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A large group of bacterial small regulatory RNAs (sRNAs) use
the Hfq chaperone to mediate pairing with and regulation of
mRNAs. Recent findings help to clarify how Hfq acts and high-
light the role of the endonuclease RNase E and its associated
proteins (the degradosome) in negative regulation by these
sRNAs. sRNAs frequently uncouple transcription and transla-
tion by blocking ribosome access to the mRNA, allowing other
proteins access to the mRNA. As more examples of sRNA-me-
diated regulation are studied, more variations on how Hfq,
RNase E, and other proteins collaborate to bring about sRNA-
based regulation are being found.

Post-transcriptional Regulation by Small Noncoding
RNAs in Bacteria

The idea that RNAs could function as regulators of gene
expression has been around since the earliest studies of gene
regulation. In their seminal paper entitled “Genetic Regulatory
Mechanisms in the Synthesis of Proteins”, Jacob and Monod
originally hypothesized, “The specific ’repressor’ (RNA?), act-
ingwith a given operator, is synthesized by a regulator gene” (1).
Although the repressor in the case of the lac operon turned out
to be the Lac repressor protein, the later discovery of small RNA
(sRNA)3 regulators confirmed their original hypothesis.
Currently, examples of this form of gene regulation are wide-

spread among organisms. Here, we will focus on pairing sRNAs
in bacteria and, specifically, those that are often termed trans-
encoding sRNAs. These RNAs are expressed from the DNA in
trans, i.e. the sRNA genes are far from the genes encoding their
mRNA target(s) and have limited complementarity with their
target mRNAs. These bacterial sRNAs typically range in length
from �50 to 300 nucleotides. Many of these sRNAs are highly
expressed when cells are undergoing some type of stress (for
instance, oxidative stress, sugar phosphate accumulation, or
nutrient starvation). The sRNAs base pair with their mRNA
targets, leading to a variety of outcomes. Base pairing can lead
to stabilization and/or translational activation of anmRNA tar-
get. Usually, activation occurs by base pairing within the

5�-UTR, changing folding of the 5�-UTR to allow entry of the
ribosome and translation to occur (reviewed in Refs. 2 and 3).
Another mode of action by sRNAs ultimately leads to transla-
tional repression and/or degradation of anmRNA target. In the
majority of characterized cases, an sRNA base pairs at or
around the ribosome-binding site (RBS) of an mRNA target.
This leads to inhibition of translational initiation and, in most
cases, the subsequent destabilization of the target. Negative
regulation can also occur in other ways, as discussed below.
Degradation of the mRNA target reinforces the translational
repression and makes it irreversible.
In many bacteria, an RNA chaperone, Hfq, is required for

efficient base pairing between an sRNA and its target mRNA
(reviewed in Ref. 4). In this minireview, we will focus on recent
advances in understanding sRNA-mediated negative gene reg-
ulation in Escherichia coli and Salmonella enterica. More spe-
cifically, we will focus on the variety of pathways that lead to
sRNA-mediated degradation of specific mRNA targets and
how Hfq engages the various proteins associated with these
pathways.

Hfq and Its Role in sRNA-mediated Regulation

Originally identified in E. coli as a host factor required for the
efficient replication of the RNA bacteriophage Q� (5), Hfq is
now understood to function as an RNA chaperone within bac-
terial cells. Hfq has been characterized as a member of the con-
served RNA-binding Lsm (like-Sm)/Sm-like protein family
found in eukaryotes, bacteria, and archaea. In eukaryotes, the
Sm and Lsm proteins have been implicated in many functions,
including roles in mRNA splicing, RNA decapping, and RNA
stabilization (reviewed in Refs. 6 and 7). This protein family is
characterized as forming a ring-like multimeric complex that
binds RNA. The eukaryotic Sm proteins generally form hetero-
multimeric rings, whereas the bacterial Hfq proteins character-
ized thus far are homomultimeric.
In recent years, Hfq has gained much attention after it was

shown to play a critical role in sRNA-mediated gene regulation.
It is required for efficient stabilization and annealing of sRNAs
to their mRNA targets (reviewed in Refs. 7 and 8). Homologs
have been found in �50% of sequenced bacteria (9). Although
the mechanism by which Hfq facilitates these interactions
remains unclear, crystal structures in complex with RNA mol-
ecules and in vitro analyses have shed some light on its multiple
RNA-binding surfaces. The Staphylococcus aureus Hfq crystal
structure in complex with a uridine-rich aptamer revealed that
RNA winds around the central cavity of the ring structure on
one face of Hfq termed the proximal face (Fig. 1A) (10). A crys-
tal structure of E. coli Hfq in complex with a poly(A) aptamer
demonstrated that the face opposite to that where poly(U)
binds, termed the distal face, preferentially binds adenine-rich
sequences (11).
In vitro studies have confirmed that mutants in the proximal

face disrupt binding of uridine-rich sequences (12). The proxi-
mal facemay be the site for initial sRNA interactions. One basis
for this interaction may be the Rho-independent terminators
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with polyuridine tails characteristic of these sRNAs. It has been
demonstrated in vitro that Hfq has a strong affinity for stem-
loops followed by a run of uridines (13–15). However, internal
binding sites for Hfq have also been identified in many sRNAs,
including OxyS (16), DsrA (17), RyhB (18), and RybB (19). A
recent study on SgrS (15) further characterized this internal
binding motif; in addition to the Rho-independent terminator,
SgrS also required an internal U-rich sequence flanked by a
stem-loop for stable binding to Hfq and subsequent sRNA-me-
diated regulation. The study found that this motif is present in
a large portion of the currently characterized sRNAs, suggest-
ing more extensive interactions between Hfq and sRNAs.
Recent tests with mutant Hfq proteins indicated that these
interactions are abrogated orweakened uponmutation of prox-
imal site residues; these same mutations lead to reduced sRNA
accumulation in vivo, consistentwith loss of tight binding to the
sRNAs (20).
Studies on the distal face of Hfq have further characterized it

as a site for poly(A) binding and, more specifically, for mRNA
interactions (12, 21). The distal face has a strong affinity for
mRNAs containing anARN-bindingmotif, in which R is purine
and N is any base (11). The requirement for an ARN motif for
Hfq binding and subsequent sRNA-mediated gene regulation
was first reported with the DsrA mRNA target rpoS (22). Later
studies confirmed the importance of this motif and its role in
sRNA regulation (23–25). In addition, mutations in the distal

face binding residues disrupt positive regulation and some neg-
ative regulation (20).
Recently, a third site for interaction has been characterized,

termed the lateral surface or the rim of the Hfq ring. This sur-
face harbors a positively conserved patch that has been impli-
cated in sRNA binding. It has been suggested that this third
interaction sitemay play an important role in the stepwise asso-
ciation with sRNAs that eventually leads tomRNA binding and
dissociation from Hfq (21),4 and this model is supported by in
vivo studies of regulation in rim mutants (20).
As noted above, the mechanism by which Hfq facilitates

sRNA-mRNA interactions remains unclear. One current
hypothesis for the role of Hfq in the cell is to increase the local
concentration of the RNAs and thereby increase the likelihood
of base pairing. This requires that a givenHfq hexamer bind the
appropriate pair of sRNA and mRNA.
Alternatively (or in addition), Hfq may facilitate base pairing

by restructuring the RNAs to take on more favorable confor-
mations for interaction (7, 27). Both (or yet othermodels) could
apply in different cases. Regardless, further experiments will be
required to elucidate the mechanism by which Hfq facilitates
these RNA-RNA interactions.
Although Hfq is an abundant protein, recent studies suggest

that there is competition for binding to Hfq (28–30). Each Hfq

4 S. Panja and S. A. Woodson, manuscript in preparation.

FIGURE 1. Important protein players in sRNA-mediated gene repression. A, faces of Hfq for RNA interactions, illustrating the proximal face of Hfq (orange)
bound to sRNA (green), the distal face of Hfq (purple) bound to an mRNA target (blue), and the rim of Hfq (red), shown to have interactions with some sRNAs. The
currently understood function of each face in sRNA-mediated regulation is summarized at the bottom of each panel. B, organization of the RNA degradosome
in E. coli. The endonuclease RNase E consists of two domains. The N-terminal domain (residues 1–529) resembles RNase G and contains the catalytic site of the
enzyme. The C-terminal domain (residues 530 –1061) serves as a scaffold domain with which the other components of the degradosome associate to form an
active complex. These components and the residues at which they have been shown to interact with RNase E are shown. Interactions of Hfq with RNase E
regions closer to the C terminus have also been suggested. See text for references.
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hexamer appears to bind one sRNA and one mRNA at a time
(31).

Introduction to the Degradosome and Its Role in sRNA
Regulation

Studies of proteins that facilitate the role of Hfq in sRNA-de-
pendent negative regulation have focused on RNase E and its
role in degradation of target mRNAs (32–35). The N terminus
of RNase E encodes an essential endonuclease. RNase E cuts
RNAs at single-stranded regions and is important for both
mRNA degradation and processing of some structured RNAs.
The C terminus of RNase E acts as a scaffold for the binding

of several proteins, including the RNAhelicase RhlB, the 3�–5�-
exoribonuclease polynucleotide phosphorylase (PNPase), and
the glycolytic enzyme enolase (36). The resulting complex of
proteins is referred to as the degradosome. RNase E itself is
active as a tetramer, and thus, it can be imagined that different
subunits of the tetramer may interact with different auxiliary
proteins. After endonucleolytic cleavage, PNPase helps to
degrade RNAs further by its exonucleolytic activity, and the
RhlB helicase is believed to help PNPase deal with secondary
structures in RNA targets (reviewed in Ref. 37). Thus, these
three proteins provide a machine for the stepwise degradation
of RNAs. The role of enolase in this complex is not understood.
In addition, the C-terminal scaffold domain has two arginine-
rich domains involved in RNA binding (termed ARRBD and
AR2) (Fig. 1B) (reviewed in Ref. 38).
RNase E was first shown byMassé et al. (39) to be important

for the coupled degradation of RyhB and its target sodBmRNA;
it is also necessary for the rapid degradation of RyhB that occurs
in the absence ofHfq. Either heat inactivation of a temperature-
sensitive RNase E or replacement of rne with an allele that
expresses RNase E lacking the C-terminal scaffold domain (Fig.
1B) inhibits degradation of sodB (39). Subsequent studies have
shown that RNase E catalyzes degradation of other target
mRNAs after sRNA pairing and that the C-terminal scaffold
domain of RNase E is required for degradation of thesemRNAs
(35, 40–42). In addition, Hfq has been found to interact with
the scaffold domain of RNase E (Fig. 1B; discussed below) (35).

Multiple Pathways for Negative Regulation

Through bioinformatics and experimental approaches, many
Hfq-binding sRNAs were identified in E. coli and S. enterica
serovar Typhimurium.One particularly powerful approach has
been to isolate Hfq from cells and analyze both the bound
sRNAs and mRNAs that are presumably targets for these
sRNAs (43–45). Although computational approaches tomatch
sRNAswith their targets are available, these programs still miss
many targets and return many false positives. Target mRNAs
have been identified for many of these sRNAs by two general
experimental approaches. One is to monitor the change in
abundance or the turnover of the target mRNA; this approach
has been used to identify targets in microarray experiments
following short-term overexpression of the sRNA or after
expression of the sRNA in response to the natural inducing
signal (46, 47). The second approach has been to create a trans-
lational fusion of GFP or lacZ to a gene of interest and to mon-

itor the effect of deleting or overexpressing a set of sRNAs on
this translational fusion (see, for instance, Refs. 48 and 49). Both
of these approaches have identifiedmRNA targets that are neg-
atively regulated by sRNAs. Characterization of themechanism
bywhich the sRNA leads to the down-regulation of these target
mRNAs has revealed that there are multiple pathways for
sRNAs to cause degradation of their target mRNAs.
Pairing of the sRNA with a target mRNA can result in trans-

lational inhibition by blocking theRBS or ribosome-loading site
(Fig. 2B). Even binding of an sRNA early within the first few
codons of an mRNA can block translation (50). For several
sRNAs and their mRNA targets, translational inhibition in the
absence ofmRNAdegradation is sufficient for the negative reg-
ulation of gene expression, and cleavage of themRNAbyRNase
E is a subsequent step. For example, pairing of the SgrS sRNA
with ptsGmRNA is sufficient to inhibit translation even if deg-
radation of the ptsGmRNA is blocked (in an rnemutant). How-
ever, in a wild-type strain, pairing subsequently leads to degra-
dation of the mRNA (51, 52). In a similar fashion, RyhB pairing
with the sodB mRNA leads to inhibition of the translation of
SodB whether or not the mRNA is degraded (52).
Is translational inhibition by an sRNA and the resulting

absence of ribosomes on the mRNA sufficient to lead to degra-
dation of the mRNA by RNase E? Normally, transcription and
translation are tightly coupled inE. coli, and thus,mostmRNAs
may be covered with ribosomes soon after they emerge from
RNA polymerase (Fig. 2A) (53, 54). There is a variety of evi-
dence suggesting that blocking translation generally increases
mRNA degradation, presumably because RNase E is able to
bind to sites in themRNA that would otherwise be protected by
translating ribosomes (Fig. 2B) (reviewed in Ref. 2). However,
there is also evidence that inhibition of translation is not always
sufficient, suggesting that pairing has a second important role
in recruiting RNase E. For ptsGmRNA, translational inhibition
of the ptsG mRNA by addition of the translational inhibitor
kasugamycin does not lead to destabilization of this mRNA
unless SgrS is expressed (52). This suggests that pairing of SgrS
with the ptsGmRNA leads to active recruitment of RNase E for
degradation. Similarly, for RyhB regulation of sodB, a specific
RNase E site far from the site of pairing was found to be neces-
sary for sodB degradation, and blocking translation by inserting
a stop codon early in the ORF was not sufficient to recruit
RNase E; pairing by RyhB significantly improved RNase E-de-
pendent cleavage (55).
Another consequence of sRNA-dependent decoupling of

translation from transcription is exemplified by the regulation
of the chiPQ mRNA by ChiX. The sRNA ChiX pairs with a
region of the chiPQ mRNA that encompasses the RBS of chiP
(56). Pairing of ChiX with the chiPQ mRNA leads to termina-
tion of the transcription of themRNA by decoupling transcrip-
tion and translation and therefore allowing entry of Rho onto
the mRNA (Fig. 2B) (57). As a result, the downstream gene is
not transcribed. This mechanism of negative regulation by
decoupling of transcription and translationmay be particularly
important for polycistronic mRNAs.
Negative regulation of gene expression by an sRNA does not

always result from translational inhibition. In S. enterica sero-
var Typhimurium, theMicC sRNAbinds far downstreamof the
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start codon of ompD, which encodes an outer membrane pro-
tein. Binding of the sRNA does not disrupt translation of the
ompD mRNA by ribosomes but leads to mRNA degradation
(Fig. 2C) (41). The mechanism by which MicC stimulates deg-
radation of the ompDmRNA has been recently elucidated. The
cleavage of mRNAs by RNase E is stimulated by a monophos-
phate at the 5�-end of the sRNA. Bandyra et al. (58) have shown
that, after pairing with the ompD mRNA, the 5�-monophos-
phate on MicC stimulates cleavage of the ompDmRNA. Stim-
ulated cleavage requires pairing between the sRNA andmRNA.
This type of regulation presumably allows RNase E to recognize
target mRNAs that would otherwise lack an ideal RNase
E-binding site. Regulation of lpxR by the MicF sRNA is also
partially dependent on stimulation of RNase E cleavage, in this
case, by changes in the folding of the lpxR mRNA upon MicF
binding (59).

Interaction of RNase E with Hfq May Be Important for
RNase E Recruitment

The regulatory examples discussed above all imply recruit-
ment of RNase E as a result of sRNA-mRNA pairing. Thus, it
might not be surprising if RNase E and Hfq interact directly. In
fact, several co-immunoprecipitation studies have found that
Hfq interacts with RNase E and other components of the degra-
dosome, although whether this interaction is direct or via RNA
(or both) remains unclear (33, 35, 60–62).
By co-immunoprecipitation experimentswith crude extracts

or purifiedHfq andRNase E,Hfqwas found to bind to a peptide
composed of residues 711–844 of RNase E, and this interaction
still occurred after treatment with RNases (35). These results
suggest that the interaction between Hfq and RNase E is direct
and not indirect through RNA. Consistent with an important
site in this region, deletion of residues 701–845 of RNase E

FIGURE 2. Mechanisms of sRNA-mediated regulation. A, the coupling of transcription by RNA polymerase (green) and translation by the ribosome (blue) in
the absence of sRNA regulation. Growing evidence suggests the possibility of interactions between RNA polymerase and the ribosome to ensure coupling (see
text). B, sRNAs can block ribosome entry by pairing with sequences at or near the RBS of the mRNA. Pairing of the sRNA with the target mRNA is facilitated by
Hfq (orange). As a result of blocking ribosome binding, the sRNA can decouple transcription and translation. Arrow 1, the unprotected mRNA may then be
subject to cleavage by RNase E (yellow). Arrow 2, in addition to access to RNase E, the untranslated RNA can also provide a binding site for Rho (purple), leading
to transcription termination. C, alternatively, sRNAs may induce cleavage of the mRNA by recruiting RNase E, causing mRNA cleavage without inhibiting
translation. Recruitment of RNase E may be through interactions with Hfq, the RNAs, or both.
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caused a defect in regulation of the ptsG mRNA by SgrS (35).
This deletion removes the region of RNase E containing the
RhlB-binding site and an arginine-rich domain (AR2) involved
in RNA binding but leaves the other arginine-rich binding
domain (ARRBD) intact. Consistentwith the idea that RhlB and
Hfq occupy similar sites onRNase E, independent of RNAbind-
ing, overexpression of RhlB resulted in a decrease in the amount
of Hfq bound to RNase E, and Hfq was pulled down with an
RNase E derivative containing only the first 750 amino acids,
lacking the AR2 domain but containing the ARRBD (35). These
experiments do not rule out the possibility that either the
ARRBD or AR2 domain is sufficient to bind Hfq through RNA.
Ikeda et al. (35) also noted that Hfq is likely to interact with

RNase E at multiple sites, even if the site they identified is crit-
ical for regulation. These additional interactions may help to
explain contrasting results obtained byWorrall et al. (62), who
demonstrated in vitro that purified Hfq bound to a C-terminal
fragment of RNase E from residues 628 to 843 but that this
interaction did not occur unless RNA was present. This region
does contain the two arginine-rich RNA-binding domains (Fig.
1B), and it is possible that the indirect binding of RNase E toHfq
by RNA can occur at lower Hfq concentrations than the direct
binding reported by Ikeda et al. (35). It is certainly possible that
both protein-protein interactions and RNA-mediated interac-
tions take place in vivo. Future experiments should clarify this
situation, but the data all point to an association of Hfq and
RNase E that plays a role in negative regulation.

PNPase May Block RNase E Recruitment of Hfq-bound
sRNAs Prior to mRNA Pairing

As discussed above, Hfq interacts directly or indirectly with
the C-terminal scaffold domain of RNase E. In addition, degra-
dation of the sRNA and target mRNA after pairing has been
shown to require the C-terminal scaffold domain (35, 40–42).
Together, these results suggest that Hfq may deliver the sRNA
and targetmRNA to the degradosome after pairing. If this is the
case, what prevents Hfq from delivering the sRNA to the degra-
dosome before the sRNA pairs with the mRNA?
For some sRNAs, PNPase blocks recruitment of Hfq-bound

sRNAs by RNase E (42, 63). PNPase is a 3�–5�-exoribonuclease
that catalyzes the decay of RNAs via a nucleophilic attack of the
phosphodiester backbone with an inorganic phosphate.
PNPase can also catalyze the reverse reaction, adding ribo-
nucleotides to RNA, under conditions of high nucleotide
diphosphate and low phosphate concentrations. PNPase can
associate with the C-terminal scaffold domain of RNase E and
with Hfq (32).
Two recent studies have shown that PNPase can protect

sRNAs from premature degradation by RNase E (42, 63). In
both studies, deletion of pnp resulted in a decreased stability of
several sRNAs. Deletion of pnp also resulted in the abrogation
of sRNA-dependent regulation, presumably because the sRNAs
were unable to accumulate (42). In the absence of PNPase, these
sRNAs were degraded by RNase E prior to pairing with target
mRNAs. Premature degradation of sRNAs in the absence of
PNPase required recruitment via the C-terminal domain of
RNase E because deletion of this domain increased the stability
of sRNAs in a pnp mutant (42). Presumably, it is Hfq-bound

sRNAs that are recruited to the C-terminal scaffold domain of
RNase E in the absence of pnp.
It is not yet clear whether PNPase protects only a subset of

Hfq-dependent sRNAs from premature degradation or pro-
tects them only under some conditions. PNPase also contrib-
utes to degradation of sRNAs, as expected for an exonuclease,
although these data reflect studies done in stationary phase,
whereas the studies in which PNPase protected sRNAs were
done during exponential growth. Viegas et al. (64) demon-
strated that PNPase is important for degradation of two sRNAs,
theHfq-dependentMicA sRNA and theHfq-independent SraL
sRNA in S. enterica serovar Typhimurium, in stationary phase.
It was also found that PNPase is critical for the degradation of
MicA and RybB sRNAs, again during stationary phase, because
deletion of pnp increased their stability in E. coli (65). It appears
that PNPase degrades sRNAs that are not bound toHfq because
the effect of a pnp deletion in stabilizingMicA sRNAwasmuch
greater in an hfq mutant (63). RyhB and SgrS accumulated to
higher levels, and their stability was modestly higher in an hfq
pnp double mutant compared with the stability in an hfq or a
pnp single mutant, particularly in stationary phase (63). This
result is different from that found in exponential phase in our
studies (42). A possible explanation for the increased degrada-
tion of these sRNAs in the hfq� pnp� strain is that PNPase acts
as a polymerase, extending the 3�-tail of the sRNA and thus
providing a foothold for 3�–5�-exoribonucleases, including
PNPase itself; this polymerase activity is significantly increased
in the absence of Hfq (32). PNPase may also act by regulating
access of the sRNA to RNase E, known to degrade sRNAs in the
absence of Hfq (39), protecting them when they are bound to
Hfq and accelerating their recognition and/or degradation by
RNase E in the absence of Hfq.
This was not the first evidence supporting a role of pnp in

protecting RNAs from degradation. In a genome-wide expres-
sion profiling experiment, deletion of pnp was shown to result
in a significant increase in the expression of �500 mRNAs, as
might be expected if PNPase was important for degradation of
these RNAs (66); some of these increasesmay also reflect failure
of sRNA-based negative regulation. However, deletion of pnp
also led to a substantial decrease in the expression of 140 genes,
suggesting the possibility that PNPase also protects many
mRNAs from degradation, directly or indirectly (via failure of
sRNA positive regulation, for instance) (66). Our studies of
mRNA targets of sRNA regulation also support a decrease in
the steady-state level of some mRNAs in pnp mutants (42).
Consistent with this idea of PNPase being able to protect RNAs
from degradation, Briani et al. (67) showed that overexpression
of the ribosomal protein S1 results in stabilization of mRNAs
and that this stabilization requires PNPase. This is intriguing
because S1 bindsRNAwith a similar sequence specificity asHfq
and clearly carries out RNAchaperoning activities independent
of the ribosome (reviewed in Ref. 68). One could imagine that
PNPase regulates the accessibility to RNase E of RNAs bound to
both of these proteins. Although many of the details of how
PNPase affects sRNA trafficking remain unexplored, these
studies all suggest that Hfq, PNPase, and RNase E interact with
each other in ways that have significant effects on the fate of
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both sRNAs and theirmRNA targets and that reflect previously
unsuspected roles for PNPase (42, 66, 67).

Conclusions, Comparisons, and Future Directions

sRNA-dependent regulation is now well established in bac-
terial cells. The list of Hfq-dependent sRNAs in E. coli and
S. enterica serovar Typhimurium is large, and each sRNA has
multiple mRNA targets. Although these sRNA-mRNA pairs
share dependence on some common machinery (primarily
Hfq) for regulation to occur, it is becoming increasingly clear
that there are many variations on how regulation actually
occurs. These variations are helping us to understand more
about how translational regulation in general can occur.
One important insight is the impact of the usual coupling of

transcription and translation and how uncoupling this affects
the ability of sRNAs to act (Fig. 2). The uncoupling of transcrip-
tion and translation that underlies the ability of both RNase E
and Rho to access the mRNA makes clear the important role
that competition between sRNAs and ribosomes plays in trans-
lational regulation, and thus, ribosomes and their ability to load
on a given mRNA must be considered as important compo-
nents of the sRNA-dependent regulatory network. The growing
understanding of ribosome occupancy on different mRNAs
(see, for instance, Ref. 69) will help in unraveling these issues.
Other protein participants in sRNA trafficking seem likely to be
discovered in the near future. The complex interactions of the
translation apparatus, the mRNA degradation apparatus, and
the sRNAs themselves are likely to take longer to unravel.
To what extent do findings for bacterial sRNAs mirror our

understanding of the eukaryotic microRNAs (miRNAs) and
siRNAs (reviewed in Ref. 70)? In their mature form, miRNAs
function as 21–23-nucleotide RNAs that can bind their target
through imperfect complementarity, usually in the 3�-UTR,
leading to gene silencing. For silencing to take effect, the
mature miRNA must be presented to its targets in the context
of a set of proteins called the RNA-induced silencing complex
(RISC). The first job of RISC is to take the pre-miRNA exported
from the nucleus and process it to a mature single-stranded
miRNA. This task presumably is not essential for bacterial
sRNAs that are frequently, if not always, active in their unpro-
cessed form.
At the core of RISC are a glycine-tryptophan repeat-contain-

ing protein of 182 kDa (GW182) and the Argonaute protein
(Ago), which includes domains for nucleic acid binding and a
PIWI domain that has ribonuclease activity. RISC loaded with
an miRNA can then bind to an mRNA target through RNA-
RNA interactions. Presumably, RISC is important to stabilize
and present the very short miRNA, a role that Hfq also plays
with its longer sRNA substrates. RISC is also directly involved
in the outcome of pairing/recruitment. If perfect complemen-
tarity exists between the miRNA and mRNA target, then
annealing can induce endonuclease activity by Ago, and subse-
quent degradation of the target can occur. In the case of imper-
fect complementarity to a target mRNA, miRNA-mediated
translational repression and/or subsequent deadenylation and
decapping will occur, leading to mRNA decay (reviewed in Ref.
26). Ago proteins both present the sRNA to the mRNA and
serve as the platform to recruit factors for RNAprocessing. Hfq

and RNase E may serve in similar capacities, with Hfq certainly
promoting pairing.Weunderstand less about howHfqpresents
the paired RNAs to RNase E and how the RNase E scaffold acts
to recruit other players.
As foundwith bacterial sRNA-mediated repression,multiple

pathways of miRNA-mediated translational repression have
been characterized, blocking initiation in multiple ways or, in
some cases, blocking translation beyond initiation (reviewed in
Ref. 70). For eukaryotic mRNAs, there is certainly no direct
coupling of transcription and translation, but the coupling of
maturation of mRNA and translation is achieved by the direct
communication of the poly(A) tail with the initiation of
translation.
It seems clear that prokaryotes and eukaryotes have evolved

different machineries to process and present regulatory RNAs,
but these sRNAs facilitate similar outcomes, well regulated
control of translation, using machinery that is sensitive to the
state of themRNAand its ability to be translated and that can be
tuned in multiple ways to fit the physiological requirements.
Therefore, future lessons learned in eukaryotes may also hold
true for prokaryotes and vice versa: what is true for an elephant
may actually be true for E. coli.
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