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Abstract 

Gene regulation at the post-transcriptional le v el is pre v alent in all domains of life. In bacteria, P roQ-lik e proteins ha v e emerged as important 
RNA chaperones facilitating RNA st abilit y and RNA duplex formation. In the major human pathogen Vibrio cholerae , post-transcriptional gene 
regulation is k e y f or virulence, biofilm f ormation, and antibiotic resistance, y et the role of P roQ has not been studied. Here, w e sho w that P roQ 

interacts with hundreds of transcripts in V. cholerae , including the highly abundant FlaX small RNA (sRNA). Global analyses of RNA duplex 
formation using RIL-Seq (RNA interaction by ligation and sequencing) revealed a vast network of ProQ-assisted interactions and identified a role 
for FlaX in motility regulation. Specifically, FlaX base-pairs with multiple sites on the flaB flagellin mRNA, pre v enting 30S ribosome binding and 
translation initiation. V. cholerae cells lacking flaX display impaired motility gene expression, altered flagella composition and reduced swimming 
in liquid environments. Our results provide a global view on ProQ-associated RNA duplex formation and pinpoint the mechanistic and phenotypic 
consequences associated with ProQ-associated sRNAs in V. cholerae . 
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ntroduction 

ibrio cholerae is a major human pathogen causing millions
f infections every year worldwide ( 1 ). Pathogenicity of V.
holerae critically depends on its motility, which is driven by
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a single polar flagellum ( 2–4 ). Flagella-mediated motility has
been shown to be required for V. cholerae to cross the intesti-
nal mucus barrier facilitating gut colonization and virulence
gene expression ( 5–7 ). In addition, the flagellum has been
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implicated in various other phenotypes in V. cholerae includ-
ing surface sensing, biofilm formation, quorum sensing and
the secretion of auxiliary toxins ( 8–11 ). 

Analogous to other Gram-negative pathogens, such as
Salmonella enterica , the expression of motility-related genes in
V. cholerae is controlled via a multi-tiered regulon that allows
for the integration of extra- and intracellular signals ( 12 ,13 ).
Specifically, coordination of flagella synthesis is achieved in a
hierarchical four-step process involving several transcriptional
regulators and alternative sigma factors. The master regula-
tor of flagella synthesis is FlrA (class I), which together with
RpoN, activates the expression of class II genes. Class II genes
include flrBC and fliA , both encoding transcriptional regu-
lators. FlrC is phosphorylated by FlrB and, in concert with
RpoN, induces class III gene synthesis. There are more than a
dozen class III transcripts known in V. cholerae including the
flaA flagellin mRNA and the flaX sRNA, as well as several
other genes encoding the structural components of the flag-
ella apparatus ( 12 ,14 ). Additional structural components and
sensory elements involved in flagella synthesis and function
are grouped as class IV genes and their expression is activated
by FliA ( σ28 ). Notably, V. cholerae encodes five different flag-
ellin genes of which flaA belongs to the class III genes, whereas
flaB , flaC , flaD and flaE are class IV genes ( 15 ). 

Besides transcriptional control, regulation of flagella as-
sembly and motility has recently been reported to also in-
volve post-transcriptional regulators, such as sRNAs ( 16–19 ).
Bacterial sRNAs are a heterogeneous group of typically non-
coding RNAs that mediate gene regulation by base-pairing
with cis - or trans -encoded target mRNAs ( 20 ,21 ). The major-
ity of characterized sRNAs interact with the ubiquitous RNA
chaperone Hfq, promoting sRNA stability and RNA duplex
formation with often multiple target transcripts ( 22 ). Besides
Hfq, ProQ has been discovered to function as a second global
RNA chaperone, interacting with hundreds of RNA species in
model organisms, such as Esc heric hia coli and S. enterica ( 23–
25 ). ProQ belongs to the family of FinO-like proteins, which
are small (14–27 kDa), basic proteins that are encoded on
proteobacterial genomes and mobile genetic elements, such
as plasmids ( 26–29 ). FinO-like proteins from plasmids, for
example, FinO from S. enterica and RocC from Legionella
pneumophila , usually bind only few RNA species, whereas
FinO proteins encoded on bacterial chromosomes, for exam-
ple, ProQ from E. coli , S. enterica and Neisseria meningitidis ,
frequently show extensive RNA interactomes ( 30–34 ). 

Mutation of the proQ gene has been associated with
various phenotypes. For instance, S. enterica cells lacking
proQ displayed increased sensitivity towards DNA-damaging
agents, reduced virulence and biofilm gene expression, and
produced higher numbers of antibiotic persister cells ( 35–39 ).
The direct molecular underpinnings that cause these pheno-
types are not fully understood as ProQ has diverse regulatory
roles in the cell. For example, ProQ can not only promote the
interaction of two trans -encoded transcripts ( 25 ,40 ) but also
protect the 3 

′ -end of mRNAs from exonucleolytic degrada-
tion ( 23 ). How ProQ switches between these functions is only
incompletely understood and while there are several studies
on ProQ in E. coli and S. enterica , only little is known about
its regulatory roles in other organisms ( 32 ,41–43 ). 

In this work, we studied the role of ProQ in V. cholerae. We
discovered that ProQ interacts with hundreds of transcripts,
including mRNAs and sRNAs. Among the latter, the FlaX
sRNA is the main interaction partner of ProQ together with 

several previously uncharacterized sRNAs. We further show 

that FlaX is processed from the 3 

′ -UTR (untranslated region) 
of the flaA mRNA by the major endoribonuclease RNase E 

and reveal the global ProQ-associated RNA interactome in V.
cholerae using RIL-Seq analysis. The latter experiments also 

identified several interaction partners of FlaX, including the 
flaB mRNA, which encodes a secondary flagellin. Detailed 

analysis of the FlaX–flaB interaction revealed an unconven- 
tional regulatory mechanism involving base-pairing of FlaX 

at three independent sites in the 5 

′ -UTR that act additively to 

downregulate protein synthesis. We propose a model in which 

FlaX antagonizes translation initiation of flaB through seques- 
tration of the ribosome binding site (RBS) and two ribosome 
stand-by sites. In accordance with this model, we discovered 

that mutation of either proQ or flaX compromised the timing 
of motility gene expression, altered flagella composition and 

impaired motility. Taken together, our study shows that ProQ 

and its associated RNAs are important post-transcriptional 
regulators in V. cholerae and reveals the mechanistic underpin- 
nings driving sRNA-mediated regulation of motility, a phys- 
iologically and ecologically crucial phenotype of this major 
human pathogen. 

Materials and methods 

Bacterial strains and growth conditions 

All strains utilized in this study are detailed in the appendix 

in Supplementary Table S1 . Detailed information on bac- 
terial strains and their construction is listed in Appendix 

Supplementary Table S2 . The wild-type strain used is V.
cholerae O1 El Tor C6706 . V. cholerae and E. coli cells 
were grown in LB medium at 37 

◦C, unless stated otherwise.
The growth medium was supplemented with antibiotics when 

necessary. The following concentrations were used: 50 U / ml 
polymyxin B, 100 μg / ml ampicillin, 50 μg / ml kanamycin,
5000 μg / ml streptomycin and 20 μg / ml chloramphenicol. 

Strain construction 

Plasmids were introduced from E. coli S17 λpir donor strains 
into V. cholerae via RK2 / RP4-based conjugation. Transcon- 
jugants were subsequently selected using specific antibiotics 
and polymyxin B to inhibit the growth of E. coli . V. cholerae 
mutant strains were generated using the pKAS32 suicide vec- 
tor. In summary, pKAS32 plasmids were conjugated into V.
cholerae , and cells were selected for ampicillin resistance. Sin- 
gle colonies were then selected on streptomycin. The desired 

mutations were verified through PCR (Polymerase Chain Re- 
action) amplification and sequencing. 

Plasmid construction 

Plasmids and DNA oligonucleotides are listed in Appendix 

Supplementary Table S2 and S3 , respectively. The proQ dele- 
tion eliminates both the ORF (Open Reading Frame) and the 
5 

′ -UTR (5’ Untranslated Region) of the proQ gene. The flaX 

deletion removes 193 nucleotides from the middle of the flaX 

gene, leaving intact the 5 

′ overlap with flaA (which includes 
the flaA terminator) and the last 39 nucleotides at the 3 

′ -end 

of the gene, forming a rho -independent terminator. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
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roQ co-immunoprecipitation 

riplicates of V. cholerae WT and proQ::3xFLAG strains
ere grown in LB medium to reach low cell density (OD 600

f 0.2) and high cell density (OD 600 of 2). ProQ co-
mmunoprecipitation was performed as previously described
 44 ). Complementary DNA (cDNA) libraries were prepared
sing the NEBNext Small RNA Library Prep Set for Illumina
NEB; E7300L). 

IP-seq analysis 

he cDNA libraries were pooled and sequenced on a
extSeq1000 / 2000 system in paired-end mode with a

ead length of 100 nucleotides ( 45 ). Data analysis was
onducted using the CLC Genomics Workbench (Qia-
en). In summary, raw reads underwent adaptor trimming,
nd the resulting trimmed reads were mapped to the V.
holerae reference genome [National Center for Biotechnol-
gy Information (NCBI) accession numbers NC_002505.1
nd NC_002506.1, https:// www.ncbi.nlm.nih.gov/ assembly/
CF _ 000006745.1 ] using default parameters. Fold enrich-
ent in the proQ::3XFLAG -tagged samples compared to un-

agged control samples was calculated using the CLC ‘Differ-
ntial Expression for RNA-Seq’ tool ( Supplementary Table 
4 ). To identify three enrichment patterns across the differ-
nt parts of the mRNA (5 

′ -UTR, coding sequence (CDS)
nd 3 

′ -UTR), mapping was performed using CLC genomics
ith annotations of the 5 

′ -UTR and 3 

′ -UTR regions extracted
rom ( 62 ) and ( 49 ). Each mRNA region was quantified sep-
rately, and enrichment levels were calculated as described
bove. 

IL-seq experiment 

IL-seq experiment was conducted as described previously
 46 ,47 ). Briefly, V. cholerae wild-type and proQ::3xFLAG
trains were grown in duplicate in LB medium until OD 600

f 0.2 (low cell density) and OD 600 of 2.0 (high cell density).
ells equivalent to 40 OD 600 units underwent protein-RNA

ross-linking, cell lysis and co-immunoprecipitation. The co-
mmunoprecipitated RNA was then treated with RNase A / T1
nd T4 RNA ligase. Following proteinase K digestion, RNA
as extracted, fragmented and treated with TURBO DNase.
ibosomal RNA was depleted, and cDNA libraries were pre-
ared and sequenced in paired-end mode using a HiSeq 2500
ystem. 

IL-seq analysis 

emultiplexed sequencing reads were analyzed
ith ChimericFragments ( https:// github.com/ maltesie/
himericFragments ) ( 48 ). 

NA isolation, Northern blot analysis and 

uantitative real-time PCR 

ulture aliquots (4 OD 600 units) were collected at specified
ime points or cell densities and immediately mixed with
.2 volumes of stop solution (95% ethanol and 5% phe-
ol). Total RNA was extracted using Extrazol reagent. For
orthern blot analysis, RNA samples were separated on 6%
olyacrylamide / 7 M urea gels and then transferred to Nylon
embranes (Sigma). The membranes were hybridized at 42 

◦C
n Roti-Hybri-Quick buffer (Roth) using [ 32 P] end-labeled
NA oligonucleotides. The oligonucleotides used for prob-
ing are listed in Supplementary Table S4 . The membranes
were washed in three successive steps with SSC (5 ×, 1 ×,
0.5 ×) / 0.1% SDS wash buffer. Signals were visualized using
a Typhoon phosphorimager (GE Healthcare) and quantified
with GelQuant software (BiochemLabSolutions). For probing
multiple target sRNAs, membranes were stripped with 30 ml
of ROTI®Hybri-Quick at 72 

◦C for 30 min. For quantitative
real-time PCR (qRT-PCR), total RNA was treated with Tur-
boDNase at 37 

◦C for 30 min. qRT-PCR was carried out us-
ing the Luna Universal One-Step RT-qPCR Kit (New England
BioLabs) and a CFX96 Real-Time PCR System (Bio-Rad).
5S rRNA and recA served as reference genes. The oligonu-
cleotides used for qRT-PCR are listed in Supplementary 
Table S4 . 

RNase E in vivo clea vag e assa y 

V. cholerae RNase E thermosensitive strain rne-3071 TS
( 44 ,49 ) and an isogenic control strain were grown overnight in
LB medium at 30 

◦C, then diluted 1:500 into fresh LB medium
and further grown at 30 

◦C to OD 600 of 1.0. Half of the repli-
cates were then either immediately transferred into a 44 

◦C or
left to grow at 30 

◦C for 30 min. L-arabinose was then added
to 0.2% final concentration and samples were collected after
30 min induction. Total RNA was isolated and analyzed by
northern blotting as described above. 

Transcriptome analysis 

Depletion of ribosomal RNA was done with custom-made bi-
otinylated oligos as described in ( 50 ). Oligos used for deple-
tion are indicated in Supplementary Table S4 . Efficiency of
the depletion was confirmed using an Agilent 2100 Bioana-
lyzer. cDNA libraries were constructed using NEBNext Mul-
tiplex Small RNA Library Prep Set for Illumina (#E7300) ac-
cording to the manufacturer’s instructions. The quality was
assessed on an Agilent 2100 Bioanalyzer. The libraries were
sequenced using a Nextseq 1000 / 2000 platform (Illumina)
in paired-read mode with 50 bp read length. Data analysis
was performed in CLC Genomics Workbench (Qiagen) as de-
scribed for RIP-seq. 

End- l abeling of DNA oligonucleotides 

DNA oligonucleotides were 5 

′ -end-labeled using T4 polynu-
cleotide kinase (PNK; New England Biolabs) in the presence of
[ 32 P]- γATP. Briefly, 5 pmol of oligonucleotide was incubated
in a 10 μl reaction containing 1 μl of 10X PNK buffer, 1 unit
of T4 PNK and 1.5 μl of [ 32 P]- γATP (15 μCi). The reaction
was incubated at 37 

◦C for 60 min. Labeled oligonucleotides
were then purified using Sephadex G-25 columns (GE Health-
care) according to the manufacturer’s instructions. 

Western blot analysis 

Protein samples were separated using a 12.5% denaturing
SDS-PAGE (Sodium Dodecyl Sulfate-Polyacrylamide Gel Elec-
trophoresis) gel. Electrophoresis was carried out at 30 mA per
gel until the samples passed through the 4% polyacrylamide
stacking gel, then increased to 50 mA per gel as they entered
the resolving gel. Subsequently, samples were transferred to
PVDF membranes via semi-dry blotting at 320 mA per gel
for 1.5 h at 4 

◦C. Anti-FLAG (Sigma; F1804) and anti-GFP
(Sigma; 11 814 460 001) antibodies were used for detection.
RNA polymerase (RNAP) was used as the loading control and

https://www.ncbi.nlm.nih.gov/assembly/GCF_000006745.1
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://github.com/maltesie/ChimericFragments
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
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detected with an anti-RNAP antibody (BioLegend; WP003).
The signals were visualized with a Fusion FX EDGE imager
(Vilber), and band intensities were quantified using BIO-1D
software (Vilber). 

RNA stability experiment 

To monitor the stability of flaX and flaB , transcription was
halted by adding rifampicin to a final concentration of 250
μg / ml. RNA samples were collected prior to induction, and at
2, 4, 8, 16 and 32 min following rifampicin addition. RNA lev-
els were then measured using northern blot analysis or quan-
titative real-time PCR. 

Motility assays 

Plate-based motility assay was performed on semi-solid LB
agar. Approximately 5 × 10 

8 cells from overnight cultures
grown at 30 

◦C were harvested by centrifugation at room tem-
perature (1 min, 16 000 rcf) and resuspended in 100 μl of LB
broth supplemented with kanamycin (50 μg / ml). For inocu-
lation, 1 μl of each culture was spotted onto 0.2% LB agar
square plates (120 × 120 mm) supplemented with kanamycin.
The plates were incubated at 30 

◦C for 13 h, after which they
were photographed from above. Colony areas were measured
using ImageJ software, with the area serving as a proxy for
motility. 

Fluorescence measurements 

GFP fusion reporter assays were conducted using E. coli Top
10 cells harboring a pXG-10 plasmid ( 51 ,52 ). This plasmid
contained the 5 

′ -UTR, and the first 20 amino acids of the
predicted target mRNA fused in-frame with sfGFP, under the
control of a PLtetO-1 promoter. In parallel, the strain also
carried a pEVS143 plasmid that constitutively overexpressed
the sRNA. Strains carrying an empty pEVS143 plasmid served
as controls. To account for background fluorescence, samples
not expressing fluorescent proteins were used for subtraction.
Cell pellets corresponding to 1 OD600 unit were collected by
centrifugation, washed twice with 1 × PBS (pH 7.4), and the
fluorescence intensity was measured using a Spark 10M plate
reader (Tecan, Männedorf, Switzerland). 

RNA structure probing 

RNA structure probing and mapping of flaB -FlaX binding
sites was performed as previously described with minor mod-
ifications ( 53 ,54 ). In brief, 0.4 pmol of 5 

′ -end-labeled RNA
was denatured, chilled on ice before addition of 1 μg of yeast
RNA (Invitrogen, #AM7118) and 1X structure buffer (0.01 M
Tris, pH 7, 0.1 M KCl, 0.01 M MgCl2). Unlabeled RNA was
then added in different molar ratios followed by incubation at
37 

◦C for 10 min. The samples were then treated with either
RNase T1 (0.1 U; Ambion, AM2283) for 3 min, lead (II) ac-
etate (final concentration: 6.25 mM; Sigma-Aldrich, 316512–
5G) for 1 min and 45 s or RNase V1 (2 × 10 

−5 U; Ambion,
AM2275) for 1 min. Reactions were terminated by adding an
equivalent volume of GLII loading buffer. RNase T1 and al-
kaline (OH) sequencing ladders were prepared with 0.8 pmol
of 5 

′ -end-labeled RNA and stopped by adding GLII loading
buffer. Samples were separated by denaturing PAGE on 5% or
12% polyacrylamide / 7 M urea sequencing gels. 
T7 transcription and 5 

′ end-labeling of RNA 

RNAs were synthesized via in vitro transcription following 
previously established protocols ( 53 ). Briefly, a DNA tem- 
plate containing the T7 promoter was amplified by PCR using 
specific primers (KPO-2770 / KPO-2771 on pDD29 for FlaX; 
KPO-8899 / KPO-8901 on pDD21 for flaB 5 

′ -UTR + 20aa) 
and transcribed with the MEGAscript® transcription kit 
(AM1334, Thermo Fisher). The purified RNA (20 pmol) was 
dephosphorylated using calf intestinal alkaline phosphatase 
(NEB), followed by extraction with P:C:I and ethanol precipi- 
tation. The dephosphorylated RNA was subsequently labeled 

with [ 32 P]- γATP (25 μCi) by incubation with 1 unit of PNK 

(NEB) for 1 h at 37 

◦C. The RNA was then purified using a de- 
naturing 6% polyacrylamide / 7 M urea gel, eluted in RNA elu- 
tion buffer (0.1 M sodium acetate, 0.1% SDS, 10 mM EDTA) 
overnight at 4 

◦C, and recovered through P:C:I extraction. 

In vitro translation experiments 

Translation was carried out using the PURExpress In Vitro 

Protein Synthesis system (E6800S, New England BioLabs) 
( 55 ). Invitro transcribed mRNA was generated by in - vitro 

transcription with the sense primer adding the T7 promoter 
to the + 1 site of the 5 

′ -UTR and the antisense primer lo- 
cated downstream the gfp stop codon. Primers used are listed 

in Supplementary Table S4 . Invitro synthesized mRNA was 
mixed with or without the sRNA in a 10 μl reaction volume 
following the manufacturer’s instructions. Reactions were in- 
cubated at 37 

◦C and stopped by addition of equal volume 
of protein loading buffer. Detection of GFP-tagged FlaB was 
done by western blot analysis using a monoclonal GFP anti- 
body (Sigma; 11814460001). 

Toeprinting 

The toeprinting assay was conducted using in vitro synthe- 
sized flaB mRNA. The mRNA was generated with a sense 
primer that incorporated a T7 promoter at the + 1 position of 
the 5 

′ -UTR and an antisense primer positioned 60 nucleotides 
downstream of the start codon. For the assay, 0.2 pmol of 
mRNA was combined with 0.5 pmol of radiolabeled antisense 
primer (KPO-8901) in toeprint buffer A (50 mM Tris-acetate,
pH 7.6, 5 mM Dithiothreitol (DTT), 500 mM potassium ac- 
etate). RNase-free water or sRNA was added to the annealing 
mixture, which was then denatured at 95 

◦C for 1 min and 

chilled on ice for 5 min. Following this, the RNAs were re- 
folded by incubating at 37 

◦C for 5 min after the addition of 
dNTPs (final concentration of 0.5 mM) and toeprint buffer B 

(10 mM Tris-acetate, pH 7.6, 1 mM DTT, 100 mM potassium 

acetate). Next, 2 pmol of activated 30S ribosomal subunits 
(pre-incubated at 37 

◦C for 15 min) were added, followed by a 
5-min incubation at 37 

◦C. Subsequently, 20 pmol of tRNA 

fMet 

(MP Biomedicals, 199 154) was introduced, and the forma- 
tion of the 30S initiation complex (30S-IC) was allowed for 
15 min at 37 

◦C. 
cDNA synthesis was then carried out by adding Super- 

Script™ II Reverse Transcriptase (Thermo, 18 064 014) and 

incubating the mixture at 37 

◦C for 20 min. The reaction was 
terminated by adding stop buffer (50 mM Tris–HCl, pH 7.5,
0.1% SDS, 10 mM EDTA), followed by P:C:I extraction. The 
template RNA was subsequently hydrolyzed with 150 mM 

KOH at 95 

◦C for 5 min, followed by neutralization with acetic 
acid. The resulting cDNA was precipitated using sodium 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
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cetate and ethanol, and then separated on a 10% sequenc-
ng gel. 

urifying flagella filaments for MS analysis 

urification of the flagella hook-basal body complex from
. cholerae was carried out following the method previously
escribed by ( 8 ). Briefly, bacterial cells were collected at an
D 600 of 1.0 and then resuspended in 30 ml of an ice-cold su-

rose solution (0.5 M sucrose, 0.1 M Tris–HCl, pH 8.0) with
 mg / ml lysozyme and 10 mM EDTA (pH 8.0). The mixture
as incubated at 4 

◦C for 30 min and lysed with 3 ml of 10%
riton X-100 followed by 3 ml of 0.1 M MgSO 4 . After gently
tirring the mixture at 4 

◦C for 2 h, 3 ml of 0.1 M EDTA (pH
1.0) was added. The lysate was then clarified by centrifu-
ation at 5000 × g for 10 min, and the pH was adjusted to
1.0 using 5 N NaOH. Subsequently, the lysate was subjected
o centrifugation at 100 000 × g for 60 min, after which the
esulting pellet was resuspended in an alkaline sucrose solu-
ion (10% sucrose, 0.1 M KCl, 0.1% Triton X-100, pH 11.0)
nd centrifuged again at 100 000 × g for 60 min. The pellet
as then resuspended in TET buffer (10 mM Tris-Cl, 0.1 M
DTA, 0.1% Triton X-100, pH 8.0), clarified by centrifuga-

ion first at 5000 × g for 10 min and then at 100 000 × g for
0 min. The final pellet was resuspended in 5 ml of an acidic
olution (50 mM glycine, 0.1% Triton X-100, pH 2.5), incu-
ated at room temperature for 30 min and then centrifuged
t 100 000 × g for 60 min. The resulting pellets were washed
wice with TE buffer (10 mM Tris-Cl, 0.1 M EDTA, pH 8.0)
nd finally centrifuged at 100 000 × g for 60 min to isolate
he intact flagella hook-basal body complex. 

roteome analysis 

amples were prepared from SDS-PAGE gel bands according
o the in-gel digestion protocol by ( 56 ). LC-MS / MS analy-
is was carried out on an Ultimate 3000 nano RSLC system
oupled to a Q Exactive HF mass spectrometer (both Thermo
isher Scientific, Waltham, MA, USA). Peptides were trapped
2 cm × 75 μm, 3 μm) and separated (50 cm × 75 μm,
 μm) on Acclaim Pep Map columns. Eluents A (0.1% [v / v]
ormic acid in water) and B (0.1% [v / v] formic acid in 90 / 10
cetonitrile / water [v / v]) were mixed as follows: 0 min at 4%
, 5 min at 8% B, 20 min at 12% B, 30 min at 18% B, 40
in at 25% B, 50 min at 35% B, 57 min at 50% B, 62–65
in at 96% B, 65.1–90 min at 4% B. Positively charged ions
ere generated at 2.2 kV using a Nanospray Flex Ion Source

Thermo Fisher Scientific) and monitored at m / z 300–1500,
 = 60 000 full width at half maximum (FWHM) using a
aximum injection time (ITmax) of 100 ms and an automatic

ain control (AGC) target of 1 × 10 

6 . Precursor ions were se-
ected for fragmentation in a data-dependent manner (Top15,
 = 2–5) at an isolation width of m / z 2.0 amu for higher-
nergy collisional dissociation (HCD) fragmentation at 30%
ormalized collision energy (NCE). MS2 ions were scanned
t R = 15 000 FWHM (ITmax = 80 ms, AGC = 2e5) us-
ng a dynamic exclusion of precursor ions for 25 s. The LC-

S / MS instrument was controlled by Chromeleon 7.2, QEx-
ctive HF Tune 2.8 and Xcalibur 4.0 software. Tandem mass
pectra were searched against the UniProt reference proteome
atabase (27 July 2020; https:// www.uniprot.org/ proteomes/
P000000584 ) of V. cholerae using Proteome Discoverer (PD)
.4 (Thermo) and the algorithms of Sequest HT (version of
D2.4) and MS Amanda 2.0 and MS Fragger 2.4. Two missed
cleavages were allowed for the tryptic digestion. The precur-
sor mass tolerance was set to 10 ppm and the fragment mass
tolerance was set to 0.02 Da. Modifications were defined as
dynamic Met oxidation as well as static Cys carbamidomethy-
lation. A strict false discovery rate (FDR) < 1% (peptide and
protein level) and at least a search engine threshold > 4 (Se-
quest HT), > 300 (MS Amanda) and > 8 (MS Fragger) were re-
quired for positive protein hits. The Percolator node of PD2.4
and a reverse decoy database was used for q-value validation
of spectral matches. Only rank 1 proteins and peptides of the
top scored proteins were counted. The Minora algorithm of
PD2.2 was applied for relative protein abundance quantifica-
tion ( Supplementary Table S5 ). 

Scanning electron microscopy 

For scanning electron microscopy, droplets of a fresh culture
were placed on a glass slide, covered with a coverslip and
plunge frozen in liquid nitrogen. This was followed by an ad-
ditional chemical fixation by putting skipping the coverslip
off and putting the glass slides in the fixative, which consisted
of 2.5% glutardialdehyde in 75 mM cacodylate buffer also
containing 100 mM NaCl, 2 mM MgCl 2 at pH 7.0 for at
least 1h. After three washing steps with buffer, post-fixation
was done with 1% osmium tetroxide for 30 min. This was
followed by two washing steps with buffer and three wash-
ing steps with double-distilled water. Dehydration of the sam-
ples was done in a graded acetone series before critical-point-
drying. The glass slides were then mounted on aluminum stubs
and sputter-coated with 3 nm platinum. Scanning electron mi-
croscopy was carried out using a Zeiss Auriga 40 crossbeam
workstation (Zeiss, Oberkochen, Germany) with an accelera-
tion voltage of 2 kV and by using the SE-detector. 

Bioinformatic tools 

Sequence alignments were created using MultAlin (( 57 ); http:
// multalin.toulouse.inra.fr/ ). RNA secondary structures were
predicted with RNAfold ( http:// rna.tbi.univie.ac.at/ cgi-bin/
RNAWebSuite/RNAfold.cgi ). RNA base-pairing interactions
were predicted using the RNAhybrid (( 58 ); https://bibiserv.
cebitec.uni-bielefeld.de/ rnahybrid/ ) and IntaRNA (( 59 ); http:
// rna.informatik.uni-freiburg.de/ IntaRNA/ ). 

Results 

RIP-seq analysis detects ProQ RNA ligands in V. 
cholerae 

ProQ is highly conserved in γ-proteobacteria, including V.
cholerae ( 60 ,61 ). Analogous to the genomes of E. coli and S.
enterica , the proQ gene of V. cholerae is located between the
prc (encoding a protease) and msrC (encoding a methionine-
(R)-sulfoxide reductase) genes and its transcription is driven
by single promoter located 50 bps upstream of the translation
start site ( Supplementary Figure S1 A; ( 62 )). To study the ex-
pression of ProQ in V. cholerae , we next generated a chromo-
somally tagged ProQ::3XFLAG strain and monitored protein
abundance at various stages of growth. We detected nearly
constant ProQ production under all tested conditions with
a mild increase in protein expression under stationary phase
growth conditions ( Supplementary Figure S1 B) and similar
results were obtained when we probed proQ mRNA levels
using qRT-PCR ( Supplementary Figure S1 C). We also gener-
ated a proQ deletion mutant in V. cholerae and tested growth

https://www.uniprot.org/proteomes/UP000000584
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
http://multalin.toulouse.inra.fr/
http://rna.tbi.univie.ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/
http://rna.informatik.uni-freiburg.de/IntaRNA/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
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in rich media (LB; lysogeny broth). We found that growth of
this mutant was comparable to V. cholerae wild-type cells and
plasmid-borne overexpression of proQ did not affect growth
either ( Supplementary Figure S1 D). Taken together, we con-
clude that ProQ is expressed in V. cholerae and that mutation
of its corresponding gene does not cause any major changes
in growth, at least under standard growth conditions. 

ProQ of E. coli and S. enterica has been reported to in-
teract with hundreds of mRNAs and dozens of sRNAs ( 23–
25 ). To identify the binding partners of ProQ in V. cholerae ,
we performed RNA co-immunoprecipitation using chromo-
somally produced ProQ::3XFLAG as bait and determined the
attached RNA ligands by high-throughput sequencing (Fig-
ure 1 A). When compared to a control strain lacking the
FLAG tag epitope, the relative amount of reads mapping
to coding sequences and sRNAs increased in the ProQ co-
immunoprecipitation, whereas reads corresponding to house-
keeping RNAs, transfer RNAs (tRNAs) and ribosomal RNAs
(rRNAs) were decreased (Figure 1 B). We discovered 496
mRNA and 60 sRNA ligands at low cell density (OD 600 of
0.2) and 463 mRNA and 75 sRNA ligands at high cell density
(OD 600 of 2.0) ( Supplementary Table S4 ). In line with a previ-
ous report ( 23 ), we discovered that 3 

′ -UTRs of mRNAs were
preferentially bound by ProQ ( Supplementary Figure S1 E).
We further classified the sRNAs based on their genomic lo-
cation, determining whether they were transcribed from in-
tergenic regions (IGRs) or encoded within mRNA 5 

′ -UTRs
or 3 

′ -UTRs ( Supplementary Figure S1 F). In total, we detected
17 sRNAs from IGRs, 3 overlapping coding sequences, 6
from 5 

′ -UTRs and 60 from 3 

′ -UTRs. Quantification of the
reads mapping to sRNAs genes also revealed that the FlaX
sRNA ( 14 ) is highly abundant under both growth condi-
tions followed by several uncharacterized sRNAs, for exam-
ple, Vcr087, Vcr203, Vcr061, Vcr078, Vcr098 and Vcr221,
as well as known sRNAs, such as FarS and OppZ (Figure
1 A and C). Analogous to ProQ, mutation or overexpression
of flaX did not affect growth of V. cholerae in rich media
( Supplementary Figure S1 G). In summary, ProQ interacts with
a large number of RNA ligands in V. cholerae of which FlaX
is the most abundant sRNA binding partner. 

The FlaX sRNA is processed from the 3 

′ -UTR of flaA

The above experiments showed that the FlaX sRNA interacts
with ProQ and occupies a major fraction of the protein at low
and high cell densities (Figure 1 A and C). The flaX gene is lo-
cated in the 3 

′ -UTR of flaA (encoding a major flagellin) in V.
cholerae (Figure 2 A and Supplementary Figure S2 A) and was
reported to accumulate as a ∼150 nt transcript ( 14 ). However,
follow-up transcriptomic studies ( 62 ) and northern blot anal-
ysis (Figure 2 B) showed that FlaX is ∼265 nts long and de-
tected under all tested conditions, with strongest expression at
late exponential growth conditions (OD 600 = 1.0). Mutation
of proQ resulted in reduced FlaX levels in stationary phase,
whereas plasmid-borne overexpression of proQ had the re-
verse effect (Figure 2 B). To investigate whether differential
expression of FlaX in the proQ mutant and the proQ over-
expression strain resulted from altered transcription or rather
relied on ProQ-mediated changes in FlaX stability, we treated
V. cholerae cells with rifampicin and determined the stability
of FlaX. Indeed, we discovered that �proQ cells displayed re-
duced FlaX stability, whereas elevated ProQ levels increased
its stability (Figure 2 C and Supplementary Figure S2 B). 
Transcription of flaA and flaX is driven by a single pro- 
moter located upstream of the flaA gene (Figure 2 A and ( 62 )) 
and mutation of this promoter strongly reduced FlaX expres- 
sion ( Supplementary Figure S2 C). Thus, we asked how FlaX 

is released from the 3 

′ -UTR of flaA and which ribonucle- 
ase could be involved in the process. We hypothesized that 
the major ribonuclease E (RNase E) could be required as it 
has previously been demonstrated to aid the maturation of 
sRNAs that are processed from longer transcripts ( 63 ,64 ).
To test this hypothesis, we employed a V. cholerae strain 

producing a temperature-sensitive RNase E protein ( rne TS ,
( 49 )) and probed FlaX expression under permissive (30 

◦C) 
and non-permissive temperatures (44 

◦C) on northern blots.
In line with our hypothesis, we found that FlaX expres- 
sion was strongly reduced when RNase E was inactivated,
whereas wild-type cells expressing intact RNase E, as well 
as rne TS cells at permissive temperature, did not show al- 
tered FlaX levels (Figure 2 D). In accordance, with these re- 
sults we discovered that mutation of the RNase E recognition 

motif ( 49 ,65 ) at the 5 

′ end of flaX inhibited accumulation of 
the full-length FlaX transcript ( Supplementary Figure S2 D).
We also tested the effect of a related ribonuclease, RNase 
G, on FlaX accumulation in the cell. In contrast to RNase 
E, deletion of the gene encoding RNase G ( rng ) did not af- 
fect FlaX expression (Figure 2 D). Taken together, we conclude 
that FlaX is a 3 

′ -UTR-derived sRNA that depends on RNase 
E for maturation, while ProQ binding is required for full 
stability. 

FlaX and ProQ regulate motility in V. cholerae 

The 3 

′ -UTR of mRNAs has recently been recognized as a rich 

source for sRNA regulators in various bacteria, which fre- 
quently foster or extend the biological functions of their pre- 
ceding genes ( 64 ,66 ). Given that FlaX is produced from the 
3 

′ -UTR of flaA (Figure 2 A), we thus speculated that the sRNA 

(together with ProQ) could be involved in motility regulation 

in V. cholerae . To test this hypothesis, we mutated the genes 
responsible for flagella regulation in V. cholerae ( i.e. flrA, flrB,
flrC , rpoN and fliA ) and probed FlaX expression on northern 

blots (Figure 3 A and B). We found that expression of FlaX 

depends on FlrA-C and RpoN, but is independent of FliA and 

thus belongs to the group of class III genes. 
We next asked if expression of FlaX and / or ProQ also 

affected the motility of V. cholerae . To this end, we tested 

the swimming motility of V. cholerae wild-type, �proQ , and 

�flaX cells in semi-solid agar (0.2%). Indeed, we discov- 
ered that both proQ - and flaX -deficient mutants displayed re- 
duced motility when compared to isogenic wild-type cells (Fig- 
ure 3 C). Conversely, plasmid-borne overexpression of either 
proQ or flaX in their respective mutant backgrounds resulted 

in increased motility. These data are in line with a previous 
report showing that FlaX expression modulates motility in 

V. cholerae ( 14 ). 
To better understand the molecular underpinnings that con- 

trol motility regulation by FlaX in V. cholerae , we employed 

RNA-seq analysis to compare the transcriptomes of wild-type 
cells with a �flaX mutant and a plasmid-complemented strain 

overexpressing FlaX. Again, we performed these experiments 
at low and high cell density (OD 600 of 0.2 and 2.0, respec- 
tively), which revealed dozens of differentially expressed genes 
at both cell densities in �flaX and FlaX overexpressing cells 
(Figure 3 D and Supplementary Figure S3 A). We noticed that 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
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Figure 1. RIP-seq analysis reveals sRNAs associated with ProQ in Vibrio choleae . V. cholerae expressing chromosomally FLAG-tagged ProQ (3xF; +) and 
wild-type cells (WT; -) were grown in LB medium to low (OD 600 of 0.2) and high cell densities (OD 600 of 2.0) and used for ProQ co-immunoprecipitation. 
( A ) Stacked plot of the read distribution of significantly enriched sRNAs with the FLAG-tagged ProQ in comparison to the wild-type control ( ≥2-fold 
change and FDR adjusted P- value ≤ 0.05). Mapped reads to each sRNA were normalized to the total reads mapping of all enriched sRNAs. Plots for 
OD 600 of 0.2 and OD 600 of 2.0 are shown on left and right side, respectively. Top 20 sRNAs are shown in the insets on each side. Data were collected 
from three biological replicates. ( B ) The relative fraction of different RNA classes recovered from WT and FLAG-tagged ProQ (3xF) coIP at OD 600 of 0.2 
and OD 600 of 2.0 are shown. ( C ) Protein and RNA samples were collected before (input) and after purification (coIP). Top panel: western blot (WB) to 
verify the expression and enrichment of the ProQ-3xFLAG protein, with RNAP serving as the loading control. Bottom panel: RNA samples were analyzed 
by northern blotting (NB) to validate the expression and enrichment of specific sRNAs. The 5S rRNA was used as a loading control. 
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everal of these genes were associated with motility-related
unctions and in several cases �flaX and FlaX overexpress-
ng cells displayed inverse expression patterns (Figure 3 D).
or example, flaX mutation resulted in increased expression
f the flaB - flaG transcript at both cell densities, whereas this
attern was reversed when FlaX was overexpressed. Indeed,
e discovered that FlaX overexpression reduced the stabil-

ty of the flaB mRNA, when compared to a control sample
 Supplementary Figure S3 B). Taken together, these results es-
ablished a role for FlaX (and ProQ) in motility control in V.
holerae and suggested that regulation of mRNAs encoding
omponents of the flagella apparatus might be relevant in this

ontext. 

 

Global ProQ-associated RNA interactome studies 

reveal FlaX interaction partners 

ProQ has been shown to mediate changes in gene expres-
sion by affecting stability of its RNA ligands ( 23 ) or by pro-
moting base-pairing between trans-encoded RNAs ( 25 ,40 ). To
investigate the latter, we used RIL-seq to globally map the
ProQ-associated RNA interactome in V. cholerae . RIL-seq re-
lies on ligation of protein-bound RNA pairs and thereby di-
rectly captures and identifies interaction partners ( 47 ). Anal-
ogous to the RIP-Seq experiments outlined above, we per-
formed these analyses at low and high cell densities (OD 600

of 0.2 and 2.0) allowing us to recover 299 484 and 117 561
ProQ-associated interactions, respectively (Figure 4 A and B

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
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Figure 2. FlaX is a ProQ-associated sRNA derived from the 3 ′ -end of the flaA gene. ( A ) Schematic representation of flax genomic organization. The black 
arrow indicates the promoter that drives the expression of flaA - flaX . The flaA - flaX primary transcript (1504 nt) is processed thus releasing FlaX (265 nt). 
( B ) V. cholerae wild-type and �proQ mutant cells, carrying either a control plasmid (pctrl) or a plasmid containing the proQ gene with its native promoter 
(p proQ ), were grown in LB medium. Total RNA was extracted at various growth stages, and FlaX expression was examined using northern blot analysis. 
The 5S rRNA served as the loading control. ( C ) St abilit y of FlaX was monitored in wild-type cells and �proQ mutant cells, carrying either a control 
plasmid (pctrl) or a plasmid containing the proQ gene (p proQ ). Cells w ere cultiv ated in LB medium to an OD 600 of 1.0 and rif ampicin w as added to inhibit 
transcription. Northern blot analysis was performed to measure FlaX level at the specified time points. One representative gel is shown in 
Supplementary Figure S2 B. The signal was quantified and plotted in exponential scale. The RNA half-life was determined by calculating the time point at 
which 50% of FlaX had degraded (horizontal line). Error bars represent the standard deviation from three biological replicates. ( D ) V. cholerae �flaX 
strains carrying either a wild-type ( rne WT) or a temperature-sensitive (rne TS) RNase E allele, along with the pBAD- flaAX plasmid, were grown in LB 

medium at 30 ◦C to OD 600 of 1.0. Cultures were then divided into two halves, with one half maintained at the permissive temperature (30 ◦C) and the 
other shifted to the nonpermissive temperature (44 ◦C) for 30 min. flaA - flaX expression was next induced by adding L-arabinose (0.2% final 
concentration) for 30 min, and FlaX was monitored by northern blot. The solid triangle indicates full-length FlaX transcript, while the open triangles 
denote the processing intermediates. 5S rRNA served as a loading control. 
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and Supplementary Figure S4 A). We quantified the respective
interactions according to their genomic origin, i.e . mRNAs
or sRNAs, which revealed that the majority (89%) of ProQ-
associated interactions involved mRNAs, whereas only 3%
of all interactions included sRNAs (8% of the interactions
involved IGRs, Supplementary Figure S4 B). To facilitate the
accessibility of these results, we employed the ChimericFrag-
ments bioinformatics pipeline ( 48 ) and generated an interac-
tive web interface displaying all ProQ-associated interactions
and putative RNA duplex formation ( https://vch-interactome.
uni-jena.de/). 

We next inspected the RIL-seq datasets for potential in-
teraction partners of FlaX. Here, we discovered a total of
45 and 48 significant interactions ( ≥10 reads) at low and
high cell densities, respectively (Figure 4 C). The flaB flagellin
mRNA was the most abundant FlaX partner transcript un-
der both conditions followed by several other motility-related
transcripts ( fliD , flaG , flaD , flaE , flaC , flaA , flgL and flgE ).
To test if these transcripts are post-transcriptionally regulated
by FlaX, we cloned the 5 

′ -UTRs of these potential targets
together with their initial coding sequence (expressed from
a constitutive promoter) into a GFP-based reporter system
and tested regulation by FlaX in E. coli ( 52 ). Five of the 
nine reporters showed significant regulation by FlaX: flaB ,
flaE , flaG and flaA were repressed, whereas flaD was induced 

(Figure 4 D and Supplementary Figure S4 D–G). Of note, flaB 

was most strongly inhibited by FlaX in these assays ( ∼ 500- 
fold), which prompted us to add a 3XFLAG epitope to the 
C-terminus of the chromosomal flaB gene and compare FlaB 

expression in wild-type, �flaX and flaX complemented cells 
by western blotting. Indeed, we discovered that FlaB levels 
were strongly increased under all growth conditions in the 
flaX mutant and that protein abundance was largely restored 

when FlaX was expressed from a plasmid (Figure 4 E and 

Supplementary Figure S4 C). These data show that FlaX acts 
post-transcriptionally to regulate genes involved in motility 
and that flaB is a main target of FlaX. 

FlaX base-pairs with multiple target sites in the flaB 

mRNA 

The mechanisms underlying gene regulation by base-pairing 
sRNAs in bacteria have been well-established for sRNAs inter- 
acting with Hfq ( 67 ). In contrast, how ProQ-binding sRNAs 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://vch-interactome.uni-jena.de/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
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Figure 3. FlaX is a class III gene of the flagella regulon and controls motility. ( A ) Transcriptional hierarchy of flagella synthesis in V. cholerae . ( B ) Role of 
different transcription factors of the flagella regulon on the transcription of FlaX was tested. V. cholerae �flrA , �flrB , �flrC , �rpoN and �fliA cells 
harboring either an empty control vector or an overexpression plasmid (p flrA , p flrB , p flrC , p rpoN and p fliA ) were cultivated in LB medium and RNA 

samples were collected at OD 600 of 1.0. Northern blot analysis was performed to determine FlaX level. 5S rRNA served as loading control. The 
e xperiment w as perf ormed with three biological replicates. ( C ) Motility assa y on semi-solid LB agar. Inoculum from wild-t ype cells, �proQ mut ant cells 
and �flaX mutant cells carrying either a control plasmid (pctrl) or a plasmid containing the deleted gene (p proQ or p flaX ) were spotted on 0.2% LB agar 
plates. After 13 h incubation at 30 ◦C, plates were photographed (top panel). �motX served as a negative control. Bottom panel: Colony areas were 
measured using ImageJ software and used as proxy for motility. Box plots represent the colony area in pixels. Data were collected from 10 biological 
replicates and colony areas were normalized to that of �motX . Statistical significance was determined using ordinary one-way ANO V A (Analysis of 
Variance) with Dunnett’s multiple comparison ( * P ≤ 0.05, * * P ≤ 0.01, * * * P ≤ 0.001, * * * * P ≤ 0.0 0 01). ( D ) Heatmap of transcriptome analysis of �flaX in 
comparison to wild-type cells both carrying a control plasmid (pctrl) and in �flaX cells carrying a plasmid containing the flaAX genes (p flaAX ) in 
comparison to �flaX cells with a control plasmid (pctrl). RNA-seq analysis was performed at OD 600 of 0.2 and OD 600 of 2.0. Genes in v olv ed in flagella 
synthesis are shown. 
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Figure 4. RIL-seq analysis uncovers the RNA interactome of ProQ in V. cholerae . ( A and B ) Circos plot displaying top 500 RIL-seq chimeras at low cell 
density (OD 600 of 0.2) (A) and high cell density (OD 600 of 2.0) (B). Interaction hubs for sRNAs with highest interactions are highlighted. The first and 
second chromosomes are represented in dark green and light green, respectively. The Circos plot was created using the Circos component of the Dash 
Bio package. FlaX is marked in red. ( C ) Relative distribution of FlaX targets identified in the ProQ RIL-seq based on the number of interactions at low cell 
density (left) and high cell density (right). The total number of mRNA-FlaX interactions was normalized to 100% (low cell density: 5605 interactions, high 
cell density: 8894 interactions). The top 20 interaction partners are listed, while the remaining partners are grouped under others. ( D ) Validation of FlaX 
targets predicted by RIL-seq. Translational GFP reporter fusions were co-transformed into E. coli Top10 cells along with either a constitutive FlaX 
expression plasmid or an empty control plasmid. GFP expression was quantified by fluorescence intensity measurements, with fluorophore levels in the 
control strains normalized to 1. GFP levels were calculated from three biological replicates, with error bars representing the standard deviation. Statistical 
significance was assessed using Welch’s t-test (ns not significant, * P ≤ 0.05, * * P ≤ 0.01). ( E ) Effect of FlaX on FlaB production was monitored. V. cholerae 
wild-type and �flaX strains each carrying a chromosomal 3xFLAG epitope at the C-terminus of FlaB and harboring the indicated plasmids were cultivated 
in LB medium. Protein and RNA samples were collected at the indicated growth cell densities. FlaB::3XFLAG protein levels were analyzed by western 
blot, while FlaX RNA le v els w ere assessed b y northern blot. RNAP and 5S rRNA w ere used as loading controls f or the w estern and northern blots, 
respectively. Quantification of data from two biological replicates is provided in Supplementary Figure S4 C. 
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ecognize and regulate trans -encoded target transcripts is less
ell understood ( 27 , 30 , 60 ). To address this question for FlaX

n V. cholerae , we focused on flaB regulation as it was the most
bundant interaction partner in our RIL-seq experiments (Fig-
re 4 C) and was strongly regulated by FlaX in our reporter
ssays (Figure 4 D). Specifically, we performed structure prob-
ng analysis of the flaB 5 

′ -UTR and added increasing con-
entrations of synthesized FlaX transcript to identify poten-
ial interactions sites in flaB (Figure 5 A). We also performed
he reverse experiments using radio-labeled FlaX and increas-
ng concentrations of synthesized flaB 5 

′ -UTR to determine
he base-sequences in the sRNA ( Supplementary Figure S5 A).
hese experiments allowed us to determine the secondary
tructure of the flaB 5 

′ -UTR and revealed three potential base-
airing sites in flaB and in FlaX (Figure 5 B). Of note, all base-
airing sites in flaB ( Supplementary Figure S5 B) and FlaX
 Supplementary Figure S2 A) are highly conserved and anal-
sis of the RIL-seq dataset using the ChimericFragments al-
orithm ( 48 ) predicted RNA duplex formation of FlaX with
hree separate binding sites in the flaB 5 

′ -UTR, which we
amed flaB BS1-3 (Figure 5 C–E). To confirm these predictions
nd to test the contribution of the individual base-pairing sites
o regulation of flaB by FlaX, we mutated each of the cor-
esponding sequences in flaB (as indicated in Figure 5 C–E)
nd tested regulation by FlaX. We discovered that each mu-
ation reduced repression of the flaB::GFP reporter by FlaX,
owever, no single mutation was sufficient to fully disrupt
egulation (Figure 5 F). Importantly, expression of FlaX vari-
nts carrying compensatory mutations for each of the sites re-
tored regulation (Figure 5 F and Supplementary Figure S5 C).
herefore, we next generated flaB::GFP reporters carrying

wo ( flaB 1 + 2, flaB 1 + 3 and flaB 2 + 3) or three ( flaB 1 + 2 + 3)
f the mutated sites. When compared to the single mutations,
e observed that each additional mutation further reduced

epression by FlaX and that mutation of all three sites fully
brogated regulation (Figure 5 G and H). Again, expression
f the relevant mutated FlaX variants (matching mutations
aB 1 + 2, flaB 1 + 3, flaB 2 + 3 or flaB 1 + 2 + 3) strongly
nhanced repression of their respective reporters. Taken to-
ether, these results indicate that FlaX binds to three different
ase-pairing sites in the 5 

′ -UTR of flaB that function together
o post-transcriptionally control gene expression. 

ranslation inhibition of flaB by FlaX involves 

equestration of a ribosome standby site 

he above data showed that FlaX acts post-transcriptionally
n flaB using three base-pairing sequences (Figure 5 C–E).
hereas base-pairing of FlaX with binding site 3 in flaB is

ikely to inhibit translation initiation by sequestration of the
hine-Dalgarno (SD) sequence, the role of binding sites 1 and
 in this process remained unclear. Given that binding sites
 and 2 are both located in single stranded regions and their
igh similarity with the SD consensus sequence (Figures 5 B
nd 6A ), we speculated that both sites could serve as ribo-
ome standby-sites, known to increase translation efficiency
f mRNAs ( 68 ). To test this idea, we deleted or mutated (ex-
hanging BS1 and BS2 by consecutive cytosines; Figure 6 A)
ach of the binding sites in the flaB::gfp reporter (Figure 6 A)
nd monitored GFP levels. We discovered that all three dele-
ions and mutations decreased GFP production. As expected,
utation of BS3 had the strongest effect ( ∼400-fold), as it
isrupted the flaB SD sequence (Figure 6 B). Deletion or muta-
tion of BS2 reduced GFP expression by ∼8-fold followed by
changes in BS1 ( ∼1.9 to 2.5-fold). In line with our previous
data (Figure 5 F–H), we found that all five mutated flaB::gfp
variants were still repressed by FlaX, albeit to different levels
( Supplementary Figure S6 A). Taken together, these data sug-
gest that binding sites 1 and 2 enhance translation of flaB and
that base pairing of FlaX interferes with this process. 

To better understand the mechanism underlying flaB trans-
lation and repression by FlaX, we employed in vitro transla-
tion assays using synthetically produced flaB::gfp and FlaX
transcripts. Western blot analysis showed that FlaB:GFP pro-
tein was readily detectable after 10 min of incubation and
gradually increased with time (Figure 6 C and Supplementary 
Figure S6 B and C). Addition of increasing concentrations of
FlaX inhibited FlaB::GFP synthesis, further supporting the re-
sults from the in vivo assays (Figure 4 D). We next synthesized
the mutated variants of the flaB::gfp transcripts (carrying ei-
ther mutations flaB BS1, 2 and 3 or the combined mutations;
analogous to Figure 5 F–H) and tested regulation by FlaX.
Whereas none of the mutations impaired basal FlaB::GFP syn-
thesis ( Supplementary Figure S6 C), we found that mutations 2
and 3 both reduced the effect of FlaX on flaB::gfp translation,
whereas mutation of base-pairing site 1 had no significant im-
pact (Figure 6 C). Of note, mutation of binding site 2 had the
strongest effect on the regulation of flaB::gfp by FlaX, which is
in line with the corresponding in vivo data (Figure 5 F). Com-
bined mutation of base-pairing sites 1 and 2 almost fully abro-
gated translation repression of flaB::gfp by FlaX, and a sim-
ilar pattern was observed when all three sites were mutated
(Figure 6 D). 

Translation initiation in bacteria critically depends on bind-
ing of the 30S ribosome to the RBS and sRNAs often interfere
with this process ( 69 ,70 ). Therefore, we employed toeprint-
ing assays ( 71 ) to analyze the effect of FlaX on binding of
the 30S ribosome to the flaB translation initiation region.
In the presence of 30S ribosomes and fMet-tRNA, we de-
tected a robust toeprint signal ∼15 nt upstream of the flaB
start codon, demonstrating correct assembly of the transla-
tion initiation complex (Figure 6 E). Addition of FlaX resulted
in strong reduction of the toeprint signal, whereas the mu-
tated FlaX variant carrying point mutations in the three flaB
binding sites (FlaX-M1 / 2 / 3; see Figure 5 E) failed to inhibit
translation initiation (Figure 6 E). We also tested the effect of
the individual FlaX mutations in the toeprinting assays, and,
vice v er sa , the impact of the flaB single point mutations on
inhibition of by FlaX. Consistent with the experiments using
the flaB::GFP reporter (Figure 5 F–H) and the in vitro trans-
lation assays (Figure 6 C and D), we discovered that muta-
tion of binding site 2 in flaB ( Supplementary Figure S6 D) or
FlaX ( Supplementary Figure S6 E) had the strongest impact on
toeprint intensity, followed by binding site 3 and binding site
1. Based on these data, we propose that binding sites 1 and 2
could serve to recruit ribosomes to the flaB mRNA, which is
inhibited by base pairing of FlaX. 

FlaX affects flagella composition and the dynamics 

of flagella assembly 

Flagella assembly in V. cholerae critically depends on the pre-
cise timing of flagella transcript synthesis that is organized into
a four class regulon (Figure 3 A and ( 12 )). FlaX expression re-
lies on RpoN and FlrA-C and thus belongs to the group of
class III genes (Figure 3 B). In contrast, flaB belongs to the
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Figure 5. FlaX base-pairs at three binding sites in the 5 ′ -UTR of flaB mRNA. ( A ) In vitro str uct ure probing of the 5 ′ end-labeled flaB 5 ′ -UTR including the 
first 60 nucleotides of the CDS (0.4 pmol) was performed using RNase T1 (lanes 4–7), RNase V1 (lanes 8–11) and lead (II) (lanes 1 2–1 5) in the presence 
and absence of FlaX sRNA (0, 0.4 pmol, 4 pmol or 10 pmol, respectively). RNase T1 and alkaline (OH) ladders were used to map positions of individual 
nucleotides, with mapped G-residues indicated relative to the transcription start site (TSS). The potential binding sites for FlaX sRNA are indicated. ( B ) 
Secondary str uct ure of the flaB 5 ′ -UTR including the first 60 nucleotides of the CDS , as determined b y bioinf ormatics predictions and re v ealed b y 
chemical probing shown in (A). The FlaX binding sites are highlighted in blue. The start codon is highlighted in orange and the Shine-Dalgarno (SD) 
sequence is indicated by an orange line. ( C –E ) Predicted base-pairing interactions between FlaX and flaB mRNA. For flaB mRNA, positions are 
numbered relative to the start codon, while for FlaX, positions are numbered relative to its start site. The locations of nucleotide substitutions and the 
compensatory mutations in BS1 (C), BS2 (D) and BS3 (E) are indicated. ( F –H ) Fluorescence intensities were measured for E. coli strains carrying flaB 

translational GFP reporters, along with either a constitutive FlaX expression plasmid or an empty control plasmid. The fluorescence intensity of strains 
with the control plasmid was normalized to 1. Point mutations were individually introduced separately into each binding site in the 5 ′ -UTR of flaB , with 
corresponding compensatory point mutations introduced in the FlaX sRNA (F). Fluorescence intensities for flaB translational GFP reporters with all 
combinations of double mutations (G) and triple mutations (H) were also measured. Data were collected from three biological replicates, and statistical 
analy ses w ere conducted using Welch’s t-test ( * P ≤ 0.05, * * P ≤ 0.01). 
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Figure 6. FlaX inhibits ribosome binding in the 5 ′ -UTR of the flaB mRNA. ( A ) The secondary str uct ure of 5 ′ -UTR flaB + first 60 nucleotides with FlaX 
binding sites highlighted in blue. Deletion of the different binding sites are marked in red. Residues that were substituted with cytosines (see panel B) 
are indicated by a red ‘C’ placed adjacent to each modified position. The start codon and the SD sequence are marked in orange. ( B ) Translational GFP 
reporter fusions with deletion mutations in each of the binding sites (as indicated in ( A )) were transformed into E. coli Top10 cells. GFP production was 
measured, with fluorophore le v els from the control strain normalized to 1. Error bars represent the standard deviation of three biological replicates. 
Statistical significance was determined using ordinary one-way ANO V A with Dunnett’s multiple comparison ( * P ≤ 0.05, * * P ≤ 0.01, * * * P ≤ 0.001, 
* * * * P ≤ 0.0 0 01). ( C and D ) In vitro translation of the translational reporter fusion flaB :: gfp mRNA. The protein was monitored by western blot at the 
indicated time points. Translation of single (C), double and triple mutants (D) (indicated in Figure 4 C–E) was measured in the presence or absence of 
FlaX. Data were collected from two biological replicates. ( E ) Toeprint assay on flaB mRNA (0.2 pmol) in the presence or absence of FlaX. The presence 
of the 30S ribosomal subunit, the tRNA 

fMet and the flaB mRNA is indicated. W ild-t ype and mutant flaX are added in different ratios relative to the flaB 

mRNA (0.2 pmol, 0.6 pmol, 1 pmol and 2 pmol for flaX WT and 0.2 pmol and 0.6 pmol for flaX M1 + 2 + 3). Position of the 30S initiation complex is 
indicated, +15, relative to the start codon. 
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class IV genes and thus is expressed later in the cascade to-
gether with other auxiliary flagellin genes, i.e., flaC , flaD and
flaE ( 72 ). 

To examine if and how FlaX affects the dynamics of flag-
ellin production in V. cholerae , we generated a flrA mutant
and a flrA / flaX double mutant (blocking flagella gene induc-
tion and Figure 3 A), which we complemented with a pBAD-
flrA plasmid, allowing us to activate flagella gene expression
through the addition of L-arabinose. We next followed the ex-
pression of all five flagellin genes ( i.e. flaA , flaB, flaC , flaD and
flaE ) at various time-points after induction (0, 5, 15, 30 and 60
min) using real-time quantitative PCR. As expected, addition
of L-arabinose to �flrA or �flrA / flaX cells carrying a con-
trol plasmid did not affect flaggelin mRNA expression (Figure
7 A and B and Supplementary Figure S7 A–D). Plasmid-borne
production of FlrA in �flrA cells resulted in rapid activation
of flaA mRNA reaching maximal expression already 15 min
post induction (Figure 7 A) and a similar pattern was observed
for FlaX ( Supplementary Figure S7 A). In comparison, expres-
sion of flaB-E was delayed displaying highest levels 30 min
( flaD , flaE ) or 60 min after ( flaB , flaC ) after addition of the
inducer (Figure 7 B and Supplementary Figure S7 B–D). In the
flrA / flaX double mutant, the dynamics of flaA , flaC , flaD and
flaE expression were similar to the patterns observed in �flrA
cells; however, expression of flaB was significantly accelerated
showing strong activation already after 15 min of induction
and maximal expression after 30 min (Figure 7 B). 

The above experiments suggested that FlaX mainly acts on
flaB and that lack of flaX resulted in elevated flaB mRNA (Fig-
ures 3 D and 7B ) and FlaB protein levels (Figure 4 E). Based
on these results, we hypothesized that FlaX might modulate
flagella filament composition, which could also explain the
differences in motility observed for V. cholerae cells lacking
or overexpressing FlaX (Figure 3 C). To test this possibility,
we isolated flagellin proteins from V. cholerae and quantified
their relative abundances using mass spectrometry. We dis-
covered that in wild-type cells, FlaD ( ∼41%), FlaA ( ∼30%)
and FlaC ( ∼26%) were the most abundant flagellin proteins,
whereas FlaB ( ∼3%) and FlaE ( < 1%) constituted only mi-
nor flagella components (Figure 7 C). In contrast, in �flaX
cells relative FlaB levels were strongly upregulated (constitut-
ing ∼30% of all flagellin proteins), whereas the abundance of
FlaA was reduced to ∼14%. Plasmid-borne overexpression of
FlaX in flaX -deficient cells restored and further reduced FlaB
( ∼1.5%) but also inhibited FlaA (11%) and increased FlaD
(62%) levels (Figure 7 C). The relative abundances of FlaC
( ∼25%) and FlaE ( < 1%) levels remained constant in all three
strains. Taken together, these results suggest that FlaX not only
affects the regulatory pattern associated with flagellin mRNA
expression, but also the composition of the flagellum filament.

To correlate with these findings with the role of FlaX in
motility of V. cholerae (Figure 3 C), we next investigated the
role of FlaB. Specifically, we speculated that increased FlaB lev-
els (Figure 4 E) and altered flagella composition (Figure 7 C) in
flaX -deficient cells might explain their reduced motility (Fig-
ure 3 C). To test this idea, we deleted the flaB gene in �flaX
cells and quantified motility in semi-solid agar (0.2%). Indeed,
mutation of flaB strongly increased motility of the flaX mu-
tant, which was comparable to cells over-expressing FlaX (Fig-
ure 7 D). Likewise, plasmid-borne over-expression of FlaX no
longer increased motility in cells lacking flaB . These results
suggest that elevated FlaB levels inhibit motility of V. cholerae
and that repression of flaB by FlaX can antagonize this effect.
Discussion 

Flagella play crucial roles in bacterial motility and behavior 
( 73 ,74 ). Flagella synthesis is a highly coordinated process in- 
volving multiple layers of regulation to ensure proper assem- 
bly and function. Over the past decades, we have learned a 
great deal about how flagella assembly is organized into hi- 
erarchical transcriptional programs that coordinate the order 
and timing of flagella synthesis ( 75 ,76 ). More recently, post- 
transcriptional gene regulation has also been implicated in 

flagella synthesis, including bacteria with peritrichous flagella,
for example, E. coli ( 16–18 ), as well as amphitrichous bacte- 
ria, for example, Campylobacter jejuni ( 19 ). In this study, we 
discovered that post-transcriptional regulation is also relevant 
for motility and flagella synthesis in monotrichous bacteria,
i.e., V. cholerae . 

Flagella synthesis in V. cholerae is organized into four 
classes of which flaA is the only class III flagellin gene, whereas 
flaB-E belong to class IV (Figure 3 A). FlaA is also the only 
flagellin subunit that is required and sufficient for motility 
and this phenotype has been linked to a critical domain in 

FlaA that supports folding of the additional flagellin proteins 
( 15 , 72 , 77 ). Thus, it is crucial that FlaA is produced prior to
FlaB-E; however, previous data showed that the transition 

from class III to class IV gene expression takes place prior 
to the production and integration of FlaA into the filament 
( 72 ). This organization demands for an additional regulatory 
element ensuring sufficient FlaA production before the other 
flagellin proteins are expressed. Our data suggest that FlaX 

could close this gap by inhibiting FlaB , which negatively af- 
fects motility (Figure 7 D). We speculate that increased FlaB 

could reduce motility in two ways: first, a change in the ra- 
tio of FlaA versus FlaB proteins could impair or exceed the 
chaperone function of FlaA. Second, altered filament com- 
position (Figure 7 C) that impairs flagella stability and func- 
tion. Indeed, using scanning electron microscopy, we discov- 
ered that �flaX mutants display elevated numbers of un- 
flagellated cells, when compared to isogenic wild-type cells 
( Supplementary Figure S7 E). In addition, timing of flagellin 

gene expression is likely crucial for correct filament assem- 
bly as mutation of flaX resulted in premature flaB expression 

when FlrA is induced (Figure 7 C). It is currently unknown if V.
cholerae employs differential filament composition to modify 
its motility in response to changing environmental conditions 
( 12 ). Thus, it is noteworthy that FlaX overexpression resulted 

in enhanced motility (Figure 3 C), suggesting that altered flag- 
ellin expression and filament composition (Figures 4 D and 

7D ) can indeed modulate the motility behavior of V. cholerae .
This regulatory concept might be relevant when V. cholerae 
transmits from aquatic to more viscous environments, such as 
the mucus-containing intestinal lining of the human host ( 78 ).

Other Vibrio strains also employ flagella consisting of sev- 
eral flagellins ( 12 ,79 ). The flaX gene is conserved in many Vib- 
rios ( Supplementary Figure S2 A), suggesting that similar regu- 
latory mechanisms for flagella synthesis could be relevant here 
as well. For example, in Vibrio parahaemolyticus and Vibrio 

campbellii flaX is located in the 3 

′ -UTR of the mRNAs encod- 
ing the FlaC polar flagellin, which is homologous to FlaA of V.
cholerae ( 80 ,81 ). The homolog of FlaB in V. parahaemolyticus 
and V. campbellii is FlaA and indeed the FlaX binding sites in 

the 5 

′ -UTRs of their corresponding mRNAs are highly con- 
served ( Supplementary Figure S5 B). Of note, in both organ- 
isms, all flagellin genes are categorized as class IV genes, sug- 
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Figure 7. FlaX influences flagella assembly and composition. ( A and B ) V. cholerae �flrA and �flrA �flaX strains carrying either a control plasmid (pctrl) 
or pBAD- flrA plasmid with inducible promoter, were grown in LB medium at 37 ◦C to OD 600 of 1.0. pBAD-driven gene expression was next induced by 
adding L-arabinose (0.2% final concentration). mRNA le v els of flaA (A) and flaB (B) were monitored by quantitative real-time PCR over time: 0, 5, 15, 
30 and 60 min. All time points were compared to the pre-induction condition (0 min) and transcript abundance was set to 10 0. Dat a were collected from 

three biological replicates and normalized to the house-keeping gene, recA . ( C ) Mass spectrometry analysis of FlaA-E flagellin protein le v els in wild-type, 
�flaX and �flaX p flaX cells. The relative abundances of each flagellin, based on spectral counts, are represented as stacked plot. ( D ) Motility assay on 
0.2% LB agar was performed using inocula from wild-type, �flaX and �flaX �flaB mutant cells carrying either a control plasmid (pctrl) or a plasmid with 
the sRNA (p flaX ). The �motX mutant was used as a negative control. Colony areas, measured in pixels via ImageJ, served as a motility proxy. Box plots 
sho w normaliz ed colon y areas from six replicates. Statistical significance w as assessed b y one-w a y ANO V A with Dunnett’s multiple comparisons 
( * P ≤ 0.05, * * P ≤ 0.01, * * * P ≤ 0.001, * * * * P ≤ 0.0 0 01). 
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esting that post-transcriptional regulation could be the pri-

ary mechanism to establish ordered flagellin production. 
Expression of flaX is inherently linked to flaA as both genes

re transcribed from the same promoter (Figure 2 A). Follow-
ng transcription, accumulation of FlaX requires cleavage by
Nase E (Figure 2 D), a regulatory principle that has been doc-
mented for various Hfq-dependent sRNAs, as well as the
roQ-associated RaiZ sRNA ( 64 ). The recently discovered
. coli sRNAs UhpU, MotR, FliX and FlgO, whose expres-

ion is controlled by the flagella sigma factor σ28 , are also en-
oded in the UTRs of their associated genes and also modu-
ate motility ( 16 ). Our list of ProQ-associated sRNAs contains
 large fraction of 3 

′ -UTR-derived sRNAs (Figure 1 D and
upplementary Figure S1 E), including Vcr077 and Vcr078
Figure 1 C), which are located in the 3 

′ -UTRs of the flaD
and flaC flagellin genes, respectively. Both sRNAs share se-
quence similarity with FlaX ( Supplementary Figure S7 F) and
are produced by ribonucleolytic cleavage ( 62 ). Inspection of
their respective target spectra using our ProQ-dependent RIL-
Seq datasets (Figure 4 A and B) revealed dozens of putative tar-
get transcript including flagellin and other motility-associated
genes. We tested several of these predictions using our GFP-
based reporter system (Figure 4 D). Indeed, we discovered that
Vcr077 and Vcr078 both inhibited FlaE::GFP expression and
Vcr077 also inhibited FlaA::GFP, whereas Vcr078 negatively
affected FlaC::GFP levels ( Supplementary Figure S7 G). These
findings might point to a more general regulatory concept
in which flagellin mRNAs employ 3 

′ -UTR-derived regulatory
sRNAs to inhibit the expression of other flagellins (Figure 8 ).
This process could benefit their own expression and might

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
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Figure 8. Model of FlaX-mediated regulation of flagella synthesis in V. cholerae . Flagella filaments in V. cholerae encompass five flagellins, of which only 
FlaA is a class III gene. FlaX is an sRNA processed by RNase E from the 3 ′ -end of flaA and it is stabilized by ProQ. Its expression is controlled by FlrA, 
FlrB, FlrC and RpoN rendering it a class III gene as well. FlaX controls tightly the translation of flaB among other flagellins by base-pairing at three 
different positions in the 5 ′ -UTR. By doing so, FlaX acts to reinforce the hierarchical order between class III and class IV genes. Thereby, FlaX controls 
motility by fine-tuning the composition of the flagella filament. 
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reinforce and extend transcriptional networks coordinating
flagella synthesis. 

Altered expression of motility genes has been linked to
ProQ-mediated regulation in other species as well ( 36 ) and
mutation of proQ has been documented to cause various other
phenotypes ( 27 ,30 ); however, with the exception of FlaX re-
ported here, these have not yet been linked to individual sRNA
regulators. This is contrary to the numerous phenotypes de-
scribed for Hfq-dependent sRNAs from diverse microorgan-
isms ( 20 , 67 , 82 ). Based on our data from V. cholerae , we spec-
ulate there could be two main reasons for this discrepancy.
First, mutation of hfq in E. coli and related bacteria typi-
cally results in a complete loss of sRNA activity, whereas mu-
tation of proQ also affects regulation, although to a minor
extend ( 25 ,40 ). In accordance, we found that repression of
FlaB::GFP by FlaX in a proQ mutant was only mildly reduced
( ∼2.5-fold) and a similar effect was detected for cells lacking
the genes encoding both major RNA chaperones ProQ and
Hfq ( Supplementary Figure S7 H). Thus, the phenotypes asso-
ciated with �proQ cells, might not overlap with the pheno-
types of individual sRNA mutants. Second, when comparing
the fraction of recovered RNA duplexes according to their ge-
nomic origin, i.e ., mRNAs and sRNAs, in our ProQ (Figure 4 A
and B) and Hfq ( 46 ) RIL-Seq datasets, we discovered that the
vast majority (91%) of ProQ-associated interactions involved
base-pairing between two mRNAs, whereas only 9% of all
interactions included sRNAs ( Supplementary Figure S7 I). In
contrast, the relative abundance of sRNAs in Hfq-mediated
interactions was significantly higher ( ∼76%). Of note, the
mRNA–mRNA pairs in the ProQ dataset frequently involved
interactions within one transcript (e.g . between two mRNAs
in same operon), suggesting that ProQ could play a role in
intramolecular base pairing, whereas Hfq mainly facilitates 
interaction between trans -encoded transcripts. 

At the mechanistic level, we speculate that strong transla- 
tion of flaB is associated with two potential ribosome standby 
sites in the 5 

′ -UTR of the mRNA that feed new ribosomes to 

the RBS. Ribosome standby sites are found in single-stranded 

regions of 5 

′ -UTRs, where the 30S ribosomal subunit can bind 

and kinetically compete with RNA folding to reach the down- 
stream RBS ( 83 ,84 ). This facilitates the recruitment of new 

ribosomes to mRNAs when the genuine start site is still occu- 
pied by the leading ribosome resulting in polysome formation 

and increased translation efficiency ( 68 ). Arguably one of the 
most thoroughly studied ribosome standby site is located in 

the distal 5 

′ -UTR of the tisB toxin mRNA ( 85 ,86 ). In anal- 
ogy to the FlaX–flaB interaction reported here, translation of 
tisB is facilitated by a ribosome standby site in the 5 

′ -UTR,
which in turn is repressed by the IstR antisense RNA ( 87–89 ).
In contrast to FlaX, IstR is expressed from a genomic loci ad- 
jacent to the tisB gene and although IstR also binds to ProQ 

( 24 ), the sRNA does not seem to regulate target mRNAs other 
than tisB . 

The regulatory mechanism most frequently associated with 

sRNAs in bacteria involves base pairing with and sequestra- 
tion of the target’s RBS resulting in reduced translation initia- 
tion, which is often followed by mRNA degradation ( 21 ). This 
mode of action has been documented for dozens of sRNA–
target pairs requiring Hfq and has also been reported for 
ProQ ( 40 ). In few cases, full repression of an mRNA by an 

sRNA requires multiple target sites in the mRNA, as has been 

demonstrated for regulation of the manXYZ mRNA by SgrS 
in E. coli ( 90 ,91 ). However, in this case the individual target 
sites in manXYZ are separated by several hundred nucleotides 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae1283#supplementary-data
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nd target two separate translation initiation sites of a poly-
istronic mRNA. In contrast, we discovered here that regula-
ion of flaB by FlaX involves three consecutive binding sites in
he mRNA’s 5 

′ -UTR to reach full repression (Figure 5 D–F). It
s noteworthy that repression of FlaB::GFP by FlaX is unusu-
lly strong ( ∼500-fold; Figure 4 D) when compared to other
laX target genes (Figure 4 D) and nearly all previously re-
orted sRNA–target interactions using analogous experimen-
al approaches. It is likely that the ribosome standby sites in
he flaB 5 

′ -UTR support efficient translation of mRNA, which
ould increase the dynamic range for post-transcriptional reg-
lation. Importantly, this finding also sets the stage for follow-
p genetic screens aiming to identify auxiliary regulatory fac-
ors involved in ProQ-mediated gene control. 
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