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Prokaryotic organisms often react instantly to environmental variations to ensure their
survival. They can achieve this by rapidly and specifically modulating translation, the
critical step of protein synthesis. The translation machinery responds to an array of
cis-acting elements, located on the RNA transcript, which dictate the fate of mRNAs.
These cis-encoded elements, such as RNA structures or sequence motifs, interact with
a variety of regulators, among them small regulatory RNAs. These small regulatory
RNAs (sRNAs) are especially effective at modulating translation initiation through their
interaction with cis-encoded mRNA elements. Here, through selected examples of
canonical and non-canonical regulatory events, we demonstrate the intimate connection
between mRNA cis-encoded features and sRNA-dependent translation regulation. We
also address how sRNA-based mechanistic studies can drive the discovery of new roles
for cis-elements. Finally, we briefly overview the challenges of using translation regulation
by synthetic regulators as a tool.

Keywords: translational regulation, translational determinants, cis regulatory elements, small regulatory RNAs,
regulatory mechanisms, translational enhancers

INTRODUCTION

Prokaryotic organisms depend on protein synthesis to grow and adjust to their surroundings.
The inability to produce functional gene products could result in bacterial cell growth inhibition.
At the forefront of protein synthesis is the translational machinery, which requires the following
elements: an mRNA, the 30S ribosomal subunit (small), three initiation factors (IF1, IF2, and IF3),
an initiator tRNA, and the 50S ribosomal subunit (large). Together, these elements form the 70S
translation initiation complex (Laursen et al., 2005; Gualerzi and Pon, 2015). Whether they are
proteins or RNA molecules, translational machinery components must be synthesized, assembled
properly, and available (Figure 1A). In eubacteria, most ribosomal RNAs (rRNAs) are encoded
in polycistronic transcripts that must be precisely processed through multistep pathways to be
functional (Deutscher, 2009). The presence of mutations in rRNAs or defect in their processing,
causing mis-assembly of ribosomal subunits, can lead to rapid rRNA degradation (Deutscher,
2009; Basturea et al., 2011). The same type of quality control is also applied to both synthesis
and maturation of tRNAs (Shepherd and Ibba, 2015). Furthermore, translation initiation often
requires formylation of the initiator tRNAMet by the methionyl-tRNAfMet transformylase (FMT)
as disruption of the fmt gene leads to important growth defects (Guillon et al., 1992).
Translational regulation through modulation of its machinery affects protein synthesis at a
cellular scale. Although very effective, this is of little help when regulation of specific genes is
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FIGURE 1 | Overview of bacterial translational determinants. (A) Proper assembly of the translational machinery, including the ribosomes and tRNAs, is required for
efficient translation. (B) Graphical representation (Crooks et al., 2004) of the Shine-Dalgarno core sequence in E. coli based on 50 random mRNAs. (C) Distribution
of the different initiator codons in bacteria. AUG = 80%, GUG = 12%, and UUG = 8%. (D) Translation enhancers are often A/U- or C/A-rich sequences located
upstream or downstream of the ribosome binding site (RBS). (E) Leader open reading frames dictate the translation of downstream CDS. (F) Secondary structures
in the 5′UTR sequester the RBS and hinder translation by steric inhibition. (G) Riboswitches are complex RNA structures in 5′UTRs that, upon binding of a ligand,
change conformation to turn the translation of the downstream open reading frame ON or OFF. (H) The binding of a protein forces the adoption of a 5′UTR structure
that sequesters the RBS, preventing translation initiation. (I) Binding of a protein to the RBS prevents translation initiation. (J) A stem loop at the beginning of the
coding sequence seems to stabilize the ribosome at the RBS and facilitate translation initiation.

required. To palliate this, prokaryotic organisms have developed
an array of cis- and trans-acting strategies responding to
environmental and cellular cues modulating translation
of specific mRNAs.

The first cis-acting regulator of translation is the sequence
of the mRNA itself, especially the translation initiation region
(TIR; Osterman et al., 2013). Examples of TIR features include,
among others: (I) the Shine-Dalgarno sequence (SD); (II) the
initiation codon, with either the canonical AUG or alternative
codons such as GUG or UUG (Villegas and Kropinski, 2008);
(III) translational enhancers (TEs) such as A/U and C/A-rich
sequences; and (IV) leader open reading frames (Figures 1B–
E; de Smit and van Duin, 2003; Andreeva et al., 2018;
Sterk et al., 2018; Romilly et al., 2019). Dictated by the
primary sequence, the mRNA structure is also a major cis-
acting regulator of translation. Simple structures, such as stem
loops, prevent translation initiation through the sequestration
of crucial ribosome binding site (RBS) elements, especially the
SD (Figure 1F). More complex structures, called riboswitches,
can also be found in 5′ untranslated regions (UTRs) of certain
mRNAs. Riboswitches respond to the presence of specific

molecules called ligands (e.g., metabolites, vitamins, coenzymes,
ions, and uncharged tRNAs, etc.). In these cases, the interaction
of a riboswitch to its ligand induces conformational changes
that can turn translation ON or OFF, dictating the fate of the
cognate mRNA (Figure 1G; Abduljalil, 2018; Pavlova et al., 2019;
Bédard et al., 2020). Moreover, biochemical factors modulating
the structure modification of riboswitches include temperature
(thermosensors; Schumann, 2012; Loh et al., 2018; Mandin and
Johansson, 2020) or pH (Nechooshtan et al., 2009).

Trans-acting translational regulators also play lead roles in
dictating and redirecting gene expression. RNA-binding proteins
(RBPs) are known to interact with various cis-elements to alter
the secondary structure of an mRNA (Figure 1H) or to directly
interfere with translation initiation (Figure 1I). This short review
will focus on ribonucleic trans-acting regulators, particularly
small regulatory RNAs (sRNAs), interacting with mRNA cis-
elements to modulate their translation. Even though certain
mechanisms of action are common and well described, we will
overview how discovery of novel canonical regulatory events is
still critical in our understanding of how bacteria adapt to their
environment. Then, uncommon sRNA-dependent regulatory
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mechanisms targeting cis-elements will also be explored. Finally,
a brief outlook on the synthetic use of cis-dependent translation
regulation will be provided.

BACTERIAL NON-CODING
REGULATORY RNAs

What Are Trans-Acting Small Regulatory
RNAs
Bacterial trans-acting small regulatory RNAs are powerful
regulators of gene expression. Acting through a tight network
of regulation, sRNAs are responsible for the maintenance of
cellular homeostasis and virulence. Their synthesis quickly
responds to environmental signals, making them efficient stress-
response regulators. Typically, sRNAs base-pair to their target
mRNAs to repress or increase protein synthesis through various
mechanisms of action, most of which have been extensively
reviewed elsewhere (Gottesman and Storz, 2011; Papenfort and
Vanderpool, 2015; Carrier et al., 2018; Dutta and Srivastava,
2018). These regulatory events result in modulation of mRNA
stability and/or of translation efficiency. Even though sRNAs have
been studied for decades now, identification of new sRNAs and
sRNA targets helps understand how bacterial cells adapt to their
environment. Moreover, additional regulatory mechanisms are
periodically brought up to light, creating a more accurate portrait
of sRNA complexity.

Canonical Mechanisms of Action Are
Still up to Date
One of the most characterized mechanisms employed by sRNAs
is the targeting of the RBS to hinder translation initiation. New
examples of sRNAs using this mechanism are still discovered to
this day. In Salmonella enterica serovar Typhimurium, the PinT
sRNA has recently been found to regulate two mRNAs, rtsA and
hilA, through a canonical mechanism (Kim et al., 2019). PinT
pairs to the 5′UTR of both mRNAs, near the SD of rtsA and
near the start codon of hilA. In both cases, the interaction blocks
translation initiation by preventing ribosome assembly at the
RBS. While PinT interaction is enough to repress hilA mRNA,
the activity of the ribonuclease E (RNase E) is required to fully
repress rtsA (Kim et al., 2019). The identification of these new
mRNA targets regulated by the PinT sRNA added new hindsight
on Salmonella transition from the invasion stage to intracellular
growth during infection.

Through a wide range of mechanisms, sRNAs can also
positively regulate mRNA targets. The most common of those
mechanisms involves the pairing of an sRNA to the 5′UTR
of an mRNA, upstream from the TIR. This causes structural
modifications facilitating ribosome assembly and translation
initiation. Notably, sRNA-based regulation has evolved to
accommodate peculiarities of different mRNAs, resulting in
many variations of canonical regulatory mechanisms. For
instance, in the enterohemorrhagic Escherichia coli (EHEC), the
pchA mRNA, encoding a transcriptional activator, is regulated
in cis by secondary structures in its own transcript. Indeed, the

pchA mRNA coding sequence (CDS) presents an anti-Shine-
Dalgarno (anti-SD) sequence, which forces the folding of the
mRNA on itself through strong interactions with the SD. The
resulting double-stranded RNA structure sequesters the RBS of
pchA, thus inhibiting translation initiation (Melson and Kendall,
2019). This structure, however, is sensitive to a trans-regulator,
the sRNA DicF. It has recently been found to pair within
the CDS of pchA, at the anti-SD, to prevent the self-folding
of pchA. This sRNA:mRNA interaction results in facilitated
translation initiation by rendering the RBS of pchA accessible
to ribosomes. Data indicate that the presence of DicF paired in
the CDS of pchA does not impair translation elongation rates,
suggesting that elongating ribosomes are able to displace the
sRNA from the mRNA.

What is the cellular advantage of an mRNA being regulated
in such a context? Translation inhibition often leads to mRNA
degradation since it is not protected by translating ribosomes.
However, the pchA mRNA does not seem to be destabilized
when translation is OFF compared to a mutated version of
pchA unable to form the anti-SD:SD interaction (translation ON;
Melson and Kendall, 2019). Perhaps the folded structure allows
translation inhibition while also protecting the transcript against
degradation? If so, following DicF expression, the stable pchA
mRNA could readily be translated, possibly allowing a rapid
response to changes in environmental conditions.

The pairing of sRNAs in the CDS, outside of the five-
codon window (Bouvier et al., 2008), is mostly known to cause
destabilization of the target mRNA and lead to repression of
gene expression (Pfeiffer et al., 2009; Fröhlich et al., 2012;
Lalaouna et al., 2015b). The regulation of pchA by DicF is
rather uncommon as the pairing of the sRNA downstream of
the five-codon window directly impacts translation initiation.
Moreover, another uncommon characteristic of this interaction
is the fact that DicF positively regulates pchA, contrary to
most of the regulatory events involving an sRNA pairing in
the CDS of its target, demonstrating the versatility of sRNA
mechanisms of actions.

sRNAs Get Fancy: Uncommon Targeting
of an mRNA Element
The SD sequence and the initiator codon are critical determinants
of translation. However, other cis-encoded features such as TEs
can play a major role in dictating translation rates. Described
as A/U- or C/A-rich sequences, TEs were found, among others,
in the E. coli rnd and fepB mRNAs that present the alternative
initiator codons UUG and GUG, respectively (Zhang and
Deutscher, 1992; Hook-Barnard et al., 2007), or in the tuf mRNA
of Mycoplasma genitalium, which lacks an SD sequence (Loechel
et al., 1991). TEs were originally believed to facilitate translation
initiation of mRNAs presenting suboptimal SD-AUG contexts.
Surprisingly, TEs were later noticed in mRNAs with optimal
RBS characteristics, for example, in the dppA mRNA of E. coli
and Salmonella (Yang et al., 2014). This suggested that optimal
TIR features are not necessarily sufficient to ensure required
translation initiation rates. It has been proposed that A/U- and
C/A-rich sequences, such as TEs, could act as binding sites for
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the S1 ribosomal protein, which helps position the ribosome
during translation initiation (Hauryliuk and Ehrenberg, 2006;
Studer and Joseph, 2006). Considering that sRNAs are known
to act through non-canonical mechanisms of action, it is not
surprising that they target TEs (Sharma et al., 2007). Although not
the only one, GcvB is a perfect example of a TE-targeting sRNA.
GcvB negatively regulates the dppA mRNA by targeting a C/A-
rich stretch located immediately upstream of the SD (Yang et al.,
2014). It also regulates the gltI mRNA by pairing to a TE located
40 nucleotides (nts) upstream of the RBS (Sharma et al., 2007).

While studying the regulation of the manXYZ polycistronic
transcript by the SgrS sRNA, the Vanderpool lab discovered that
SgrS targets manXYZ at two distinct base-pairing sites, exerting
its regulatory effect through two different mechanisms of action
(Figure 2A). First, SgrS pairs in the CDS of manX, recruiting
the RNA chaperone Hfq to repress manX synthesis (Rice and
Vanderpool, 2011; Azam and Vanderpool, 2018). Second, using
a different sequence, SgrS pairs 30 nts upstream of manY SD
and dictates the fate of both manY and manZ. It was elegantly
demonstrated that the manY region targeted by SgrS is a U-rich
TE actively participating in the translation of manY through its
interaction with the S1 ribosomal protein (Azam and Vanderpool,
2020). The working model of this regulation suggests that the
S1:mRNA complex remodels the SD, favoring translation. SgrS
prevents this activation by masking the TE site and impairing
translation initiation.

Whereas the repression of manY occurs through the occlusion
of a U-rich TE, the regulation of manX has not been shown to
involve a TE. However, the high G/U content of the SgrS region
interacting with the 5′UTR of manX might suggest otherwise. We
wondered if the target site on manX presented features of a C/A-
rich TE. A stretch of C/A-rich (CACACA) sequence was indeed
found, suggesting that translation initiation of manX could
depend on the S1 protein, which seems to favor A/U- and C/A-
rich sequences (Figure 2A). If demonstrated, this would indicate
that SgrS action on manX involves more than the recruitment of
Hfq to achieve translation inhibition.

Like SgrS, which uses two different pairing sites, the sRNA
GcvB possesses two distinct seed regions called R1 and R3. The
regulation of both dppA and gltI mRNAs involves R1, which
presents a high G/U content (88%), indicating its potential at
targeting C/A-rich regions. In contrast to this, the R3 seed region
of GcvB has a lower G/U content (53%), and its targets show
little potential at encoding C/A-rich TEs (Figure 2B; Lalaouna
et al., 2019). Therefore, would it be possible to predict an sRNA
targeting C/A-rich TEs from its G/U content?

Analysis of the MicF sRNA, which is not known to target
TEs, exposed a possible barrier to such predictions. Indeed,
the entire sequence of MicF presents a moderate G/U content
(56%), suggesting some potential at targeting TEs. However,
MicF seed region (nucleotides 1–15) presents a very low G/U
content (40%), indicating that actual chances of targeting C/A-
rich TEs are modest (Figure 2B). This remarkable difference
between whole sequence versus seed region G/U content is also
observed with GcvB. The R1 seed region of GcvB has a very high
G/U content (88%) compared to an overall very low G/U content
(41%; Figure 2B). The question is, how would predictions be

FIGURE 2 | Targeting of translational enhancers by sRNAs. (A) The manXYZ
polycistronic transcript is dually regulated by two regions of the sRNA SgrS.
SgrS interacts with the coding sequence of manX and recruits Hfq to block
translation. The pairing site on manX presents a C/A-rich sequence that could
be a translational enhancer. On the other hand, SgrS interacts with the 5′UTR
of manY and masks a U-rich translational enhancer, hindering the translation
of manY and manZ. (B) Schematic representation of sRNAs targeting
translational enhancers (upper panel) or not (lower panel). Percentage of G/U
of the full sRNA sequence is indicated under the sRNA name. The G/U
content of the seed region (orange) is indicated on the sRNA drawing.

achieved for sRNAs with no obvious seed regions such as RyhB?
In addition to the sequence of the binding region, would other
sRNA and/or mRNA features be required for this mechanism of
action to occur? Are TEs so versatile in their sequences that no
prediction can be performed?

sRNAs Studies Help Redefine Roles of
Translational Determinants
While investigating the targetome of both OmrA and OmrB
sRNAs (hereby referred to as OmrA/B), Guillier and colleagues
identified a negatively regulated target, the fepA mRNA (Jagodnik
et al., 2017). They show that OmrA/B represses fepA by hindering
translation initiation. Interestingly, both sRNAs interact with
nucleotides downstream of the five-codon window usually
targeted by repressing sRNAs (Bouvier et al., 2008). In this case,
OmrA/B represses translation by disrupting a stem loop (SL)
in the CDS of fepA, suggesting that the SL itself might favor
translation. This is in direct contrast with previous observations
concerning SLs. When located in 5′UTRs, SLs hinder the
recognition of TIR elements through a sequestration mechanism.
In many cases, this inhibition is alleviated with the help of sRNAs
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interacting with the SL, forcing it to open. Examples include
E. coliArcZ, DsrA, and RprA sRNAs, all increasing the translation
of rpoS (Kim and Lee, 2020). Another example is the sRNA
RNAIII, which disrupts hla 5′UTR inhibitory SL to increase
α-hemolysin synthesis in Staphylococcus aureus (Morfeldt et al.,
1995). When located in the CDS, SLs are believed to slow down
the elongation rate of translating ribosomes and are known to
induce frameshifts (Kim et al., 2014). Based on their observation
of OmrA/B, Guillier’s group brings the novel idea that the SL
structure favors translation of fepA CDS at an early stage of
initiation (Jagodnik et al., 2017). They hypothesized a mechanism
of activation in which the CDS-located SL acts as a starting block
to help properly position the 30S ribosomal subunit and favor
the formation of the translation initiation complex (Figure 1J).
A similar activator SL, also targeted by OmrA/B, was found in
the bamA mRNA (Jagodnik et al., 2017).

What Are Bacterial sRNAs Not
Doing. . .Yet?
Bacterial sRNAs act through plentiful regulatory mechanisms
and target different types of RNA molecules such as mRNAs
or even other sRNAs (Figueroa-Bossi et al., 2009; Miyakoshi
et al., 2015; Lalaouna et al., 2015a). Their impact on genomic
expression and the resulting physiological effects have been
extensively studied. However, to our knowledge, the core of the
translation machinery, i.e., the ribosomes, is not directly targeted
by sRNAs in prokaryotes. This contrasts with eukaryotic and
archaeal organisms, in which direct association of non-coding
RNAs to the translational apparatus has been shown. In 2012,
Gebetsberger et al. (2012) demonstrated that in the archaea
Haloferax volcanii, the association of a tRNA-derived fragment
(tRF) to the 30S ribosomal subunit globally downregulates
translation in conditions of hyperosmotic stress. In similar
stressful conditions, the association of a Saccharomyces cerevisiae
exon-derived RNA to the 60S ribosomal subunit can hinder
translation in vitro (Pircher et al., 2014). More recently, a tRF
in Trypanosoma brucei has been shown to promote protein
synthesis through its direct association with the translational
machinery (Fricker et al., 2019). Examples above involve RNA
fragments that are relatively short (less than 50 nts) compared
to the canonical bacterial sRNAs, averaging 100 nts in length.
Bacterial cells, however, are not devoid of extremely short, stable
RNA molecules. Many tRFs have been identified in bacteria;
however, their functions remain mostly unexplored. Could their
investigation reveal that, just as in eukaryotes and archaea, these
short non-coding RNAs can find their way into the bacterial
translational machinery?

The question of why bacterial regulatory RNAs have not
yet been found to target rRNAs is still in suspense. A possible
explanation could be related to experimental procedures
rather than experimental limitations. Most high-throughput
experiments heavily rely on the depletion of rRNAs prior to
sequencing to produce analyzable data. Indeed, rRNAs are so
abundant that their depletion becomes necessary to obtain
enough reads from other RNAs (e.g., mRNAs, tRNAs, and sRNAs;
Yang et al., 2011). However, rRNA removal also creates a bias,

preventing the identification of sRNA:rRNA interactions. Future
breakthroughs in RNA sequencing techniques might resolve
this bias and allow the identification of a new class of small
regulatory RNAs that directly target the translational machinery.
Moreover, optimized techniques could lead to the identification
of novel, conserved non-coding RNAs, such as those produced
by pervasive transcription (Lybecker et al., 2014). For example,
these transcripts could act as asRNAs, regulating components of
the translational machinery.

From there, many questions might arise. Would sRNAs target
all ribosomes with no selection or would they interact solely
with specific specialized ribosomes? The current understanding
of bacterial specialized ribosomes is still limited. These
ribosomes could be generated via a modification in component
stoichiometry (Chen et al., 2020) or include/exclude ribosomal
proteins, such as the SRA protein (van de Waterbeemd et al.,
2017). In turn, these modifications could modify the accessible
parts of the rRNA, exposing novel base-pairing sites for sRNAs.
However, would the base pairing of the sRNA to the rRNA
be the sole determinant of the interaction? Examples of sRNAs
interacting with proteins are numerous. To name only a few,
their interaction with chaperone proteins such as Hfq and ProQ
(Smirnov et al., 2016; Kavita et al., 2018) or with regulatory
proteins such as CsrA (Liu et al., 1997; Weilbacher et al., 2003)
is proof that sRNAs have protein-binding properties. Therefore,
one could hypothesize that sRNAs targeting ribosomes could do
so through interaction with ribosomal proteins.

OUTLOOKS: USING
TRANS-REGULATION OF
CIS-ELEMENTS AS A TOOL

Regulation of translation is a tightly controlled process
essential to bacterial survival and fitness. Therefore, it offers
a great opportunity to use translation regulation as a tool for
diverse applications.

Currently, the massive use of antibiotics in both clinical
and agricultural settings fuels the emergence of drug-resistant
bacterial strains. Moreover, with the rising importance of
microbiomes as beneficial health factors, the use of large
spectrum antibiotics to fight bacterial infections does not appear
suitable for chronic treatments as it leads to microbiome
dysbiosis (Panda et al., 2014; Becattini et al., 2016), urging
the scientific community to develop new antimicrobial drugs
or identify new drug targets (Ventola, 2015). Unsurprisingly,
a great number of antimicrobial compounds, whether they are
from natural or synthetic origin, target translation (Sohmen
et al., 2009; Nikolay et al., 2016; Champney, 2020). An
innovative approach, termed antisense therapy, uses artificial
antisense oligonucleotides (ASOs) to repress the translation of
single mRNAs through base-pairing complementarity (Dias and
Stein, 2002). ASO therapy strategies involve targeting antibiotic
resistance genes (Daly et al., 2017; Sully et al., 2017; Kauss
et al., 2020) or essential genes (Sawyer et al., 2013). It is
tempting to assume that designing ASOs targeting the TIR
of an mRNA would be specific enough to prevent off-target
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regulation. However, these elements are somewhat conserved
between mRNAs and, more importantly, are conserved in closely
related species. Since it is clear that inhibition of translation can
occur through the targeting of cis-elements outside of the RBS
by bacterial sRNAs, ASOs are now being developed to target
these more complex and less conserved sequences. Even though
this vision of ASOs as antibiotics is still facing major hurdles,
technological breakthroughs bring us closer to this achievement
every year [for a review, see Vogel (2020)].

CONCLUDING REMARKS

Translational regulation is a layered process depending on
the translational machinery and on a variety of elements
encoded in cis or in trans (Figure 1). Trans-acting regulators,
especially sRNAs, have evolved to target cis-elements, some
more commonly (e.g., SD, RBS) than others (e.g., translational
enhancers). Thanks to rapidly evolving high-throughput RNA
sequencing studies, new regulatory events are periodically
brought up to light. While identification of new sRNA targets
regulated through canonical mechanisms of action mainly helps

to understand cellular physiology and bacterial adaptation to
its environment, non-canonical events can lead to much more.
Indeed, identification of new mechanisms of sRNA-dependent
regulation is crucial to expand the boundaries of current
regulatory networks. Moreover, in some instances, studies based
on unusual regulatory events contribute to the identification of
novel roles for cis-elements, strengthening the importance of
studying sRNA mechanisms.
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