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ABSTRACT

The global RNA-binding protein ProQ has emerged
as a central player in post-transcriptional regulatory
networks in bacteria. While the N-terminal domain
(NTD) of ProQ harbors the major RNA-binding ac-
tivity, the role of the ProQ C-terminal domain (CTD)
has remained unclear. Here, we have applied satura-
tion mutagenesis coupled to phenotypic sorting and
long-read sequencing to chart the regulatory capac-
ity of Salmonella ProQ. Parallel monitoring of thou-
sands of ProQ mutants allowed mapping of critical
residues in both the NTD and the CTD, while the linker
separating these domains was tolerant to mutations.
Single amino acid substitutions in the NTD asso-
ciated with abolished regulatory capacity strongly
align with RNA-binding deficiency. An observed cel-
lular instability of ProQ associated with mutations in
the NTD suggests that interaction with RNA protects
ProQ from degradation. Mutation of conserved CTD
residues led to overstabilization of RNA targets and
rendered ProQ inert in regulation, without affecting
protein stability in vivo. Furthermore, ProQ lacking
the CTD, although binding competent, failed to pro-
tect an mRNA target from degradation. Together, our
data provide a comprehensive overview of residues
important for ProQ-dependent regulation and reveal
an essential role for the enigmatic ProQ CTD in gene
regulation.

INTRODUCTION

The ability of bacteria to survive and thrive in dynamic en-
vironments relies on precise and rapid regulation of gene
expression. RNA-binding proteins (RBPs) are key factors
in post-transcriptional regulatory networks and often work
in conjunction with small regulatory RNAs (sRNAs) (1,2).
At the molecular level, specific sequence and/or struc-
tural RNA motifs are recognized by RBPs through RNA-

binding domains, among which the S1 domain, the cold-
shock domain, the Sm domain and the K homology do-
main are well-studied examples (3). The arrangement and
combination of RNA-binding domains define the regula-
tory activity of an RBP (4). To understand how RBPs reg-
ulate their RNA targets, it is therefore important to know
how these domains function.

Recent advances in global RBP identification have as-
signed RNA-binding activity to many proteins and do-
mains not previously implicated in RNA–protein interac-
tions (5–16). Among bacterial RPBs, ProQ has recently
emerged as a global RNA binder in Salmonella enterica (S.
enterica) and Escherichia coli (E. coli) (13,14,16–18) and is
one of the founding members of the ProQ/FinO protein
family (PF04352 Pfam) (14). The members of this family
are ubiquitously found in proteobacterial species (19–22),
and, in addition to ProQ, include plasmid-encoded FinO
proteins (23–25), RocC (19,26) and Lpp1663 (27,28) in Le-
gionella pneumophila, NMB1681 in Neisseria meningitidis
(21,29) and S. enterica FopA (22). All of these proteins pos-
sess the well-conserved ProQ/FinO domain, which has been
suggested to harbor the major RNA-binding activity in
each respective protein (19,22,28,30–35). Many ProQ/FinO
family members have additional N- or C-terminal domains
or extensions (19,22,28–30,36), but their contribution to
RNA-binding and/or gene regulatory activity largely re-
mains unknown (19,25,30,32,34).

ProQ itself was initially identified as a positive factor for
proline uptake and osmoprotection (37–39). It is now well
established that ProQ interacts with hundreds of different
RNA targets, primarily sRNAs and 3′ untranslated regions
(UTRs) of mRNAs (13,14,16,18,32). ProQ recognizes RNA
stem-loop structures, flanked by 5′-located A-rich and 3′ lo-
cated U-rich sequences, which often overlap with intrinsic
terminators (13,32). Despite the detailed mapping of ProQ–
RNA interactions, the functional consequences following
binding are in most cases still unclear. Transcriptomic stud-
ies have shown that deletion or overexpression of proQ leads
to global changes in gene expression (18,40,41), but a direct
link between RNA binding and gene regulation has only
been described for a few RNA targets. For instance, ProQ
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protects the cspE mRNA from 3′-dependent RNA degra-
dation by RNase II (13), blocks RNase III-mediated cleav-
age of the duplex formed by sRNAs RybB and RbsZ (18)
and promotes translation inhibition exerted by the sRNA
RaiZ on hupA mRNA (40). Congruent with ProQ’s role as
a global regulator, this protein has been linked to diverse
cellular responses, including adaptation to osmotic stress
(37–39), biofilm formation (42), adaptation to resource lim-
itation (43), bacterial virulence (41) and motility (40,41).

ProQ folds into two globular N- and C-terminal do-
mains (NTD and CTD) bridged by an extended, unstruc-
tured linker (30). The NTD, spanning residues 1–119, con-
stitutes the ProQ/FinO domain (20,30,44,45) and appears
to harbor the core RNA-binding activity; the NTD alone
is sufficient for binding to the majority of tested RNA lig-
ands in vitro (32). Similarly, screening for RNA binding-
defective ProQ mutants using a bacterial three-hybrid strat-
egy identified many critical residues within the NTD but
none in the CTD (31). In contrast to the ProQ NTD, the
ProQ CTD is exclusively found in ProQ but absent from
other proteins in the ProQ/FinO family. The CTD, span-
ning residues 180–228, is mostly composed of ß-sheets that
form a barrel-like structure, which partially resembles the
Tudor domain (30), known to mediate protein–protein in-
teractions via methylated amino acid residues (46). How-
ever, Tudor domains are usually found in eukaryotic pro-
teins (30), and no evolutionary relationship between the
ProQ CTD and Tudor domains has been convincingly es-
tablished. Compared to the NTD, the function of the CTD
is understudied. Even though it may participate in RNA-
binding and RNA strand exchange (30,32,39), the contri-
bution of such activities for ProQ’s overall RNA-binding
activity and/or regulatory function is so far unclear.

To better understand the relationship between the RNA-
binding activity and regulatory function of ProQ, we de-
veloped a screen that allowed for systemic identification
of ProQ mutant proteins with impaired regulatory activ-
ity. We identified >20 residues in the NTD that are crit-
ical for ProQ-dependent gene regulation in vivo. These
residues largely overlap with those affecting ProQ–RNA in-
teractions (31), indicating an intimate relationship between
RNA-binding and gene regulation. Interestingly, mutations
in the NTD rendered ProQ unstable in vivo, suggesting that
the protein is stabilized through interaction with RNA. In
addition to the NTD, our screen identified residues in the
CTD which, when mutated, lead to overstabilization of sev-
eral RNA targets and rendered ProQ inactive in activating
a reporter gene, without affecting protein stability in vivo.
In line with this, we show that ProQ lacking the CTD, al-
though binding competent, critically impacts the regulatory
activity of ProQ.

MATERIALS AND METHODS

Bacterial strains and growth conditions

All bacterial strains used in this study are listed in Sup-
plementary Table S1. Bacteria were routinely grown aero-
bically at 37◦C in LB medium with shaking at 200 rpm.
Where indicated, the growth medium was supplemented
with kanamycin (50 �g/ml), tetracycline (15 �g/ml), chlo-

ramphenicol (30 �g/ml), ampicillin (100 �g/ml) or iso-
propanyl ß-D-1-thiogalactopyranoside (IPTG) at 5, 50,
100, 250, 500, 1000 or 2000 �M.

Cloning

Plasmids and oligonucleotides used in this study are listed in
Supplementary Tables S2 and S3, respectively. To construct
transcriptional reporter plasmid pPfliE-gfp (pAR022), plas-
mid pUA66 was cut with XhoI and BamHI, and ligated
to a PCR product amplified from SL1344 genomic DNA
(primers EHO-1144/1283) and cut with XhoI and BamHI.
The ProQ-plasmid (pAR009) was constructed in three
steps. First, promoter PBAD was replaced with promoter
PLlacO on plasmid pCH450, yielding plasmid pAR001.
Briefly, the PLlacO sequence was amplified (primers EHO-
1006/1007) from plasmid pZE12-luc and ligated to the
PCR product (primers, EHO-1004/1005) amplified from
pCH450. The PCR products were cut with NsiI and BglII
prior to ligation. Second, the lacI repressor gene was added
to pAR001 to construct plasmid pAR007. The lacI se-
quence was amplified (primers EHO-1047/1048) from plas-
mid pACYCDuet-1, cut with NsiI and ligated to NsiI-
digested pAR001. Finally, the proQ ORF, amplified (EHO-
1000/1001) from plasmid pZE12-proQ, was inserted into
plasmid pAR007. Both the insert and the vector were cut
with NdeI and NotI prior to ligation. The pdTomato-ProQ
plasmid (pAR018) was constructed in two steps. First, the
dTomato gene was amplified (primers EHO-992/993) from
strain MH235 and inserted into pAR007 to construct plas-
mid pAR013. Both insert and vector were cut with NdeI
and EcoRI prior to ligation. Second, the proQ sequence
was amplified (EHO-1000/1001) from pZE12-proQ and in-
serted into pAR013. Both the insert and the vector were cut
with NdeI and NotI prior to ligation. pAR052 was con-
structed by adding a 3xFLAG sequence to the 3′-end of
the proQ ORF on plasmid pAR009. The pAR009 plasmid
was amplified using primers EHO-1614/1615 and ligated.
The parental plasmid was digested with DpnI prior ligation.
To construct plasmids expressing ProQ truncations, the se-
quences representing residues 1–129, 1–179 and 130–228
of proQ were amplified (primers EHO-1625/1565, EHO-
1625/1626, EHO-1627/1628, respectively) from pAR052,
followed by DpnI digestion to remove the parental plas-
mid, and ligation to construct plasmids pAR053, pAR054
and pAR055, respectively. To construct plasmids expressing
3xFLAG-tagged mutant ProQ proteins, the pAR052 plas-
mid was amplified using primers EHO-1551/1552, EHO-
1560/1561, EHO-1558/1559 and EHO-1562/1563, and lig-
ated, generating plasmid pAR058, pAR059, pAR060 and
pAR061, respectively.

Error-prone PCR

Error-prone PCR of proQ on plasmid pdTomato-ProQ
(pAR018) was carried out in a two-step PCR reaction us-
ing the GeneMorph EZClone Domain Mutagenesis Kit
(Stratagene). The first PCR reaction (Mutant Megaprimer
Synthesis) contained 500 ng of plasmid pAR018, dNTPs
(200 �M), primers EHS-1123 and EHS-1124, Mutazyme II
DNA Polymerase and Mutazyme II Reaction Buffer in a
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total volume of 50 �l. The cycling conditions were: 120 s at
95◦C, 30 cycles of 30 s at 95◦C, 30 s at 56◦C, 60 s at 72◦C and
10 min at 72◦C. The PCR reaction was analyzed on a 1%
agarose gel and purified with the GeneJET PCR Purifica-
tion Kit (ThermoScientific). The second PCR reaction (EZ-
Clone Reaction) contained 50 ng of plasmid pAR018, 250
ng of the PCR product from the first PCR reaction (used as
primers here), EZClone Enzyme Mix and EZClone Solu-
tion in a total volume of 50 �l. The cycling conditions were:
60 s at 95◦C, and 25 cycles of 50 s at 95◦C, 50 s at 60◦C, 840
s at 68◦C. After 2 min on ice, 1.5 �l of DpnI was added for
2 h at 37◦C to remove template plasmid.

ProQ mutant library preparation

Escherichia coli TOP10 cells (Invitrogen) were made com-
petent by washing exponentially growing cells three times in
cold sterile H2O, after which 50 �l of competent cells were
transformed with 10 ng of products from the EZClone Re-
action by electroporation. After recovery for 1.5 h at 37◦C,
cells were plated on agar plates and incubated overnight at
37◦C. Colonies obtained after transformation were washed
off agar plates with LB medium and pooled. Mutant plas-
mids were extracted using the GeneJet Plasmid Miniprep
Kit (ThermoScientific), and 50 ng of plasmids were trans-
formed into competent SL1344 deleted for proQ and har-
boring PfliE-gfp (pAR022) as described above. Colonies ob-
tained after transformation were washed off the agar plates
with LB medium, pooled and divided into aliquots.

GFP and dTomato measurements

For bulk GFP measurements, bacterial overnight cultures
grown from single colonies were diluted 1:100 in fresh LB
medium and grown in 96-well black assay plates with clear
flat bottom (Costar®) at 37◦C. Fluorescence (GFP: excita-
tion: 480 nm, emission 520 nm) and optical density (OD)
(600 nm) were measured for 16 h at 10 min intervals in
a plate reader (Tecan infinite pro). Relative GFP/OD600
values were calculated for stationary phase cells (16 h of
growth). Background GFP fluorescence and OD600 val-
ues from LB medium alone were first subtracted from all
values obtained from wells containing bacterial cultures.
For each well, GFP fluorescence values were then divided
by OD600 values to normalize for differences in cell den-
sity. A mean value and standard deviation were calculated
based on the background-subtracted GFP/OD600 values
from every well containing a biological replicate of the same
bacterial strain. Finally, relative values between bacterial
strains were calculated by dividing the mean value for each
strain by the mean value for the reference strain. For sin-
gle cell analysis of GFP fluorescence and dTomato fluores-
cence, flow cytometry was performed using a MACSQuant
VYB (Miltenyi Biotec). Bacterial cultures grown from sin-
gle colonies were pelleted, diluted in sterile-filtered PBS and
loaded in a 96-well polystyrene plate for analysis. GFP was
excited with a blue laser (488 nm; bandpass filter 525/50
nm, channel B1). dTomato was excited with a yellow laser
(561 nm; bandpass filter 615/20 nm, channel Y2). A total of
20 000–100 000 events were recorded for each sample. Data
were acquired with the MACSQuantify™ Software (Mil-

tenyi Biotec) and processed with FlowJo™ Software (Bec-
ton, Dickinson and Company).

Fluorescence-activated cell sorting (FACS)

Sample aliquots of the mutant library and SL1344 con-
trol cells deleted for proQ, harboring the PfliE-gfp reporter
(pAR022) and either the non-mutated pdTomato-ProQ
plasmid (pAR018) or an empty control (pAR007), were di-
luted 100-fold in fresh LB-medium and grown overnight at
37◦C. Cells were pelleted by centrifugation for 5 min at 3700
× g, resuspended in RNAlater (ThermoScientific) and di-
luted 100-fold in sterile PBS. FACS was carried out using
a MoFlo Astrios EQ (Beckman Coulter, USA) cell sorter
with 488 nm and 532 nm lasers for excitation of GFP and
dTomato, respectively. The trigger was set on forward scat-
ter at a threshold of 0.05%. Sorted cells (2 × 106 cells/pool)
were re-analyzed by the MoFlo Astrios EQ cell sorter and
the MACSQuant VYB flowcytometer. Data analysis of ap-
proximately 20 000 cells/pool was done using the FlowJo™
Software. The remaining sorted cells were pelleted by cen-
trifugation and resuspended in 100 �l of H2O.

High-throughput sequencing

Each pool of sorted cells was used as template in a PCR re-
action to generate sequences for high-throughout sequenc-
ing analysis. Before PCR, sorted cells were denatured at
95◦C for 5 min. Each PCR reaction contained 2 �l of sam-
ple template, dTNPs, 10 �M barcode-specific primers (for-
ward primer: EHO-1436–1447, reverse primer: EHO-1448),
Phusion High-Fidelity (HF) DNA Polymerase (Thermo-
Scientific) and Phusion HF buffer (ThermoScientific) in a
total volume of 50 �l. PCR program: 30 s at 98◦C, 30 cy-
cles of 10 s at 98◦C, 30 s at 70◦C, 15 s at 72◦C and 5 min
at 72◦C. PCR products were analyzed on 1% agarose gels
and purified using the GeneJET PCR Purification Kit, fol-
lowed by DNA concentration measurements using Qubit
Fluorometric Quantitation (ThermoScientific). All samples
were pooled, of which 500 ng was used for sequencing-
library preparation. Library preparation and sequencing of
the pooled DNA sample (barcoded amplicons) were per-
formed at the Uppsala Genome Centre (UGC), a national
facility within the National Genomic Infrastructure (NGI)
hosted by Science for Life Laboratory (SciLifeLab) in Up-
psala, Sweden. Sequencing libraries were constructed using
the SMRTbell™ Template Prep Kit 1.0 (500 bp to 20 kb) and
purified with the AMPure Clean-Up kit (PacBio). The li-
brary quality was evaluated using a Bioanalyzer Chip (Agi-
lent) before sequencing. Sequencing was performed on a Se-
quel™ SMART® Cell using the Sequell II system (PacBio).

Bioinformatic analysis

Primer sequences were trimmed from the circular
consensus reads (CCS) obtained from the PacBio se-
quencing with cutadapt v. 2.26.0 (47). To assure that
all the reads were output in the same orientation,
cutadapt was run with the –revcomp flag. Further
sequencing read filtering and subsequent quantifica-
tion of mutations were performed with python scripts
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(github.com/kjellinjonas/proQ mutagenesis). Shortly,
trimmed reads of the same length as unmodified ProQ were
analyzed for number of mutations on both nucleotide and
amino acid levels. Next, reads with mutations correspond-
ing to single amino acid substitutions were quantified, and
the distribution of mutations along the ProQ sequence
was analyzed. Finally, enriched mutations were identified
(FDR-adjusted P ≤ 0.1), and sample clustering was
performed by principal component analysis (PCA) using
DESeq2 v. 1.18.1 (48) in R v. 3.4.1 (49).

Site-directed mutagenesis

Identified mutations were re-constructed by site-directed
mutagenesis. The PCR reactions contained 10 ng of tem-
plate plasmid pAR018 or plasmid pAR009, dNTPs (200
�M), mutagenic primers listed in Supplementary Table S3,
Phusion High-Fidelity DNA Polymerase and Phusion HF
buffer in a total volume of 50 �l. The PCR products were
analyzed on 1% agarose gels and purified with the Gene-
JET PCR Purification Kit. After removal of template plas-
mid with DpnI for 1 h at 37◦C, the PCR products (20–100
ng) were ligated using T4 DNA ligase (ThermoScientific)
and transformed into E. coli TOP10 cells. Constructed plas-
mids were extracted using the GeneJet Plasmid Miniprep
Kit, validated by Sanger Sequencing (Eurofins) and trans-
formed into competent SL1344 cells deleted for proQ, har-
boring PfliE-gfp (pAR022).

Western blotting

Bacterial cultures were grown to an OD600 of 2.0, pelleted
by centrifugation and resuspended in Laemmli buffer. Af-
ter denaturation for 5 min at 95◦C, samples were separated
on Mini-PROTEAN® TGX Stain-Free protein gels (Bio-
Rad). Proteins were transferred to PVDF membranes using
the TransBlot TURBO transfer system (BioRad) accord-
ing to the manufacturer’s protocol. ProQ proteins were de-
tected using an anti-ProQ antibody at a 1:10 000 dilution
(42) for 1 h at room temperature, followed by incubation
with an HRP-conjugated anti-rabbit antibody (Sigma) at
1:100 000 dilution. 3xFLAG-tagged proteins were detected
using an HRP-conjugated anti-FLAG antibody at 1:10 000
dilution (Sigma). Even gel loading was validated by prob-
ing the membranes with an HRP-conjugated anti-GroEL
antibody (Sigma) at 1:50 000 dilution. Chemiluminescense
was detected using Amersham™ ECL™ Prime reagents ac-
cording to the supplier’s protocol (GE Healthcare) and a
ChemiDoc™ System (BioRad).

Northern blotting

RNA extraction and northern blotting were performed as
described (13) with the exceptions that (i) samples were
loaded on denaturing gels (5% polyacrylamide, 8 M urea,
1xTBE), (ii) Church buffer (50) was used to block non-
specific binding sites on the membrane and (iii) membranes
were washed twice in 1× SSC/0.1% SDS. Sequences for
the oligonucleotides used for cspE mRNA (EHO-913), cspE
3′UTR (EHO-862), cspD mRNA (EHO-863), RaiZ sRNA
(EHO-924), 5S rRNA (EHO-690) and transfer-messenger

RNA (tmRNA, EHO-867) detection are shown in Supple-
mentary Table S3.

RESULTS

Construction of a fluorescence-based reporter monitoring
ProQ-dependent gene expression

ProQ is a global RNA-binding protein that affects the
expression of a large number of genes (13,14,16,18,41).
However, a direct connection between RNA binding and
gene regulation has only been examined for a few RNA
ligands (13,18,40). Regarding ProQ’s RNA-binding activ-
ity, a recent study used a three-hybrid strategy to identify
ProQ residues critical for stable RNA interactions in vivo
(31). As a complementary approach, we here developed a
screen for high-throughput identification of ProQ mutants
that abolish the protein’s gene regulatory capacity. To this
end, we first aimed at constructing a fluorescence-based re-
porter amenable to high-throughput screening for ProQ-
dependent effects on gene expression. Transcriptomic anal-
yses have consistently associated deletion of proQ with re-
duced expression of motility genes (14,41); the majority
of genes involved in flagellar assembly are downregulated
in a proQ deletion strain (Figure 1A) (14). In Salmonella,
the flagellar system comprises over 60 genes, which are or-
ganized into a transcriptional hiearchy of three promoter
classes. On top of the hierarchy, class I promoters express
the FlhDC master regulator that drives transcription, either
directly or indirectly, of all downstream genes (Figure 1B)
(51–54). Based on this well-characterized hierarchical regu-
lation of flagellar gene expression, we hypothesized that the
observed ProQ-dependent effects stem from a direct post-
transcriptional event at the top of the hierarchy, which re-
sults in indirect effects on transcription downstream (Figure
1B). To test this, we constructed a transcriptional GFP re-
porter driven from the promoter of fliE, a class II gene that
is directly activated by the FlhDC master regulator (Figure
1B, C and Supplementary Figure S1A). As expected, dele-
tion of proQ resulted in a significant reduction in fluores-
cence from the PfliE-gfp construct, indicating that ProQ in-
directly activates transcription of fliE. Complementing the
�proQ strain with an IPTG-inducible ProQ overexpression
plasmid resulted in a direct and positive correlation between
IPTG concentration, ProQ levels and PfliE activity (Figure
1C and Supplementary Figure S1A, S1B). In the absence
of IPTG, �proQ cells harboring the ProQ complementa-
tion plasmid had similar PfliE activity as wild-type cells
with an empty plasmid. This is consistent with leaky expres-
sion from the complementation plasmid, giving ProQ pro-
tein levels similar to endogenous expression from the native
proQ locus (Supplementary Figure S1B). Hence, the PfliE-
gfp construct indirectly reports on ProQ-dependent regula-
tion of gene expression and should enable screening of ProQ
mutants with reduced regulatory activity.

Next, to allow monitoring of proQ expression by mea-
suring fluorescence, we modified the ProQ expression plas-
mid by inserting the ORF encoding the red fluorescent
dTomato protein in-frame with ProQ. While induction of
dTomato alone did not affect the fliE promoter, induction
of dTomato-ProQ resulted in similarly high GFP levels as
did overexpression of native ProQ (Supplementary Figure
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Figure 1. ProQ-dependent regulation of the flagellar pathway. (A) ProQ positively affects flagellar gene expression. Violin plot displaying the distribution
of gene expression changes upon proQ deletion in Salmonella grown in LB to early stationary phase. The plot is based on RNA-seq data from (14). (B)
Transcription of flagellar genes (e.g. fliE) is activated by the master regulator FlhDC. The positive effect on flagellar genes exerted by ProQ may stem from
an upstream effect on FlhDC production. (C) Salmonella wild-type or �proQ strains were transformed with PfliE-gfp, together with empty vector (WT,
�proQ) or ProQ overexpression plasmid (pProQ). Cells were grown in LB-medium supplemented with increasing concentrations of IPTG (0, 100, 250,
500 �M final concentration) to induce expression of ProQ. GFP fluorescence and OD600 were measured during growth in 96-well plates. Relative GFP
fluorescence/OD600 values were normalized to the wild-type strain with an empty vector. The mean values and SD are based on three biological replicates.

S1C). Cells harboring both the PfliE-gfp construct and the
dTomato-ProQ plasmid were subjected to single cell anal-
ysis to simultaneously monitor dTomato-ProQ expression
and ProQ-dependent regulation. While the majority of cells
harboring an empty plasmid gave low fluorescence levels
in both the green and red channels, the majority of cells
harboring the dTomato-ProQ-expressing plasmid gave high
fluorescence levels for both channels (Supplementary Fig-
ure S1D). Of note, expression from the fliE promoter was
heterogeneous, leading to co-existing populations of cells
expressing either low or high GFP, with the distribution of
cells within each state being determined by the concentra-
tion of dTomato-ProQ. This is in line with previous find-
ings of heterogenous expression of flagellar genes, yielding
co-existing on- and off-states in response to external factors
(55–57). Thus, the combination of two fluorescent reporters
allows for simultaneous monitoring of ProQ expression and
ProQ-dependent regulation.

Generation and sorting of a ProQ mutant library

Having established a system in which the activity of ProQ
can be easily detected using the readout of a fluorescence re-
porter, we next set out to delineate the regulatory capacity
of ProQ by mutational studies. To enable high-throughput
identification of ProQ mutants impaired in mediating gene
regulation, we used our previously developed method for
saturation mutagenesis coupled to phenotypic cell sort-
ing and high-throughput sequencing (58). Briefly, we intro-
duced mutations into the proQ ORF by error-prone PCR
and cloned mutant proQ sequences in-frame with dTomato
on the IPTG-inducible plasmid (Figure 2A). The mutant
library was transformed into �proQ Salmonella cells car-
rying the PfliE-gfp reporter, yielding approximately 67 000
transformants. This number is predicted to cover each pos-
sible single nucleotide mutation in the proQ sequence (58).
Single cell analysis showed that the majority of cells trans-
formed with the mutant library gave dTomato fluorescence

levels similar to the non-mutated control (Figure 2B), in-
dicating stable expression of most dTomato-ProQ mutants.
Among these cells, half resulted in high GFP fluorescence
levels similar to cells expressing non-mutated dTomato-
ProQ, while the other half phenocopied the low GFP lev-
els of �proQ cells harboring an empty vector. These results
demonstrate that the mutant library contained both ProQ
mutants that retained and lost the protein’s regulatory ca-
pacity.

The mutant library was physically sorted into two pools
based on dTomato and GFP levels using fluorescence-
activated cell sorting (FACS). Gates for GFP fluorescence
were set according to levels in cells harboring the PfliE-gfp
reporter combined with either an empty control vector (low
GFP) or the non-mutated dTomato-ProQ plasmid (high
GFP), yielding approimately a 5-fold difference in GFP lev-
els between gates. The gate for dTomato fluorescence was set
according to fluorescence from the non-mutated dTomato-
ProQ protein (Figure 2C). Pool 1 contained cells express-
ing high dTomato and high GFP, representing ProQ mu-
tants that retained their ability to activate PfliE-gfp. Pool 2
contained cells expressing high dTomato and low GFP, rep-
resenting ProQ mutants impaired in PfliE activation. As a
control, cells carrying a non-mutated dTomato-ProQ were
sorted for high dTomato and high GFP. The sorting was
performed on three independent cultures, each of which
gave approximately 2 million cells per pool. Succesful sort-
ing was verified by independent single cell analysis (Figure
2C and Supplementary Figure S2).

Sequencing data analysis

After FACS sorting, sequences covering the mutated proQ
ORF were PCR-amplified from each pool using barcoded
primers, pooled together and subjected to high-throughput
long-read sequencing. After high-throughput sequencing
and read processing, we obtained between 6700 and 17 100
reads of correct length for each of the different pools.
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Figure 2. Generation and sorting of a ProQ mutant library. (A) Overview of the experimental setup. (B) Flow cytometry analysis of Salmonella �proQ
strains carrying a PfliE-gfp reporter construct together with the empty control vector (gray), the non-mutated dTomato-ProQ expression plasmid
(pdTomato-ProQ, black) or the mutant dTomato-ProQ plasmid library (light purple: all cells, dark purple: cells with high dTomato expression levels).
Cells were grown in LB-medium supplemented with IPTG (500 �M final concentration) to induce expression of dTomato-ProQ fusions. dTomato and
GFP fluorescence were measured for single cells. Gates were set according to the non-mutated control (indicated by dotted line). (C) Salmonella cells har-
boring the ProQ mutant library were first sorted into different pools based on dTomato and GFP fluorescence levels. Pool 1, sorted for high dTomato and
high GFP, represents ProQ mutants with intact function. Pool 2, sorted for high dTomato and low GFP, represents ProQ mutants with impaired function.
Successful sorting was verified by independent single cell analysis. dTomato and GFP fluorescence were measured as indicated. Representative data are
shown for one out of three replicates for each pool.

Quantifying the number of reads with mutated proQ nu-
cleotide sequences for each pool showed that 96% (±1.0%)
of reads for the non-mutated ProQ control had wild-type se-
quence (Figure 3A). In libraries prepared from pool 1 sam-
ples (mutant library, high GFP), 19.0% (±0.1%) of sequenc-
ing reads had wild-type sequence, in comparison to 6.2%
(±0.4%) for libraries prepared from pool 2 samples (mutant
library, low GFP). Thus, for pool 2 samples, representing
ProQ mutants with impaired function, approximately 94%
of sequencing reads had at least one nucleotide substitution.

We limited the downstream analysis to mutants with a
single amino acid substitution. PCA revealed formation of
dense clusters for the three replicates from each pool, which
were well separated from samples from the other pool, indi-
cating high reproducibility of the data (Figure 3B). In pool
1, single amino acid substitutions were distributed across
the entire ProQ sequence, covering 100% of all residues

(Figure 3C). In pool 2, mutations were also found in 100%
of all residues but were mainly present in the N- and C-
terminal domains. To find amino acid changes that were sig-
nificantly associated with either retained or impaired ProQ
function, DESeq2 analysis was applied to pool 1 and pool
2 samples. In total, 66 amino acid substitutions showed a
statistically significant (FDR-adjusted P ≤ 0.1) association
with either pool 1 or pool 2 (Figure 3D and Supplementary
Table S4). As expected, significantly enriched mutations
that led to nonsense codons were exclusively found in pool
2 and were excluded from further analysis. Together, 30 dis-
tinct nonsynonymous substitutions, spanning 24 residues,
were significantly enriched in pool 2 (Supplementary Ta-
ble S4), indicating that these mutations disrupted the ProQ
regulatory function in vivo. These substitutions were lo-
cated in both the ProQ NTD and CTD, while pool 2 com-
pletely lacked significant mutations in the linker region. In
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Figure 3. Sequencing data analysis. (A) Distribution of mutations. Percentage of reads obtained with 0, 1, 2, 3 or ≥ 4 nucleotide changes for sorted pools
of the mutated library (pool 1, pool 2) and non-mutated control (pdTomato-ProQ). Mean values and SD are given for three replicates. (B) Principal
component analysis of data clustering for sorted mutant libraries (pool 1, pool 2). PC1 and PC2 represents 50.7% and 17% of the variance in the data,
respectively. Three replicates are shown for each sorted pool. (C) Distribution of single amino acid substitutions in samples from pools of the mutated
library (pool 1, pool 2) and non-mutated control (pdTomato-ProQ). On top, a ProQ domain representation with the N-terminal domain (NTD, orange),
the linker region (gray) and the C-terminal domain (CTD, yellow). (D) Substitution profile based on DESeq2 analysis of differences in mutation patterns
between pool 1, sorted for high dTomato and high GFP, representing ProQ mutants with intact function, and pool 2, sorted for high dTomato and low
GFP, representing ProQ mutants with impaired function. A colored bar indicates a unique amino acid substitution detected for the corresponding amino
acid position. The colors indicate whether a specific amino acid substitution was over-represented (red) or underrepresented (blue) in pool 2 compared
to pool 1. Only those substitutions that differed significantly (FDR-adjusted P-value ≤ 0.1) between the pools are shown. The ProQ N-terminal domain,
linker region and C-terminal domain are indicated (NTD, linker, CTD). Each column indicates by which amino acid the amino acid position was replaced
to. Asterisk (*) indicate stop codon. All positions of mutations that were significantly enriched can be found in Supplementary Table S4.
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contrast, five substitutions mapping to the linker were sig-
nificantly enriched in pool 1 samples, indicating that, in
comparison to the globular NTD and CTD, changes in the
linker are generally less dentrimental to ProQ function.

Loss-of-function mutations in the ProQ NTD correlate with
impaired RNA-binding activity

The majority of amino acid substitutions that were sig-
nificantly enriched for loss-of-function were located in the
ProQ NTD and covered 21 residues (Figure 3D and Sup-
plementary Table S4). Most of these residues are well con-
served in proteins within the ProQ/FinO family (Supple-
mentary Figure S3) and thus likely to be functionally impor-
tant. The mutated residues include both surface-exposed
and buried residues, based on their location in the NMR
structure of the E. coli ProQ NTD (Supplementary Fig-
ure S4A) (30), which is >99% identical to the Salmonella
ProQ NTD. The majority of mutated buried residues are
hydrophobic, indicating that the mutations may compro-
mise the core structure of the NTD. Mutated residues on the
NTD surface included hydrophobic (L63P, L71P, V74D),
basic (R20P, R80H), acidic (D82E) residues and one glycine
residue (G85C). The mutated surface residues form distinct
clusters on the concave- and convex sides of the domain,
respectively (Figure 4A and Supplementary Figure S4A),
in line with a previously proposed model for E. coli ProQ–
RNA interaction (31).

To validate the NTD mutation data, we selected en-
riched mutations from the dataset, re-introduced them in
the dTomato-ProQ plasmid, and assayed them individually.
For this analysis, we selected loss-of-function mutations lo-
cated either in the hydrophobic core (L34Q, L57R, L83R)
or at the protein surface (R80H, D82E, G85C) (Supplemen-
tary Figure S4A), as well as one mutation (A18V) enriched
in pool 1. The generated mutants were tested for activation
of the transcriptional PfliE-gfp reporter using flow cytom-
etry (Figure 4B and Supplementary Figure S4B). All seven
ProQ mutants displayed dTomato levels comparable to the
parental non-mutated control, indicating that the mutations
did not affect protein expression. Furthermore, all mutants
enriched for loss-of-function (L34Q, L57R, R80H, D82E,
L83R, G85C) failed to fully activate the PfliE-gfp reporter,
in contrast to the A18V mutant which gave GFP levels sim-
ilar to the non-mutated ProQ control. These results were
confirmed by bulk GFP measurements using a microplate
reader (Figure 4C). Together, these results validate the data
obtained by sorting and long-read sequencing, and suggest
that mutations in the ProQ NTD (L34Q, L57R, R80H,
D82E, L83R, G85C) are linked to regulatory defects of
ProQ. To investigate another well-known ProQ target, the
identified NTD mutants were tested for ProQ-dependent
stabilization of the cspE mRNA. The CspE protein is a
global RBP which is critical for Salmonella pathogenicity
(59). In Salmonella, ProQ stabilizes cspE mRNA by binding
at the 3′ end, thereby protecting from RNase II-mediated
degradation (13). RNA was harvested from �proQ cells ex-
pressing the ProQ NTD mutants and subjected to north-
ern blot analysis using a probe against the cspE mRNA
(Figure 4D). Complementing the proQ deletion strain with
wild-type ProQ strongly elevated cspE mRNA levels, while

none of the ProQ NTD mutants fully stabilized the cspE
mRNA. Strikingly, the cspE levels for five out of six NTD
mutants (L34Q, L57R, R80H, D82E, L83R) were compa-
rable to that of the proQ deletion control. This corroborates
our previous results (Figure 4B and Supplementary Figure
S4B, S4C) and shows that mutations in the NTD (L34Q,
L57R, R80H, D82E, L83R, G85C) have a general effect on
ProQ-dependent regulation.

Several studies have indicated that the NTD harbors the
the main RNA-binding activity of ProQ (30–32,39). For ex-
ample, Pandey et al. identified mutations in the ProQ NTD
critical for binding to two RNA ligands (31). Comparing
the mutation profiles obtained using ProQ-dependent regu-
lation (this study), or RNA-binding activity (31), showed
that the vast majority of NTD mutations that impaired
RNA-binding activity also led to impaired gene regulation
activity (Supplementary Figure S4C). This indicates that
ProQ RNA-binding and regulation of gene expression are
closely linked processes.

NTD mutations associated with defective RNA-binding and
regulation render ProQ unstable in vivo

The experiments described above were conducted with a
non-native dTomato-ProQ fusion protein. In order to test
how the identified NTD mutations affect the activity of na-
tive ProQ, we re-introduced the same single amino acid sub-
stitutions (Figure 4 and Supplementary Figure S4B) into
a plasmid-borne ProQ with no additional protein tag and
tested their effect on the transcriptional PfliE-gfp reporter
(Figure 5A). In line with previous results, we detected im-
paired PfliE-gfp activation for the six mutants L34Q, L57R,
R80H, D82E, L83R and G85C, compared to the parental
non-mutated control and the A18V mutation. The GFP
levels for these six mutants were similar to that of a proQ
deletion strain, indicating a strong loss-of-function pheno-
type. Next, we assayed protein levels by western blot using
an anti-ProQ antibody (Figure 5B). Surprisingly, although
all six loss-of-function mutants were expressed, their lev-
els were substantially lower than the non-mutated control
and the A18V mutant. Since wild-type and mutated ProQ
proteins were expressed from the same promoter, we hy-
pothesized that lower expression levels may stem from re-
duced protein stability. To test this, we selected a mutant
with a substitution in the conserved R80 residue, shown
to be crucial for RNA binding (30,31). Expression of the
R80H mutant or wild-type ProQ was induced by IPTG un-
til the cells reached exponential phase, after which de novo
protein synthesis was arrested by changing to inducer-free
medium. Protein levels were analyzed by western blot using
an anti-ProQ antibody (Figure 5C). While levels of wild-
type ProQ stayed stable for 1 h after media shift, the R80H
mutant protein was hardly detectable after 30 min. This re-
sult indicates a clearcut relationship between RNA-binding
activity and protein stability and suggests that association
with RNA stabilizes the ProQ protein.

ProQ CTD residues critical for ProQ functionality

Compared to the NTD, the function of the CTD is less
well understood, although a role in RNA-binding and RNA
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Figure 4. Mutations of ProQ NTD residues are critical for ProQ functionality in vivo. (A) Surface representation of the N-terminal domain of ProQ (PBD
ID: 5NB9). Amino acid residues sensitive for substitutions linked with loss-of-function are mapped and colored according to amino acid property: basic
residues (blue), acidic residues (green), hydrophobic residue (orange) and glycine (red). (B) Mutations linked with loss-of-function (R80H), or retained
function (A18V), were re-introduced into dTomato-ProQ plasmids (pdTomato-ProQ) and expressed in Salmonella �proQ cells carrying the PfliE-gfp
reporter construct. dTomato and GFP fluorescence were measured by flow cytometry. See Supplementary Figure S4B for results obtained for five additional
NTD loss-of-function mutants. Note that data values for empty vector control and non-mutated control (pdTomato-ProQ) are the same as shown in
Figure 6B. (C) GFP fluorescence and OD600 of samples from (4B, S4B) were measured at population level using a microplate reader. Color indication,
orange: mutation associated with retained ProQ function, red: mutation associated with loss-of-function, black: non-mutated control (pdTomato-ProQ),
gray: vector. GFP fluorescence/OD600 values are relative to each wild-type strain with empty vector. Mean values and SD are given for three biological
replicates. (D) Northern blot analysis of cspE mRNA levels with respect to non-mutated (pdTomato-ProQ) or mutated dTomato-ProQ as indicated. 5S
rRNA served as loading control.

strand exchange activity has been suggested (30,32,39). In-
terestingly, removing the CTD from ProQ does not impair
binding to the majority of RNA ligands tested so far, nei-
ther in vivo nor in vitro (31,32). However, whether the CTD
is required for ProQ’s ability to mediate gene regulation is
not known. Our screen identified three mutations in CTD
residues that were significantly enriched for impaired ac-
tivation of the PfliE-gfp reporter (Figure 3D and Supple-
mentary Table S4). Mapping these residues onto the NMR
structure of the ProQ CTD showed that all residues were ex-
posed on the protein surface (Figure 6A). Two out of three
residues are also moderately or strongly conserved among
homologous proteins (Supplementary Figure S5).

Re-introduction of the significantly enriched CTD muta-
tions into the pdTomato-ProQ plasmid followed by PfliE-
gfp reporter activity measurements confirmed that all three
mutations rendered ProQ ineffective in activating the re-
porter (Figure 6B). We also re-introduced the CTD muta-
tions into the plasmid expressing native ProQ. GFP mea-
surements again showed lower GFP levels compared to
the non-mutated ProQ control (Figure 6C). However, in
contrast to the NTD mutations that rendered ProQ un-
stable, the CTD mutant proteins were expressed at the
same (G216D) or even higher (G185V, T200P) levels than
wild-type ProQ (Figure 6D). This indicates that the tested

CTD mutations impair the regulatory activity of ProQ with-
out affecting protein stability and points at a key function
for the CTD in ProQ-dependent gene regulation. To dis-
sect how the identified CTD residues contribute to ProQ-
dependent regulation of different targets, the CTD mutants
were tested for stabilization of three known ProQ target
RNAs, cspE and cspD mRNAs, as well as the sRNA RaiZ.
RNA was extracted from cells expressing the three CTD
mutants (G185V, T200P, G216D) and subjected to north-
ern blot analysis (Figure 6E). As expected (13,40), the lev-
els of all three targets increased upon complementation of
�proQ with plasmid-expressed wild-type ProQ. Somewhat
surprisingly, expression of each of the CTD mutants lead to
strongly elevated levels of all three RNA targets. Taken to-
gether, these results indicate that residues within the CTD
render ProQ unable to activate flagellar gene expression and
overstabilizes direct RNA targets.

The ProQ CTD is required for activation of gene expression
in vivo

The data presented in Figure 6 show that mutations in
the CTD are detrimental for ProQ functionality in vivo.
Yet, ProQ lacking the CTD is not impaired in binding
to the majority of RNA ligands tested so far (31,32). To
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Figure 5. Mutations in the ProQ NTD associated with defective RNA-
binding and regulation lead to instable protein expression. (A and B) The
mutations shown in Figure 4B,C, and Supplementary Figure S4B were re-
introduced into the ProQ plasmid (pProQ), transformed in SL1344 �proQ
carrying the PfliE-gfp reporter construct and expressed during growth in
LB-medium supplemented with IPTG (500 �M final concentration). (A)
GFP fluorescence and OD600 were measured at the population levels using
a microplate reader. Color indication, orange: mutation associated with
retained ProQ function, red: mutation associated with loss-of-function,
black: non-mutated control (pProQ), gray: empty vector control. GFP
fluorescence/OD600 values are relative to each wild-type strain with empty
vector control. Mean values and SD are given for three biological repli-
cates. Note that data values for vector control and the non-mutated con-
trol (pProQ) are the same as the ones shown in Figure 6C. (B) Samples
were analyzed by western blot analysis and probed with anti-ProQ anti-
body to detect ProQ NTD mutants. GroEL served as loading control. (C)
Salmonella �proQ carrying either the ProQ wild-type control or a R80H
plasmid construct were grown in LB-medium supplemented with IPTG
(500 �M final concentration) to exponential growth phase. At OD600 of
0.5, de novo protein synthesis was stopped by changing medium to inducer-
free medium, after which samples were collected at indicated timepoints.
Western blotting using anti-ProQ antibody was conducted to detect ProQ
mutant protein levels. GroEL served as a loading control.

systematically test the contribution of the NTD and CTD
to ProQ’s regulatory function, we cloned truncated ProQ
variants in the IPTG-inducible plasmid (Figure 7A) and
transformed them into �proQ cells harboring the PfliE-
gfp reporter. In order to monitor expression of trun-
cated ProQ proteins, all constructs were tagged with a C-
terminal 3xFLAG peptide. Western blot analysis using an
anti-FLAG antibody showed that all truncated ProQ pro-
tein fusions were expressed, with the full-length and the
NTD + linker variants at slightly higher levels than the
NTD and linker + CTD variants (Figure 7B). Consis-
tent with results presented in Figure 1C, full-length ProQ
strongly activated the PfliE-gfp reporter (Figure 7C). How-
ever, truncating ProQ by removing either the NTD or the
CTD resulted in low promoter activities of the reporter gene
that were indistinguishable from that of the strain lacking
proQ entirely. Since the CTD is dispensable for binding to
many RNA ligands (31,32), but required for gene regula-

tion (Figure 7C), we tested whether truncated ProQ vari-
ants could compete with full-length ProQ expressed from
its native locus. To this end, wild-type Salmonella cells har-
boring the PfliE-gfp reporter were transformed with plas-
mids overexpressing truncated ProQ variants and assayed
for GFP fluorescence. Overexpression of full-length ProQ
increased GFP expression beyond the activation achieved
by chromosomally expressed ProQ, but neither the NTD
nor the CTD alone had any effect on GFP expression (Fig-
ure 7D and Supplementary Figure S6). This suggests that
although the NTD alone is binding competent, it is not able
to compete with full-length ProQ, even when overexpressed.

The impact of the ProQ CTD on stabilization of RNA targets
in vivo

The cspE mRNA has emerged as a model RNA ligand for
analyzing ProQ binding and regulation. Binding of ProQ
to cspE mRNA has been analyzed in vivo by crosslink-
ing (13,18) and a three-hybrid system (31), as well as in
vitro by electromobility shift assays (32) and hydrogen deu-
terium exchange (HDX) experiments (30). The interaction
between ProQ and cspE was shown to rely solely on the
NTD; ProQ lacking the CTD binds as well to cspE mRNA
as does the full-length protein in vivo (31) and in vitro (32).
In accordance with these results, co-immunoprecipitation
experiments verified that truncating ProQ by removal of
the CTD + linker conferred binding to the cspE mRNA
(Supplementary Figure S7A). Since removing the CTD de-
creased ProQ’s ability to activate the PfliE-gfp reporter
(Figure 7C), we wondered whether removing the CTD
would affect ProQ’s ability to stabilize RNA targets. To
test this, RNA harvested from cells expressing the trun-
cated ProQ variants were subjected to northern blot analy-
sis using probes against cspE mRNA and RaiZ. The results
presented in Figure 7E show that while full-length ProQ
strongly elevated the steady-state levels of both RNAs, all
truncated versions failed to affect cspE mRNA levels, while
the NTD alone conferred stability to RaiZ. To test whether
the reduced cspE mRNA levels upon truncation of ProQ
were due to a reduction in RNA stability, cells were sub-
jected to transcriptional arrest by rifampicin, and RNA
was isolated 2, 4 and 8 min after rifampicin addition, fol-
lowed by northern blot analysis (Supplementary Figure
S7B). Complementation of a �proQ strain with full-length
ProQ, but not the ProQ NTD, restored cspE stability. The
reduced mRNA stability in the NTD-expressing strain was
dependent on RNase II, as introducing an rnb deletion into
the strain restored stability. This suggests a function for the
ProQ CTD in protecting the cspE mRNA against RNase
II mediated-exoribonucleolytic activity. Thus, even though
the NTD is sufficient for RNA binding, the CTD is required
for mRNA stabilization.

DISCUSSION

The recent discovery of ProQ as a global RNA-binding pro-
tein in Salmonella and E. coli has spurred a revived inter-
est in ProQ biology. However, many aspects still remain
poorly understood, including how ProQ regulates its RNA
targets. In this work, we have systematically charted the
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Figure 6. Mutations of ProQ CTD residues are critical for ProQ functionality in vivo. (A) Surface representation of the C-terminal domain of ProQ
(PDB ID: 5NBB). Amino acid residues sensitive for substitutions linked with loss-of-function are mapped and colored according to amino acid property:
polar uncharged (yellow) and glycine (red). (B) Mutations linked with loss-of-function (G185V, T200P, G216D) were re-introduced in the dTomato-ProQ
plasmid (pdTomato-ProQ) and expressed in Salmonella �proQ cells carrying the PfliE-gfp reporter by growth in LB-medium supplemented with IPTG
(500 �M final concentration). dTomato and GFP fluorescence were measured by flow cytometry. Note that data values for the empty vector control and
non-mutated control (pdTomato-ProQ) are the same as the ones shown in Figure 4B and Supplementary Figure S4B. (C) Mutations shown in Figure 6B
were re-introduced in the ProQ plasmid (pProQ) and expressed into Salmonella �proQ cells carrying the PfliE-gfp reporter construct. Cells were grown in
LB-medium supplemented with IPTG (500 �M final concentration) to induce expression of ProQ mutants. GFP fluorescence and OD600 were measured
at population level using a microplate reader. Color indication, red: mutation associated with loss-of-function, black: non-mutated control (pProQ), gray:
empty vector control. Fluorescence/OD600 values are relative to a wild-type strain with empty vector. Mean values and SD are given for three biological
replicates. Note that data values for vector control and wild-type (pProQ) are the same as the ones shown in Figure 5A. (D) The samples shown in Figure
6C were analyzed with western blot using an anti-ProQ antibody to detect ProQ CTD mutants. GroEL served as a loading control. (E) Northern blot
analysis of cspE 3′UTR, cspD mRNA and RaiZ-L sRNA (longer variant) levels with respect to non-mutated ProQ (pProQ), CTD mutants (G185V, T200P,
G216D) and a NTD mutant (R80H). tmRNA served as loading control.

functional landscape of ProQ and revealed residues essen-
tial for its gene regulatory function. This was possible by
exploiting the fact that ProQ activates flagellar gene expres-
sion, allowing the construction of a fluorescent reporter for
ProQ-dependent regulation (Figure 1). By combining satu-
ration mutagenesis with phenotypic cell sorting and high-
throughput sequencing (Figure 2), mutations in all amino
acid residues within ProQ were assessed for effects on reg-
ulatory activity (Figure 3). We show here that mutations in
the globular NTD and CTD domains, but not the linker re-
gion, are detrimental for ProQ-dependent gene regulation
in vivo (Figures 3–6). As judged from comparison to a re-
cent mutational study, residues in the NTD appear to be
critical for both RNA-binding and regulation (Supplemen-
tary Figure S4C) (31). Strikingly, NTD mutations impair-

ing both RNA-binding and regulatory activity render ProQ
unstable in vivo (Figure 5), which suggests that ProQ’s as-
sociation with RNA enhances protein stability. While the
major RNA-binding activity of ProQ seem to be specific
to the NTD (30–32), our data indicate an important role
for the CTD in gene regulation. Mutations in conserved
CTD residues (Figure 6), or removal of the entire CTD (Fig-
ure 7), abolish ProQ-dependent gene regulation. Taken to-
gether, this indicates that ProQ’s capacity to bind and regu-
late RNA targets requires both the NTD and CTD.

Global transcriptomic analyses have consistently associ-
ated deletion of proQ with reduced expression of motility
genes, suggesting that ProQ controls flagellar gene expres-
sion (14,41). Our work shows that ProQ indirectly activates
transcription from the class II fliE promoter (Figure 1C).
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Figure 7. The ProQ CTD is required for activation of the transcriptional-based reporter system, and stabilization of RNA in vivo. (A) Schematic repre-
sentation of domain organization in truncated ProQ mutants. All constructs contain an IPTG-inducible promoter (PLlacO) and a 3xFLAG-tag for protein
detection. (B) Western blot analysis using an anti-FLAG antibody to detect truncated ProQ mutants. GroEL served as loading control. (C) Truncated
ProQ mutant plasmids were expressed in Salmonella �proQ cells carrying the PfliE-gfp reporter construct during growth in LB-medium supplemented
with IPTG (500 �M final concentration). GFP fluorescence and OD600 were measured at population level using a microplate reader. Fluorescence/OD600
values are relative to a wild-type strain with empty vector. Mean values and SD are given for three biological replicates. (D) Truncated ProQ mutant plas-
mids or an empty control vector were transformed into wild-type Salmonella strains carrying the PfliE-gfp reporter. IPTG (500 �M final concentration)
was added to indicated strains to induce expression of truncated ProQ mutants. GFP fluorescence and OD600 were measured at population level using a
microplate reader. Fluorescence/OD600 values are relative to empty control for respective non-induced or induced state. Color indication, white: 0 �M
IPTG, black: 500 �M IPTG. Mean values and SD are given for three biological replicates. Absolute values are shown in Supplementary Figure S6. (E)
Northern blot analysis of cspE mRNA, and RaiZ sRNA (RaiZ-L [longer variant], RaiZ-S [shorter variant]) levels with respect to truncated ProQ mutants.
Probing of tmRNA served as loading control.

The transcriptional reporter PfliE-gfp was exploited here
for high-throughout screening of ProQ mutants with re-
duced regulatory activity. One important question is how
ProQ activates the fliE promoter. In Salmonella and E. coli,
the fliE promoter is directly activated by FlhDC, the mas-
ter transcriptional regulator of the flagellar network (Figure
1B) (51–54). We speculate that ProQ either acts upstream
of flhDC transcription or regulates the flhDC mRNA by a
post-transcriptional mechanism. In fact, the flhDC mRNA
has previously been identified as a direct ProQ ligand in
cross-linking experiments (13). Beyond the scope of the cur-
rent study, we are currently investigating the mechanism be-
hind ProQ-dependent activation of flagellar genes, which
will be reported elsewhere.

On the molecular level, we have identified >20 NTD
residues that are critical for the regulatory activity of ProQ
(Figures 3–5 and Supplementary Table S4). Our data com-

plement the findings of Pandey et al. (31) and provide
a direct link between RNA-binding activity and regula-
tion (Supplementary Figure S4C and Supplementary Ta-
ble S4). Conserved residues on both the concave and con-
vex sides of the NTD appear to be functionally impor-
tant, including surface-exposed acidic, basic and hydropho-
bic residues, and core-located hydrophobic residues (Fig-
ure 4; Supplementary Figures S3 and S4). In fact, sev-
eral of these NTD residues have been suggested to mediate
RNA-binding and/or regulation in other ProQ/FinO pro-
teins (19,22,28). For example, random mutagenesis of Le-
gionella pneumophilia RocC revealed that several residues in
the ProQ/FinO domain (ProQ numbering: L31, F21, L63
and L71) affected its ability to repress competence and to
stabilize sRNA (19).

ProQ is an abundant, constitutively expressed protein
(14,42). However, whether ProQ levels and/or activity can



10004 Nucleic Acids Research, 2021, Vol. 49, No. 17

be regulated remains unknown. Interestingly, our data show
that mutations in the NTD RNA-binding surface affect the
intracellular levels of ProQ (Figure 5). It appears that bind-
ing to RNA stabilizes the ProQ protein, while disruption of
RNA-binding through mutations render ProQ unstable. We
predict that ProQ-bound RNA ligands protect otherwise
susceptible amino acid residues within the protein against
proteolytic degradation. This seems to be a distinctive fea-
ture for native ProQ (Figure 5); fusing ProQ to other pro-
teins such as the red fluorescent protein dTomato (Figure
4), or the alpha-subunit of RNA-polymerase (31), enhances
protein stability and masks the destabilizing effect of NTD
mutations (Figure 4). One important question is which pro-
tease is responsible for degradation of mutant ProQ pro-
teins. In a recent pre-print presenting a saturation mutage-
nesis study of Salmonella ProQ, the authors suggest that the
Lon protease is responsible for removal of RNA-binding
deficient mutants of both ProQ and Hfq (El Mouali, Y.,
Ponath, F., Scharrer, V., Wenner, N., Hinton, J. C. D. and
Vogel, J. (2021) Scanning mutagenesis of RNA-binding pro-
tein ProQ reveals a quality control role for the Lon protease.
biorXiv doi: https://doi.org/10.1101/2021.07.12.452043, 12
July 2021, pre-print: not peer-reviewed). Thus, the observed
instability of RNA-binding deficient ProQ NTD variants
presented here (Figure 4), most likely depends on Lon. We
anticipate that future studies will shine light on how ProQ
protein levels are regulated and clarify the relationship be-
tween RNA-binding and protein stability.

While the ProQ NTD has been the subject of several re-
cent studies (30–32), the function(s) of the CTD has re-
mained unclear. Our experiments reveal that mutations in
three CTD residues (G185, T200P, G216) completely abol-
ish the ability of ProQ to activate the PfliE-gfp reporter (Fig-
ure 6). The same mutations lead to strongly elevated levels
of three known ProQ RNA ligands, which likely reflect over-
stabilization of these RNAs (Figure 6). It is so far unclear
whether the increased RNA ligand stability and the failure
to activate the reporter are connected phenomena, but we
speculate that it may reflect a situation where ProQ becomes
sequestered on RNA targets instead of mediating a regu-
latory event. Besides these significant mutations, two addi-
tional CTD mutations (L188, V190), which barely failed to
score as significant under the chosen cut-off (Supplemen-
tary Figure S5), are likely to affect ProQ regulation. Inter-
estingly, all of these five CTD residues overlap with regions
previously suggested from HDX experiments to be involved
in binding with the sRNA SraB (30). Conversely, residues
exclusively in the NTD seem to be required for stable in-
teractions with the sRNA SibB and the cspE ‘UTR in vivo
(30,31). It thus appears that residues within the CTD may
contribute to or impact RNA binding but only for specific
RNA ligands. Along this line, it was recently proposed that
while the NTD is required for binding to all ligands, the
CTD may be involved in RNA-binding only to specific lig-
ands (32). In a similar manner, N- or C-terminal extensions
present in other ProQ/FinO proteins are suggested to widen
target recognition for each protein member (19–21). The in-
creased stability of RNA ligands associated with the CTD
mutations identified in this study (Figure 6) may suggest
that these mutant proteins harbor a CTD with increased
RNA-binding activity.

Perhaps the most striking result to emerge from our data
is that the CTD is required for the regulatory activity of
ProQ (Figure 7 and Supplementary Figure S7B). As exem-
plified by the model ligand cspE, the CTD is dispensible for
mRNA-binding (32) (Supplementary Figure S7A) but nec-
essary for full RNA stabilization (Figure 7E and Supple-
mentary Figure S7B). This was true for mRNA stabiliza-
tion of cspE but not sRNA stabilization of RaiZ (Figure
7E). Thus, it appears that the ProQ CTD is required for
ProQ-dependent regulation for a set of RNA ligands but
not for all. Given that ProQ protects the cspE mRNA from
RNase II-mediated degradation in Salmonella, we specu-
late that the ProQ CTD is involved in blocking RNase ac-
tivity. How does this occur mechanistically? As judged from
co-immunoprecipitate experiments, ProQ does not seem to
interact with RNase II in vivo (13), pointing against direct
contact between the CTD and RNase II as a mechanism of
action. It is possible that the CTD may sterically block ac-
cess of RNase II to the cspE mRNA (13) or bind to other
proteins that may block RNase activity, directly or indi-
rectly. Further work will be required to identify any po-
tential connection between the ProQ CTD and RNA sta-
bilization. A related issue is whether ProQ is dependent on,
and/or interacts with, other proteins. In an attempt to shine
light on this we induced the plasmid-encoded NTD or CTD
in a strain encoding full-length ProQ on the chromosome.
The experiment shown in Figure 7D shows that the single
domains are not able to interfere with ProQ function (which
should result in reduced fluorescence from the reporter),
suggesting that the domains alone do not competete for
binding to trans-acting factors. However, more experiments
are certainly needed for addressing this issue.

In summary, we have identified functionally important
residues within Salmonella ProQ, and revealed the signifi-
cance of its CTD in gene regulation. We expect that future
analyses will expand the individual role(s) of this domain,
and elucidate how it cooperates with the NTD to orches-
trate the biological role of the global RBP ProQ.
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28. Immer,C., Hacker,C. and Wöhnert,J. (2020) Solution structure and
RNA-binding of a minimal ProQ-homolog from Legionella
pneumophila (Lpp1663). RNA, 26, 2031–2043.

29. Chaulk,S., Lu,J., Tan,K., Arthur,D.C., Edwards,R.A., Frost,L.S.,
Joachimiak,A. and Glover,J.N.M. (2010) N. meningitidis 1681 is a
member of the FinO family of RNA chaperones. RNA Biol., 7,
812–819.

30. Gonzalez,G.M., Hardwick,S.W., Maslen,S.L., Skehel,M.J.,
Holmqvist,E., Vogel,J., Bateman,A., Luisi,B.F. and William
Broadhurst,R. (2017) Structure of the Escherichia coli ProQ
RNA-binding protein. RNA, 23, 696–711.

31. Pandey,S., Gravel,C.M., Stockert,O.M., Wang,C.D., Hegner,C.L.,
LeBlanc,H. and Berry,K.E. (2020) Genetic identification of the
functional surface for RNA binding by Escherichia coli ProQ.
Nucleic Acids Res., 48, 4507–4520.

32. Stein,E.M., Kwiatkowska,J., Basczok,M.M., Gravel,C.M.,
Berry,K.E. and Olejniczak,M. (2020) Determinants of RNA
recognition by the FinO domain of the Escherichia coli ProQ protein.
Nucleic Acids Res., 48, 7502–7519.

33. Sandercock,J.R. and Frost,L.S. (1998) Analysis of the major domains
of the F fertility inhibition protein, FinO. Mol. Gen. Genet., 259,
622–629.

34. Ghetu,A.F., Arthur,D.C., Kerppola,T.K. and Glover,J.N.M. (2002)
Probing FinO-FinP RNA interactions by site-directed protein-RNA
crosslinking and gelFRET. RNA, 8, 816–823.

35. Arthur,D.C., Ghetu,A.F., Gubbins,M.J., Edwards,R.A., Frost,L.S.
and Glover,J.N.M. (2003) FinO is an RNA chaperone that facilitates
sense-antisense RNA interactions. EMBO J., 22, 6346–6355.



10006 Nucleic Acids Research, 2021, Vol. 49, No. 17

36. Ghetu,A.F., Gubbins,M.J., Frost,L.S. and Glover,J.N.M. (2000)
Crystal structure of the bacterial conjugation repressor FinO. Nat.
Struct. Biol., 7, 565–569.

37. Milner,J.L. and Wood,J.M. (1989) Insertion proQ220::Tn5 alters
regulation of proline porter II, a transporter of proline and glycine
betaine in Escherichia coli. J. Bacteriol., 171, 947–951.

38. Kunte,H.J., Crane,R.A., Culham,D.E., Richmond,D. and Wood,J.M.
(1999) Protein ProQ influences osmotic activation of compatible
solute transporter ProP in Escherichia coli K-12. J. Bacteriol., 181,
1537–1543.

39. Chaulk,S.G., Smith-Frieday,M.N., Arthur,D.C., Culham,D.E.,
Edwards,R.A., Soo,P., Frost,L.S., Keates,R.A.B., Glover,J.N.M. and
Wood,J.M. (2011) ProQ is an RNA chaperone that controls ProP
levels in escherichia coli. Biochemistry, 50, 3095–3106.

40. Smirnov,A., Wang,C., Drewry,L.L. and Vogel,J. (2017) Molecular
mechanism of mRNA repression in trans by a ProQ-dependent small
RNA. EMBO J., 36, 1029–1045.

41. Westermann,A.J., Venturini,E., Sellin,M.E., Förstner,K.U.,
Hardt,W.D. and Vogel,J. (2019) The major RNA-binding protein
ProQ impacts virulence gene expression in Salmonella Enterica
serovar typhimurium. MBio, 10, e02504-18.

42. Sheidy,D.T. and Zielke,R.A. (2013) Analysis and expansion of the
role of the Escherichia coli protein ProQ. PLoS One, 8, e79656.

43. Avrani,S., Bolotin,E., Katz,S. and Hershberg,R. (2017) Rapid genetic
adaptation during the first four months of survival under resource
exhaustion. Mol. Biol. Evol., 34, 1758–1769.

44. Smith,M.N., Crane,R.A., Keates,R.A.B. and Wood,J.M. (2004)
Overexpression, purification, and characterization of ProQ, a
posttranslational regulator for osmoregulatory transporter ProP of
Escherichia coli. Biochemistry, 43, 12979–12989.

45. Smith,M.N., Kwok,S.C., Hodges,R.S. and Wood,J.M. (2007)
Structural and functional analysis of ProQ: An osmoregulatory
protein of Escherichia coli. Biochemistry, 46, 3084–3095.

46. Lu,R. and Wang,G.G. (2013) Tudor: A versatile family of histone
methylation ‘readers’. Trends Biochem. Sci., 38, 546–555.

47. Martin,M. (2011) Cutadapt removes adapter sequences from
high-throughput sequencing reads. EMBnet journal, 17,
https://doi.org/10.14806/ej.17.1.200.

48. Love,M.I., Huber,W. and Anders,S. (2014) Moderated estimation of
fold change and dispersion for RNA-seq data with DESeq2. Genome
Biol., 15, 550.

49. The R Development Core Team (2017) R: A language and
environment for statistical computing. ISBN 3-900051-07-0.

50. Church,G.M. and Gilbert,W. (1984) Genomic sequencing. Proc. Natl.
Acad. Sci. U.S.A., 81, 1991–1995.

51. Kutsukake,K., Ohya,Y. and Iino,T. (1990) Transcriptional analysis of
the flagellar regulon of Salmonella typhimurium. J. Bacteriol., 172,
741–747.

52. Karlinsey,J.E., Tanaka,S., Bettenworth,V., Yamaguchi,S., Boos,W.,
Aizawa,S.I. and Hughes,K.T. (2000) Completion of the hook-basal
body complex of the Salmonella typhimurium flagellum is coupled to
FlgM secretion and fliC transcription. Mol. Microbiol., 37,
1220–1231.

53. Kalir,S., McClure,J., Pabbaraju,K., Southward,C., Ronen,M.,
Leibler,S., Surette,M.G. and Alon,U. (2001) Ordering genes in a
flagella pathway by analysis of expression kinetics from living
bacteria. Science (80-.)., 292, 2080–2083.

54. Fitzgerald,D.M., Bonocora,R.P. and Wade,J.T. (2014)
Comprehensive mapping of the Escherichia coli flagellar regulatory
network. PLoS Genet., 10, e1004649.

55. Koirala,S., Mears,P., Sim,M., Golding,I., Chemla,Y.R., Aldridge,P.D.
and Rao,C. V. (2014) A nutrient-tunable bistable switch controls
motility in Salmonella enterica serovar Typhimurium. MBio, 5,
e01611-14.

56. Wada,T., Morizane,T., Abo,T., Tominaga,A., Inoue-Tanaka,K. and
Kutsukake,K. (2011) EAL domain protein YdiV acts as an
anti-FlhD4C2 factor responsible for nutritional control of the
flagellar regulon in Salmonella enterica serovar typhimurium. J.
Bacteriol., 193, 1600–1611.

57. Takaya,A., Erhardt,M., Karata,K., Winterberg,K., Yamamoto,T.
and Hughes,K.T. (2012) YdiV: A dual function protein that targets
FlhDC for ClpXP-dependent degradation by promoting release of
DNA-bound FlhDC complex. Mol. Microbiol., 83, 1268–1284.
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