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Abstract

The process of transcription termination is essential to proper expression of bacterial genes and, in
many cases, to the regulation of bacterial gene expression. Two types of bacterial transcriptional
terminators are known to control gene expression. Intrinsic terminators dissociate transcription
complexes without the assistance of auxiliary factors. Rho-dependent terminators are sites of
dissociation mediated by an RNA helicase called Rho. Despite decades of study, the molecular
mechanisms of both intrinsic and Rho-dependent termination remain uncertain in key details.
Most knowledge is based on the study of a small number of model terminators. The extent of
sequence diversity among functional terminators and the extent of mechanistic variation as a
function of sequence diversity are largely unknown. In this review, we consider the current state of
knowledge about bacterial termination mechanisms and the relationship between terminator
sequence and steps in the termination mechanism.
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Introduction

The mechanism of transcription termination by bacterial RNA polymerase (RNAP) has been
a focus of gene expression studies since the earliest days of bacterial molecular genetics.
Although the basic framework of both intrinsic and factor-dependent terminations (Rho-
independent and Rho-dependent terminations, respectively) has been known for many years,
the detailed molecular mechanisms by which terminators destabilize and dissociate the
elongating transcription complex [elongation complex (EC)] have remained elusive. This
uncertainty about the nature and order of molecular contacts and rearrangements is all the
more remarkable given the detailed structural knowledge on ECs now available.
Complicating this uncertainty about fundamental mechanisms, especially for intrinsic
termination, has been the need to annotate termination sites in bacterial genomes
computationally.1~11 Although vitally important to parse the burgeoning collection of
bacterial genome sequences, computational methods are limited by our knowledge on what
constitutes a validated terminator. Multiple models for the molecular basis of termination
have been posited and substantiated to varying degrees,12-16 making this an appropriate time
to review bacterial termination mechanisms.

We will focus only on intrinsic and Rho-dependent termination, which are thought to be the
principal mechanisms by which bacterial transcription units are defined and by which
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bacterial gene expression is regulated during transcript elongation. We will consider first the
molecular determinants of EC stability, since reduction in EC stability is the principal
requirement for terminating transcription. We will then describe the determinants and
mechanisms of intrinsic and Rho-dependent termination.

EC Stability and the Definition of Termination

The structure of bacterial ECs and the molecular determinants of their exceptional stability
are relatively well understood. Once RNAP has escaped the initiation phase of transcription,
it maintains a canonical set of contacts to RNA and DNA that allow it to transcribe > 104 bp
without dissociation. These include contacts to ~18 bp of not-yet-transcribed duplex DNA
downstream of the active site, an 8- to 10-bp RNA:DNA hybrid within a 12- to 14 -nt
transcription bubble, and ~5 nt of single-stranded RNA in an RNA exit channel (Fig. 1).20:21
The exit channel is separated from the main channel, which holds the hybrid, by the lid
domain. The lid covers the RNA —11 nt, which is held in a shallow pocket by weak exit-
channel contacts (Fig. 1c).1” The DNA duplex reforms as the template strand exits the main
channel, but it does not make strong RNAP contacts (Fig. 1a); single-molecule fluorescence
resonance energy transfer (FRET) in yeast RNAPII ECs places it near the clamp domain,22
and footprinting experiments confirm that upstream DNA is not protected by RNAP.23.24
Substrate nucleotide triphosphates are thought to enter the active site through a secondary
channel that is separated from the main cleft by the bridge helix. Rapid nucleotide addition
requires folding of the trigger loop (TL) into antiparallel trigger helices that pack against the
bridge helix in a three-helix bundle and contact the bound nucleotide triphosphate substrate.
Downstream DNA, the RNA:DNA hybrid, and the exiting RNA are surrounded by semi-
mobile RNAP domains called the clamp, protrusion, and lobe (Fig. 1a).

In vitro, ECs containing Escherichia coli RNAP are stabile to 1 M NaCl or up to 65 °C.25-27
This remarkable stability is attributable principally to RNAP contacts to the RNA:DNA
hybrid, 2729 but significant contributions are also made by contacts to the downstream DNA
duplex and exiting RNA.20.26

Termination occurs when these contacts are sufficiently destabilized that the rate of EC
inactivation and eventual dissociation becomes significant relative to the rate at which the
next nucleotide is added to the growing RNA transcript.39 This branched kinetic mechanism
has several important consequences. First, the rate of transcript elongation defines a kinetic
window within which termination at any given DNA position is possible. For this reason,
transcriptional pausing is thought to be the first step in a termination pathway and a
prerequisite to efficient termination. Second, true termination requires dissociation of the
EC, with release of RNA and DNA from RNAP. Some paused ECs become arrested on
DNA (i.e., transcriptionally inactivated without dissociating), v7a either backtracking of the
RNA and DNA chains through RNAP or other processes; true termination requires
dissociation of the EC. Finally, the kinetic branch between elongation and termination may
occur prior to actual EC dissociation. Formation of an inactivated EC that eventually
dissociates, rather than direct EC dissociation, may compete with elongation,3! but the
structure of the inactivated EC remains unresolved.12:32-34 Thus, termination may occur in
at least three steps: an initial pause, formation of a termination intermediate, and dissociation
of the EC.

The Intrinsic Termination Signal and Steps in the Pathway of Intrinsic
Termination

Intrinsic termination, sometimes called Rho-independent termination, refers to dissociation
of the EC caused solely by interactions of DNA and RNA with RNAP without the assistance
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of auxiliary transcription regulators. In £. coli and many other bacteria, intrinsic terminators
are found at the end of operons where they form mRNA 3’-ends and also between, within,
or upstream from genes where they can regulate transcription via attenuation. Intrinsic
terminators exhibit canonical common features and characteristics, but vary in sequence,
termination efficiency, and mechanism.

The intrinsic termination signal

An intrinsic terminator is characterized by a GC-rich dyad repeat followed by a stretch of Ts
in the nontemplate DNA strand that, when transcribed into RNA, forms a GC-rich stem—
loop structure (or hairpin) followed by a 7- to 8 -nt U-rich tract in the RNA:DNA hybrid.1:35
The downstream DNA sequence also plays a role at some intrinsic terminators.12:36.37 An
A-tract is sometimes present upstream from the hairpin, but this typically reflects encoding
of a bidirectional intrinsic terminator; addition of an A-tract does not enhance sense-strand
termination.38 The terminator hairpin and the U-tract appear to be universal features of
intrinsic terminators, but differences in exact sequence and structure cause variations in the
efficiency of termination and in mechanism.4 The intrinsic termination signal causes
dissociation of ECs in discrete steps whose order and function are now relatively well
understood: (1) a transcriptional pause, (2) hairpin nucleation, (3) EC disruption by hairpin
completion, and (4) EC dissociation (Fig. 2).

Pausing at the intrinsic terminator

In the first step of termination, a transcriptional pause halts nucleotide addition, allowing the
terminator hairpin to form while the U-tract RNA is still within the RNA:DNA hybrid. Prior
to hairpin formation, the pause is induced principally by the U-tract itself.32 Although the
intrinsic-terminator-associated pause has not been extensively dissected, studies of other
transcriptional pause signals make it highly likely that the sequences of the exiting RNA, the
nucleotides in the active site, and the downstream DNA duplex also contribute to the
duration of this pause.3%-42 An important unanswered question is whether the intrinsic-
terminator-associated pause involves backtracking; backtracking would inhibit formation of
the terminator hairpin by protecting greater amounts of RNA within the exit channel of the
paused RNAP. A U-tract preceded by GC-rich RNA is generally thought to favor
backtracking,2843 and some researchers argue that all pausing involves backtracking.4:4%
However, strong evidence for the existence of nonbacktracked pauses has been
reported.42:46:47

Terminator hairpin nucleation

Hairpin nucleation occurs by closure of the hairpin loop by one to several base pairs.38:48
This can be as fast as microseconds, but varies with sequence context; understanding of the
kinetics of hairpin formation is still in its infancy. Current understanding suggests that
multiple routes are possible, ranging from initial loop formation to initial formation of the
first few hairpin base pairs.#® Hairpin formation is likely promoted by the flap and zinc
binding domains at the mouth of the RNA exit channel.12 Upon nucleation, the stem likely
extends quickly to within 1-2 nt of the upstream end of the hybrid before encountering a
significant barrier posed by the lid domain (Fig. 1c).

An important and underappreciated contribution to hairpin nucleation is competition from
upstream RNA structures (Fig. 2). Although alternative structures that compete with a
terminator hairpin are well known from their roles in transcriptional attenuation
mechanisms,?® competing structures likely play a much more general role in limiting the
efficiency of termination. Indeed, eliminating upstream RNA structure using mild force in
single-molecule experiments or by sequestration with oligonucleotides increases termination
efficiency even when alternative structures are not obvious.14 Such competition of upstream
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RNA for hairpin nucleation likely explains reports that promoter-proximal sequence®1:52 or
complementary alterations to terminator hairpin structure38:53 can alter intrinsic termination
efficiency. Studies of termination should be constructed with care to avoid these potentially
confounding effects.

Possible role of the partially formed terminator hairpin in pausing

Once the stem extends to the lid, the configuration of the EC is remarkably similar to that of
a hairpin-stabilized, paused EC in which a hairpin in the RNA exit channel that leaves 11—
12 unpaired nucleotides in the 3”-proximal RNA is known to prolong pausing (Fig. 3).%6
The extent to which the partially formed terminator hairpin contributes to pausing at
terminators is unknown. However, it is unlikely to be essential because interactions of the
hairpin with the RNAP flap domain, which are required for hairpin stabilization of the Ais
pause, contribute only modestly to termination efficiency at several terminators tested.%®
Thus, the flap may assist hairpin nucleation or extension, but does not play an essential role
in pausing as it does at the hairpinstabilized /s pause.>6:57

EC disruption

In the next step of termination, the terminator hairpin extends to <8 nt from the terminated
RNA 3’-end. This hairpin extension melts ~3 bp of the RNA:DNA hybrid by extracting the
RNA strand from the hybrid; by rearrangements of RNAP involving the lid, the exit
channel, and the main cleft; or both.27-32 Hybrid melting disrupts and destabilizes the EC to
the point that dissociation becomes favorable; this appears to be the energetically limiting
step in termination.1# In principle, dissociation could occur by initial release of RNA
followed by bubble collapse and DNA release, initial release of DNA followed by RNA
release, or near-simultaneous release of both RNA and DNA. The order of these events,
whether they are obligatory or stochastic, and whether they are universal or differ among
terminators is unknown.

Commitment to the termination pathway

Two key questions about intrinsic termination are whether the EC becomes irreversibly
committed to termination prior to dissociation and which step in the process of termination
is rate limiting. For the Aisterminator and the A o terminator, it has been argued that
commitment occurs prior to EC dissociation.31:32 Single-molecule observations revealed
that a long-lived state unable to resume elongation forms at the /s terminator prior to DNA
release;3! this complex retains RNA until DNA release.58 A salt-sensitive “trapped”
complex has been isolated and studied at the A.zzo terminator,12:32 although it has been
suggested to be a binary RNA— RNAP complex similar to a binary complex that forms after
RNAP dissociates from the #rpL terminator.33:34

In principle, any step in the termination pathway prior to a committed intermediate can
contribute to the efficiency of termination. For instance, the rate of paused EC formation
relative to the rate of elongation past sites of potential termination may set an upper limit on
termination efficiency. Escape from the paused EC can also occur and reduce termination
efficiency. Thus, rather than a simple partition between elongation and dissociation as
envisioned by early models of termination,3 the aggregate consequence of several steps in a
termination pathway may determine overall efficiency. This may explain the complex ways
that solute concentration, supercoiling, and temperature influence termination
efficiency,2>9 but it also makes assigning sequence effects on termination complicated.
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Sequence Conservation of Intrinsic Terminators

The conservation of intrinsic terminator sequence determinants has important consequences
both for the mechanism of termination (specifically whether termination occurs by a single
pathway or by alternative pathways) and for the bioinformatic identification of terminators
in genome sequences. To illustrate the sequence conservation of intrinsic terminators, we
examined £. coliterminators catalogued in RegulonDBT.60 Because even terminators
compiled from the literature may not be experimentally verified (see below), we identified a
subset of 100 terminators that matched the predictions of the best available prediction
algorithm, TransTermHP.® These “gold-standard” terminators highlight the key sequence
features of intrinsic terminators (Fig. 3).

The terminator hairpin stem varies from 5 bp to 17 bp, with an average of ~8 bp, and
exhibits strong bias for GC at the five positions nearest the U-tract with a modest preference
for G at -3 (-1 is the 3"-most hairpin nucleotide). This is consistent with the importance of
the bottom of the stem in supplying the energy that destabilizes the EC in the final step of
termination.14.27:32 The preference for G at —3 (—10 relative to termination at U7) may
reflect the role of G at —10 in favoring pausing, presumably by formation of a 10-bp
hybrid.61.62 The terminator loops vary from 3 nt to 10 nt, with an average of ~4 (70% of the
terminators had loops of 3 nt or 4 nt). The prevalence of these so-called tetraloops in
intrinsic terminator hairpins likely reflects their ability to stabilize RNA structures.3.64

The U-tract exhibited near-universal presence of at least two Us adjacent to the hairpin, a
strong bias for U in the proximal 5-nt segment of the U-tract, and significantly greater
sequence diversity in the distal 3-nt segment of the U-tract (Fig. 3a). About half the
terminators had a perfect or near-perfect U-tract (at most one A in positions 4-8 of the U-
tract), whereas nearly all the remainder contained at least two non- U residues with at least
one C or G in the distal U-tract (imperfect U-tract; Fig. 3a). The downstream DNA sequence
exhibited marked differences in % AT for the near-perfect versus imperfect U-tract classes
of terminators. Imperfect U-tract terminators exhibited high %AT at positions +10-12,
whereas near-perfect U-tract terminators exhibited low %AT at the same positions. The two
classes of terminators exhibited the opposite sequence bias at positions +18-19. These
sequence patterns are consistent with the evidence that downstream DNA can compensate
for an imperfect U-tract at the T7 terminator36.:65 and suggest that the +10-12 region may
affect the ease of duplex melting during hypertranslocation. The +18-19 region corresponds
to a contact made by the clamp domain (+10-11 relative to the active site).1”

The Mechanism of Intrinsic Termination

Although the basic steps in intrinsic termination are relatively clear (Figs. 2 and 3), the
structural changes that destabilize and dissociate the EC and the extent to which these vary
at terminators with different sequences are at best partially understood. Although
mechanistic models have often been divided into so-called rigid-body models that
emphasize changes to the thermodynamic stability of the RNA/DNA scaffold and
conformational change models that emphasize conformational changes in RNAP, this is a
false dichotomy because changes to the structures of both the scaffold and RNAP must
occur during termination. Thus, we will instead consider what is known about these two
aspects of intrinsic termination mechanisms: structural changes in the nucleic acid scaffold
and conformational changes in RNAP.

regulondb.ccg.unam.mx
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Changes in the nucleic acid scaffold during intrinsic termination

Careful examination of the proximal U-tract using cross-linking and chemical probing
reveals that the upstream 3 bp in the RNA:DNA hybrid, corresponding to the first three
bases of the U-tract, melts upon terminator hairpin extension.2’:32 Three models have been
proposed to explain this melting: hybrid shearing, hypertranslocation, and hairpin invasion
(Fig. 2).12.14,16,27,56.66.67 |n hybrid shearing, extension of the hairpin pulls the RNA out the
exit channel by transiently breaking and reforming base pairs in the hybrid as the RNA shifts
out of register with the DNA strand. In hypertranslocation, extension of the hairpin pulls the
RNA out the exit channel but retains the register of the RNA:DNA hybrid by translocation
of both RNA and DNA without accompanying nucleotide addition. In hairpin invasion, the
hairpin extends into the main cleft of RNAP rather than pulling RNA out the exit channel
and causes hybrid melting due to steric constraints in the main cleft.

Several lines of evidence favor the hybrid shearing and hypertranslocation models and
suggest that the selection between them is governed by the ease of shearing the U-tract
versus the ease of translocating the DNA bubble. A switch between these two events was
observed in single-molecule experiments that detect the ability of force that assists or
opposes translocation to alter termination efficiency; an imperfect U-tract terminator (#qq)
exhibited force dependence, whereas as perfect and near-perfect U-tract terminators did not
(hisand Atzy).14 The imperfect U-tract g terminator is also inhibited by blocking
translocation with a roadblock or blocking DNA unwinding with a cross-link.16 These
results suggest that hybrid shearing occurs when the hybrid is weak but that
hypertranslocation becomes favorable when the hybrid is stronger. The high % AT at
positions +10-12 of imperfect U-tract terminators (Fig. 3a), which would favor
hypertranslocation, suggests a general use of hypertranslocation at imperfect U-tract
terminators. This view is consistent with findings that mismatches in the upstream portion of
the bubble inhibit termination,®® although reannealing could also occur in a hairpin invasion
model.

The key observation favoring the hairpin invasion model is the retention of a 3’-RNA-nt
cross-link to the RNAP active site in an inactivated termination intermediate formed at

A 212 Although this model would also be consistent with the lack of effect on termination
efficiency at A iz, in DNA-pulling experiments (because no translocation is involved), it is
difficult to explain why stabilization of the distal hybrid in an imperfect U-tract terminator
leads to a requirement for hypertranslocation if hairpin invasion alone can dissociate an EC.
A comparable examination of RNA 3”-end location at terminators found to hypertranslocate
and during steps between formation of the termination intermediate and EC dissociation
would be instructive.

Conformational changes in RNAP during intrinsic termination

Given that the EC is held together by interactions of flexible domains with RNA and DNA
(e.g., the clamp, flap lobe, and protrusion; Figs 1a and 2), at least some conformational
changes seem certain to occur during termination regardless of the mechanism that alters the
scaffold structure. However, the nature and role of these RNAP conformational changes is
the least understood aspect of the mechanism. The clamp domain has been observed in both
open and closed conformations,®3-"1 is postulated to close during promoter binding,’2:"3 and
should favor termination if opened. Even the initial step of transcriptional pausing is
proposed to involve some clamp movement; the TL is thought to be trapped in an inactive
configuration that is linked to nascent RNA hairpins, the hybrid, and downstream DNA
through the bridge helix and movements of the clamp.#6:56.74 A recent report on an EC with
a more open clamp conformation presumably in response to an exit channel hairpin strongly
supports this view.”! The hairpin in this structure matches the configuration of the partially
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formed terminator hairpin and the /s pause hairpin (extends to —12; Figs 1c, 2, and 3b).46:56
The inability to resolve the hairpin and the presence of the transcription inhibitor Ghfl in the
secondary channel of this relatively low-resolution structure (~4.3 A) limit interpretation of
this result, but minimally, it makes it likely that clamp opening participates both in hairpin
stabilization of pauses and in intrinsic termination.

Clamp involvement in termination is also supported by the ability of sequence changes in
the downstream DNA at the point of clamp contact and a deletion in this clamp region to
alter termination efficiency,2 as well as the bias in sequence composition at this point (+19-
21 from the U-tract or +9-11 from the active site; Fig. 3a). Clamp changes in the RNA exit
channel (e.g., deletion of the zinc binding domain),12 deletion of the flap tip,12-°6 and
changes in contacts to the RNA:DNA hybrid opposite the clamp8” also have been reported
to affect termination efficiency. At least some of these effects occur after pausing, as they
can be detected using halted ECs.12 Understanding the extent, timing, and mechanistic
importance of clamp opening is a fertile area for future study, for instance, by using FRET
and blocking movements using cross-linking.

Recently, a detailed set of conformational changes in combination with hairpin invasion has
been proposed as an “allosteric” model of intrinsic termination (although allostery is usually
defined as a change in the activity of a catalytic site caused by the binding of a diffusible
effector molecule to a distinct allosteric site).12 In this version of the hairpin invasion
mechanism, the terminator hairpin is proposed to dissociate the EC, while the RNA 3”-end
remains in the active site by sweeping across the main cleft, disrupting EC-stabilizing
contacts, and causing TL folding by direct contact to the TL.12 TL folding is proposed to
dissociate the EC. Although the energy source for this extensive hairpin motion is unclear,
the model makes several testable predictions. First, TL folding or partial folding can be
blocked to determine if it is required for termination as it is for nucleotide addition.18
Second, the model predicts a many-angstrom movement of the hairpin loop toward the
downstream DNA that should be readily detectable by FRET between probes in the hairpin
loop and the downstream DNA. Finally, since the model was generated using the A&z,
terminator sequence that does not require hypertranslocation, it would be instructive to apply
the same tests to terminators with imperfect U-tracts for which hypertranslocation is now
indicated.

Intrinsic Termination in Other Bacteria

Remarkably, most knowledge about intrinsic termination mechanisms comes from study of
a handful of terminators (e.g., A frp), with only minimal effort to sample known sequence
and structural diversity.9:6% Thus, mechanistic study of a wider variety of terminator
sequences is highly desirable. This is especially important because canonical intrinsic
terminators (Fig. 3) are absent downstream from genes in many bacteria, including
Mycobacteria, Helicobacter, Treponema, Synechocystis, Mycoplasma, and Borrelia.>38 In
many cases, other types of RNA structures can be identified after genes,® which led to the
suggestion that novel mechanisms of intrinsic termination operate in these bacteria. For two
reasons, we wish to caution against assuming that these structures operate as intrinsic
terminators, especially in bioinformatic analyses of bacterial genomes. First, even the sets of
intrinsic terminators often relied on as being experimentally validated (e.g., in RegulonDB
or in d'Aubenton Carafa et a/1) include sequences that, although near sites of in
vivoRNA3’-end formation, were identified by visual inspection and lack canonical features
(e.g., the E. coli troR and AupB terminators).50:75.76 Trye experimental validation of an
intrinsic terminator requires demonstrating the following: (1) it causes dissociation of EC
during /n vitro transcription as detected by release of RNA and DNA from RNAP; (2) it
generates terminated RNA 3’-ends before readthrough transcripts appear during
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synchronized /n vitro transcription; (3) it generates the terminated RNA 3’-ends /n vivo, and
(4) it significantly reduces synthesis of RNA downstream from the site /n vivo. Reports of
efficient intrinsic termination at noncanonical sequences do not meet all these criteria,’’~79
which are necessary because terminator-like structures in RNA may be present after genes
for many other reasons. For example, rather than causing intrinsic termination, such
structures could stabilize mMRNA against 3" exonucleases, guide processing of RNAs by
binding nucleases, mediate RNA-RNA interactions important for regulation, pause or arrest
transcription without causing intrinsic termination, facilitate termination by binding
unknown termination proteins, or guide DNA uptake in horizontal gene transfer.® To
emphasize this point, we offer two instructive examples. The £. coli trp operon contains an
“obvious” intrinsic terminator after #pA and corresponding to the 3"-end of the #p mRNA.
Nonetheless, termination is inefficient at this site and mostly occurs further downstream by
Rho-dependent termination followed by processing back to the apparent terminator.89
Similarly, the £. coli asnU gene is followed by a GC-rich hairpin and a U-tract that deviates
from consensus only by the presence of a single A between the hairpin and the U-tract.
Nonetheless, essentially all termination of asnU in vivois caused by Rho.81

Clearly, much of great interest remains to be learned about transcriptional termination in
diverse bacteria. Given the absence of obvious intrinsic terminators in some bacteria, it
seems likely that new termination mechanisms and new termination proteins will be
uncovered. However, extrapolation from existing knowledge without accompanying
biochemical study that distinguishes intrinsic termination from factor-dependent termination
and the many other explanations for the appearance of RNA structures and RNA 3’-ends
will be more confusing than illuminating. As molecular biology transitions to an era that
incorporates genome-scale data sets and computational prediction, experimental verification
becomes especially important.

Although the mechanisms of termination by archaeal and eukaryotic RNAPs are also of
significant interest, neither intrinsic nor factor-dependent termination mechanisms for
archaeal or eukaryotic RNAPs that match the bacterial paradigms have so far been
described. Commonalities in the structures of bacterial, archaeal, and eukaryotic
transcription complexes suggest that termination mechanisms must overcome similar
energetic and structural barriers. Thus, the apparent divergence of mechanisms by which
termination occurs in bacteria, archaea, and eukaryotes suggests that their termination
pathways have evolved independently.

Introduction to Rho-Dependent Termination

The key distinction between intrinsic termination and Rho-dependent termination is that the
latter requires the participation of Rho, a homohexameric ring protein that binds to the
nascent RNA transcript and then threads RNA 5°—3” through the center of the ring as an
ATP-powered translocase. Once the nascent RNA passes through the ring, Rho dissociates
RNAP from RNA and template DNA. Recent work has increased our overall understanding
of the signals and sequence elements required for Rho-dependent termination, clarified the
nature of Rho as a translocase/helicase, provided refined models for the termination process,
and suggested new possibilities for regulation by factor-dependent termination /7 vivo.

The Rho Termination Signal and Steps in the Pathway of Rho Termination
Rho binding to RNA

Rho termination is governed by sequences in the nascent RNA and template DNA that act at
three steps: (1) Rho binding to RNA and activation of translocase activity, (2) translocation
of RNA through Rho, and (3) pausing of the EC at the site of termination (Fig. 4). In the
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first step, Rho binds to C-rich unstructured RNA, which triggers the RNA-dependent
ATPase activity that powers translocation (reviewed elsewhere®3). Rho has the highest
affinity for synthetic poly(C) RNA, which maximally stimulates ATPase activity.84 Natural
Rho binding sites, which are called rut (#ho uilization) sites and lie in RNA upstream from
points of termination, are ~80 nt in length with high C content and relatively little secondary
structure.85-87 Unpaired C residues within the rutsite are important for termination, since
blocking rutwith complementary oligonucleotides or replacing rutwith highly structured
RNA greatly reduces termination.88 A consensus rutsequence is not required for
termination; DNA encoding CArich RNA or completely synthetic sequences consisting
mostly of C and T residues is sufficient to elicit termination at A i3, 89 or an otherwise non-
terminator site,% respectively, by acting as artificial sutsites. The observed depletion of G
residues from rutsites81:91 also plays an indirect role in Rho binding by making the RNA
less likely to form strong secondary structures with G:C base pairing. Sequence comparisons
of known rutsites reveal few common features (other than C-richness),%2 making
bioinformatic prediction of Rho-dependent terminators problematic. Combining high-
resolution maps of Rho termination obtained experimentally8! with genomic sequence data
may help to uncover similarities between rut sites that have previously gone unnoticed.

Structural studies have provided atomic-level views of RNA binding and subsequent
isomerization by Rho. Both crystallographic and electron microscopy results suggest that
Rho initially binds to RNA in an open, “lock-washer” conformation (Fig. 5a)?3 and then
isomerizes into a closed ring as RNA transfers to the central cavity (Fig. 5b).%4 Electron
microscopy images depict Rho hexamers in either a closed state or a “notched” state when a
short (23 nt) RNA cofactor is present.?> When larger RNAs that exceed the capacity of the
primary site (100 nt) are added, the notched population of Rho hexamers converts to the
closed state. In crystals of open Rho, RNA is bound to the N-terminal domain (NTD),
consistent with previous structural work indicating that the NTD functions as the primary or
high-affinity RNA binding site (Fig. 5a).96:97 RNA associates with a cleft in the NTD that is
only large enough to fit pyrimidines and exhibits a preferred interaction with C residues.?’
Two independent structures revealed closed forms of Rho with RNA bound to the C-
terminal ATPase domain, which contains the secondary or low-affinity binding site (not
shown; Fig. 5b).94:98 However, the RNA makes different contacts in the two structures,
confusing identification of the secondary binding site and understanding of its strict
specificity for RNA. The RNA-dependent transition between open and closed states is
hypothesized to represent a switch between RNA loading and translocation-competent forms
of Rho;% however, large-scale changes in Rho conformation may also occur during
translocation. %

RNA translocation through Rho

In the second step of Rho termination, RNA is translocated 5’—3" through the central
cavity of Rho, but it can be impeded by structural blocks, such as RNA hairpins, other RNA-
binding proteins, or ribosomes. Thus, the second component of a Rho signal is an
unimpeded RNA segment that facilitates translocation. Recent evidence suggests that Rho
may be capable of bypassing certain RNA structures by binding to the single-stranded
regions around the structure, effectively “stepping around” RNA hairpins.100 Alternatively,
the strong translocase activity of Rho, which can displace streptavidin from a biotinylated
RNA, 101 may directly melt RNA structures and displace some RNA-binding proteins.

Biochemical studies have led to several detailed models for RNA translocation through Rho
(reviewed elsewhere®2102) which can be divided into two classes that are relevant to
termination. In the tethered tracking model, rut RNA remains bound to the primary site of
Rho during translocation, 103 whereas in simple translocation models, RNA contacts only the
central cavity of Rho during translocation. A structural model of a closed Rho hexamer
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extrapolated from a dimer crystal structure minus the 65 C-terminal residues (which were
unresolved) showed RNA bound to both the primary site and the C-terminal domain (CTD);
this model is consistent with the tethered tracking model.%® However, biochemical tests
proved inconsistent with the location of RNA in the CTD,104 and a more recent closed Rho
structure reveals an asymmetric hexamer with RNA in the central cavity but not bound to
the primary site (Fig. 4b).%4 Thus, current structural data, while not excluding the tethered
tracking model, are more consistent with a simple translocation model. However, active
ATP hydrolysis by Rho increases RNA protection from nuclease digestion, 105 suggesting
that Rho could retain RNA contacts during translocation. Further study is needed to
distinguish whether RNA contacts with the primary site are lost during translocation, and if
s0, how these strong contacts are lost. One complication of some existing studies is reliance
on Rho bearing N- or C-terminal His tags, which are known to compromise Rho function in
vivor9® and in vitro 107

EC pausing at the site of termination

In the final step of Rho termination, Rho dissociates an EC halted at a pause site. Thus, the
third component of Rho termination is a pause sequence that renders the EC susceptible to
Rho termination. Several studies of natural and arbitrary sequences establish a correlation
between RNAP pausing and the positions of Rho termination.198-112 However, not all
RNAP pause sites on the DNA template function as efficient Rho termination sites,108 and
some, such as the 4/s pause, inhibit Rho termination.112 The presence of an RNA hairpin in
the exit channel at the /is pause site may interfere with RNA translocation and termination;
also, arrested and highly backtracked ECs are poor substrates for Rho termination.113
Although general determinants of pausing likely apply to pauses at Rho termination sites,
additional factors such as distance from the rutsite, stability of the EC,3 sequence of the 3’-
end of the RNA in the active site of RNAP,13 susceptibility to backtracking, and structure of
the nascent RNAL13 contribute to the efficiency of termination. This complexity further
complicates predicting sites of Rho termination based on sequence.

Kinetic coupling

Rho translocates on RNA being actively synthesized by RNAP. Termination is thought to
begin when little or no RNA remains between Rho and RNAP. Thus, competing rates of
RNA chain growth and Rho translocation dictate the likelihood of termination. This is
referred to as kinetic coupling and is supported by experiments showing that pause-
susceptible RNAPs or reduced RNAP elongation rates increase the efficiency of Rho
termination.114

Rho Association with ECs

Recent studies suggest that Rho associates with ECs /n vivo even when not engaged in
termination!1> and that Rho may bind directly to RNAP.13 Rho—EC association in vivo is
indicated by very similar genome-wide distributions of RNAP and Rho in ChIP-chip
experiments.115 Rho—-RNAP association /7 vitro is based on retention of Rho by bead-
immobilized ECs with transcripts too short to emerge from the RNA exit channel.13 In
addition, wild-type Rho fails to terminate ECs that have been pre-incubated with a
termination-defective mutant Rho, implying that mutant Rho is bound to the EC stably
enough to prevent binding of active Rho.13

Possible RNAP-Rho association /n7 vivoraises important questions. First, is Rho bound to
all ECs? The ChIP-chip assay only reports enrichment, not stoichiometry; thus, it is
currently unclear if every EC binds Rho.11® Rho is reported to be ~0.1% of the total protein
in £. coli18 corresponding to ~1400 Rho hexamers per cell. Interestingly, ~1250 of the
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13,000 RNAP molecules are in ECs;117 thus, enough Rho appears present to bind every EC.
However, if Rho can bind RNAP not in an EC, as current results suggest,13 then not every
EC would contain Rho. Better quantitation of the amount of Rho present in cells and more
direct tests for EC— Rho association /i vivo are needed.

Second, what is the function of Rho—EC association? The local concentration of Rho could
be higher, which would allow Rho to engage RNA rapidly when a rut site becomes
exposed.13 Binding of RNAP-associated Rho to rutwould cause an RNA loop to form
between the RNA exit channel and the central cavity of Rho.13 This RNA loop would then
be translocated through Rho, possibly altering the trajectory of RNA coming out of the exit
channel. When the RNA loop becomes taut, Rho could either remain bound the initial site
on RNAP or transfer to the RNA exit channel. Although this could impact the mechanism of
termination, it does not change the concept of kinetic coupling: termination requires that the
rate at which RNA is pulled through Rho still must exceed the rate at which RNAP extends
the nascent RNA chain whether the RNA loops between an RNAP-Rho complex or tethers
Rho to RNAP.

Validation of the Rho—RNAP association model requires definition of the binding
determinants on Rho and RNAP that, when altered, disrupt Rho— RNAP association and
alter Rho termination /n vivoand in vitro. Given the extensive history of Rho and RNAP
genetics, it is notable that such determinants have not been reported to date.

The Mechanism of Rho Termination

Despite major advances in understanding the structural and biochemical properties of the
Rho hexamer, the detailed mechanisms by which Rho dissociates the EC have remained
obscure. As for intrinsic termination, changes both in the nucleic acid scaffold and inRNAP
conformation are likely to occur during Rho termination. The major classes of the
mechanisms are only superficially altered by whether or not Rho is pre-bound to ECs (Fig.
4).

Changes in the nucleic acid scaffold during Rho termination

Rho is a powerful molecular motor capable of applying force through RNA translocation,101
as well as an RNA:DNA helicase;118 these activities are thought to supplant the function of
the terminator hairpin in each of the possible classes of termination mechanisms (Fig. 2). In
hybrid shearing, RNA is translocated through Rho until the RNA becomes taut, resulting in
a pulling force that indirectly disrupts the RNA:DNA hybrid.119 In hypertranslocation, Rho
exerts a pushing force that causes RNAP to translocate forward on the DNA template
without extension of the RNA chain.1® In the invasion model, the RNA 3’-end remains in
the RNAP active site, and the helicase activity of Rho is used to directly unwind the
RNA:DNA hybrid.13

For hybrid shearing, Rho must generate sufficient force to shear the RNA:DNA hybrid,119
which can be more stable than the U-tract hybrids found at intrinsic terminators. Although
Rho can generate >200 pN of force (based on its ability to displace a streptavidin bead),10
the force required to shear non-U-tract hybrids is unknown because it is greater than 30 pN
at which other linkages break in force-clamp experiments.120 Direct, single-molecule
measurements of these forces would be invaluable to test the physical plausibility of hybrid
shearing by Rho.

The hypertranslocation model is supported by the findings that Rho allows RNAP to
elongate by two additional nucleotides against a downstream roadblock and that Rho
termination is inhibited when upstream DNA strands in the transcription bubble cannot
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reanneal .15 However, it remains unknown if Rho can create a hypertranslocated EC in which
the RNA 3”-end no longer resides in the active site. Although inhibition of Rho termination
by mutations that prevent DNA reannealing in the upstream bubble is consistent with
hypertranslocation,1® less is known about the effects of downstream bubble unwinding on
termination. The hypertranslocation model predicts that inhibiting downstream unwinding
would inhibit both forward translocation by RNAP and termination, as has been observed
for some classes of intrinsic terminators. An unresolved question is whether
hypertranslocation during Rho termination is dependent on hybrid sequence in a way that
parallels the sequence dependence observed in intrinsic termination, making tests of
hypertranslocation on templates encoding different Rho-dependent terminators highly
desirable.

The invasion model is supported by cross-linking data suggesting that the RNA 3’-end
remains in the RNAP active site during termination.13 These crosslinking experiments were
performed on inactivated intermediates, which may or may not be on the termination
pathway. Interestingly, the position of RNA 3’-end cross-linking shifts slightly in the
presence of Rho, suggesting that either the conformation of protein components in the
active-site changes or the RNA 3’-end moves independent of a conformational change. The
invasion model also posits that Rho uses its helicase activity to directly unwind the upstream
end of the RNA:DNAhybrid.13 However, since the hybrid is buried within RNAP,
significant conformational changes would need to take place for Rho to have direct access to
the hybrid.

Conformational changes in RNAP during Rho termination

Most models for Rho termination are silent about potential conformational changes in
RNAP that may coincide with alterations to the nucleic acid scaffold of the EC. However,
this does not mean that hybrid shearing or hypertranslocation would occur without RNAP
conformational changes. These would be favored by the same changes discussed for
intrinsic termination (e.g., clamp opening). Further, bubble collapse, as envisioned when
forward translocation is blocked, is physically implausible without conformational changes
in RNAP.1

A specific conformational change model has been proposed in which Rho “pushes” against
the RNAP lid domain, causing clamp movement and subsequent unfolding of the TL.13 TL
unfolding is proposed to cause further clamp opening, loss of nucleic acid contacts, and
irreversible inactivation of the EC. This proposal is based on the findings that tagetitoxin,
which binds directly to the TL,17 inhibits Rho termination112 and that substitutions in the TL
enhance Rho termination.13 Interestingly, in the proposed conformational change model of
Rho termination, the unfolded TL destabilizes the EC,13 whereas in the conformational
change model of intrinsic termination, TL folding is proposed to destabilize the EC.12
Ultimately, further experiments involving alterations that stabilize, destabilize, or eliminate
folding of the TL will be needed to clarify the role of TL conformational changes in Rho
termination.

Physiological Functions and Targets of Rho

Rho termination plays a variety of roles in cellular physiology, including formation of
transcript 3’- ends, 121 prevention of persistent RNA:DNA hybrids (R-loops) that form
during transcription,122 and the enforcement of transcription and translation coupling
through polarity.123 Recent studies have added new roles for Rho termination: “silencing”
transcription of foreign (horizontally transferred) DNA,124 suppression of antisense
transcription,81 and elimination of stalled ECs that interfere with DNA replication.125
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Targets of Rho

Genome-wide analysis of Rho termination using RNAP ChlP-chip in the presence of the
Rho inhibitor bicyclomycin (BCM) revealed ~200 putative Rho termination sites in the £.
coli K-12 genome,® ~10 of which were known prior to the study (reviewed elsewhere92).
Rho termination sites were found downstream of stable RNAs, including ~1/3 of all tRNA
operons and 7 annotated small RNAs. Rho termination of stable RNAs is unexpected
because such RNAs are highly structured. One potential explanation of this result is that Rho
could bind to the unstructured “tail” regions of the stable RNA prior to processing.126
However, it is also possible that certain stable RNAs could act as aptamers that bind directly
to Rho.81 /i vitro mapping of Rho binding sites within stable RNA transcripts should help
clarify this issue.

Silencing of foreign DNA

Expression array profiling of BCM-treated cells found a general upregulation of genes
within cryptic prophages and other horizontally transferred (i.e., foreign) elements,
indicating that Rho silences transcription of these elements.124 RNAP ChlIPchip in BCM-
treated cells also identified a statistically significant association of Rho-dependent
terminators with foreign DNA.81 There are several possible explanations for this
association. First, foreign DNA may have a greater number of Rho terminators involved in
regulation, such as the &y, terminator that suppresses the induction of toxic genes in the rac
prophage.124 Second, insertion of foreign DNA into active transcription units may require
Rho termination in the foreign segments to compensate for loss of natural terminators; this is
hypothesized to occur when phage integrases remove intrinsic terminators from tRNA genes
during recombination.8! Third, suboptimal codon usage in foreign DNA could inhibit
translation and could expose rutsites in the RNA to which Rho can bind and terminate
transcription.124

Suppression of antisense transcription

Antisense transcription may be a general target of Rho termination /n vivo. Twenty-four
novel antisense transcripts were identified in RNAP ChlP-chip experiments because Rho
inhibition with BCM increased transcription in a direction opposite to the annotated gene,8?
but this number is thought to be a significant underestimate of the number of Rhoterminated
antisense transcripts due to technical limitations. Recently reported deep RNA sequencing of
E. coli detected ~1000 antisense RNA sequences.12” Rho termination is better suited to
terminate antisense transcription than intrinsic termination because coding requirements on
the sense strand make encoding an antisense intrinsic terminator problematic.81 Global,
strand-specific RNA quantification should help determine the extent of antisense transcript
suppression by Rho.

The Mechanism of Rho-Dependent Polarity

Rho termination of untranslated RNA transcripts causes polarity, which is the decrease in
expression of distal genes in an operon caused by premature stop codons or inefficient
translation in an upstream gene within the same operon. Although models for polarity have
existed for several decades, recent studies reveal added complexity in ways translating
ribosomes suppress Rho function. We will describe the two prevailing models for polarity,
Rho- ribosome competition for RNA and Rho-ribosome competition for NusG, and suggest
how they can be combined into a two-checkpoint model to detect translation failure in
mMRNAs. We note that these concepts are similar irrespective of whether Rho binds RNAP /n
Vivo.
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Rho-ribosome competition for RNA

In the RNA competition model, Rho is prevented from associating with nascent RNA in the
presence of the ribosome (Fig. 6).128 During active translation, potential Rho binding sites
on the RNA (rut sites) are occupied by the ribosome. Since RNA binding by Rho is a
prerequisite for Rho termination, physical occlusion of Rho binding sites by ribosomes
prevents Rho activation and, thus, termination. Under conditions where translation is
optimal, Rho can only bind rutsites 5” of the ribosome, and Rho termination is suppressed.
When translation slows or terminates, Rho can bind rutnear RNAP, termination occurs, and
polarity results.

Rho-ribosome competition for NusG

In the NusG competition model, Rho and the ribosome are alternate targets for the NusG-
CTD (Fig. 6). NusG is a small protein (21 kDa in £. coli) that enhances Rho termination.
NusG has two conserved domains (NTD and CTD). The NusG-NTD binds to RNAP via
interactions with the B clamp helices,12° and the NusG-CTD binds to Rho.130:131 Both
interactions with RNAP and Rho are needed for termination enhancement by NusG,12°
which increases the rate of RNA release by an unknown mechanism.13! Recent NMR
studies have found that the NusG-CTD binds to ribosomal protein S10 (also known as
NusE).130 Binding of the NusG-CTD to Rho or S10 is mutually exclusive,130 but the affinity
of NusG for Rho is much greater than that for S10 (Ksg~12 nM versus 50 UM,
respectively).130:132 The surface of S10 bound by the NusG-CTD is exposed when S10 is in
the ribosome, consistent with idea that the EC and the ribosome are physically linked by the
NusG-S10 interaction.130 If transcription is actively coupled with translation, the ribosome
binds to the NusG-CTD, which blocks the ability of NusG to enhance Rho-dependent
termination. However, if the ribosome dissociates due to a premature translation stop codon
or if translation is inefficient, Rho has access to the NusG-CTD and can cause polarity by
terminating transcription.

Several important questions remain about the NusG-based model of polarity. Due to the
large difference in affinity for NusG between S10 and Rho,130 the ribosome must remain
close to the EC to win the competition,33 or additional factors present in the translation-
coupled EC must prevent Rho association or action. Several ribosomal proteins are known
to associate with RNAP (reviewed elsewhere124)134.135 and could serve as potential
“coupling factors.” Some Rho-dependent terminators may not require NusG for efficient
termination; 136 thus, competition for NusG may be relevant only for some Rho termination
sites; other sites may be governed only by competition for rut RNA (Fig. 6).

Two-checkpoint model for polarity

A combination of the RNA and NusG competition models may operate as a two-checkpoint
mechanism, in which ribosome competition for RNA blocks Rho recruitment, and S10
binding to NusG prevents Rho dissociation of ECs. This two-checkpoint mechanism is
consistent with the known biochemical properties of NusG, in that NusG has no effect on
the binding of RNA to Rho. Because Rho must first bind RNA to act on the EC, RNA
binding would be the first of the two checkpoints. Experiments using mutants of S10 that
fail to bind to NusG will be critical in assessing the importance of the NusG-S10 interaction
to polarity.

Conclusions

The steps in intrinsic and Rho-dependent termination, the signals that provoke them, and
some of the ways they are regulated are now relatively well understood. However, the
detailed mechanisms by which changes to the nucleic acid scaffold and to the structure of
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RNAP destabilize and dissociate the EC remain under study. Strong evidence suggests an
energetic trade-off between ease of hybrid shearing and hypertranslocation at different
intrinsic terminator sequences that determines which pathway operates, but the rules that
govern this switch, the nature of RNAP conformation changes, and the mechanistic
importance of these RNAP conformational changes await further study. Rho termination
may operate by similar mechanisms, but the rules governing them and the roles of RNAP
conformational changes are even less clear. The exciting discovery of the NusG interaction
with a ribosomal protein suggests a possible two-checkpoint mechanism by which Rho
termination can halt synthesis of untranslatable mRNAs. Finally, elucidation of both
intrinsic and factor-dependent termination pathways in diverse bacteria promises to be a

fertile area for exciting and important advances in future studies of transcription termination

in bacteria. Even after 40 years, a complete understanding of termination mechanisms
remains an elusive goal.

Abbreviations used

RNAP RNA polymerase
EC elongation complex
FRET fluorescence resonance energy transfer
TL trigger loop
BCM bicyclomycin
NTD N-terminal domain
CTD C-terminal domain.
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Fig. 1.

Structure of the EC. (a) Model of EC based on a 7Thermus thermophilus EC crystal structure
(Protein Data Bank ID 205i).17 (b) Cutaway view of EC model showing locations of open
and closed conformations of the TL (Protein Data Bank IDs liw7 and 205j,
respectively)18:19 and the location of the lid separating the RNA exit and main channels. (c)
Close-up view of the RNA exit channel with the flap tip removed and the nucleotides
numbered for an EC in the pretranslocated register.
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Fig. 2.

Mechanisms of intrinsic termination. The major intermediates in the intrinsic termination
pathway are depicted in schematic form. Three alternative routes to EC disruption by hairpin
completion are depicted. The version of hairpin invasion depicted corresponds to the
specific conformational change model of Epshtein er a/12 The changes in TL conformation
in different intermediates are emphasized by color changes but remain speculative.
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Fig. 3.

Sequence features of intrinsic terminators. Canonical RNA sequences (red) are depicted
paired to a DNA scaffold with paired and unpaired nucleotides depicted as filled circles and
lines. The sequence of Az, is used to depict canonical features in the RNA, except the
hairpin loop, which is shown as filled circles and lines. (a) Configuration at the pause step,
with portions of the DNA scaffold omitted. The extent of conservation in the RNA 3’ stem
and in the U-tract is shown above the DNA as information content using WebLogo
(www.weblogo.berkeley.edu).54:55 The %AT for downstream DNA of 50 near-perfect U-
tract terminators (blue) and 50 imperfect U-tract terminators (red) selected as described in
the text is shown. The variations in %AT at positions 11-13 and 19-21 (numbered relative
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to the U-tract) are significantly different from a randomized sequence (p<0.05; £test). (b)

RNA/DNA configuration after hairpin nucleation. (c) RNA/DNA configuration during EC
disruption, with canonical terminator features labeled.
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Fig. 4.

Steps prior to Rho termination. The blue panel (left) depicts a model in which Rho binds
only to RNA 82 whereas the green panel (right) depicts an alternate model in which Rho
binds directly to RNAP.13 7zt RNA may remain bound to the Rho-NTD during translocation
(tethered tracking model), forming a loop between the primary and secondary RNA-binding
sites (shown as partially transparent RNA), or rut RNA may be released during translocation
(simple translocation model, shown as opaque RNA). Both RNA extraction and
conformational change models are possible in either pathway, as depicted in the darker
panels (bottom).
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Fig. 5.
Crystal structures of Rho. (a) The open form of Rho (1pvo) bound to AMPPNP

closed asymmetric form of Rho (3ice) bound to ADP-BeF (adenosine-5-diphosphate, an

(phosphoaminophosphonic acid-adenylate ester, an ATP analogue) and RNA.% (b) The
ATP analogue; BeF, a phosphate mimic) and RNA.%4
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Fig. 6.

Two-checkpoint mechanism to suppress Rho termination in protein-coding genes (polarity).
Competition can occur for recruitment of ruf RNA sequestered in the ribosome and for the
NusG-CTD, which binds ribosomal protein S10 or Rho. Because NusG affects Rho
dissociation from ECs but not recruitment, the two mechanisms may operate as sequential
checks to determine whether an mRNA can be translated.
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