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Abstract

Bacteria lack subcellular compartments and harbor a single RNA polymerase that synthesizes both
structural and protein-coding RNAs, which are cotranscriptionally processed by distinct pathways.
Nascent rRNAs fold into elaborate secondary structures and associate with ribosomal proteins,
whereas nascent mRNAs are translated by ribosomes. During elongation, nucleic acid signals and
regulatory proteins modulate concurrent RNA-processing events, instruct RNA polymerase where
to pause and terminate transcription, or act as roadblocks to the moving enzyme. Communications
among complexes that carry out transcription, translation, repair, and other cellular processes
ensure timely execution of the gene expression program and survival under conditions of stress.
This network is maintained by auxiliary proteins that act as bridges between RNA polymerase,
ribosome, and repair enzymes, blurring boundaries between separate information-processing steps
and making assignments of unique regulatory functions meaningless. Understanding the regulation
of transcript elongation thus requires genome-wide approaches, which confirm known and reveal
new regulatory connections.
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INTRODUCTION

RNA polymerase (RNAP) synthesizes an RNA copy of the template DNA, the first and
often decisive step in gene expression. All RNAPs that transcribe cellular genomes are
multisubunit enzymes that share homologous catalytic cores. Bacterial core RNAP, a five-
subunit complex (aypp’®), is the simplest model system for studies of fundamental
properties of all multisubunit RNAPs. Following initiation, which requires a o factor, the
core enzyme can elongate the RNA chain and terminate transcription guided only by nucleic
acid signals in vitro, but even a single accessory protein can significantly alter the pattern of
RNA synthesis. By contrast, in vivo transcribing RNAP shares its template and product with
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other information-processing complexes and associates with regulators that fine-tune the
balance between processive elongation, pausing, and termination; contribute to
proofreading; and help it recover from arrested states. This regulatory complexity prompted
development of whole-cell approaches to monitor transcription across the entire genome.
These studies revealed that RNAP and its associated proteins cross talk with many parallel
regulatory pathways. Consequently, transcriptional regulators with well-established
functions were discovered to have essential roles in translation and repair, among other
functions. A holistic view, in which multiple players act together to enable cells to function
optimally under drastically different conditions, is rapidly emerging. In this review, we
briefly cover recent advances in our understanding of the molecular mechanism and
regulation of transcript elongation by bacterial RNAP and the coupled processes that enable
RNAP to carry out its function in the crowded cellular environment. We apologize to many
colleagues whose work we cannot cite because of space limitations.

OVERALL STRUCTURE AND CHEMICAL CATALYSIS

In contrast to replicative polymerases, transcribing RNAPs do not displace the nontemplate
strand; rather, they maintain an 8- to 9-base pair (bp) RNA-DNA hybrid within the 11- to
12-bp melted DNA bubble (Figure 1). The overall shape of the RNAP molecule resembles a
crab claw (153), with the two largest p” and {3 subunits forming a cleft that acts as a binding
site for the RNA-DNA hybrid and the downstream DNA duplex (134). The upstream DNA
duplex is located outside the cleft and is only loosely associated with RNAP (2). The two a
subunits are located at the periphery, serving largely structural roles, except for their C-
terminal domains (CTDs), which extend 40 A from the RNAP body to establish regulatory
interactions with the upstream DNA and transcription factors (76, 107). A small o subunit
binds near the RNA exit channel and facilitates RNAP assembly and regulation (137, 155).

The active site is located within the cleft, 30-40 A beneath the protein surface at the bottom
of a funnel-shaped secondary channel that serves as an entry route for nucleoside
triphosphate (NTP) substrates (134, 140). The active site can be schematically subdivided
into three sections: an i site, an i+1 site, and a mobile ’ domain called trigger loop (TL,
a.k.a. G-loop). The i site features a p’ loop with three universally conserved aspartate
residues that tightly chelate a Mg?* ion, which binds the 3’ OH of the nascent RNA and
activates it for Sy2 nucleophilic attack on the a-phosphate of the NTP substrate (121). The
incoming NTP in complex with a second Mg?2* ion binds to the i+1 site, which contains a
vacant template DNA base that pairs with an NTP base, several basic § and p’ residues that
interact with NTP triphosphate moiety, and conserved ’ asparagine and arginine residues
that interact with NTP ribose (122, 135). Substrate loading is thought to be a multistep
process in which initial binding in a catalytically incompetent conformation is followed by
rate-limiting isomerization into a catalytically proficient conformation that involves the
closure of the active site (135).

The TL is typically unresolved in structures of transcription elongation complexes (TECs),
indicating its mobility (134). In the presence of the substrate, the TL adopts a helical hairpin
conformation and closes the active site by obstructing the secondary channel with a highly
conserved N-terminal helix, which forms multiple stabilizing interactions with NTP (135,
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140). TL folding also involves the formation of a triple-helix bundle with the p” bridge helix
(BH), a long metastable a-helix that spans the active site cleft and molds into a groove in the
B subunit (52). Finally, the stability of the helical TL is also modulated by interactions of the
TL tip with the ' F-loop, an N-terminal extension of the BH (82). TL closure aligns NTP
for efficient catalysis (135) and introduces into the i+1 site a conserved histidine residue
capable of protonating the leaving PP; group (140). Stabilization of the closed conformation
requires Watson-Crick base-pairing between NTP and acceptor template base and ribose as
the NTP sugar. Accordingly, the TL contributes 100- to 1,000-fold to the rate of
phosphodiester bond formation and fidelity of transcription (61, 65,72, 140, 151).

POSTCATALYTIC RELAXATION OF THE TRANSCRIPTION ELONGATION
COMPLEX: PYROPHOSPHATE RELEASE AND TRANSLOCATION

Nucleotide addition extends the RNA-DNA hybrid by one base pair, resulting in a
pretranslocated state in which the i+1 site is occupied by newly incorporated nucleoside
monophosphate and pyrophosphate (Figure 2). Postcatalytic relaxation into a catalytically
proficient posttranslocated state involves the release of PP;, opening of the active site, and
RNAP translocation. During translocation, the hybrid and the bubble move forward by one
nucleotide, the newly generated RNA 3’ end moves into the i site, and a new template DNA
base enters the i+1 site (62). Although it had been initially assumed that RNAP equilibrates
rapidly between the pre- and posttranslocated states after each round of nucleotide addition,
recent reports suggest that translocation rates are comparable to catalytic rates (24, 78).
Thus, the overall kinetics of elongation likely represent a complex balance of nucleotide
addition and forward and backward translocation rates at each sequence position. Similarly,
whereas early models calculated the translocation bias on the basis of base-pairing energies
of nucleic acids within the TEC, recent studies argue that interactions of the RNA 3’ end
with the active site may be pivotal (36, 53, 72, 78): The open active site favors the
posttranslocated state because of the intrinsically high affinity of the 3’ end to the i site,
whereas the closed active site favors the pretranslocated state, in which the 3’ end interacts
with the i+1 site.

The loss of translocation register can generate other translocation states. A hypertranslocated
state, in which the RNA 3’ end moves upstream into the RNAP main channel, has been
suggested as an intermediate during termination (93) and may also occur during processive
elongation (86). A backtracked state (88), in which the RNAP has retreated along the
template, has been characterized biochemically (66) and structurally (139). RNAP
backtracked by one or a few residues can slowly reestablish the active conformation via
successive rounds of forward translocation and/or RNA cleavage by weak intrinsic RNase
activity of RNAP (151).

Backtracking a greater distance extrudes the 3’ end of the RNA segment into the secondary
channel and leads to arrest. Bacteria encode several regulatory proteins, such as GreA/B and
DksA, that bind within the secondary channel (90, 96). These proteins interact with RNAP
via their globular domains and extend their coiled-coil domains through the secondary
channel all the way toward the active site to prevent arrest (96) or to rescue arrested TECs
via cleavage of the nascent RNA (70).
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PAUSING

RNAP movement along the DNA can be hindered by a DNA-bound protein, by a lesion in
the template strand, or upon misincorporation. However, transcription is interrupted more
often by pauses, which slow nucleotide addition 10- to 1,000-fold even on intact templates
in vitro. Pausing likely determines the overall rate of RNA chain synthesis, is an obligatory
step in termination, and may be necessary for timely recruitment of regulatory factors,
attenuation control, cotranscriptional folding of the nascent RNA, and efficient coupling of
transcription and translation (see 68 for review).

Pauses are events that branch off the main elongation pathway: Although RNAP has a low
probability of isomerizing into a short-lived paused state at every position (87), a fraction of
the RNAP bypasses even strong pauses without delay (18). Pausing is thus an intrinsic
property of RNAP augmented by sequence context; certain sequences dramatically increase
the probability (efficiency in ensemble experiments) of RNAP isomerizing into an elemental
paused state (a non-backtracked inactivated state accessible for all TECs, irrespective of the
sequence context) and often cause additional structural rearrangements that lead to long-
lived stabilized pauses. The initial isomerization is thought to proceed similarly during the
majority of pause events, whereas subsequent stabilization follows distinct, relatively well-
understood pathways, which include RNAP backtracking (66) or stabilization of the RNA 3’
end in either posttranslocated (64) or pretranslocated (130) register. In the latter, the hairpin-
stabilized-pathway TL plays a critical role (130). Interactions of the unpaired nontemplate
DNA strand with the B subunit (63, 138) or regulatory proteins, such as NusG, RfaH, and o
(5, 105, 113, 147), may also modulate pause efficiency and duration.

In contrast, isomerization into elemental pause remains obscure because of the transient
nature of this state, but it is thought to involve concerted bending of the BH, which is
modulated by conformation cycling of the interacting TL, and opening of the ' clamp
domain (51). Both transitions favor distortion of the template DNA in the active site. It is
commonly anticipated that isomerization originates from the pretranslocated state when a
block to translocation is encountered; the failure of the RNA-DNA hybrid to translocate has
been proposed as one mechanism (11). It has been long anticipated that fraying of the RNA
3’ end before or during translocation results in short-term inactivation (4). However, recent
structural studies suggest that incomplete translocation of the downstream DNA leads to a
state in which the RNA 3’ end is properly positioned but the acceptor template base is
unavailable (143). Genome-wide analyses of pause sites (71, 138) established that a
pyrimidine/purine active site combination is the most conserved feature, consistent with
template-strand isomerization being the principal cause of elemental pauses. However,
efficient, physiologically relevant pauses encompass multiple interactions along the entire
RNAP footprint on the DNA and beyond (18, 71, 138).

Subsequent rearrangements of a paused complex may also lead to termination, an
irreversible process triggered by the formation of a nascent RNA hairpin (47) or the ATP-
dependent RNA translocase Rho (104) (see 99 for a comprehensive review of the
mechanisms and regulation of termination).
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Nus FACTORS AND rRNA ANTITERMINATION COMPLEXES

Translating ribosomes ensure uninterrupted RNA chain elongation by inhibiting
backtracking (102) and premature termination by Rho (104). Rho, aided by NusG,
suppresses expression of poorly translated foreign DNA (16) and antisense transcription
(97). However, Escherichia coli RNAP transcribes the noncoding rRNA genes twice as fast
as it transcribes mMRNA genes and it is resistant to Rho (127, 152). These properties are
conferred by the assembly of a ribonucleoprotein antitermination complex composed of
NusA, NusB, NusG, and NusE (ribosomal protein S10) factors (Figure 3), as well as
ribosomal protein S4 and perhaps other cellular factors (127), which form a proteinaceous
extension of the RNA exit channel (115).

NusA, the largest Nus factor and the centerpiece of the antitermination complex, consists of
several domains with distinct functionalities and conservation patterns. The nusA gene is
invariably present as a single copy and lacks paralogs. The four-domain core, composed of
the RNAP-binding N-terminal domain (NTD) and the nascent RNA-binding module (S1-
KH-KH domains), is ubiquitous in bacteria (Figure 3a). NusA is presumed to have at least
three major cellular functions. It (a) enhances sensitivity of RNAP to RNA hairpins that
mediate pausing and intrinsic termination (35, 47, 117), (b) participates in the assembly of
antitermination complexes (119), and (c) facilitates cotranscriptional folding of structural
RNAs (12, 91). The first function can be attributed largely to the NTD (49), whereas the last
two functions are mediated presumably by the RNA-binding domains.

The NTD tethers NusA to RNAP and is thus at least indirectly involved in all NusA
activities. It binds to the mouth of, and remodels, the RNA exit channel via interactions with
the nascent RNA hairpin,  flap, and possibly ’ dock domains (49, 129, 149). Although the
exact structural rearrangements upon NusA binding to RNAP are not yet fully understood, it
is conceivable that interactions with a flexible wall (3 flap domain) of the RNA exit channel
may affect the formation of RNA secondary structures just upstream of the RNA-DNA
hybrid. The NusA NTD is restricted to bacteria, probably reflecting the prevalence of
hairpin-dependent termination in bacteria but not in archaea and eukaryotes (3, 109).

The NusA RNA-binding module is connected to the NTD via a flexible linker and consists
of one S1 domain (named after ribosomal protein S1 and commonly found in translation-
related proteins) and two KH domains, which interact extensively with each other to form a
continuous RNA-binding surface (43, 146). The S1 domain is predicted to reside near the
RNA exit channel and closely resembles bacterial cold-shock proteins that function as
general RNA chaperones (59). Hence, the S1 domain may loosen unwanted, and assist the
formation of desired, secondary structures to facilitate folding of structural RNAs and
recruitment of ribosome to mRNA. The chaperoning action of S1 may also contribute to
rRNA antitermination, as RNA chaperones typically display antitermination activity (7, 103,
127).

The NusABEG complex (Figure 3b) is held together by relatively weak protein-protein and
protein-RNA interactions and assembles in a highly cooperative manner (75). The NTDs of
NusA and NusG anchor the ends of the assembly to f flap (49, 115) and ' clamp helices
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(10), respectively. The NusA KH domains and NusB do not interact directly but are instead
linked via binding to the adjacent RNA sequences in the upstream regions of rRNA genes
(44, 101). NusE simultaneously binds to NusB and NusG (14, 75), blocking the Rho-binding
site on the NusG CTD (14) and thereby inhibiting Rho-mediated termination.

Recent studies suggest that the key role of the NusABEG complex is to mediate
cotranscriptional folding of rRNA by stabilizing pre-rRNA in a looped conformation via
contacts of NusA S1 and KH domains with RNA emerging from the exit channel and
contacts of NusB/E and KH domains with the 5" region (12). This idea is supported by
rRNA genes structures in bacteria and archaea (150), in which the 5’ and 3’ flanking regions
of pre-16S and pre-23S rRNAs form giant stem-loop structures with ~50-bp stems (Figure
3c). These stems presumably maintain the looped conformation to provide time for rRNA
folding to complete before processing by dedicated RNases (12). The association of the KH
domain with rRNA biogenesis is consistent with its distribution pattern: Archaea, but not
eukaryotes, harbor a factor that displays high sequence identity to KH-KH repeats of
bacterial NusA and similar spacerless head-to-tail packing (116). Intriguingly, the presumed
loss of KH domains in eukaryotes coincides with the evolution of a specialized RNAP for
rRNA synthesis and, perhaps more importantly, a principally different rRNA folding
mechanism (124). NusABEG proteins are absolutely conserved in bacteria whereas Rho is
absent in many species, suggesting a conserved NusABEG function distinct from
antitermination (28).

TRANSCRIPTION AND TRANSLATION

In bacteria, transcription and translation are considered coupled: They occur in the same
compartment at highly correlated rates (102, 152). However, ribosomes outnumber RNAPs
at least 10:1 (74) and the bulk of translation occurs on preexisting mRNAs (8), governed by
the stability and translation efficiency of mMRNAs. Coupling is limited to the first round of
translation, which plays several unique roles. During this pioneer round, the ribosome could
push RNAP forward to prevent backtracking and maintain processive RNA synthesis (102);
inhibit premature release of MRNA by Rho (104); and alter folding of the nascent mRNA,
thereby controlling the termination/antitermination decision during attenuation (54).
Coupling between transcription and translation allows for coordinated regulation of gene
expression in response to physiological cues. Slowing down translation by adding antibiotics
or rare codons leads to a concomitant slowdown of transcription to maintain the protective
link (102), whereas starvation-induced ribosome arrest (154) and ribosome release at a stop
codon would trigger uncoupling (104), leading to arrest and termination. Thus, coupling acts
as a surveillance mechanism to ensure that mRNA is translatable and that cellular conditions
are conducive.

In E. coli, NusG plays a key role in this quality-control mechanism. The NusG NTD binds to
RNAP transcribing most genes (83) to reduce pausing (55), whereas the CTD can bind
either Rho to facilitate RNA release (84) or small ribosomal subunit protein S10 to enable
coupling (14). The CTD contacts with Rho and S10 are mutually exclusive; thus, translation
would be doubly protective against termination, hindering Rho from binding to either RNA
or NusG. The NusG-S10 interaction is well suited to maintain the tight link between the two
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machines (14) and may also facilitate ribosome recruitment to mRNAs, perhaps aided by
RNAP pausing at translation start sites (71). This mechanism has been proposed for the
NusG paralog RfaH (13), which dramatically activates expression of genes otherwise
silenced by Rho (114).

TRANSCRIPTION AND REPAIR

Mfd: The First Bridge Between Transcription and Repair

Many types of lesions in the template DNA strand stall, but do not dissociate, the RNAP
(126). The stalled RNAP occludes the site of damage, blocking the repair enzymes from
accessing it (Figure 4). However, active transcription of a gene facilitates preferential repair
of the template strand in vivo (41). Mfd was identified as a key transcription-coupled repair
(TCR) factor in E. coli over two decades ago (111). Mfd binds to DNA upstream of the
stalled RNAP and, utilizing ATP hydrolysis, moves along the double-stranded DNA,
pushing the enzyme forward and displacing it from the DNA template (92, 111). Following
RNAP release, Mfd recruits UvrA, a key nucleotide excision repair (NER) factor, to the
unmasked lesion (111, 112), initiating the repair pathway composed of lesion excision and
gap filling (79, 111). Mfd is homologous to TCR factors in other systems and has been
characterized extensively (25, 110).

E. coli Mfd is a large, dynamic multidomain protein (26). Domains 1 and 2 are structurally
similar to the NER protein UvrB, which also binds UvrA; domain 4 interacts with the 5
subunit; and domains 5 and 6 are necessary for ATP-dependent translocation along the DNA
(25). Domain 7 plays a critical autoinhibitory role. In free Mfd, it interacts with domains 1
and 2 to mask the UvrA-binding surface (27) and restrains translocase domains 5 and 6 to
inhibit ATPase function and translocation on DNA (85). These interactions must be
disrupted to enable Mfd-induced termination and subsequent NER recruitment.

The simplest model posits that a single conformational switch upon Mfd binding to stalled
RNAP simultaneously enables RNAP release and UvrA recruitment (85). However, a
single-step activation appears unlikely. Mfd is recruited to a paused RNAP in the absence of
a lesion (50, 92) and fortuitous recruitment of UvrA could prove deleterious, diverting
resources from global NER. Indeed, recent studies provide evidence that different Mfd
activities can be uncoupled in a multistep activation pathway. First, substitutions at the D2—
D7 interface elevate ATPase but not DNA translocation activity, and Mfd lacking the
inhibitory domain 7 is defective in repair, despite efficient RNAP displacement activity (79).
Second, a substitution designed to disrupt communications between domains 4, 5/6, and 7
results in a hyperactive Mfd able to displace any transcription complex (118), including
those formed by RNAPs lacking the Mfd-binding site or Mfd-resistant initiation complexes.
Third, cross-linking of domains 2 and 7 impairs Mfd binding to DNA in the absence of
RNAP but not termination (27). Finally, single-molecule experiments revealed two
sequential ATP-dependent steps: collapse of the transcription bubble followed by formation
of a long-lived intermediate in which Mfd remained bound to DNA (56).

The point of RNAP release from Mfd remains unclear but likely coincides with transcription
bubble collapse. During productive engagement with the stalled TEC (56), Mfd likely
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undergoes conformational changes (27) that convert it into an ATP-driven plow that
displaces nonspecific obstacles, such as triplex oligonucleotides, from its path (118). The
continual association with RNAP following termination could be difficult to maintain via a
small interaction surface (144) without stabilizing contacts with DNA (56) and may not be
required to maintain Mfd in an activated state (118). The timing of UvrA loading is also
unclear. Repositioning of domain 7 is needed to expose the UvrA-binding site on Mfd but is
dispensable for termination (27). It was proposed that, following RNAP release, Mfd slides
forward and, upon recognition of a lesion, undergoes conformational changes that unmask
the UvrA interface (25, 27). In support of this idea, activated Mfd can slide along the DNA
for hundreds of base pairs in search of a lesion (50).

These studies revealed an intricate Mfd-TCR pathway that couples recognition of a DNA
lesion by transcribing RNAP with NER. However, they did not explain why E. coli cells that
lack Mfd were not hypersensitive to UV-induced DNA damage (111), the primary target for
NER(41). Recent reports posited that NusA and UvrD, the key players in transcription and
repair, contribute to TCR in E. coli (21, 33). These leads, although lacking the depth of the
Mfd studies, reveal a common strategy: Proteins with well-established regulatory roles have
additional moonlighting activities that may be equally important for cell viability.

NusA: DNA Repair and Damage Tolerance

Observations that plasmids overexpressing E. coli dinB or umuDC, SOS-induced translesion
synthesis (TLS) DNA polymerases, could suppress the nusA11 strain phenotypes and that
NusA and DinB interact directly with each other suggest NusA'’s involvement in DNA
repair (20). TLS polymerases repair gaps in DNA at the cost of lower fidelity to enable
survival in the face of massive DNA damage that will block progression of replisomes (38).
NusA, bound to the RNAP stalled by a gap in the transcribed strand, could recruita TLS
polymerase to fill this gap (20). However, that the nusA11 mutant is 100 times more
defective in DinB-dependent stress-induced mutagenesis than dinB~ (22) suggested that
NusA plays other roles in DNA repair.

Further analysis demonstrated that strains lacking functional nusA were sensitive to
nitrofurazone (NFZ), UV radiation, and methylmethane sulfonate, while ruling out NusA-
mediated changes in expression of DNA repair genes (21). NusA did not help RNAP bypass
a large gap or an NFZ-induced adduct in vitro, prompting a search for a missing link that
culminated in the identification of UvrA as an interaction partner (21); NFZ-induced DNA
damage is processed by the Uvr pathway (89). Genetic analysis revealed that NusA and Mfd
function in parallel TCR pathways, with double deletion strains dramatically more sensitive
to UV-induced killing.

The proposed NusA-TCR mechanism invokes RNAP backtracking upon running into a
lesion, followed by NusA-mediated recruitment of NER. In support of this model, § subunit
substitutions that confer NusA-dependent sensitivity or resistance to NFZ have been
identified (21). These residues are located at the leading edge of RNAP and can directly
sense the damaged DNA, prompting RNAP to retreat. It remains unclear how NusA reaches
from the RNA exit channel to the downstream DNA to recruit UvrA to the lesion.
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UvrD: Pushing RNAP Backward

UvrD is an integral late player in NER—it is a helicase that removes the damaged DNA
fragment following processing by UvrABC (148). However, UvrD also interacts with RNAP
in E. coli (33) and Bacillus subtilis (48), suggestive of a TCR model in which UvrD makes
the stalled RNAP retreat from the lesion, exposing it for repair (33). In support of this
model, UvrD induced RNAP backtracking in vivo and in vitro and relieved an RNAP-
imposed block to UvrABC excision of a thymine dimer in a reconstituted NER system.
UvrD cross-linked to the B flap tip and the nontemplate DNA strand at the upstream part of
the transcription bubble. Upon engaging the single DNA strand, UvrD could slide on the
DNA and push RNAP backward, a mechanism consistent with displacement of DNA-
binding proteins by UvrD (148). Sensitivity of the uvrD strain to genotoxic agents was
alleviated partially by deletions in greA/B or by the presence of chloramphenicol, an
inhibitor of translation. Because Gre activity and trailing ribosomes inhibit backtracking
(88), these results suggest that if RNAP could retreat on its own, then repair would be
possible even in the absence of UvrD.

In this model, UvrD facilitates repair by removing RNAP from the lesion, just as Mfd does,
but with opposite polarity and dramatically different consequences for transcription. Mfd
TCR entails RNAP release, leaving behind the naked DNA, whereas UvrD TCR would
produce an extensively backtracked RNAP. This arrested complex could be reactivated by
GreA/B-assisted cleavage or released by Mfd or Rho. Triple deletion of greA/B and mfd
decreases the sensitivity of uvrD* cells to DNA damage (33), suggesting that Rho-mediated
termination could be essential (142). This hypothesis raises the question of UvrD interplay
with NusA and NusG, which bind to the  flap (49) and nontemplate DNA (125),
respectively, and are associated with transcribing RNAP throughout the genome (83). NusG
is required for efficient Rho-dependent termination (16), but it could likely act on TEC only
after UvrD has left. NusA cooperates with UvrD in vitro (33), suggesting that the two
proteins could cooperate in Mfd-independent repair pathway (21), but both proteins interact
with the § flap. Unraveling the details of the two-step action of UvrD in NER awaits
extensive functional analysis and would be greatly facilitated by the identification of UvrD
variants in which only one of its activities is compromised.

TRANSCRIPTION AND REPLICATION

Bacterial RNAP moves along the template 20-fold slower than the replisome, and
sometimes in the opposite direction (81). Thus, the conflicts between the replication and
transcription complexes are inevitable, particularly in actively growing cells, in which the
number of actively transcribing RNAPs exceeds that of moving replisomes by at least two
orders of magnitude, and in heavily transcribed regions. Although unusual DNA structures
and DNA-bound proteins can impede the replisome, TECs present the most formidable
barrier in E. coli (46). Under most conditions, replication is not strongly affected by
codirectional transcription, whereas head-on transcription severely inhibits the progression
of replication forks in vivo (37), most likely via direct physical interaction with the TEC
(80). This bias is reflected in genome organization, with highly expressed, long, and
essential genes preferentially located on the leading strand (106). Inversion of rRNA loci
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leads to disruption of DNA replication, loss of genome integrity, and cell death,
underscoring the importance of co-orientation of replication and transcription (120).

These conflicts are exacerbated when RNAP encounters a roadblock. Although progression
of both polymerases is blocked by the same types of DNA lesions (126), transcription is also
slowed down by sequence-specific interactions of RNAP (11, 64) or transcription factors (5,
105, 147) with nucleic acid chains, nascent RNA hairpins (18), or DNA-bound proteins (45).
Many of these delays are temporary and underlie regulatory decisions by RNAP (68), but
they can also lead to backtracking that generates arrested complexes (88). Whereas an
actively transcribing RNAP can be readily bypassed by a replisome moving in the same
direction (100) and, in some cases, even during a head-on collision (30), a stable arrested
complex would block replication in both directions. In E. coli, even codirectional collisions
may lead to replisome reloading in vitro (100) and double-stranded DNA breaks (DSBs) in
vivo (29), events that can trigger mutagenesis and genome instability.

The cell uses several redundant mechanisms to resolve replication-transcription conflicts
(29, 123, 132, 142). Preventing backtracking may be the most effective way to inhibit DSB
formation upon codirectional collisions. On coding RNAS, ribosomes disfavor RNAP
backtracking (102); inhibition of translation increases DSBs (29). In the highly transcribed
rRNA operons, the rRNA antitermination complex (127) and cooperating RNAPs (34) likely
act jointly to prevent backtracking. Once formed, backtracked complexes can be reactivated
by Gre factors (128), giving RNAP another chance to bypass the roadblock, if not
permanent. Formation of DSBs is augmented in the absence of greB (29). As a last resort,
the stalled RNAP can be removed from the replisome’s path by the enzymatic action of Mfd
or Rho (133, 142); sublethal concentrations of the Rho inhibitor bicyclomycin favor DSBs
(29), an effect augmented by deletion of mfd (142).

Destabilization of TECs by ppGpp, its cofactor DksA, and some ppGpp-mimicking
substitutions in RNAP has been hypothesized to underlie their effects on genome stability
(133). This idea is supported by destabilization of promoter complexes (94) and elongating
RNAP arrays (132) conferred by these factors. DksA protects cells against UV damage
(132) and prevents replication arrest in amino acid—starved cells via its effects on
transcription elongation (123). Because DksA (39) and rpo*35 substitution (29) do not
affect the stability of isolated TECs, an alternative explanation for their effects could be
resistance to backtracking observed in vitro (29, 96). This interpretation is supported by
observations that DksA reduces stalling of the elongating RNAP in vivo, particularly in
promoter-proximal regions and under conditions that trigger ribosome stalling and
uncoupling of transcription and translation (155).

Recent data suggest that NusA may also contribute to transcription-replication conflicts. A
screen for conditional suppressors of recG, a DNA translocase that helps maintain genomic
integrity, identified rpo alleles that could impair interactions with NusA (77).

None of these mechanisms appears to be absolutely essential. Under optimal growth
conditions, a parallel pathway must be compromised to observe the effects of each factor.
Gre-deficient cells exhibit more DSBs only when translation or Rho-dependent termination
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is inhibited (29);mild UV sensitivity of mfd deletion is augmented when greA or dksA is
deleted (132); rpo*35 can suppress the lack of ppGpp, dksA, mfd, and greA (132); and
mutations in genes affecting replication fork repair and translation increase dependence on
Rho (131). However, under environmental conditions encountered by bacteria, the joint
action of all partners could be required for survival.

While active transcription may provoke genome instability, it could also accelerate
evolution. Transcription generates R-loops (extended RNA-DNA hybrids), which can prime
replication forks; formation of excessive R-loops upon RNAP backtracking is lethal, and
their control is an essential function of E. coli Rho (73). However, R-loops can serve as
intermediates in stress-induced mutagenesis and gene amplification, targeting
rearrangements to transcribed regions and thus promoting adaptation (145). Transcription-
associated mutagenesis, in which mutations preferentially arise in the exposed nontemplate
strand of a transcribed gene, has been argued to foster survival during stress by accelerating
adaptation (60). Even in organisms with strong strand bias, many essential genes are located
in the lagging strand. In these genes, nonsynonymous mutations accumulate at a faster rate
and are positively correlated with gene length and transcriptional activity (95), suggesting
that head-on collisions promote evolution of specific genes.

DISTRIBUTION OF RNAP AND ACCESSORY FACTORS

In the cell, RNAP moves along the template bound by architectural proteins, synthesizing
RNAs that become targets for ribosomes, RNA-processing enzymes, and RNA-binding
proteins. Interactions of RNAP with factors that organize, replicate, and repair DNA and
process the newly synthesized RNA are complex, and their regulatory outcomes cannot
always be anticipated from in vitro experiments. Although defined coupled systems provide
important insights into RNAP cross talk with other processes (17, 79), they cannot identify
new players or include all cellular components, necessitating the use of genome-wide
analyses. Recent methodological developments have enabled monitoring of transcription in
a cellular context with precision and scale unimaginable just a few years ago. Chromatin
immunoprecipitation in conjunction with DNA microarray analysis (Chlp-on-chip) or high-
throughput sequencing (Chlp-seq) maps positions of RNAP and transcription factors along
the genomic DNA at a resolution of approximately 25 bp (58, 83, 136). Nascent transcript
sequencing (NET-seq), although limited to transcribing RNAPs, visualizes RNAP position
at single-nucleotide resolution (71, 138). Finally, super-resolution microscopy reveals the
overall three-dimensional organization of transcription, translation, and replication systems
within the bacterial cell (8, 15,31, 108, 141).

These studies produced many expected results. RNAP occupancies are highest at highly
expressed genes and steadily decrease toward the 3’ end (83); this decline may be attributed
to premature termination by Rho or to RNAP acceleration toward the end of genes. The o
factor is replaced by NusA soon after promoter escape, as shown in vitro (42). Nus factors
are recruited to the 5" region of rRNA operons and remain associated with RNAP throughout
transcription (83). NusB is selectively enriched on rRNA operons (13), consistent with its
specialized role in rRNA synthesis; NuskE is associated with both protein-coding and rRNA
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operons, presumably as part of the ribosome and the NusABEG complex, respectively.
NusG is present on all genes, except those regulated by its paralog RfaH (9).

New, sometimes perplexing, data have also emerged. Many transcription units are
characterized by large promoter-proximal peaks of RNAP in E. cali (83) and Synechococcus
elongatus (136), but not in B. subtilis (58). These peaks contain Rho and NusA, representing
TECs that escaped the promoter, and presumably result from inefficient elongation prior to
the recruitment of the leading ribosome. Consistent with their ability to rescue stalled
RNAPs, DksA and GreA associate with elongating RNAP and reduce promoter-proximal
accumulation of RNAP (67, 154). Curiously, DksA appears to be excluded from structural
RNA genes, whereas GreA is more evenly distributed.

E. coli NusG acts on short RNAs in vitro (4) but associates with protein-coding genes
slowly in vivo (83). This delay may signify the requirement for simultaneous binding to
RNAP and the leading ribosome or preferential recruitment to specific sequences in the
nontemplate DNA, as observed for RfaH (9); sequence preference has been reported for B.
subtilis NusG (147). An increase in NusG occupancy toward the end of the genes, compared
with its presumably stoichiometric levels on rRNA genes (83), suggests that NusG could be
present in several copies, perhaps recruited to RNA by NusBE or uncoupled ribosomes.

NET-seq data revealed that, in addition to frequent pausing along the genes (71, 138), E. coli
and B. subtilis RNAPs ubiquitously pause at translation initiation codons provided that the
Shine-Dalgarno sequence is also present approximately 10 bp upstream (71). The paused
RNAP covers the Shine-Dalgarno sequence and initiating codon, preventing inhibitory RNA
structures from forming but also blocking the ribosome binding. Initial NusG-NusE
interaction may position the ribosome near the RNA, facilitating the formation of the
translation initiation complex following the escape from the pause.

Rho appears to bind RNAP soon after promoter escape and closely follows the RNAP
occupancy profile on both protein-coding and structural RNA operons (83). This finding is
consistent with the proposal that Rho binds to RNAP (32) but not with the presumption that
structured RNAS can resist Rho (104). Rho-dependent termination of tRNA genes (98)
further supports this pattern. In E. coli, inhibition of Rho derepresses synthesis of many
RNAs, notably surprisingly abundant antisense transcripts (97, 136), but also leads to the
depletion of H-NS across the genome (19). The latter effect could trigger large-scale
chromosomal rearrangements (141) and contribute to silencing of foreign DNA by Rho (16),
because H-NS is also a potent silencer (1).

Super-resolution imaging revealed that in fast-growing cells, where the potential for
transcription-replication conflicts is highest, the two machineries are spatially separated,
with most RNA synthesis confined to a few foci (15, 31), in which RNAP is bound to NusA
and NusB (15). Division of the chromosome into functional clusters would help prevent
damaging collisions between the replisome and RNAP. The transcription and translation
machineries are also spatially segregated (8), but localization of isolated ribosome subunits
in the nucleoid (108) is consistent with the cotranscriptional pioneer round of translation.
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CONCLUSIONS

In the last decade, we have witnessed impressive progress in studies of bacterial
transcription. Complementary approaches, ranging from genomics to single-molecule
fluorescence, revealed fine details of the molecular mechanism and regulation of RNAP at
all stages of transcription and produced a comprehensive, even though very complex, view
of the transcription cycle. Many key questions have been answered, and others will likely be
addressed soon. However, the forthcoming answers may not be universal, particularly with
respect to regulatory features. Although all bacterial RNAPs share the catalytic core and
overall structure, they have many species-specific domains that serve as targets for
accessory factors (69). In addition, requirements for transcription regulators vary among
phyla (28, 40, 57) with some diversity, such as the absence of Gre factor homologues in
Cyanobacteria, Dictyoglomi, Fusobacteria, and Aquificae, only evident from genome
databases. Historically, most functional studies were carried out with just one RNAP, that
from E. cali, with only a few focusing on B. subtilis. Even a cursory comparison between
these two model systems revealed differential response to nucleic acid signals, NusG, and
Rho (6, 57, 147), as well as the different distribution of RNAP along the transcription units
(58, 83). A recent study revealed that Mycobacterium tuberculosis RNAP recognizes
noncanonical intrinsic termination signals, which are ignored by the E. coli RNAP, and that
RNA release is strongly potentiated by NusG, an effect opposite of that seen in E. coli (23).
These examples demonstrate that even the mechanisms that are thought to be universal need
not be and question the utility of functional predictions based on the results obtained in
model systems. The astonishing diversity of bacterial species and the dearth of data on
transcriptional regulation therein all but guarantee that studies of other divergent RNAP
systems will bring new insights into their transcription control strategies.
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Figure 1.
Structural overview of the bacterial TEC. The Bsubunit is rendered semitransparent, and the

[ subunit surface is selectively carved to reveal the path of nucleic acids through RNAP and
the active site elements. The composite TEC model was generated using elements from PDB
ID 205J and 41GC; upstream DNA and single-stranded nontemplate DNA were modeled
using data from Reference 2. The schematic and molecular surfaces were drawn using the
PyMOL Molecular Graphics System, Version 1.6.4.0 Schrodinger, LLC, and further
simplified using the computer-aided design software MeshLab, MeshMixer, Tinkercad, and
Rhinoceros 3D. Abbreviations: BH, bridge helix; CTD, C-terminal domain; NTP,
nucleoside triphosphate; RNAP, RNA polymerase; TEC, transcription elongation complex;
TL, trigger loop.
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Schematic overview of the nucleotide addition cycle. NTP binding is abbreviated into a

Page 23

111 Nontemplate DNA
111 Template DNA
111 RNA

single transition. TL folding into a triple-helix bundle with the BH is depicted as a transition
from an isolated shape into a dumbbell. Abbreviations: BH, bridge helix; NMP, nucleoside
monophosphate; NTP, nucleoside triphosphate; TL, trigger loop.
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Figure 3.
NusA and the antitermination complex. (a) Functions and distribution of NusA domains. In

archaeal and eukaryotic RNAPs, the S1 domain is part of a dissociable heterodimeric stalk
module that, like NusA, is located near the RNA exit channel. Although S1 domains are
found in many RNA-binding proteins, those of NusA and stalk subunits—RpoE (archaea),
A43 (RNAP I), Rpb7 (RNAP 1), and Rpc25 (RNAP I11)—are more similar to each other
than to translation-associated S1 domains and thus may have similar functions. (b)
NusABEG assembly (individual domains depicted as colored circles) facilitates the
transcription and folding of rRNA. (c) rRNA operon structure in prokaryotes. Abbreviations:
CTD, C-terminal domain; NTD, N-terminal domain; RNAP, RNA polymerase.
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Figure4.
Three pathways of TCR. DNA repair requires removal of the RNAP that occludes a DNA

lesion (black star) in the template DNA strand. Mfd pushes RNAP forward, releasing it
from DNA, and then recruits UvrA. UvrD pushes RNAP backward, exposing the lesion to
Uvr proteins. NusA may stabilize a backtracked state induced by RNAP recognition of
certain lesions and recruit UvrA. Following recruitment of UvrB, the repair pathway follows
the canonical NER mechanism. Structural domains of Mfd, NusA, and UvrD are indicated
by numbers; only Mfd has been studied in sufficient detail to assign its structural domains
individual roles in TCR. Abbreviations: NER, nucleotide excision repair; RNAP, RNA
polymerase; TCR, transcription-coupled repair.

Annu Rev Microbiol. Author manuscript; available in PMC 2016 October 15.



