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Abstract

Post-transcriptional gene regulation in bacteria plays a major role in the adaptation of
bacterial cells to the changing conditions encountered in the environment. In bacteria,
most of the regulation at the level of mMRNA seem to be targeting the 5’untranslated
regions where accessibility to the ribosome-binding site can be modulated to alter gene
expression. In recent years, the role of 3’'untranslated regions has gained attention also
as a site for post-transcriptional regulation. In addition to be a source of trans-encoded
small RNAs, the 3’untranslated regions can be targets to modulate gene expression.
Taking recent findings in the post-transcriptional regulation of the hilD gene, encoding
for the main regulator of virulence in Salmonella enterica serovar Typhimurium, we
highlight the role of 3’'untranslated regions as targets of post-transcriptional regulation
mediated by small RNAs and discuss the implications of transcriptional elongation in

the 3’'UTR-mediated regulation in bacteria.

Introduction

Bacterial cells, as unicellular organisms, lack the homeostasis present in more
complex life systems. When encountering changing environmental conditions, bacteria
need to alter their gene expression profile in a fast and accurate manner in order to
adapt. Gene expression is a multistep process, while transcription and translation are
tightly regulated processes, the stability and activity of the resulting molecules, RNA
and proteins, can also be modulated to finely define the proper expression level of the
active products. For decades, most expression studies focused on transcriptional
regulation, more specifically regulation at the level of transcription initiation. However,
rapid changes in the final output of gene expression are more easily achieved when
modulatory mechanisms act at later steps. In this context, post-transcriptional
regulation provides a plethora of mechanisms that contribute to the tight regulation of
gene expression. Its contribution in the control of complex bacterial processes such as
intracellular survival, biofilm and persister cell formation has been shown (Mika and
Hengge 2014; Quereda and Cossart 2017; Berghoff and Wagner 2017).

Many mRNA molecules carry, in addition to the coding sequence, long untranslated
extensions at the 5 and/or 3’ ends. In bacteria, it is well established that the
5’untranslated regions (5’UTRs) of the mRNA constitute hubs for post-transcriptional

regulation. Different mechanisms, mediated by metabolites, proteins and/or small
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RNAs (sRNAs), target the 5’UTR of mMRNAs to modulate gene expression (for review
see Ignatov and Johansson 2017; Kavita et al. 2018; Holmqvist and Vogel 2018). By
contrast, the role of the 3’ untranslated regions (3’UTRS) in gene regulation has so far
been underestimated. The molecular characterization of the mechanism targeting the
hilD mRNA from Salmonella will be used as an example to discuss the role of mMRNA

3'UTRs in post-transcriptional regulation in bacteria.

mRNA 3’UTR, last but not least

The role of the 3’'UTRs in prokaryotic RNA biology has gained attention in the last
years. Recent studies propose that 3'UTRs in many mRNAs are involved in post-
transcriptional regulation where they can modulate gene expression in cis, affecting
expression from the own mRNA, or in trans, altering expression of other loci (as
reviewed in Ren et al. 2017).

So far, the main role attributed to 3'UTRs is to act as sRNAs reservoirs. Although it
was assumed that most trans-encoded sRNAs are located in intergenic regions, it has
been shown that SRNAs can be also encoded in the 3’'UTR of certain mRNAs (Kawano
et al. 2005; Chao et al. 2012). The resulting SRNAs are generated either by processing
from the mRNA or by transcription from an internal promoter within the ORF (for review
see Miyakoshi et al. 2015). Although it is not known how ubiquitous is the presence of
sRNAs in the mRNA 3’UTRs, some data suggest that it can be highly extended. In
Gram-negative bacteria, most characterized sSRNAs require association with the global
RNA chaperone Hfq (for review see Kavita et al. 2018). Consecutive global analysis of
Hfg-bound RNA in Salmonella led to the identification of Hfg binding sites within the
3'UTR of many mRNAs (Chao et al. 2012; Holmqvist et al. 2016). Some identified Hfg-
bound RNA have been characterized as 3'UTRs that, upon processing, generate
functional trans-encoded sRNAs (Chao and Vogel 2016). Interestingly, a putative
SRNA (STnc600) was annotated within the hilD 3’'UTR sequence although its existence
could not be confirmed by Northern blot (Sittka et al. 2008).

Some studies also indicate that 3'UTRs can modulate gene expression by acting in
cis. A direct role for the 3'UTRs influencing protein synthesis was described with the
icaR mRNA of Staphylococcus aureus. The long 3'UTR of icaR mRNA interacts with
its 5’UTR to regulate translation (Ruiz de los Mozos et al. 2013). A distinct example of

cis-acting 3’'UTR is found in Salmonella hilD mRNA, as extensively discussed in the
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next section (Lopez-Garrido et al. 2014).The hilD 3’UTR, a target for sRNA

regulation.

The main role attributed to the hilD 3'UTR is to regulate hilD mRNA levels, since its
deletion leads to an increase of hilD transcript levels (Lopez-Garrido et al. 2014). To
shed light in the mechanism of action of the hilD 3'UTR, it should be noted that the
RNA chaperone Hfq is required for proper hilD expression and it has two interaction
sites within the 3'UTR of hilD mRNA (Sittka et al. 2007; Holmqgvist et al. 2016).
Accordingly, genetic analyses demonstrated that the 3’'UTR of the hilD mRNA is the
target sequence for Hfq’s contribution to hilD expression (Lopez-Garrido et al. 2014).
Having in consideration that Hfq assists many sRNA-mediated regulation processes,
these observations raised the question whether the hilD 3’'UTR and, by extension,
other mMRNA 3'UTRs, can be regulatory domains targeted by sRNAs.

Are 3’'UTRs, similar to 5UTRs, common regulatory targets for trans-encoded sRNAs?
Most characterized sRNAs targeting 5’UTRs interact with their target mMRNA by base
pairing in an Hfg-dependent manner, as was also shown by a recent study describing
the global SRNA-mRNA interactome of Hfq in Escherichia coli (Melamed et al. 2016).
Interactions between 3’'UTRs of mMRNAs and sRNAs were also detected. Still, whether
these interactions correspond to sRNAs targeting mRNAs at their 3'UTR or sRNAs
targeting 3'UTR-derived sRNAs requires further characterization. In addition to Hfq,
the two other major RNA-binding proteins - CsrA and ProQ - also seem to bind mRNA
3'UTRs. A low number of interaction sites for CsrA within mMRNA 3’UTRs were identified
both in E. coli and S. enterica (Holmquvist et al. 2016; Potts et al. 2017). Interestingly,
ProQ seems to have a preference for binding to 3’'UTRs of mMRNAs, pointing towards
a defined role of 3'UTRs in post-transcriptional regulation and existing differences in
the mechanisms associated to 5 and 3'UTR-mediated regulation (Holmqvist et al.
2018).

hilD mRNA is target of the main RNA chaperones in the cell. In addition to the Hfq
binding previously described, it is well known that CsrA binds to its 5’UTR and recently
new CsrA binding sites have been reported at the coding sequence upstream of the
3'UTR (Martinez et al. 2011; Holmqvist et al. 2016). Remarkably, it was found that
ProQ binds within the hilD 3’'UTR (annotated as STnc600), near the hilD mRNA
terminator (Holmgvist et al. 2018) (Fig 1). Overall, the fact that the hilD mRNA is

targeted by the three major RNA binding proteins strongly indicates that its expression
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is under tight post-transcriptional regulation. In a recent study, we described that the
SRNA Spot 42 positively regulates the expression of hilD through physical interaction
with the 3’'UTR of hilD mRNA. Although the exact interaction site of Spot 42 within hilD
3’UTR remains elusive, our findings constitute the first description of a trans-encoded
sRNA targeting an mRNA through its 3'UTR (El Mouali et al. 2018).

Some insights on the molecular mechanisms targeting 3’'UTRs suggest that RNAses
seem to play a pivotal role in post-transcriptional regulation mediated through mRNA
3'UTRs. The 3'UTR of the gadX mRNA is the target sequence for the cis-encoded
antisense sRNA GadY, a mechanism dependent on the activity of the endonuclease
RNAse Il (Opdyke et al. 2004, 2011). It is also known that interaction of ProQ with the
3'UTR of cspE prevents cleavage by the exonuclease RNAse Il (Holmqvist et al. 2018).
In the case of hilD mRNA, RNAse E seem to play a role in the mechanism by which
the hilD 3'UTR modulates the levels of hilD mRNA (Lépez-Garrido et al. 2014; El
Mouali et al. 2018). It has been suggested that mMRNA degradation promoted from the
3’UTR might provide a faster response to shut down gene expression as compared to
regulation at the 5’UTR (Ren et al. 2017). Blocking of the ribosome-binding site at the
5’'UTR by sRNAs only affects translation initiation but it does not abolish the production
of proteins whose synthesis was already initiated. However, cleavage of the mRNA
through its 3’UTR would block translation elongation and therefore have a sudden
response to environmental stimuli. This promptness could be especially critical during
modulation of the expression of global regulators, such as the major virulence regulator
HilD in Salmonella.

Is RNA structure pivotal for the function of the 3’'UTRs?

The structure of an mMRNA is often crucial for its proper expression. It is well-known
that the structure of 5’UTRs might have major effects in post-transcriptional regulation.
As mentioned, interaction of 5’UTRs with proteins, SRNAs or metabolites can alter the
5'UTR structure leading to activation or repression of the downstream coding
sequence. Regulatory features such as riboswitches and RNA thermometers in
5'UTRs are good examples (for review see Ignatov and Johansson 2017; Loh et al.
2018). mRNA folding is mainly accomplished during transcription elongation (Pan and
Sosnick 2006). Elongation kinetics can be relevant during RNA folding. It has been

shown that transcriptional pausing assist folding of 5UTR and non-coding RNAs
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(Wong et al. 2007; Nechooshtan et al. 2014) and can coordinate RNA folding and
ligand binding in riboswitches (Perdrizet et al. 2012).

In a previous study from our lab, we described that the transcription elongation factors
GreA and GreB are involved in hilD regulation. Remarkably, the transcriptional pause
rescued by the Gre factors occurs within the first 100 nt of the hilD 3'UTR (Gaviria-
Cantin et al. 2017). The hilD 3'UTR is 310 nt long and although the first 100 nt play a
major role in the overall negative effect on HilD expression, the interaction of Spot 42,
Hfg and ProQ occurs far downstream in the hilD 3’'UTR (Holmqvist et al. 2016, 2018;
El Mouali et al. 2018).

One could speculate that transcriptional pausing nearby UTRs, might affect the mRNA
structure and eventually its post-transcriptional regulation. In this scenario, the
transcriptional pause within the first 100 nt of the hilD 3’UTR could affect mRNA folding,
having effects in the overall structure of the hilD 3’'UTR and, consequently, in the
recruitment of regulatory factors such as sRNAs and RNA chaperones. Additional
studies will be required for further characterization. For instance, changes in the global
structure of mRNAs at nucleotide resolution can be monitored in vivo by dimethyl
sulfate sequencing (DMS-seq) (Ding et al. 2015). Assessment of the structure of
MRNAs in presence and absence of Gre factors could provide information on the
changes in the hilD 3'UTR structure as well as in the structure of other mRNAs
transcribed from genes containing transcriptional pauses. Additionally, it is well known
that Salmonella cells display virulence gene expression heterogeneity during infection,
whether the hilD 3'UTR, as target of transcriptional elongation factors, RNA binding
proteins and sRNAS, plays a role in generating gene expression heterogeneity remains
to be elucidated (Ackermann 2015; Evans and Ling 2018).

Conclusions

MRNA 3’UTRs are involved in post-transcriptional regulation, as trans-acting elements
as reservoir of trans-encoded sRNAs or as cis-acting elements regulating either
translation or the steady-state level of the transcript. Our recent work showed that
MRNA 3’UTRs can act as targets for post-transcriptional regulation mediated by trans-
encoded sRNAs. The extent of the 3’'UTR-mediated regulation of gene expression in

bacteria is still unknown and future studies will clarify if the regulation through mRNAs
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3'UTR is a general and pivotal step during modulation of gene expression. In this
regard, it was shown in Staphylococcus aureus that up to one third of the mRNAs carry
3'UTRs longer than 100 nt (Ruiz de los Mozos et al. 2013). Moreover, further studies
on the mechanisms by which mRNA 3'UTRs are targeted at the post-transcriptional
level will shed light on whether the regulation occurs similarly to 5UTRs or distinct
mechanisms are also involved. It is stimulating that mechanisms based on structure
motifs rather than sequence motifs might drive 3’'UTR-mediated post-transcriptional
regulation. We highlight here, that mRNA 3’UTRs can be regulatory hubs targeted by
trans-encoded sRNAs through physical interaction leading to gene expression

regulation.
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Figure legends

Fig. 1 Summary of the transcriptional and post-transcriptional regulation of hilD
expression. The transcriptional expression of the hilD gene is tightly regulated. In the
mRNA, the 5 and 3’ UTRs are labelled in black and the coding sequence in orange.
During transcription elongation, GreA and/or GreB are required to alleviate a
transcriptional pause that occurs in the 3'UTR. The hilD transcript is under post-
transcriptional regulation targeting both the 5UTR and the 3’'UTR. Several factors as
the RNA binding proteins CsrA, Hfg and ProQ and the sRNA Spot 42 have been
involved in hilD post-transcriptional regulation. When a factor has an overall effect
stimulating or repressing hilD expression is indicated with a + or — sign. If the effect is

unknown is indicated with a question mark.
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