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ABSTRACT

The largest and best studied group of regulatory small RNAs (sRNAs) in bacteria act
by modulating translation or turnover of messenger RNAs (mRNAs) through base-
pairing interactions that typically take place near the 5’ end of the mRNA. This allows
the sRNA to bind the complementary target sequence while the remainder of the
MRNA is still being made, creating conditions whereby the action of the sRNA can
extend to transcriptional steps, most notably transcription termination. Increasing
evidence corroborates the existence of a functional interplay between sRNAs and
termination factor Rho. Two general mechanisms have emerged. One mechanism
operates in translated regions subjected to sRNA repression. By inhibiting ribosome
binding co-transcriptionally, the sRNA uncouples translation from transcription,
allowing Rho to bind the nascent RNA and promote termination. In the second
mechanism, which functions in 5’ untranslated regions, the sRNA antagonizes
termination directly by interfering with Rho binding to the RNA or the subsequent
translocation along the RNA. Here, we review the above literature in the context of
other mechanisms that underlie the participation of Rho-dependent transcription
termination in gene regulation.



1. Transcription-translation coupling, polarity and Rho factor

Early work on operon function in E. coli revealed that nonsense mutations causing
the premature stop of protein synthesis in genes proximal to the promoter, often led
to a decrease in the expression of the downstream genes [1, 2]. That is the case in
the lac operon where peptide chain terminating mutations in the first structural
gene, lacZ, lower expression of the second gene, lacY. In an effort to elucidate the
basis of these polarity effects, J Beckwith isolated suppressor mutations that
restored lacY expression in strains with nonsense mutations in lacZ. He identified a
class of mutations that were unlinked to the lac operon and mapped in an unknown
locus that he named suA [3]. These suppressors remained uncharacterized for more
than a decade until Richardson and coworkers determined that suA mutations
affected the gene encoding transcription termination factor Rho [4]. JW Roberts had
identified Rho as an activity causing the arrest of RNA synthesis and the release of
transcripts from phage lambda DNA template in an in vitro system [5]. Finding that
premature termination of protein synthesis triggers Rho-mediated termination of
transcription elongation provided the first indication that translation and
transcription in bacteria are dynamically coupled. This notion has since been
confirmed by a large body of evidence. During transcription of protein-coding genes,
the lead ribosome is thought to bind to the nascent mRNA as soon as it emerges
from the RNA exit channel of RNA polymerase [6]. The ribosome then closely
follows, or even pushes [7] the transcription elongation complex becoming physically
linked to it through interactions between ribosomal protein S10 (Nusk) and
elongation factor NusG [8-10]. This tight coupling effectively shields the nascent RNA
from the action of Rho (Fig. 1A). The situation changes drastically if the mRNA carries
a mutation that generates a stop codon. Loss of ribosome shielding beyond the
mutant site leaves the mRNA exposed to the binding of Rho which replaces 510 as a
NusG binding partner and terminates transcription [11](Fig. 1B). More recently, it
was shown that transcription termination within translated regions can also occur at
sites where the newly-made RNA contains sequences that “stick” to RNA
polymerase. These RNA sequences, named iRAPs, were proposed to cause ribosomal
stalling and thus allow Rho to gain access to the nascent mRNA [12].

2. Rho mechanics, RNA binding specificity and NusG involvement

Bacteria use two main transcription termination pathways: intrinsic termination
(or Rho-independent termination) does not require any auxiliary factors and is
dictated solely by the structure of the nascent RNA. The main structural elements of
an intrinsic terminator are a CG-rich palindrome (forming a hairpin-like structure in
the nascent RNA) immediately followed by a track of uridines [11 and references



therein]. The second termination mechanism involves Rho factor. Most of the
current knowledge on the structure and function of Rho comes from work with the
E. coli protein. Rho is an RNA-binding homohexameric protein that can adopt
alternative ring-shaped conformations, one in which ring is open and slightly
distorted (i.e., ends slightly offset), the other with the ring closed [13-15]. The
hexamer is thought to initially interact with the RNA in the open conformation. The
RNA follows a crown-like path along one face of the ring contacting the N-terminal
domain of each monomer in a narrow cleft that can only accommodate pyrimidine
dinucleotides, with a preference for cytosine [16]. The overall shape of the complex
directs the RNA chain toward the center of the ring through the open gate. RNA
binding triggers a conformational rearrangement that closes the gate and traps the
RNA chain in the internal cavity [17]. Establishment of contacts between the RNA
backbone and the C-terminal helicase-like domain then activates an ATP-fueled
translocase motor [18] that allows Rho to move along the RNA chain. How Rho
actually triggers termination remains subject to debate. One model posits that the
translocase action either pulls the RNA away from the DNA-RNA hybrid in the active
site (hybrid shearing) or pushes the polymerase (hypertranslocation). Either way, the
net result is the destabilization of the elongation complex and, ultimately, the
dissociation of RNA polymerase from the DNA template and RNA transcript [11]. An
alternative model proposes that Rho invades the main channel of the elongation
complex inducing an allosteric change that alters both the geometry of the RNA
polymerase catalytic center and the stability of the transcription complex [19].

Rho binds RNA sequences that contain an excess of cytosine versus guanine
residues (a “C>G bubble”) over a region of approximately 50 to 80 nucleotides (nt)
[20]. In particular, Rho utilization (Rut) sites often contain UC and CC dinucleotide
repeats spaced every 9 to 13 nucleotides (to allow concomitant binding of multiple
subunits) and lacking secondary structures that could sequester these motifs.
Termination occurs downstream from the Rut site, within a window that can extend
as many as 100 nt from the downstream edge of the Rut sequence [21]. Extensive
variability in the size and shape of the C>G bubble has prevented establishing a
consensus sequence for Rho binding and Rut sites remain difficult to identify based
solely on sequence composition. A computational method based on multivariate
statistics incorporating information from a large number of in vitro termination
assays was recently developed and showed to have a high success rate at predicting
sequences apt to Rho-dependent termination [22]. The statistical determinants of
the method are generally consistent with the aforementioned features and
composition of Rut sites. Still, a persisting problem in Rut site definition originates
from the participation of NusG in Rho-mediated termination. NusG, a conserved
transcription elongation factor, binds Rho via its C-terminal domain when the latter
is free from the interaction with the ribosome [8, 23] (Fig. 1B). NusG binding
accelerates the transition of Rho from the open RNA-loading configuration to the



closed-ring structure required for the translocase activity [24]. In doing so, NusG
relaxes the need for a strong RNA interaction to drive the transition, allowing Rho to
act at suboptimal Rut sites that are difficult, if not impossible to predict.

Most transcription units in the E. coli genome are terminated at intrinsic
termination sites. Rho-dependent terminators account for no more than 20% of the
termination signals found at the end of genes or operons [25]. The advantage of
using one termination mechanism versus the other is not obvious. Of note is that
Rho is more often used to terminate transcription at the end of transcription units
where the next gene is in the opposite orientation [26]. Intriguingly, in most, if not
all, of these cases, the site of termination is actually within the antisense strand of
the next gene, meaning that the sequence of this gene must have evolved to contain
both coding information in the sense strand and a termination signal in the antisense
strand. Whether this arrangement confers some special features to the
expression/regulation of head-on transcription units is currently unknown. The
specialization toward targeting antisense transcription, either produced by bone-fide
promoters or by spurious promoter-like sequences within coding regions, is a
prominent feature of Rho activity in the bacterial cell [26-31].

3. Rho-dependent polarity extends the range of action of translation-targeting
SRNAs

Bacterial non-coding sSRNAs comprise a family of regulatory molecules that act by
modulating mRNA translation and/or stability through Watson-Crick base-pairing
[32-34]. The majority of sRNAs range in length between 70 and 140 nt; they are
usually primary transcription products or can sometimes result from 3’ end
processing of longer mRNA precursors [35, 36]. sRNA transcripts are generally
terminated at intrinsic terminators and thus incorporate the 3’ CG-rich stem-loop
and uridine track in their mature structure. In Gram-negative bacteria, a major group
of sRNAs require the binding of chaperone protein Hfqg for their stability and function
[37]. Hfq, a ring-shaped hexamer, binds both the sRNA and the target mRNA and
accelerates the formation of the RNA duplex [38, 39]. In addition, Hfq binding to free
SRNA protects the sRNA against degradation by masking ribonuclease recognition
sites [40, 41]. The polyU track at the 3’ end of sRNA is a major contributor to the
sRNA binding affinity for Hfg [42]. Thus, the polyU is important not only for the
biogenesis but also for the function of the sRNA, a finding that raises a number of
interesting implications that were elegantly discussed in a recent review article [43].

The first line of evidence linking Rho to sRNA-mediated regulation was obtained
during the study of the chiPQ operon in Salmonella. This operon encodes a porin for
chitin-derived sugars (ChiP) and a small lipoprotein of unknown function (ChiQ).
Expression of the chiPQ operon is strongly induced when bacteria grow using
chitosugars as carbon and nitrogen sources, but is otherwise tightly repressed [44].



Repression results from the combined action of the NagC repressor, which
downregulates but does not shut off transcription from the chiPQ promoter, and the
small RNA ChiX, which represses translation of the transcripts that escape NagC
repression [44, 45]. ChiX acts by base-pairing with a sequence in the 5’ untranslated
region (UTR) of the chiPQ mRNA, blocking ribosome binding at the chiP initiation
codon. The sRNA action is particularly efficient and results in the complete silencing
of chiP. Remarkably, ChiX also completely silences chiQ, even though the chiQ
sequence lies nearly 1500 nt downstream from the ChiX binding site in the 5’ UTR. A
genetic study aimed at elucidating the mechanism responsible for chiQ silencing,
identified three classes of mutations that restore chiQ expression in the presence of
ChiX. They included mutations in rho, nusG and in a presumptive Rut site inside the
translated portion of chiP gene, about 200 nt downstream from the initiating AUG
[46]. These findings, combined with in vitro evidence, supported the conclusion that
ChiX represses chiQ “from a distance” by promoting NusG-stimulated Rho-
dependent termination early in the chiP gene. The most likely explanation for these
effects is that by blocking ribosome binding to the mRNA, the regulatory sRNA allows
Rho to gain access to the Rut site, bind NusG at the same time, and terminate
transcription (Fig. 2). Conservation of the chiP Rut site in Enterobacteriaceae
suggests that ChiX-mediated Rho recruitment operates throughout this family. In
fact, the Rut site of the chiP gene of E. coli shows a larger C>G bubble (Fig. 3A) and a
CC/UC repeat disposition that could allow Rho to contact the RNA in two alternative
registers (Fig. 3B). Consistent with this observation, the E. coli chiP Rut site elicits
Rho termination more efficiently than the Salmonella counterpart in vivo and in vitro
and is much less dependent on NusG in vitro (Schwartz, Bossi, Figueroa-Bossi,
Boudvillain, unpublished).

A second example linking Rho to sRNA regulation has come from studying the
mechanism by which the sRNA Spot 42 (also named Spf) causes the discoordinate
expression of the galactose operon (galETKM) in E. coli. Spot 42 accumulates during
catabolite repression and specifically inhibits translation of the third cistron in the
mRNA, galK, by base-pairing with a sequence at the galT-galK boundary [47]. This
selective action that can be rationalized by the requirement for the other gene
products (notably GalE and GalT) in pathways other than galactose catabolism. A
recent study found evidence that the translational repression of galK by Spot 42
activates Rho-dependent transcription termination near the site of Spot 42 pairing
thus contributing to galK silencing [48]. Surprisingly, deleting the Spot 42 gene [48]
or overproducing the sRNA [47] had no apparent effect on the expression of the
distal cistron galM. This observation seems at odds with the Rho involvement model
and remains unexplained.

Finding an sRNA to downregulate genes that are downstream from its primary
base-pairing target within an operon is not uncommon. Does Rho contribute to
these effects? And if so, why more examples like those described above have not



been reported? A trivial answer to these questions is that in most instances, the Rho
involvement was simply not investigated, the decrease in distal gene expression
being generally assumed to result from mRNA degradation or loss of translational
coupling. Although mRNA degradation is the nearly obligatory outcome of this type
of regulation, the role of degradation in the expression of downstream cistrons is not
obvious. The untranslated portion of the mRNA is degraded as a result of the
concerted actions of RNase E that cleaves the RNA internally and exonucleases that
degrade the resulting fragments in a 3’ to 5’ direction [49]. Since no 5’-3’
exonucleases are known in Gram-negative bacteria, the downstream cistron should
escape degradation because shielded by ribosomes as soon as its ribosome-binding
site emerges from the exit channel of ARN polymerase (Fig. 4A and 4B). Unless
RNase E cleaves this sequence before the first ribosome can bind, degradation is not
expected to contribute much to polarity. The situation is different in the case of
translational coupling. The latter occurs when the translation of a cistron controls
the translation rate of the cistron that is immediately downstream. Such coupling
can result from ribosomes reinitiating translation immediately after reaching a stop
codon [50] or from ribosomes unfolding mRNA structures that occlude the
ribosome-binding site of the downstream cistron [51]. Loss of translational coupling
can thus be expected to contribute to polarity alongside Rho-dependent
transcription termination (Fig. 4C). One such example can be found in the regulation
of the dppABCDF operon encoding the major dipeptide transporter of E. coli and
Salmonella. In bacteria growing exponentially in rich medium, the small RNA GcvB
inhibits translation of the first cistron, dppA, by base-pairing with a sequence near
the ribosome-binding site of this cistron [52]. However, GcvB also downregulates the
remaining genes even though it does not bind to any place else in the polycistronic
mRNAs [52, 53]. The mechanism underlying this extended regulation was never
directly analyzed. Recently, evidence was obtained pointing to the participation of
Rho in this regulation. The evidence comes from experiments with a dppF-lacZ
fusion, originally isolated as an Hfg-regulated gene fusion in Salmonella [54] and
subsequently confirmed to be downregulated by GcvB. Expression of dppF-lacZ
increases four-fold in a gcvB[+] strain carrying a Rho mutation (Rho Y80C). In
contrast, Rho Y80C does not have any effect on dppF-lacZ expression in a strain
deleted for gcvB, suggesting that the Rho involvement is intimately linked to GecvB
activity (Bossi, Figueroa-Bossi, unpublished). The dppABCDF transcript might include
one or more Rut sites, upstream of dppF, that become exposed when dppA
translation is inhibited by GcvB. None of these sites appears to be located in dppA
itself, as the expression of a dppB-lacZ fusion did not increase significantly in the Rho
Y80C mutant (Bossi, Figueroa-Bossi, unpublished). It follows that the GecvB effects on
dppB do not involve Rho and are most likely ascribable to the loss of transcriptional
coupling due the dppA repression (Fig. 4C). One can then envision a model whereby
the loss of translational coupling contributes to transcriptional polarity by



propagating the rarefaction of ribosomes to downstream cistrons (Fig. 4D). Clearly,
this would be an economic and efficient way to coordinate transcriptional and post-
transcriptional regulatory inputs throughout the operon. The model can be
extrapolated to other GcvB targets, for example the oppABCDF operon whose
structural features closely resemble those of dppABCDF [52, 53].

4. The Rut site as a regulatory switch

Rho-dependent terminators are often found in intergenic or 5’ leader regions
where they participate in regulatory mechanisms. A paradigm for this type of
regulation is phage lambda antitermination mechanism whereby binding of N
protein to a sequence within a Rut site promotes the assembly of a multiprotein
complex that allows RNA polymerase to override the terminator and transcribe
replication genes at the onset of the lytic cycle [55]. In this regulatory architecture,
shared by many lambdoid phages, the terminator is constitutively active and
becomes silenced by the activity of one or more anti-termination factors. A different
regulatory design is found in the E. coli pgaABCD operon, which encodes proteins
needed for the synthesis and export of a polysaccharide adhesin involved in biofilm
formation. The 5’ UTR of the pgaABCD mRNA includes a Rho-dependent terminator
which is however inactive because sequestered in a secondary structure that makes
it inaccessible to Rho [56]. Upon a shift to a planktonic environment, binding of
global regulator protein CsrA to one arm of the secondary structure unmasks the Rut
site making it available for the binding of Rho. Rho-mediated termination prevents
expression of the operon (unneeded during planktonic growth) [56]. This system
provides a unique example of a protein, in this case CsrA, acting as a pro-termination
factor. Interestingly, CsrA also binds near the pgaA initiating AUG codon and it
actually does so with higher affinity than that for the upstream Rut site [57]. This
suggests that activation of the pgaABCD operon occurs gradually as a function of the
decreased CsrA availability, i.e., transcription termination being relieved first while
translation repression is still maintained. The decrease in CsrA levels, in cells moving
toward a sessile lifestyle, follows the accumulation of two non-coding RNAs, CsrB
and CsrC, that contain multiple CsrA binding sites and sequester the protein [58].

Rho participation in gene regulation comes in a variety of additional flavors. The
mechanism regulating expression of tryptophanase in E. coli [59] and three separate
Mg++ transporters in Salmonella [60-62] couples Rho activity to a translational
sensor. The leader regions of these transcripts include a short open reading frame
(orf) and are structured in such a way that if a ribosome stalls during translation of
the short orf, Rho binding to the RNA is prevented allowing transcription to read
through the terminator. In contrast, if there is no impediment to translation of the
orf, ribosome dissociation upon completion of the translational run opens a time
window in which Rho can bind to the RNA and terminate transcription. Thus, this



mechanism functions in a manner opposite to classical transcriptional polarity and
hence has been termed “reverse polarity” [63]. At the tryptophanase-encoding locus
(tnaAB), ribosomal stalling is triggered by high tryptophan levels and results from L-
Trp molecules invading the ribosomal exit tunnel and blocking the release of the
leader peptide [64, 65]. The stalled ribosome sterically hinders the binding of Rho to
an adjacent Rut site, allowing transcription to proceed into the tnaAB operon (thus
meeting the need for tryptophanase expression). In the transcripts for Mg++
transporters (mgtA, mgtB, corA), the ribosome stalls in the leader region when Mg++
is limiting, apparently due to an Mg++ requirement for peptidyl transfer at certain
codons, particularly proline [60-62]. Ribosomal stalling promotes folding of
secondary structures that interfere with the accessibility of a Rut site, favoring
transcriptional readthrough (thus meeting the need for expression of the
transporters).

Reverse polarity is also observed in the autogenous regulation of the Salmonella
tufB gene encoding translation elongation factor Tu. In this case, the slowdown of
the ribosomes, when the Tu concentration is suboptimal, creates a traffic jam in the
initial portion of the tufB orf that favors formation of a secondary structure that
occludes a Rho binding site [66]. The resulting transcriptional deattenuation restores
optimal TufB levels. In contrast, if Tu levels are too high, rapid displacement of the
initiating ribosome allows the 5’ UTR to fold (before the next ribosome can bind) into
a structure with the Rut site accessible, leading to premature termination of
transcription [66].

In a yet different scenario, Rho activity has been linked to the functioning of a
flavin mononucleotide (FMN) riboswitch in E. coli. FMN binding to the 5’ UTR of the
E. coli ribB gene, coding for a riboflavin biosynthetic enzyme, was found to stimulate
Rho-dependent termination within the ribB leader region in vitro [67]. This
observation, combined with the finding that Rho inhibition by the drug bicyclomycin
(BCM) causes ribB expression to increase in vivo, has led to the proposal that RNA
remodeling by FMN creates a functional Rut site [67]. Since the FMN-bound form of
the riboswitch also blocks ribB translation by masking the ribosome-binding site [68]
a non-mutually exclusive possibility is that translational repression uncovers Rho
binding sites in the protein-coding portion of the mRNA leading to premature
termination. This was shown to be the case in the regulation of the thiM riboswitch,
which controls the expression of genes involved in the synthesis of thiamin
pyrophosphate (TPP). The TPP-bound form of the riboswitch inhibits translation of
the thiMD mRNA (by sequestering the ribosome-binding site) and in doing so
exposes a Rut site in the initial portion of the thiM coding region, leading to
transcription termination in the window between codons 20 and 34 [69]. In contrast,
in the TPP-sensing riboswitch of the thiCEFSGH operon (also involved TPP
biosynthesis), the Rut site lies entirely within the untranslated region and is
accessible to Rho in the TPP-bound conformer. Transcription terminates near the



initiating AUG. Although TPP-bound conformer also represses thiC translation, this
appears to be a secondary, fail-safe mechanism to prevent expression of transcripts
that escape termination [70].

5. Regulatory sRNAs as antiterminators

Long 5’ untranslated regions are expected to be potential targets for Rho action
due to the lack of ribosomal shielding in the nascent RNA. Indeed, a genome-wide
survey found that transcripts with 5’ UTRs longer than 80 nt were overrepresented
among RNAs whose levels increased in E. coli cells treated with BCM [71]. One of the
BCM-responsive transcripts was from the rpoS gene encoding the general stress
response/stationary phase sigma factor SigmaS. This suggested that the rpoS leader
region might contain one or more Rho termination sites, a guess readily confirmed
by in vitro transcription analysis with purified Rho protein [71]. The rpoS mRNA has a
particularly long leader sequence (567 nt) initiating at a promoter within the
upstream nlpD gene [72]. This region includes an extensive stem-loop structure that
occludes the ribosome-binding site of rpoS and causes the rpoS mRNA to be poorly
translated. Any of three different Hfg-dependent sRNAs (DsrA, RprA, ArcZ),
synthesized in response to different stress conditions, were previously known to
activate rpoS translation by base-pairing with a sequence in the upstream arm of the
inhibitory stem and disrupting the structure [73, 74]. Finding the most prominent
Rho termination sites in vitro to map in close proximity of the sRNA target sequence
prompted a study assessing whether the sRNAs affected the termination
mechanism. This work confirmed that all three sSRNAs antagonize Rho function in the
rpoS leader region [71]. Thus, the sRNAs act at two levels: promoting transcriptional
readthrough and, at the same time, stimulating translation of the readthrough
transcripts. The authors proposed that the sRNAs either interfere with Rho loading
onto the RNA or with the subsequent translocation step [71]. In the latter scenario,
the bound sRNA would act as a “speed bump” causing Rho to stall long enough to
allow RNA polymerase to escape ahead (Fig. 5). Alternatively, the sRNAs might
promote formation of secondary structures that mask the Rut site or expose
sequence motifs that inhibit Rho action [75]. All of the above mechanisms could be
further potentiated by the presence of Hfq, which is known to have multiple contact
points in the rpoS leader RNA including a (AAN), repeat [76]. It is significant in this
respect that Hfg has been shown to associate with Rho and mediate antitermination
at Rho-dependent terminators both in vivo and in vitro [77]. Additional lines of
evidence suggest that the ability of the three sRNAs to act as antiterminators is not
limited to rpoS but applies to other putative mRNAs targets [71]. More generally,
one can speculate that interfering with Rho activity is a widespread strategy
employed by sRNAs to function as positive regulators.
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A recent study on the regulation of a CRISPR-Cas locus of Pseudomonas further
supports the above conclusion. CRISPR-Cas loci direct the synthesis of an adaptive
immune system that protects bacteria against infection by phages and other mobile
genetic elements [78]. The CRISPR moiety comprises an array of short repeated
sequences intercalated with unique sequences, (called spacers), that originate from
the invader genome. The CRISPR-associated (Cas) genes encode the protein
machinery involved in spacer capture and surveillance [78]. CRISPR arrays are
transcribed in the form of a polycistronic precursor subsequently processed into
small RNAs (crRNAs) that guide a Cas-encoded nuclease (in a complex with other Cas
proteins) to the corresponding sequence (called the protospacer) when present in
the invader genome and to promote its cleavage [79]. The structure and
organization of the Cas genes as well as the number and relative orientation of the
associated CRISPR arrays vary extensively even among isolates of the same bacterial
species. Pseudomonas aeruginosa strain P14 carries two CRISPR arrays, CRISPR-1 and
CRISPR-2, flanking the Cas gene cluster [80]. Recently, a high throughput search for
sRNAs that might regulate CRISPR expression identified two sRNAs base-pairing with
complementary sequences within the leader sequence of CRISPR-2 RNA precursor
[81]. One of them was the sRNA PhrS previously known as a quorum sensing
regulator in Pseudomonas. Further analysis revealed that PhrS activates CRISPR-2
transcription by preventing Rho-dependent termination in the CRISPR-2 leader
region. Like in the rpoS regulation above, it is not clear whether the mechanism
underlying PhrS action involves Rut site occlusion or inhibition of Rho translocation
(Fig. 5). Regardless, PhrS antitermination activity appears critically important for
CRISPR-2-mediated immunity. Deleting the phrS gene caused the Pseudomonas
strain to become sensitive to infection by a phage normally targeted by a CRISPR-2
spacer suggesting that loss of PhrS completely prevents expression of the CRISPR-2
array; in contrast, the phrS-deleted strain remained resistant to a CRISPR-1-targeted
phage [81]. The PhrS sRNA was originally characterized due to its ability to
upregulate the pgsR gene encoding the activator of a quorum-sensing pathway in
Pseudomonas [82]. PhrS stimulates translation of pgsR mRNA via a base-pairing
interaction that engages the same seed sequence, the so-called creg motif, used for
CRISPR 2 antitermination [82]. The recent demonstration that quorum sensing
controls Pseudomonas aeruginosa CRISPR-Cas adaptive immunity [83] makes PhrS
involvement in CRISPR-Cas regulation all of the more intriguing and interesting.

A further example of sRNA-mediated antitermination is found in the rho gene
itself. In E. coli, Rho negatively regulates transcription of its own gene by terminating
transcription at multiple sites within the 5’ UTR and the initial translated portion of
rho mRNA [84]. A similar feedback mechanism operates in Salmonella where finding
that strains with rho mutations overproduce Rho protein suggests that a substantial
level of termination occurs constitutively during the growth of wild-type cells [28]. A
recent study identified rho as a regulatory target of the small RNA SralL in
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Salmonella. SralL forms a base-pairing interaction with a 12 nt sequence
approximately in the middle of the 255 nt long rho leader RNA. The interaction
antagonizes Rho termination in the region and results in overproduction of full-
length rho mRNA [85]. The SralL target sequence lies within a putative Rut site,
suggesting that Sral directly competes with Rho for RNA binding. The biological role
of the Sral action remains enigmatic. The sSRNA accumulates in the stationary growth
phase at a time when the rho mRNA is virtually undetectable [85]. Thus, SralL
participation in rho regulation at this stage seems unlikely. Perhaps Sral is also
induced under transient stress conditions that the Rho autogenous control
mechanism might be slow in adapting to. For example, if a given stress negatively
affects rho promoter activity, some time would be required before Rho protein
levels are diluted enough to relieve attenuation. Sral could provide a quick way to
compensate for a sudden drop in the transcription initiation rate by promoting
transcriptional readthrough at the rho attenuator.

6. Rho-mediated regulatory mechanisms in Gram-positive bacteria

Most of the current understanding of Rho function and its involvement in gene
regulatory mechanisms comes from studies with model Enterobacteria E. coli and
Salmonella. In Gram-positive bacteria, relatively little is known concerning the
details of Rho-dependent termination possibly because the protein, deemed non-
essential, was not considered as relevant as in the Gram-negative group. For
example, as early as in the nineteen seventies, it was already known that some
Gram-positive bacteria are naturally resistant to the Rho inhibitor bicyclomycin [86].
The lack (or limited) impact of rho inactivation in representative species from both
the Firmicutes and Actinobacteria taxa [87-89] also contributed to this idea.
Furthermore, the rho gene is absent from branches of Firmicutes (most notably
Streptococci) [90] where Rho-dependent termination is thus not a regulatory option.
However, the reductive view of Rho function in Gram-positive bacteria has been
reconsidered after finding that Rho is in fact essential in some relevant
Actinobacteria (Micrococcus luteus, Mycobacterium tuberculosis) [29, 91] and that
rho gene inactivation can affects cell differentiation programs in Streptomyces
lividans [87] and Bacillus subtilis [27] or virulence gene expression in Staphylococcus
aureus [92]. Furthermore, the S. aureus Rho protein can functionally replace E. coli
Rho in complementation assays [89] and the Rho proteins from both S. aureus and B.
subtilis are sensitive to bicyclomycin [89, 93]. Finally, recent transcriptomic studies
conducted in B. subtilis [27], S. aureus [30], and M. tuberculosis [29] have revealed
that rho inactivation causes genome-wide pervasive (mostly antisense) transcription
in these species, a pattern remarkably similar to that found in E. coli [26] and
Salmonella [28] despite significantly divergent genome organizations/compositions
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(e.g., GC contents of ~33% for S. aureus, ~43% for B. subtilis, 50-52% for E. coli and
Salmonella, and ~66% for M. tuberculosis).

The increasing recognition of the importance of Rho function in Gram-positive
bacteria parallels our growing perception of the richness of RNA-based regulatory
landscape and RNA degradation machinery in this bacterial group [94-96]. Given the
high frequency of regulatory events involving 5’ UTRs in B. subtilis [95], it is tempting
to speculate that Rho-dependent and RNA-based regulatory mechanisms are
intimately connected in Gram-positive bacteria as well. A recent study of the FMN
riboswitch in Corynebacterium glutamicum lends support to this idea. In this species,
expression of the riboflavin transporter ribM gene is controlled by an FMN
riboswitch located in the ribM leader. The conformation adopted by the riboswitch
in presence of its FMN ligand increases the susceptibility of the ribM mRNA towards
degradation by RNase E/G but also promotes transcription termination through a
Rho-dependent mechanism [97]. Furthermore, work in Bacillus subtilis has shown
the participation of Rho-dependent transcriptional polarity in gene regulation. In the
trpEDCFBA operon, binding of the regulatory protein TRAP to the 5’ UTR of the
mMRNA (in the presence of excess tryptophan) promotes the formation of an array of
secondary structures that attenuate transcription (by a Rho-independent
mechanism) and block trpE translation in transcripts escaping attenuation [98]. The
translational repression, besides disrupting trpE-trpD translational coupling, allows
Rho to access the nascent transcript and cause polarity on the expression of the
downstream genes [99]. By extrapolation, it seems reasonable to predict that the
translation-targeting sRNAs will similarly cause transcriptional polarity in
polycistronic mRNAs.

The predicted link between Rho and regulatory sRNA is likely to take novel twists
in Gram-positive bacteria in light of their peculiarities as far as the role and/or mode
of functioning of key auxiliary players are concerned. For instance, protein Hfq
appears dispensable for sSRNA-mediated regulation in Firmicutes [100, 101]. The DNA
chaperone H-NS, which contributes to Rho-dependent termination at multiple loci in
E. coli and Salmonella [26, 28] is absent in Firmicutes [102]. The contribution of NusG
to Rho-dependent termination could also be different in the Gram-positive group.
This possibility stems from the observation that while NusG reduces hairpin-
dependent pausing and does not affect intrinsic termination in E. coli [11], it has
opposite effects in B. subtilis [103] or M. tuberculosis [104] where it stimulates
hairpin-dependent pausing and intrinsic termination, respectively. Finally, one
should note that about one third of the Rho sequences available in databases exhibit
a distinct feature consisting of a large polypeptide insertion in the N-terminus [90].
This feature is notably prevalent in (yet not exclusive to) the Actinobacteria phylum.
Biochemical studies of the Rho factors from M. luteus and M. tuberculosis revealed
that the arginine-rich insertion domain potentiates the capacity to utilize RNA [105,
106]. Rho variants lacking this domain are no longer able to deal with highly
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structured transcripts (characteristic of GC-rich Actinobacteria transcriptomes) and
to mediate promoter-proximal termination. In other species such as Clostridium
botulinum, the insertion domain confers mysterious prion-like properties [107, 108].
Taken together, these observations call for further investigation and suggest that the
study of RNA-mediated regulation in Gram-positive bacteria could well represent a
fruitful area for Rho research in the years to come.
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Legends to the Figures

Fig. 1. Mechanism of transcriptional polarity. (A) During transcription of a protein-
coding gene, the leading ribosome is physically connected to the transcription
elongation complex via the interaction between ribosomal protein S10 and the C-
terminal domain of NusG. The close proximity of the ribosome to RNA polymerase
prevents Rho factor from gaining access to the nascent RNA. (B) If protein synthesis
stops prematurely due to a nonsense mutation, the nascent RNA is no longer
covered by the lead ribosome. Rho can load onto the first encountered Rut site
(yellow dots) and promote termination through a step stimulated by the interaction
with the C-terminal domain of NusG.

Fig. 2. Small regulatory RNA promotes Rho-dependent termination. sRNA base-
pairing with a complementary sequence in the 5’ UTR of the target mRNA occludes
the ribosome-binding site. No longer shielded by the lead ribosomes, the Rut site
(yellow dots) becomes accessible to the binding of Rho, which terminates
transcription.

Fig. 3. (A) Cytosine / Guanine frequencies in the initial portion of chiP mRNA from
Salmonella and E. coli. The C>G bubble (red arrow) corresponds to the Rut site. (B)
Nucleotide sequences of the Rut site. The CC/UC repeats that make up the Rut site
are highlighted in yellow. Brackets denote 11-12 nt spacing between the repeats,
consistent with the binding of four adjacent Rho subunits (which could be sufficient
for productive Rho-Rut interaction [13, 22]). Note that the sequence from E. coli
contains two alternative sets of appropriately spaced repeats (Blue and Purple
brackets). The bars above the sequences mark the positions of the 3’ ends of the
most prominent in vitro termination products with Rho alone (black bar) or with Rho
and NusG (red bar). No termination occurs with the Salmonella template in the
presence of Rho alone.

Fig. 4. Models for the effects of sRNA repression on a polycistronic transcript.
Depicted are the first two cistrons of a hypothetical polycistronic mRNA. (A) In the
absence of the sRNA, translation of cistron 1 is unhampered and stimulates
translation of cistron 2 (translational coupling). This stimulation results from two
mechanisms: i) ribosomes translating cistron 1 remove higher order structures that
occlude the ribosome-binding site of cistron 2; ii): ribosomes reaching the end of
cistron 1 can reinitiate translation of cistron 2. (B) In the presence of an sRNA
blocking cistron 1 translation, the nascent RNA, no longer protected by ribosomes, is
cleaved by RNase E and further degraded by 3’ to 5’ exonucleases. As transcription
elongation continues, the ribosome-binding site of cistron 2 will emerge from the
exit channel of RNA polymerase. Unless RNase E cleaves this sequence before
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ribosomes can bind to it, cistron 2 will continue to be translated. (C) Repression of
cistron 1 translation by the sRNA causes the nascent mRNA to fold into higher order
structures that occlude cistron 2 ribosome-binding site. Cistron 2 will no longer be
translated. (D) Repression of cistron 1 translation by the sRNA disrupts the
translational coupling between cistron 1 and cistron 2. A Rut site in cistron 2
becomes exposed. Rho binds to this site and terminates transcription. All of the
downstream cistrons are no longer expressed. Note that the three models above are
not mutually exclusive. In particular, the untranslated portions of cistrons 1 and 2
mRNA in C and D will likely undergo degradation as depicted in B.

Fig. 5. Model for antitermination by sRNA. (A) The sRNA target sequence is part of
the Rut site. The sRNA competes with Rho for binding to the RNA. If the sSRNA binds
first, formation of the sRNA:mRNA duplex prevents Rho binding and results in
antitermination. (B) The sRNA target sequence is immediately downstream from the
Rut site. Rho can load onto the RNA but its subsequent translocation is hindered by
the presence of the sSRNA:mRNA duplex. The bump gives RNA polymerase enough
time to move ahead and exit the termination window.
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