide excision repair. In many systems there is a strong
bias for development of mutations in the non-template DNA strand for transcription versus
the template DNA strand within a gene. TC-NER in bacteria is mediated by Mfd (mutation
frequency decline) and Cockayne Syndrome B in complex eukaryotes and its homologue
Rad26 in yeast. Interestingly, hyperactive NER can result in spontaneous mutations,
indicating that RNAP helps direct and restrain NER targeting. Replication fork arrest due to
collision between RNAP and DNAP can also enhance mutagenesis, recombination and
generate chromosome instability. Biogenesis and export of mRNP through the eukaryotic
nuclear pore is also coupled to TAR, possibly through generation of R loops (extended
RNA/DNA hybrids displacing and exposing a long and fragile single stranded DNA).

5.2. The bacterial nucleoid
The role of transcription in organization of the bacterial nucleoid is elucidated by Jin,
Cagliero and Zhou. Dramatic changes occur in genome compaction under different growth
conditions that directly correlate with RNAP activity and distribution. They also suggest the
concept of macromolecular crowding and discuss how extremely high concentrations of
macromolecules in the bacterial cytoplasm might affect the conformation of DNA in the
nucleoid. Because of its large size and fluid nature, probing nucleoid structure-function
presents challenges. Gene amplification of rRNA genes via accelerated replication initiation
from proximal oriC provides one mechanism to organize nucleoid dynamics. Studies of
global transcription and gene regulation in eubacteria indicate that the genome is arranged as
an evolved unit to support the optimal functioning of the organism during diverse growth
conditions, sequestering and/or providing RNAP and cellular resources to match the needs
of a cell to its changing environment. Transcription foci of dedicated RNAP (mostly for
rRNA transcription) modulate nucleoid compaction. A model is developed to explain the
interaction of RNAP with establishment and maintenance of the bacterial nucleoid structure,
which is similar to the generation of the nucleolus around eukaryotic RNAP I foci.

5.3. Transcription factories (in vivo)
Papantonis and Cook propose a RNAP-centered model of genome and nucleus organization.
They review experimental evidence indicating that, in the nucleus, RNAPs become
immobilized on the matrix together with associated factors, and the DNA template is
threaded through this macromolecular assembly. Higher organization of the nucleus
(including the nucleolus) develops around RNAP factories. This model explains how the
topological problem of RNA and DNA separation is resolved without intertwining during
transcription, and serves as a foundation for a general model of gene regulation, proposed in
the review. The concept of transcription factories has long been considered, but, with the
development of new techniques, becomes easier to analyze and understand. The factory
concept extends to many processes involving DNA, including replication, repair,
chromosome maintenance, telomerase and recombination. The nucleolus is the prototypic
factory for transcription by RNAP I, but RNAP II and III transcription units also organize
and compress into factories building higher order units within the nucleus. Regulated
bunching of RNAP II transcription units can begin to describe regulation of transcription by
enhancers and silencers. Gene looping and mRNA export with linkage to the nuclear pore
also support the transcription factory concept.
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Figure 1.
Duplication and divergence of two double-psi β barrels (yellow), one from the β and one
from the β′ subunit, describes evolution of the multi-subunit RNAP active site and may
indicate a mechanism for high processivity and stepwise translocation1. An ATP substrate is
shown with catalytic Mg2+ (magenta). RNA is silver; DNA template is gold; DNA non-
template is green. The image is from pdb 205J2, prepared using visual molecular dynamics3.
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