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Abstract 

Bacterial small RNA s (sRNA s) are key regulators of gene expression, interacting with target messenger RNAs (mRNAs) through imperfect 
base pairing. Unlike other non-coding RNAs such as microRNAs and PIWI-interacting RNAs, bacterial sRNAs exhibit significant sequence and 
str uct ural diversity, complicating functional predictions. Recent high-throughput profiling of the sRNA interactome has accentuated this problem 

b y re v ealing a highly comple x netw ork of sRNA interactions. It is clear that there is an incredible diversity of sRNA interactions with different 
RNA classes in vivo , including different interaction modes with mRNAs. In this re vie w, w e attempt to summarize the known sequence and 
str uct ural feat ures that contribute to sRNA function in bacteria. As many of these features drive recruitment of protein partners, we necessarily 
focus on interactions with chaperones and ribonucleases, the best studied being Hfq and RNase E. Where possible, we have included examples 
outside this well-studied system as diversity and rule breaking appear to be central themes of sRNA biology. Understanding the sequences and 
str uct ures that drive sRNA function will enhance our ability to predict regulatory outcomes, and this ma y inf orm the de v elopment of effectiv e 
RNA therapeutics that are inspired by bacterial sRNA mechanisms. 
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 diversity of regulatory RNA classes in a wide phylogeny
ave been described that control RNA through sequence-
pecific base pairing with target RNAs. Several classes of reg-
latory RNA, including eukaryotic microRNA (miRNA) and
IWI - interacting RNA, as well as the single guide RNA central
o the CRISPR–Cas9 system, have very well-defined length,
tructure, and sequence requirements that promote interac-
ions with protein partners and present specific nucleotides
or target pairing [ 1 , 2 ]. Often, the target spectrum and func-
ion can be predicted from the sequence with relative confi-
ence. Conversely, bacterial regulatory small RNAs (sRNAs)
xhibit remarkable sequence and structural diversity, compli-
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cating the prediction of their function in comparison to other
classes of RNA [ 3 , 4 ]. For this class of RNA, sequence and
structural diversity is de rigueur , and functional predictions
routinely produce false positives. 

Recent high-throughput profiling of the sRNA interactome
has accentuated the problem. It is clear that there is an incred-
ible diversity of sRNA interactions with different RNA classes
in vivo , including different interaction modes with messenger
RNAs (mRNAs). The lack of restrictions placed on sRNAs by
their interaction partners, coupled with a lack of clearly de-
fined functional categories, contributes significantly to their
sequence and structural diversity. In this review, we aim to
summarize our current understanding of the sequence and
025. Accepted: June 10, 2025 
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structural features of sRNAs that contribute to interactions
with binding partners and functional outcomes. 

In recent years, a number of new mechanisms of sRNA ac-
tion have been identified, many acting on processes beyond
translation initiation and ribonuclease recruitment [ 5–9 ]. Sim-
ilarly, it is now appreciated that regulatory sRNA can be gen-
erated through processing of longer transcripts or transcrip-
tion of sub-regions of genes [ 10 ]. In the interest of space, this
review does not cover the multitude of sRNA mechanisms or
diversity of new locations that sRNAs can be found within the
transcriptome. 

As more sophisticated algorithms become available to in-
terrogate ever-increasing amounts of high-throughput data,
our hope is to provide a summary of sRNA features that con-
tribute to function and might be incorporated into predictive
models, or for the design of synthetic gene regulators. 

Sequences and structures that functionalize sRNAs 

Several algorithms have been developed to predict sRNA in-
teractions by constraining predictions based on base-paring
patterns between the seed region of the sRNA and the target
site of the mRNA. These predictions commonly use free en-
ergy ( �G ) as a proxy for interaction strength and functional
relevance. Some algorithms also restrict predictions based on
a minimum number of consecutive base pairs, RNA accessi-
bility, restricting seeds to Watson–Crick base pairs, or evolu-
tionary conservation [ 11–15 ]. All of these variables have been
suggested from case-by-case analysis of functional sRNA–
mRNA pairs or extrapolated from the more extensively stud-
ied miRNA systems, where the functional determinants of
miRNA seeds have been more exhaustively explored and are
better understood. Recently, machine learning has been ap-
plied to sRNA prediction that uses the features above and lo-
cal sequence features like k -mer frequency [ 15 , 16 ]. 

The strength of base pairing between sRNA and mRNAs
is often used as a proxy for predicting the functionality of
sRNA–mRNA interactions, with several studies demonstrat-
ing a correlation between �G of these pairs and their func-
tion. While this serves as a useful indicator, it is clear that
many strong interactions (low �G ) are not functional, while
weaker interactions (higher �G ) have clear effects on gene
expression. Faigenbaum-Romm et al . recently used RNA-seq
and RNA interaction by ligation and sequencing (RIL-seq) to
identify parameters that more accurately differentiate func-
tional sRNA–mRNA interactions from non-functional ones
[ 17 ]. The authors found that while �G is not a reliable proxy
for function, hybrid read count (the frequency of interactions
detected by RIL-seq), and Hfq binding were able to segregate
functional and non-functional interactions reasonably well.
These findings indicate that local Hfq binding is an important
driver of sRNA function but several other factors, including
local sequence motifs, RNA structure, base-pairing patterns,
and protein interactions, are likely important and are explored
below. 

sRNA binding to the RNA chaperone, Hfq 

The sRNA chaperone, Hfq, plays a critical role in facilitat-
ing the activity of many sRNAs in Gram-negative bacteria by
increasing the kinetics of sRNA–mRNA annealing to biolog-
ically useful rates [ 18 ]. Hfq binding is also important to sta-
bilize many sRNAs. Canonically, Hfq recruits mRNAs to its
distal face, sRNAs to the proximal face, and facilitates an in- 
teraction between the RNAs at the rim (or lateral) sites [ 19 ]. 

The distal face of Hfq in Esc heric hia coli accommodates 
a repeated ARN motif, where A represents adenine, R any 
purine (adenine or guanine), and N any nucleotide, typically 
with one repeat per Hfq monomer and three or more repeats 
overall [ 20 ]. Maximal binding is achieved with a repeated 

AAN n motif [ 21 ]. The Shine–Dalgarno (SD) sequence is neatly 
accommodated within this motif, which is consistent with it 
being a major target for sRNA repression. In vitro , the A-rich 

distal site motif can facilitate sRNA pairing when positioned 

both 5 

′ and 3 

′ of the seed region, but is slightly more efficient 
when positioned 3 

′ of the seed [ 22 ]. In contrast, using cross- 
linking and immunoprecipitation sequencing (CLIP-seq), Hfq 

was found to preferentially bind 5 

′ of mRNA target site in 

vivo [ 23 ]. sRNAs were found to have preferential binding 3 

′ 

of the target site, a result that was also reported in pathogenic 
E. coli [ 6 ] and predicts that Hfq is ‘sandwiched’ between the 
mRNA (bound 5 

′ of the target site) and sRNA (bound 3 

′ of 
the seed), positioning the complementary sequence at the rim 

for annealing (Fig. 1 , left). This in vivo preference is also seen 

in Hfq RIL-seq data where the mRNA is more frequently first 
(5 

′ ) in the chimeric read and sRNA second (3 

′ ) [ 24 ]. The lat-
ter authors rationalize that the sRNA 3 

′ OH end is obstructed 

by proximal face binding (see below) and not available for 
ligation, so it may bias the chimeric reads towards this order. 

The Hfq distal binding site is often closely associated with 

the mRNA target site [ 6 , 25 ] and restricting predictions of 
sRNA complementarity to the Hfq footprint has been one ap- 
proach to filter for functional sRNA–mRNA interactions in 

silico [ 26 ]. In many cases, the distal ARN n motif overlaps with 

the mRNA target region, suggesting a mechanism whereby 
pairing of the sRNA would envelop the ARN n binding mo- 
tif in a duplex and promote dissociation of the sRNA–mRNA 

duplex from Hfq [ 6 ]. 
The proximal face of Hfq binds to poly-uridine tracts 

and can accommodate an RNA 3 

′ OH end at the central 
‘pore’ [ 27 ], making intrinsic terminators the major binding 
targets for the proximal face. Given the relative ubiquity of 
intrinsic terminators on bacterial transcripts, how Hfq specif- 
ically recognizes subsets of sRNA terminators has been an 

open question. Using CLIP-seq to compare Hfq binding sites 
with the sRNA chaperone ProQ (discussed below), Holmqvist 
et al . demonstrated that the poly(U) tract of Hfq-bound sR- 
NAs was longer than ProQ targets, suggesting that the length 

of the poly(U) may influence proximal face binding [ 28 ]. This 
study mirrors results demonstrating that the length of the 3 

′ 

poly(U) tract influences Hfq and ProQ binding to sRNAs and 

mRNAs such as SgrS, RyhB, malM 3 

′ -UTR, and cspE [ 29–31 ].
Hfq also encodes a disordered C-terminal tail that varies in 

length depending on the species. The disordered tail does not 
contain an RNA-binding motif, but its acidic tip is thought 
to mimic nucleic acid interactions with the arginine-rich rim,
thereby providing competition and increasing specificity [ 32–
34 ]. By providing competitive interactions with the rim, the C- 
terminal is thought to promote dissociation of sRNA–mRNA 

duplexes from Hfq. Interestingly, deletion of the C-terminal 
tail significantly reduces RydC binding to Hfq, suggesting that 
the flexible C-terminal may also help ‘fish’ for substrates by in- 
creasing the molecular encounter radius [ 35 ]. Alternative roles 
for the C-terminal domain in promoting G-quadruplex for- 
mation [ 36 ] and membrane insertion [ 37 , 38 ] have also been 

proposed. 
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Figure 1 . Sc hematic representation of ho w sRNA can bind Hfq. (L eft panel) Class I sRNA encodes f or a poly(U) tail that binds to the Hfq pro ximal f ace 
(red sticks) and UA-rich motif that binds to the lateral rim (green sticks). (Central panel) Class II sRNAs also contain a poly(U) tail but instead of a UA-rich 
motif they contain an ARN motif that binds to Hfq distal face (blue sticks). (Right panel) RNA sponges act similarly to Class II sRNAs but regulate other 
sRNAs rather than mRNA targets. The Hfq str uct ure (PDB: 1HK9) [ 128 ] is represented in a yellow mesh format. 
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RNA binding to Hfq rim site positions the sRNA 

eed for mRNA interactions 

any sRNAs also have internal uridines that are thought to
ontact the arginine-rich rim binding site of Hfq [ 39 ], poten-
ially positioning the sRNA seed for base pairing with mRNA
argets bound to the distal face (Fig. 1 , left). Structural analy-
is of the RydC–Hfq complex indicates that an internal U-rich
otif 3 

′ of the sRNA seed interacts with the positively charged
im of Hfq to present the last four nucleotides of the seed in an
xtended conformation [ 35 ]. The nucleotides extending from
he rim of Hfq are positioned to initiate base pairing with a
arget mRNA presented on the distal side of Hfq. Mutation of
hese nucleotides is likely to have a disproportionately large
ffect on sRNA–mRNA duplex disruption and likely explains
he importance of the seed core (discussed in the next section).

The important role of an internal U / A-rich region in sRNA
nteraction with the Hfq rim site has been demonstrated for
 number of sRNAs, including Spot42 [ 40 ], MicA [ 41 ], SgrS
 29 ], OxyS [ 42 ], and DsrA [ 43 ]. A UU dinucleotide motif
ocated immediately upstream (5 

′ ) of a structured stem re-
ion was also identified at Hfq cross-linking sites within sR-
As by in vivo UV cross-linking and sequencing (CRAC) in
athogenic E. coli [ 6 ], further supporting its important role in
fq binding in vivo . 
For many sRNAs, it is likely that a U-rich motif adjacent

3 

′ ) to the sRNA seed is important for Hfq rim binding and
resentation of the seed to mRNAs on the distal face. In the
ase of SgrS, a U-rich motif positioned between an internal
tem-loop and the 3 

′ end of the seed regions was found to en-
ance stability and target repression [ 29 ]. Similarly, systematic
utation and Sort-seq analysis found that U182 downstream
f the SgrS seed region is required for function [ 44 ]. 
Additional evidence for the importance of internal uridines

n sRNA function has also been found in Vibrio harveyi [ 45 ].
n the sRNA Qrr4, U43 and U44 are positioned adjacent to the
sRNA seed and are required for function, even though they are
not part of the sRNA seed sequence. These internal uridines
are also likely to interact with the rim motif of Hfq to position
the sRNA seed for mRNA interactions. 

While most mRNA target sites are closely associated with
distal face binding motifs, a significant number of target sites
are positioned far downstream of the Hfq binding sites, which
would seem to be problematic for target site presentation at
the rim [ 25 ]. For these distant sites, it has been proposed that
the positively charged rim allows scanning of downstream U-
rich sites that induce compaction of the mRNA and draw dis-
tant sites into proximity of the sRNA seed [ 25 ]. 

Alternative Hfq interaction modes have also been de-
scribed. Those sRNAs that bind the proximal and rim sites
are termed Class I sRNAs, but exceptions exist that have been
classified as Class II sRNAs (Fig. 1 , central panel). Using a se-
ries of point mutations in the distal, proximal, or rim binding
sites, the Storz and Gottesman labs demonstrated that ChiX,
CyaR, MgrR, and McaS bound both the proximal and distal
surfaces of Hfq [ 46 ]. These sRNAs contain both poly(U) tails
that occupy the proximal face and ARN n motifs that bind the
distal face. Because Class II sRNAs occupy the distal face, their
target mRNAs bind the rim of Hfq and carry U-rich sequences
upstream of the mRNA target site [ 46 , 47 ]. Class II sRNAs are
generally more stable and are not degraded with their mRNA
targets [ 48 ]. Their stability and ability to interact with both
faces of Hfq allow Class II sRNAs to exert pleiotropic effects
on the sRNA network by sequestering Hfq [ 48 ]. 

sRNA sponges represent another class of sRNA that devi-
ate from the Class I binding pattern involving proximal / rim
binding (Fig. 1 , right). Sponges target other sRNAs rather than
mRNAs. While many sponges have now been described, rela-
tively little has been documented on their interactions with
Hfq. Malecka et al . demonstrated that the sRNA sponges
AgvB and 3 

′ ETS leuZ associate with both the proximal and dis-
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tal faces, similar to Class II sRNAs [ 49 , 50 ]. The cryo-electron
tomography (cryo-EM) structure of 3 

′ ETS leuZ in complex with
Hfq and PNPase also indicates that the sponge makes Class II
contacts with Hfq [ 50 ]. Both AgvB and 3 

′ ETS leuZ have short
poly(U) tails. Extension of the U-rich 3 

′ end of AgvB enhanced
proximal face binding and target sRNA annealing, suggesting
that proximal face binding is a mechanism to tune the strength
of target RNA silencing [ 49 ]. Like Class II sRNAs, AgvB in-
teracts with an sRNA that is predominately associated with
the rim of Hfq, in this case GcvB [ 49 ]. 

This raises the interesting question of how Class II sRNAs
and sponges—that do not bind the rim—present the seed for
base pairing. For sRNA sponges, distal face interactions have
been proposed to anchor the sRNA 5 

′ end and position the
seed region for base pairing with target RNAs at the rim
[ 49 ]. A similar role for distal face binding might also be ex-
pected for Class II sRNAs that do not utilize the rim for seed
presentation. 

sRNA–mRNA base pairing initiates at a seed core 

Several studies have demonstrated that not all base pairs in
the seed duplex contribute equally to sRNA function. High-
density libraries of single nucleotide mutations have been gen-
erated for the sRNAs Qrr4, SgrS, DsrA, and RyhB using a
Sort-seq approach to map the nucleotides that contribute to
target repression [ 44 , 45 , 51 ]. In the sRNA Qrr4 and SgrS,
a ‘core’ region of ∼5 nt has been identified within the seed
region where single nucleotide changes dramatically reduce
sRNA function. This core region is likely presented in an ex-
tended conformation at the rim of Hfq (discussed earlier) to
nucleate the interaction with an mRNA target site. For exam-
ple, in V. harveyii , the sRNA Qrr4 was shown to control quo-
rum sensing and regulates multiple mRNA targets through an
18-nt seed region. Only five individual nucleotides within the
seed region appear to be essential for regulation of the mR-
NAs luxR or luxO (i.e. single point mutations disrupt sRNA
function) [ 45 ]. 

A similar result was found for the sRNA SgrS in E.
coli , where only three nucleotides within the 3 

′ end (G176–
G178) of the predicted 20-nt seed region [ 52 ] are individ-
ually required for SgrS repression of ptsG mRNA [ 44 ]. Us-
ing single molecule fluorescence in situ hybridization (sm-
FISH), SgrS kinetics for the seed core mutants were calculated
and revealed a 24%–31% reduction in association rate ( k on )
between the sRNA and mRNA compared to wild type and
a 14%–25% increase in the dissociation rate ( k off ) [ 44 ]. These
results indicate that the seed core plays an important role in
the sRNAs’ ability to find and bind target mRNAs. In Pseu-
domonas aeruginosa , the sRNA PhrS was disrupted by intro-
ducing tiled dinucleotide mutations across part of the seed re-
gion [ 53 ]. Similar to Qrr4 and SgrS, these authors found that
three nucleotides (positions C174–C176) and four nucleotides
(positions A178–C181) within the seed region are dispropor-
tionately required for repression of hmgA and antR mRNAs,
respectively. 

Base pairing outside of the seed core remains important for
sRNA function (although individual nucleotides make smaller
contributions) and is suggested to play a supporting role in
stabilizing the interaction [ 45 ]. This is conceptually analogous
to supplementary or compensatory pairing that can stabi-
lize imperfect miRNA–mRNA interactions [ 54 ] and an sRNA
seed interaction of 12 nt has been suggested to provide opti- 
mal repression [ 55 ]. 

A more extensive seed core appears to be present in the 
sRNAs RyhB and DsrA when assayed using qSort-seq [ 51 ].
Single base changes throughout the 9–23-nt seed regions dis- 
rupt sRNA function, although the authors note that mutation 

of some bases in the seed region has only a minimal effect 
on sRNA function. Within the seed region of RyhB, the iden- 
tity of specific base pairs (AU or GC) influences sRNA func- 
tion and appears to tune repression of the mRNA target. Us- 
ing a series of complementary mutations in RyhB and sodB,
Hao et al . demonstrated that the identity of the base-paired 

nucleotides within the seed region tunes repression strength 

[ 56 ]. These changes are qualitatively correlated with changes 
in interaction strength predicted by the change in free energy 
( �G ). 

The picture that has emerged from both high-throughput 
mutagenesis and systematic introduction of point mutations 
within the seed region is that a short seed core of 3–5 nt may be 
required to nucleate the sRNA–mRNA interactions. Duplex 

formation at the seed core may be stabilized by more extensive 
supplementary base pairing that is less sensitive to single base 
changes. 

Base-pairing patterns matter 

Perhaps more surprising is that the base-pairing pattern can 

affect the function of the sRNA–mRNA interaction. A lim- 
ited number of studies have explored how the base-paired 

nucleotides drive function and found that seed identity and 

base-pairing patterns can affect sRNA and mRNA stability.
In elegant work from the Bassler lab, Feng et al . showed that 
the sRNA Qrr3 can regulate mRNA targets through catalytic 
degradation of the target mRNA, coupled degradation, se- 
questration, and activation [ 57 ]. The different mechanisms of 
repression appear to be driven by both the location of interac- 
tions within the sRNA and mRNA and the extent of base pair- 
ing with the mRNA. Coupled degradation appears to occur 
when mRNA base pairing invades a stabilizing 5 

′ stem-loop 

(SL1) in Qrr3. Catalytic degradation is mediated by mRNA 

base pairing that preserves the protective 5 

′ stem-loop of Qrr3.
Sequestration (where both sRNA and mRNA are stable) is 
promoted by extensive base pairing between the sRNA and 

mRNA, although the mechanism is not clear. 
The functional importance of the base-pairing pattern and 

position is also highlighted by work from the Massé lab. Us- 
ing the mRNA hdeD , they studied interactions with CyaR 

and RprA sRNAs [ 58 ]. While both sRNAs bind to the 5 

′ UTR 

near the SD of hdeD and interfere with the recruitment of 
the 30S ribosomal subunit, the fate of the transcript is differ- 
ent. RprA inhibits translation initiation by occluding initiat- 
ing ribosomes, whereas CyaR also actively recruits RNase E 

to hdeD for degradation. Data suggest that most of the infor- 
mation necessary to recruit RNase E is stored in the seed se- 
quence, as swapping the seed region of the CyaR and RprA sR- 
NAs allows the degradation mechanisms to be interchanged.
Interestingly, RprA uses a slightly longer and imperfect seed 

base pairing compared to CyaR [ 58 ]. 
In Gram-positive bacteria, many sRNAs use a C-rich seed 

sequence positioned within an unstructured region (e.g. within 

a loop or between two stem-loops). This was first observed in 

Staphylococcus aureus [ 59 ] and then extended to many other 
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ram-positive bacteria [ 60 ]. This leads to a preferential tar-
eting of G-rich SD sequences, resulting in inhibition of trans-
ation initiation. However, the SD is not the only G-rich target
s exemplified by the sRNA FasX, which uses a C-rich seed se-
uence to bind to the 5 

′ end of ska mRNA to protect it from
egradation [ 61 ]. Interestingly, CU-rich seeds are also found
n some Gram-negatives. For example, CJnc190 sRNA uses
 CU-rich loop region to target the SD of ptmG mRNA in
ampylobacter jejuni [ 62 ], as do CiaRH-dependent sRNAs

csRNAs) in Streptococcus pneumoniae [ 63 ]. 
It is easy to imagine that the length of the binding site or

he GC% should be higher in Gram-positive bacteria to com-
ensate for the absence or depreciation of an RNA chaperone
rotein such as Hfq. Indeed, many long interactions have been
redicted for sRNA–mRNA duplexes in Gram-positive bac-
eria. However, few of them have been validated experimen-
ally. While an ≈60-nt-long pairing site between RoxS sRNA
nd ppnKB mRNA has been predicted in Bacillus subtilis [ 64 ],
he mutation of only 4 nt abolished the RoxS-dependent re-
ression of ppnKB translation. In addition, these long pair-
ng sites are far from representative of the diversity found
n Gram-positive bacteria. Similarly, the GC% varies widely
rom one seed sequence to another. For example, the staphy-
ococcal sRNA RsaC binds to sodA mRNA and inhibits its
ranslation using an ≈16-nt-long seed sequence with 25% GC
ontent [ 65 ]. Conversely, in Streptomyces coelicolor the sRNA
cr5239 interacts with dagA mRNA using an ≈20-nt-long
ingle-stranded region with 75% GC content [ 66 ]. 

Several sRNAs also use multiple pairing sites to control
heir targets. In Staphylococcus aureus , RsaA uses two seed
egions, both of which are essential to control the translation
f MgrA [ 67 ]. A short C-rich motif is used to target the SD
f mgrA , while a second seed sequence forms a loop–loop in-
eraction with the coding sequence of mgrA , which stabilizes
he RsaA–mgrA interaction. This is not an isolated case, as the
taphylococcal sRNA RNAIII uses multiple loop–loop inter-
ctions to regulate its mRNA targets [ 68–70 ], and a second
eed site contributes to repression for the Gram-negative sR-
As RprA and StxS [ 58 , 71 ]. 

nternal stems contribute to sRNA function, seed 

resentation, and stability 

any sRNAs encode internal stem-loops (in addition to the
 

′ terminator loop) that play important roles in stability, seed
resentation, or interactions with the degradosome. High-
ensity libraries of single nucleotide mutations have revealed
he importance of internal stems for sRNA function in both
yhB [ 51 ] and SgrS [ 44 ]. 
The sRNA RyhB has three stem-loops (SL1, SL2, and SL3)

ith the seed region positioned within the loop of SL2. Muta-
ions in SL1 have varying effects on function, including com-
lete inactivation [ 51 ]. For many of the point mutants, stable
olding of the sRNA ( �G ) is correlated with sRNA efficiency,
uggesting that sRNA structure—even beyond the terminator
nd Hfq binding motifs—is important for function. 

Similarly, the sRNA SgrS encodes a short 4-nt stem-loop
djacent to the terminator that is required for function [ 44 ].
oth the terminator and short stem-loop are required for Hfq
inding and a point mutation in the 4-nt stem-loop destabi-
izes SgrS consistent with reduced Hfq binding. Interestingly,
he 4-nt stem is preceded by a U-rich region that is also in-
olved in Hfq binding and likely interacts with the rim (dis-
cussed earlier) [ 29 ]. The stem may play a role in positioning
the U-rich motif (and sRNA seed) at the correct distance and
orientation in three-dimensional space from the poly(U) tail
(that is bound to the proximal face) so that the seed is pre-
sented at the rim [ 35 ]. 

Internal stems also play an important role in binding and
presentation of the sRNA–mRNA duplex to the catalytic site
of RNase E. The N-terminal domain of RNase E contains an
internal entry site that binds structured RNA [ 72 ]. Internal
stem-loops within the sRNA MicC and / or the cognate target
ompD mRNA have been proposed to bind the internal entry
site to present the mRNA for cleavage [ 72 , 73 ]. This site may
also bind the sRNA–mRNA duplex directly. 

Internal stems can also guide RNase E cleavage of the
sRNA. The sRNA MicL is transcribed from the 3 

′ UTR of
cutC mRNA [ 74 ]. MicL is processed by RNase E into an 80-
nt sRNA and cleavage is directed by a stem-loop in MicL that
binds the internal entry site of RNase E to direct processing
[ 74 ]. 

Collectively, internal stems position the sRNA seed in three-
dimensional space, contribute to sRNA stability, and direct
processing of both sRNA and mRNA by recruiting the RNA
degradosome. Some of the features that promote sRNA func-
tion are illustrated in Fig. 2 . 

sRNA delivery of mRNA to the RNA degradosome 

sRNA pairing with an mRNA target can have several func-
tional outcomes, including recruitment of the sRNA–mRNA
pair to the RNA degradosome. In E. coli , the degradosome
is scaffolded by the endoribonuclease, RNase E. Five RNA
binding sites have been identified on RNase E and likely al-
low a diverse range of RNA substrates to bind the complex
(Fig. 3A and B). The catalytic site recognizes a single-stranded
RN ↓ WUU motif (A / G, A / U / C / G, A / U, U, and U) [ 75 ]. Catal-
ysis can be enhanced by binding of a free 5 

′ monophosphate
to the ‘sensor pocket’ [ 76 , 77 ]. The free 5 

′ monophosphate
can be provided by the mRNA or a duplexed sRNA and in-
duces a conformational change in RNase E that closes the
complex and orients the RNA for cleavage, improving bind-
ing and cleavage [ 75–77 ]. Many sRNAs are processed from
longer transcripts and carry a 5 

′ monophosphate end, which
likely plays a key role in stimulating RNase E activity on a
single-stranded region of the duplexed mRNA [ 76 ]. Interest-
ingly, for those sRNAs ‘activated’ by RNase E cleavage, they
appear to be cleaved, dissociate, and re-associate again when
base-paired with a target mRNA, indicating that different
functional outcomes are achieved by presenting the sRNA to
RNase E in different configurations [ 78 ]. 

RNase E can also be recruited to sites within RNA targets
(distant from the 5 

′ monophosphate end) using the direct en-
try site (also termed internal entry site) at the inter-protomer
surface within the N-terminal domain [ 72 ]. The direct en-
try site binds the phosphate backbone of RNA duplexes (or
stems) to position RNAs for cleavage. The lack of sequence
specificity at this site is suggested to allow broad substrate
recognition. The sRNA RprA is processed by RNase E and
contains three stem-loops. Binding of the first stem-loop to
the internal entry site positions RprA for cleavage and ac-
tivation [ 72 ]. A similar situation has been reported for the
3 

′ UTR sRNA, MicL (discussed earlier) [ 74 ]. The direct en-
try site provides a route for recognition of RNA without a 5 

′

monophosphate end, but these pathways are not mutually ex-
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Figure 2 Sequences and str uct ural elements that drive sRNA function. sRNAs encode for specific sequences and str uct ural motifs that enable their 
interaction with RNA-binding proteins (e.g. Hfq and ProQ) and ribonucleases (e.g. RNase E). The Hfq str uct ure (PDB: 1HK9) [ 128 ] is represented in a 
y ello w mesh format. 
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clusive and for the sRNA–mRNA pair MicC–ompD it seems
that the sRNA provides a 5 

′ monophosphate while an adja-
cent stem in ompD binds the internal entry site to enhance
RNase E binding [ 72 ]. 

In E. coli , the C-terminal domain of RNase E is unstruc-
tured and provides a scaffold for components of the RNA
degradosome, including the core components PNPase, eno-
lase, and RhlB [ 79 ] (Fig. 3 B). Two RNA-binding sites have
been identified within the C-terminal domain termed RBD
(also known as ARRBD, 604–688 residues in E. coli ) and AR2
(796–819 residues) [ 79–83 ]. The ternary Hfq–sRNA–mRNA
complex interacts with the C-terminal domain of RNase E
through bridging interactions with the RNAs rather than
protein–protein interactions between Hfq and RNase E [ 80 ,
84 ]. Removing the C-terminal domain reduces sRNA–mRNA
processing indicating that it is required for duplex recruit-
ment to the degradosome [ 85–88 ]. Bruce et al. have demon-
strated that the sRNA MicC can mediate an interaction be-
tween Hfq and the C-terminal domain of RNase E in vitro and
have proposed a model where sRNAs recruit target mRNAs
to the N-terminal catalytic core [ 80 ]. Indeed, cryo-EM of the
degradosome complex indicates that RNA binding is accom-
panied by compaction of the C-terminus towards the catalytic
N-terminal domain [ 89 ]. 

In contrast, Sinha et al . have analysed the contributions of
the RBD and AR2 domains to recruitment of CyaR and RyhB
sRNA–mRNA duplexes to RNase E in vivo . They propose
that the AR2 domain interacts with the mRNA target rather
than the sRNA [ 90 ]. Deletion of the AR2 domain or mutation
of the distal (mRNA binding) face of Hfq decreases interac-
tions with RNase E, indicating that the mRNA is responsible
for RNase E recruitment to the Hfq–sRNA–mRNA complex
in vivo [ 90 ]. 

Recent work has found that the C-terminal unstructured
domain of RNase E allows sRNA-directed cleavage of mR-
NAs engaged with the 30S translation initiation complex
[ 73 ] and an early expressosome complex consisting of paused
RNA polymerase linked to 30S by NusG [ 91 ]. This co-
translational silencing requires a portion of the RNase E C- 
terminal domain that contains AR2 [ 73 ]. The sequences or 
structures within the mRNA target that recruit the AR2 do- 
main of RNase E are still unknown, but likely play an impor- 
tant role in determining the functional outcome of the sRNA–
mRNA interaction (Fig. 3 C). 

The seed pairing sequence or position also seems to con- 
tribute to RNase E recruitment. As mentioned earlier, the sR- 
NAs RprA and CyaR both repress the mRNA hdeD , although 

only the latter recruits RNase E to promote degradation [ 58 ].
Switching the seed regions of RprA appears to affect RNase E 

recruitment to the sRNA–mRNA duplex but is dependent on 

an adjacent AU-rich region that is bound by Hfq. 
In most Gram-positive bacteria, RNase E is replaced by 

RNase Y [ 92 ]. RNase E is only present in some Bacillota (for- 
merly Firmicutes) (e.g. Listeria and Clostridia ) and Actino- 
mycetota (formerly Actinobacteria) (e.g. Mycobacteria ). Both 

enzymes have similar cleavage specificities, but RNase Y does 
not appear to play as dominant a role as RNase E in sRNA- 
dependent regulation. The recruitment of a ribonuclease to ac- 
tively degrade the targeted mRNA seems less prevalent than 

in Gram-negative bacteria, with regulation generally taking 
place at the level of translation initiation. 

RNase Y is the main endonuclease for mRNA decay in 

Gram-positive bacteria. The deletion of rny gene affects from 

13% to 23% of transcripts in B. subtilis and Clostridium 

perfringens [ 93 ]. While not as prevalent as Gram-negatives,
RNase Y is involved in sRNA-mediated cleavage of some mR- 
NAs (e.g. VR-RNA- colA in C. perfringens [ 94 ] and RoxS- 
ppnKB in B. subtilis [ 64 ]). 

RNase III is not part of the Gram-positive RNA degrado- 
some but appears to play a prominent role in sRNA–mRNA 

regulation and degradation. RNase III recognizes double- 
stranded substrates in a highly specific manner and key RNA 

structural elements (helix length, helix-budge motifs) and se- 
quence elements have been identified in E. coli [ 95 , 96 ]. When 

stacked coaxially, intermolecular interactions can also gener- 
ate a structure that is recognized by RNase III [ 67 , 97 ]. Be- 
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Figure 3 RNase E architecture and interaction with sRNAs. ( A ) The structural features that allow RNase E (PDB: 6G63) to bind sRNA. RNase E forms a 
tetramer that can bind sRNAs via a 5 ′ phosphate sensor pocket (orange) and an internal / direct entry site (blue). ( B ) The unstr uct ured C-terminal domain 
of RNase E contains multiple sites that allow sRNA binding, i.e. AR2 and RBD domains. ( C ) Illustration of how sRNA can guide RNase E to process 
mRNA targets in E. coli . 
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ides its major role in the control of type I toxin–antitoxin
ystem and pervasive transcription, the double-strand-specific
ndoribonuclease RNase III is involved in trans -acting sRNA-
ependent regulation [ 64 , 67 , 98 ]. A greater involvement
n sRNA-dependent regulation is suggested by different co-
urification approaches in S. aureus [ 99–101 ]. 
RNase Y [ 64 , 102 ], RNase III [ 62 , 65 ], and RNase J [ 103 ]

lso play important roles in maturation of many sRNAs in
ram-positives. Similar to RNase E-dependent activation of

RNAs, this suggests that pre-sRNAs are recruited to the
ram-positive degradation machinery and then released to
ind target mRNAs, before becoming RNase substrates once
gain. 

Collectively, sequences and structures within both the
RNA and mRNA promote processing of the sRNA–mRNA
uplex. The duplexed sRNA can provide a 5 

′ monophosphate
n trans to promote catalysis of the mRNA and either sRNA
r mRNA might provide adjacent stems to bind the internal
ntry site of RNase E. The mRNA appears to play an active
ole in initial recruitment of RNase E to the ternary Hfq–
RNA–mRNA complex through interactions with the AR2
omain, and ultimately presents a suitable cleavage site, sug-
esting that the sRNA augments degradation signals already
resent within the mRNA. 

unctional interactions with sRNA-binding proteins 

everal alternative sRNA-binding proteins have now been
dentified largely through high-throughput analysis of the
NA-binding proteome and these appear to modulate sRNA

unctions by stabilizing or destabilizing the sRNA or sRNA–
RNA duplex. 
Using Grad-seq, Smirnov et al . demonstrated that ProQ

as a global sRNA-binding protein [ 104 ]. ProQ has a FinO
NA binding domain and results from CLIP-seq, structural
modelling, and genetic screening suggest that it binds the 3 

′

end of the terminator stem on a subset of sRNAs [ 28 , 105 ].
ProQ appears to bind structured RNA and targets that tend
to have shorter poly(U) tails than Hfq ligands. This may al-
low ProQ interactions with the terminator stem while bound
at the 3 

′ [ 28 , 105 ]. Two further FinO domain proteins have
been described that bind sRNAs, the archetype FinO that con-
trols the copy number of F plasmid through FinP sRNA bind-
ing [ 106 ] and RocC that controls competence in Legionella
through RocR sRNA binding [ 107 ]. Both appear to bind sR-
NAs through intrinsic terminators with short polyuridine tails
and related structures may bind different length tails [ 107 ].
ProQ and FinO achieve further specificity by recognizing the
unpaired nucleotides flanking the terminator stem [ 108 ]. For
a few sRNA–mRNA pairs, ProQ seems to promote anneal-
ing, but for many targets ProQ appears to associate and stabi-
lize the duplex after annealing, or stabilize individual sRNAs
by blocking RNase access. ProQ has been shown to inhibit
RNase II and RNase III degradation of sRNAs and sRNA–
mRNA duplexes, and PAPI-dependent polyadenylation of an
mRNA 3 

′ UTR [ 28 , 109 , 110 ]. 
Extending Grad-seq to a range of bacteria has identified

KhpA and KhpB as additional sRNA-binding proteins that
modulate sRNA stability in a wide range of bacteria [ 111–
114 ]. The sequences or structures that drive KhpA / B recruit-
ment are still not clear but binding may play a major role
in sRNA function, particularly in species where Hfq or ProQ
does not play a major role in sRNA regulation. A similar func-
tion is suggested for YhgF, an sRNA-binding protein identified
using an adapted RNA interactome (RIC) approach, and it ap-
pears to stabilize RNA targets through an unknown mecha-
nism [ 115 ]. 

Recently, a global sRNA-binding protein, RbpB, was identi-
fied in Bacteroides thetaiotaomicron through CLIP-seq analy-
ses [ 116 , 117 ]. This protein binds to numerous cellular RNAs,
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including a family of sRNAs termed FopS [ 116 , 117 ]. These
FopS sRNAs repress the translation of SucC glycan trans-
porters. In contrast to other RNA-binding proteins that facili-
tate sRNA repression of mRNA targets, RbpB binds the FopS
sRNA and prevents their silencing activity (functionally anal-
ogous to an sRNA sponge), thereby promoting glycan trans-
porter expression and enabling transcriptional adaptation to
nutrient availability [ 116 , 117 ]. 

While ProQ, KhpAB, and YhgF typically stabilize sRNAs,
recent studies have identified several ‘adapter’ proteins that
promote sRNA degradation by chaperoning them to ribonu-
cleases [ 9 , 118 ]. The adapter RapZ binds the sRNA GlmZ and
chaperones it to RNase E for degradation [ 9 , 118 ]. In contrast
to other global sRNA chaperones, RapZ seems to have a nar-
row target spectrum. In a recent high-throughput screen for
proteins that modulate the activity of RyhB, Chen et al . iden-
tified YicC that enhances PNPase degradation of RyhB [ 119 ].
In S. pneumoniae , this idea is taken a step further where the
3 

′ → 5 

′ exoribonuclease Cbf1 was found to trim the 3 

′ of sR-
NAs and remain stably associated with the trimmed 3 

′ end to
protect from further degradation [ 120 ]. These studies hint at
an abundance of protein interactions that both stabilize and
destabilize sRNAs to modulate function. 

Several proteins have been shown to moonlight, i.e. perform
accessory roles, as sRNA chaperones. For example, the carbon
storage regulator CsrA was thought to predominately act in-
dependently of sRNAs, but appears to promote duplex forma-
tion for select sRNA–mRNA pairs [ 121 , 122 ]. Similarly, the
DNA-binding transcription factors, SpoVG and CcpA, appear
to have accessory functions in sRNA binding in Gram-positive
bacteria [ 123 , 124 ]. Modulation of sRNA stability or interac-
tions may be a relatively accessible pathway for altering gene
expression. With the recent development of generative AI soft-
ware like AlphaFold 3 [ 125 ] and RosettaFoldNA [ 126 ] that
can predict protein–RNA interactions, the sRNA-binding pro-
teome is likely to expand further in the near future. 

Functional motifs within sRNA interactome data 

Several techniques are now available to profile sRNA–mRNA
interactions in vivo and a wealth of data is accumulating
on the sRNA interactome [ 127 ]. Within these datasets, it is
clear there are many interactions that fall outside of our cur-
rent understanding of sRNA function and a proportion may
be non-functional or provide non-specific buffering interac-
tions to the network. While we can now see the complexity
of the sRNA interactome, predicting the strength and func-
tions of individual interactions remains difficult and often re-
quires case-by-case investigation. This is in part due to the
diversity of sRNA sequences, structures, protein interactions,
and functions compared to other non-coding RNA classes. As
we map the architecture of the transcriptome, RNA–RNA in-
teractions, and protein–RNA interactions, the individual con-
text for each sRNA–RNA interaction is coming into focus and
provides clues to the function of each interaction. Machine
learning approaches seem well suited to the task of categoriz-
ing sRNA–mRNA interactions and identifying features that
predict known and new function. 

The sRNA regulatory network is at least as large as the
transcriptional network in E. coli and may be much larger,
particularly in those bacteria with reduced genomes and fewer
transcription factors. A predictive framework for sRNA func-
tion will allow integration with transcriptional networks and
a more complete understanding of how bacteria control gene 
expression. 
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