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The cell envelope of gram-negative bacteria constitutes the first protective barrier
between a cell and its environment. During host infection, the bacterial envelope
is subjected to several stresses, including those induced by reactive oxygen species
(ROS) and reactive chlorine species (RCS) produced by immune cells. Among RCS,
N-chlorotaurine (N-ChT), which results from the reaction between hypochlorous acid
and taurine, is a powerful and less diffusible oxidant. Here, using a genetic approach,
we demonstrate that Salmonella Typhimurium uses the CpxRA two-component sys-
tem to detect N-ChT oxidative stress. Moreover, we show that periplasmic methionine
sulfoxide reductase (MsrP) is part of the Cpx regulon. Our findings demonstrate that
MstP is required to cope with N-ChT stress by repairing N-ChT-oxidized proteins
in the bacterial envelope. By characterizing the molecular signal that induces Cpx
when S. Typhimurium is exposed to N-ChT, we show that N-ChT triggers Cpx in an
NIpE-dependent manner. Thus, our work establishes a direct link between N-ChT
oxidative stress and the envelope stress response.

Salmonella Typhimurium | CpxRA | oxidative stress | oxidized protein

Salmonella enterica subsp. enterica serovar Typhimurium is a facultative intracellular path-
ogen associated with a range of infections in mammals, spanning from self-limiting gas-
troenteritis to severe systemic diseases. The establishment of infection depends on the
ability of the pathogen to adapt and resist host defense mechanisms. S. Typhimurium
infection induces a strong inflammatory cellular response, with a high number of recruiting
neutrophils in the intestinal tissues of human patients (1).

The antimicrobial activity of neutrophils relies on their ability to phagocytize the
invading microorganism and release lethal concentrations of reactive antimicrobial oxi-
dants. Generally termed as an “oxidative burst,” the neutrophil antimicrobial response
encompasses the release of a wide variety of reactive oxygen species (ROS) and reactive
chlorine species (RCS), which are synthesized by enzymatic pathways involving reduced
nicotinamide adenine dinucleotide phosphate oxidase (Nox) and myeloperoxidase
(MPO), respectively (2). The Nox-catalyzed neutrophil oxidative burst involves the
primary reduction of O, to the superoxide radical O,”, which then dismutates into
hydrogen peroxide (H,0,) and O,. MPO catalyzes the oxidation of chloride in the
presence of H,O, to generate hypochlorous acid (HOCI), a potent antimicrobial oxidant
(3). It has been proposed that HOCI production may be a strategy developed by the
host to efficiently kill microorganisms while limiting collateral tissue damage (4).
Together, ROS and RCS damage the cellular components (i.e., DNA, membrane lipids,
and proteins) of invading bacteria, which can lead to cell death. Therefore, bacteria have
evolved defense mechanisms, including the expression of scavengers to convert oxidants
to innocuous products and the production of repair enzymes to rescue oxidatively
damaged proteins (5-7).

In proteins, methionine (Met) residues are particularly vulnerable to oxidation: they form
methionine sulfoxides (Met-O), which can alter secondary or tertiary structures and therefore
impact protein stability and activity (8, 9). Met-O can be converted back to Met by methio-
nine sulfoxide reductases (Msrs), which form a large, ubiquitous family of proteins. S.
Typhimurium expresses four Msrs. Three cytoplasmic enzymes, MsrA, MsrB, and MsrC,
cooperate in the reduction of Met-O residues in this compartment, using reducing equiv-
alents provided by the thioredoxin system (10—14). In addition, the biotin sulfoxide reductase
BisC participates in Met-O homeostasis in the cytoplasm (15). MstA, MsrB, and MsrC are
important for S. Typhimurium virulence in macrophages, mice, and chicken (16, 17). The
fourth Msr enzyme, MstD, a molybdoreductase, repairs HOCl-oxidized proteins in the
periplasm, using the membrane-bound MsrQQ as a redox partner (18, 19). Whereas MstP
is important for Campylobacter jejuni virulence, being involved in chicken colonization, its
role in §. Typhimurium virulence remains unknown (20).
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Significance

The Cpx-mediated envelope
stress response is crucial for
envelope maintenance in
Gram-negative bacteria.
Strikingly, researchers have
reported very few natural
stresses that induce the Cpx
pathway. Here, we report that a
potent antimicrobial reactive
chlorine species, N-chlorotaurine,
activates the Cpx pathway in
Salmonella Typhimurium, leading
to overproduction of the
periplasmic oxidized-protein
repair system, among other
effects. This work presents direct
evidence indicating that bacteria
use the envelope stress response
to detect specific oxidative stress.
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'The establishment of infection depends on the ability of the path-
ogen to adapt and resist toxic compounds such as ROS and RCS.
Therefore, an in-depth characterization of the antioxidant enzymes
expressed by S. Typhimurium is required to fully elucidate the adap-
tation process of this pathogen. Here, we investigated S. Typhimurium
MstP in order to identify its role in survival against oxidative stress
encountered during mammalian infection and to identify the regu-
latory pathways controlling its expression.

In the present study, we show that MsrP plays a role in the
resistance of S. Typhimurium to N-chlorotaurine (N-ChT), a
powerful and bactericidal RCS that results from the reaction
between HOCI and taurine, the most abundant free amino acid
derivative in the vicinity of neutrophils (21, 22). Moreover, we
demonstrate that N-ChT induces the two-component CpxRA
envelope stress response system (23) and report that msrPQ is part
of the Cpx regulon. Thus, our work reveals an unexpected link
between N-ChT oxidative stress and a crucial stress response path-
way active in the envelope of S. Typhimurium.

Results

MsrP Is Required to Cope with N-ChT Stress. Whereas the
functional importance of cytoplasmic MstA and MstB in the
defense mechanisms against oxidative stress is well documented, the
role of periplasmic MsrP in this process remains largely unknown.
To fill this gap, we investigated the role of S. Typhimurium MsrP
in the antioxidant defense of this organism. We first assessed
whether ms7P deletion renders S. Typhimurium more sensitive
to compounds known to generate oxidative stress. In these
experiments, we used two ROS [H,0, and O, (the superoxide
anion was generated using paraquat)] and two RCS (HOCI and
N-ChT). We added each compound to the culture during the mid-
exponential phase and monitored the growth rates of wild-type
(WT) and AmsrP strains. Our results show that deleting 7257 has
no impact on the ability of S. Typhimurium to survive exposure
o O,7, H,0,, or HOCI at different concentrations (Fig. 14 and
SI Appendix, Fig. S1). Interestingly, however, the msP deletion
mutant was more sensitive to N-ChT (Fig. 1 A and B): AmsrP
cells indeed need substantially more time to recover from N-ChT
exposure than WT cells. We observed this phenotype at different
concentrations of N-ChT (SI Appendix, Fig. S1) and could fully
rescue the phenotype by complementation with an msrP-expressing
plasmid (Fig. 1C). Furthermore, increasing MstP levels abrogated
the lag phase and rendered the strain more resistant to N-ChT
compared with the WT. We observed a slight negative effect of
the presence of pMsrP plasmid in the stationary phase, most likely
due to deregulation of the electron flow in the respiratory chain
required for functioning of the MstPQ system (18). These results
indicate that the sensitivity to N-ChT exhibited by AmsrP cells is
a direct consequence of inactivation of the corresponding gene.
Together, these findings indicate that MstP is involved in the defense
mechanisms against N-ChT and plays a role in oxidative stress
resistance in S. Typhimurium.

MsrP Repairs N-ChT-Oxidized Proteins. We next explored whether
the sensitivity to N-ChT resulted from an impaired ability to
rescue oxidized proteins in the periplasm of the AmsrP mutant.
First, to determine whether N-ChT causes Met oxidation in
proteins, we treated the model protein calmodulin (CaM) with
N-ChT and assessed how this treatment impacts CaM migration
in sodium dodecyl-sulfate polyacrylamide gel electrophoresis
(SDS-PAGE). Indeed, Met-O-containing polypeptides run slower
than their reduced counterpart in SDS-PAGE. We observed that
CaM exhibited a mobility shift that correlated with the amount
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of N-ChT used (8] Appendix, Fig. S2A). MstP treatment was able
to reverse this shift (87 Appendix, Fig. S2B), indicating that /V-
ChT oxidizes proteins by targeting their Met residues. Notably,
we observed similar shifts with HOCI but not with H,0, (50 or
100 uM), as previously reported (24).

We sought to obtain direct evidence that N-ChT can oxidize
periplasmic proteins invivo and that MsrP is involved in
protein-redox control in S. Typhimurium. For this purpose, we
monitored how N-ChT treatment impacts the redox state of the
S. Typhimurium primary periplasmic chaperone SurA, which is
a specific MstP substrate in Escherichia coli. We found that SurA
is oxidized by N-ChT after 2 h of treatment. Remarkably, whereas
the induced expression of MsrP restores the initial mobility of
SurA in the WT (=3 h after N-ChT exposure, correlating with
MstP expression), SurA remains oxidized and appears to be
degraded at 5 h after exposure in the AmsrP mutant (Fig. 1D).
When the oxidized form of SurA (SurAox) is extracted from
N-ChT-exposed AmsrP cells and incubated with MsrP in vitro,
the initial mobility of SurA is restored (Fig. 1E). Collectively, our
results support the conclusion that during N-ChT stress in
S. Typhimurium, i) methionine residues in periplasmic proteins
are oxidized, and ii) MsrP plays a role in repairing N-ChT-oxidized
proteins.

Exposure to N-ChT Induces MsrP Synthesis. In a previous study,
we found that N-ChT and HOCI induce msrP expression in
E. coli (25). Therefore, we investigated whether this regulation
is conserved in S. Typhimurium. For this aim, we monitored
MstP levels by immunoblotting. Our results show a massive
accumulation of MsrP after N-ChT exposure compared with
untreated conditions (Fig. 2A4), but we did not observe an
accumulation after HOCI exposure (SI Appendix, Fig. S3).
Using a plasmid encoding green fluorescence protein (GFP)
under control of the msrP promoter, we found that exposure
to N-ChT increased fluorescence levels by fourfold compared
with untreated cells (Fig. 2B); importantly, we confirmed that
N-ChT does not affect GFP fluorescence (SI Appendix, Fig. S4).
In E. coli, RCS up-regulate msrP expression via the HprRS two-
component system (TCS) (Fig. 2C) (25). We hypothesized that
the S. Typhimurium HprRS-homologous TCS, CopRS, may
play a role in the regulation pathway. To test this possibility, we
followed MsrP production after N-ChT exposure in a AcopRS
mutant strain. While MsrP production was abrogated in the £.
coli hprRS mutant, N-ChT exposure induced msrP expression in S.
Typhimurium, irrespective of the presence of the CopRS TCS
(Fig. 2D). Similarly, we found that expressing a constitutively
active variant of HprS (M153A) (25) in S. Typhimurium had no
impact on MstP production (S Appendix, Fig. S5). Thus, CopRS
is not involved in msrP regulation in S. Typhimurium, and N-ChT
induces msrP expression in a CopRS-independent manner.

A CpxA Variant Exhibits MsrP Overproduction. The above results
suggest that MstP production is under the control of an unknown
N-ChT-sensing system in S. Typhimurium. Thus, we hypothesized
that identifying factors involved in msrP regulation may open
the way to identify and characterize the N-ChT-sensing system.
To investigate the msrP regulation pathways in S. Typhimurium,
we designed a genetic screen to search for MsrP-overproducer
variants conferring greater Met-O-reducing capacity. For this
purpose, we took advantage of a methionine auxotroph mutant
lacking all cytoplasmic Msrs and BisC (AmetA A3ms?"AbisC)
and selected suppressors by performing a growth assay on minimal
media containing Met-O (Fig. 3A4), as reported by Gennaris et al.
(18). This approach allowed us to isolate strain LLS662, which
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Fig. 1. msrPisrequired for N-ChT resistance of S. Typhimurium. (A) Growth of WT and AmsrP (LA575) strains was monitored by ODg, over time using a microplate
reader. Cells were grown in flasks of LB at 37 °C to an ODgy, of 0.5. At this point, 130 pL of culture was distributed to each well in a 96-well microplate, and 20 pL
of oxidant was added to the cells to reach a final concentration leading to a growth defect [paraquat (PQ): 6 mM, H,0,: 9 mM, HOCI: 3.75 mM, N-ChT: 1.5 mM].
Growth was monitored in each well with an absorbance of approximately 0.5 at t = 0. Error bars indicate the SDs of biological replicates, n = 6. (B) Diagram of the
structure of N-ChT. (C) Growth of the WT strain carrying an empty vector (pJF119EH) or pMsrP (pAC001) plasmid and AmsrP strains carrying an empty vector or
pMsrP plasmid, which overproduced MsrP, was monitored by ODgy, for 10 h. At t = 0, N-ChT (2 mM) was added using the same procedure described in (A). Error
bars indicate the SDs of biological replicates, n = 4. (D) WT and AmsrP (LA575) cells were grown in LB at 37 °C. At an ODg, of 0.5, cells remained untreated or
were treated with N-ChT (0.5 mM), and SurA and MsrP proteins were analyzed by immunoblotting over 5 h. N-ChT treatment leads to the appearance of SurAox,
exhibiting a mobility shift on SDS-PAGE resulting from Met-O formation. This blot is representative of three independent experiments. (£) AmsrP (LA575) cells
were grown in LB at 37 °C. At an ODg, of 0.5, cells remained untreated or were treated for 3 h with N-ChT (0.5 mM). Periplasmic extracts were prepared and
then remained untreated or were reduced by incubation with MsrP in presence of an electron donor. The SurA protein form was analyzed by immunoblotting.

grows substantially faster on minimal medium containing Met-O
than its parental strain (Fig. 3B). Whole-genome sequencing of
strain LLS662 revealed a deletion of six nucleotides within the
cpxA gene, causing the deletion of two amino acids in CpxA,
the histidine kinase of the Cpx system (Fig. 3C); we refer to the
CpxA variant as CpxA*. We found that CpxA* expression causes
a ~100-fold increase in 7s7P messenger RNA (mRNA) levels in
strain LLS662 compared with the parental strain. Accordingly, we
measured higher msrP-gfp expression and elevated MsrP protein
levels (Fig. 3D). CpxA is the sensor of the envelope stress response
(CpxRATCS), in which CpxR is the response regulator. To further
investigate whether MstP overproduction in LLS662 occurs via
the CpxRA pathway, we deleted ¢pxR in the suppressor strain

PNAS 2023 Vol.120 No.14 2215997120

(strain LLS672, a derivative of LLS662 that does not contain
the CmR cassette), which prevented its growth on Met-O and
restored W'T expression levels of ms7P (Fig. 3 Band D). Moreover,
we found that artificial activation of CpxRA by overproduction
of the lipoprotein NIpE (26) allowed AmetA A3msr”"AbisC
to grow on M9-Met-O medium and led to overproduction of
MstP (S Appendix, Fig. S6 A and B). Finally, deletion of msrP
prevented LLS672 from growing on Met-O (Fig. 3B). Together,
these results indicate that the CpxRA signaling pathway modulates
the expression of msrP.

CpxR Binds the msrP Promoter Region. Next, we investigated
whether CpxR can act directly on the msrP promoter region.

https://doi.org/10.1073/pnas.2215997120 3 of 9
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These blots are representative of three independent replicates.

First, an in silico analysis of the ms7P promoter region identified a
putative CpxR-binding site (5'-GATAAAN;GTCAC-3’) between
positions -71 and -87, relative to the transcription start site
(Fig. 3E). We then purified the CpxR protein and performed an
electrophoretic mobility shift assay (EMSA) using ms7P promoter
DNA and nonspecific DNA as a potential competitive substrate.
Migration of the 7s7P promoter slowed in the presence of CpxR
in a dose-dependent manner. In these experiments, we used the
¢pxP promoter, which is known to interact directly with CpxR,
as a positive control (Fig. 3F). By comparing shifts obtained with
both promoters, we demonstrated the specificity of CpxR binding
to the msrP promoter. Thus, we conclude that CpxR directly binds
the msrP promoter, suggesting that the CpxRA TCS controls msrP
expression.

N-ChT Is a Signal for the CpxRA Pathway. The CpxRA system,
which has been intensively studied, is traditionally associated with
envelope protein quality control. CpxA senses a diverse number of
stresses, including increased osmolarity, elevated pH, perturbations
in peptidoglycan synthesis, defects in lipoprotein trafficking, and
exposure to copper or antibiotics such as gentamicin. Therefore, it
is thought that CpxRA activation protects the cell envelope under
these harmful circumstances. While ROS can be associated with
copper stress, a well-known Cpx activator (28-33), researchers
have not yet reported a direct connection between the CpxRA
system and ROS or RCS. Because N-ChT, a physiological RCS,
induces msrP expression, we hypothesized that a previously
unknown function of CpxRA could be to monitor the RCS N-
ChT in the envelope. To test this hypothesis, we determined how
N-ChT exposure impacts both 7s7P expression (using the msrP-
£fp fusion) and MsrP production in A¢pxR cells, in which the Cpx

40f9 https://doi.org/10.1073/pnas.2215997120

TCS cannot be activated. We found that ¢pxR deletion makes the
strain more sensitive to N-ChT (87 Appendix, Fig. S7) and prevents
both the activation of msrP expression and MsrP accumulation
following treatment with N-ChT (Fig. 4 A and B). Moreover,
using a cpxP-gfp transcriptional fusion whose expression is CpxR-
dependent (34), we observed increased ¢pxP-gfp expression levels
in the presence of N-ChT in the WT strain but not in the AcpxR
mutant (Fig. 4C). Notably, the expression levels of the cpxP-gfp
fusion remained unchanged when cells were exposed to H,O, or
paraquat and showed only a moderate change upon exposure to
HOCI (SI Appendix, Fig. S8). Thus, Cpx is activated by N-ChT
in S. Typhimurium.

Because Cpx has primarily been studied in E. coli, we investi-
gated the impact of N-ChT on Cpx in this organism. We measured
increased ¢pxP-lacZ expression in WT but not AcpxR cells upon
N-ChT treatment, indicating that the ability of Cpx to respond
to this RCS agent is conserved in E. coli (SI Appendix, Fig. S9A).
However, in this organism, deletion of ¢pxR had no impact on
MsrP expression following N-ChT  treatment (S/ Appendix,
Fig. S9B), demonstrating that ms7P is not part of the Cpx regulon
in E. coli.

N-ChT Triggers Cpx in an NIpE-Dependent Manner. Finally,
we sought to identify the molecular signal that induces Cpx
when S. Typhimurium is exposed to N-ChT. A recent report
demonstrated that Cpx is activated when maturation of the E. coli
outer membrane (OM) lipoprotein NIpE is perturbed by copper,
a redox-active metal (31). Therefore, we hypothesized that NIpE
may also play a role in Cpx activation in S. Typhimurium. To test
this hypothesis, we monitored MsrP production during N-ChT
stress in AnlpE cells; we found that deleting n/pE significantly
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Fig.3. CpxRAsignaling pathway modulates the expression of msrP. (A) Schematic model of the genetic screen used to search for MsrP-overproducing suppressor
variants conferring higher Met-O-reducing capacity. A methionine auxotroph mutant lacking all cytoplasmic Msrs [denoted as AmetA A3msr¥*AbisC (CA612)] can
use Met but not Met-O to grow on M9 minimal medium. The Met-O+ suppressor LLS662 was isolated on minimal medium containing Met-O after 3 d. (B) Cells
were streaked onto M9 minimal medium plates supplemented with Met-O and incubated at 37 °C for 3 days. The parental strain CA612 (AmetA A3msr¥AbisC)
did not grow on Met-O as the only Met source in contrast to suppressor LLS662. Deletion of ¢pxR (LL690) or msrP (CA744) prevents growth on Met-O. This
image is representative of three independent experiments. (C) Comparison of the DNA and protein sequences of CpxA in the WT and LLS662 strains. (D) msrP
is up-regulated in the LLS662 strain. An increase was observed at the i) mRNA level by RT-qPCR (Top), ii) transcriptional level by the msrP-gfp fusion (Middle),
and iii) protein level by immunoblot analysis (Bottom). RecA was used as an internal loading control stained on the same blot. Deletion of cpxR prevents msrP
upregulation. (E) Top: Consensus sequence logo of the CpxR-binding site in S. Typhimurium adapted from Subramaniam et al. (27) using MEME (Multiple Em
for Motif Elicitation) software. Bottom: In silico analysis of the msrP promoter region performed by BPROM (SoftBerry), showing a putative CpxR-binding site in
orange (5'-GATAAAN;GTCAC-3’) between positions =71 and —87. The RpoD recognition site and the transcription start site are represented in blue and the start
codon in purple. (F) Results of EMSA experiments with increasing concentrations of phosphorylated CpxR with the cpxP (Left) and msrP (Right) promoters. Bovine
Serum Albumin (BSA) was incubated with both promoters as a negative control (far right lanes). These gels are representative of three independent experiments.

reduced MsrP expression levels compared with the WT (Fig. 44)
and inhibited the induction of msrP-gfp fusion and ¢pxP-gfp fusion
(Fig. 4 B and C). In addition, AnlpE cells were slightly more
sensitive to N-ChT (81 Appendix, Fig. S7). These results indicate
that NIpE likely participates in Cpx activation during N-ChT
stress in S. Typhimurium.

It has been proposed that copper blocks the maturation of NIpE
and other lipoproteins by binding to their N-terminal cysteine
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residue (31), which is normally lipidated. As a result, NIpE accu-
mulates in the inner membrane (IM), where it induces Cpx by
interacting with CpxA (26). Thus, we hypothesized that exposing
S. Typhimurium cells to N-ChT may impact lipoprotein transport.
Researchers commonly use Lpp, the most abundant OM lipopro-
tein, as a read-out for lipoprotein maturation: alterations in this
process, such as those caused by copper or specific inhibitors of the
lipoprotein maturation process (31), lead to the accumulation of
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of 0.5, cells remained untreated or were treated for 1 h with N-ChT (1 mM). Immunoblot analysis measured MsrP synthesis in the WT, AcpxR, and AnlpE strains.
RecA was used as an internal loading control stained on the same blot. The blots are representative of three independent experiments. (B) WT, AcpxR (LL663),
and AnlpE (CA689) strains carrying the msrP-gfp fusion were grown in LB at 37 °C. At an ODg, of 0.5, cells remained untreated or were treated with T mM N-ChT.
ODgq, and fluorescence were measured 4 h after treatment. Error bars indicate the SDs of biological replicates, n = 4. Statistical analysis was carried out by two-
way ANOVA with Tukey’s multiple-comparison test (***P < 0.001; **P < 0.01; ns, not significant). (C) The cpxP promoter was fused to gfp, yielding the pcpxP-gfp
(pLA197) vector. Liquid cultures of the strains containing the cpxP-gfp fusion were treated at an ODgq, of 0.5 with 1 mM N-ChT. ODgq, and fluorescence were
measured 4 h after the application of stress. Error bars indicate the SDs of biological replicates, n = 5. Statistical analysis was performed by two-way ANOVA with
Tukey's multiple-comparison test (***P < 0.001; **P < 0.01; ns, not significant). (D) Subcellular localization of lipoprotein Lpp after N-ChT stress. WT cells were
grown in LB at 37 °C. At an ODg, of 0.5, cells remained untreated or were treated for 0.5 h with N-ChT (1 mM). Cell fractionation was carried out, and immunoblot
analysis was performed on the total fraction (TF), inner membrane (IM), and outer membrane (OM). Antibodies against OmpA (OM) and SecA (IM) were used
as membrane purity controls. The blot is representative of three independent experiments. (E) WT cells were grown to an ODgq, of 0.5. At this point, N-ChT was
added at different concentrations (0.5, 1, 1.5, and 2 mM), and cell extracts were removed every 30 min over 3 h and probed for Lpp by immunoblotting. Adding
N-ChT leads to the appearance of additional Lpp (noted Lpp*) forms with higher apparent molecular weights. The blots are representative of three independent
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N-ChT (1 mM). Immunoblot analysis measured MsrP synthesis in the WT and nIpE:nlpEc,gsaca31 Strains. RecA was used as an internal loading control stained
on the same blot.
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Lpp intermediates in the IM. We found that exposing
S. Typhimurium to N-ChT causes a slight accumulation of Lpp
in the IM (Fig. 4D). In addition, Lpp species migrating with
higher apparent molecular masses appear in membrane extracts
from N-ChT-treated cells (Fig. 4D), regardless of the presence of
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MstP (81 Appendix, Fig. $10). Slowly migrating species are often
indicative of Lpp maturation defects (31); although the bands
observed here appear to be different from those previously reported
for cells treated with copper [SI Appendix, Fig. S11; (31)], their
formation indicates that Lpp is impacted by N-ChT. Moreover,
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whereas low N-ChT concentrations led to a transient appearance
of species with a higher apparent molecular weight (0.5 to 1 h),
the accumulation was permanent when higher concentrations
were used (Fig. 4E). Another model has been put forward to
explain how NIpE activates Cpx. In this model, cysteine residues
in the C-terminal domain—NIpE contains four cysteine residues
involved in two disulfide bonds, one in the N-terminal domain,
one in the C-terminal domain—function as a sensor for redox
perturbations (26). We thus also considered the possibility that
the C-terminal cysteines could be important for V-ChT detection
and Cpx activation. To assess this possibility, we performed
site-direct mutagenesis with Cys-to-Ala (nlpE¢;gsaca314) substitu-
tions. Interestingly, expression of NIpE;4s4c2514 from the native
nlpE locus constitutively increased MsrP production (by approx-
imately fourfold) (Fig. 4F) in a CpxR-dependent manner
(SI Appendix, Fig. S12). N-ChT treatment further increased MsrP
production (Fig. 4F), although less than in the WT. Altogether,
these results indicate that N-ChT activates the Cpx pathway in
an NIpE-dependent manner; two mechanisms—defects in lipo-
protein maturation (Fig. 4D) and redox sensing (Fig. 4F)—can
be envisaged to govern this behavior. These two potential mech-
anisms are not necessarily mutually exclusive.

Discussion

Here, we investigated the role of S. Typhimurium MsrP during
oxidative stress. We found that the Cpx stress response activates
msrP expression in response to N-ChT, an RCS that is able to
oxidize Met residues. We showed that MsrP is required to cope
with N-ChT, conferring a central role to this enzyme in the resist-
ance to RCS stress in S. Typhimurium. Importantly, our work i)
shows that ms7P transcription in S. Typhimurium is controlled
differently than in E. colj, ii) identifies ms7P as a member of the
S. Typhimurium Cpx regulon, and iii) shows that N-ChT triggers
Cpx in an NIpE-dependent manner. Our data establish an unex-
pected link between V-ChT oxidative stress and an envelope stress
response.

During mammalian infection, pathogens experience oxidative
stress, leading to the oxidation of cellular macromolecules, includ-
ing proteins. The importance of cytoplasmic oxidized-protein
repair processes in oxidative stress resistance and virulence in
S. Typhimurium is well documented (16, 17, 35) Here, our results
show that an S. Typhimurium mutant strain lacking the periplas-
mic enzyme MsrP is hypersensitive to V-ChT. Given that N-ChT
isan RCS produced from HOCl and taurine by neutrophils (21, 22)
recruited to the site of infection to clear S. Typhimurium, this
result suggests that MsrP could participate in S. Typhimurium
pathogenesis. Thus, the activity of all Msrs allows S. Typhimurium
to resist the oxidative stress produced by neutrophils. A dedicated
study on the importance of MstP in S. Typhimurium virulence is
needed to obtain a complete, global view of Met-O homeostasis
during infection.

Originally, researchers discovered the MstPQ repair system in
E. coli based on a hit suppressor on the sprS gene (18). In E. coli,
the /prRS operon is upstream and in the opposite direction of the
hiuH-msrPQ operon. The S. Typhimurium CopRS TCS is defined
as an HprRS homologue based on the close vicinity of the copRS
and hiuH genes in the genome organization. Here, by monitoring
MsrP production, we established that the CopRS system is not
involved in ms7P regulation. However, using a genetic screen sim-
ilar to the previous screen used in E. coli, we revealed the involve-
ment of another TCS, the CpxRA system. Therefore, it appears
that both enterobacteriacea use the same strategy (i.e., a TCS) to
regulate ms7P, but via different pathways. Strikingly, we found
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that the signals capable of inducing msrP expression differ between
S. Typhimurium and E. coli. Indeed, a previous work reported
that RCS (HOCI and N-ChT) mediate msrP expression in E. coli
(25), whereas this study showed that only N-ChT leads to a
response in S. Typhimurium. This difference can be explained by
the nature of the membrane sensor involved in stress detection:
Activation of the HprS sensor depends on a direct Met-redox
switch within the periplasmic loop (25) while CpxA activation
arises from lipoprotein maturation disruption and possibly peri-
plasmic protein aggregation (26, 31, 36). In contrast to HOCI,
N-ChT is along-lived RCS with weak membrane-diffusion action
(21, 37). We can assume that the poor membrane permeability
of N-ChT provides a better signal for CpxA by damaging more
elements of the periplasm than the highly diffusible HOCIL.

The precise physiological concentration range of N-ChT in
close proximity to pathogens remains unknown. However, previ-
ous studies have detected N-ChT concentrations ranging from 10
to 50 pM in the supernatants of activated granulocytes (21, 22, 38).
Given the limited membrane permeability of N-ChT, it is reason-
able to conclude that bacteria within a phagosome would likely
be exposed to N-ChT concentrations higher than these values.
Thus, we can reasonably infer that the molecular mechanism high-
lighted in our study is biologically relevant.

A recent study identified the Cpx regulon in S. Typhimurium
using a global transcriptomic analysis and found that approxi-
mately 400 genes are differentially regulated (27). The study iden-
tified STM3377 and STM3378, which we now know correspond
to the msrP and msrQ genes, respectively, as highly up-regulated
in a A¢pxA strain. The authors did not attempt to add both genes
in the Cpx regulon due to the absence of a CpxR-consensus-binding
motif within the operon promoter. However, our EMSA data
reveal that CpxR binds the ms7P promoter with high efficiency.
The comparison of CpxR binding affinity on ms7P and ¢pxP pro-
moters is in accordance with a previous transcriptomic analysis
showing that both genes are among the first hits induced by CpxR
(27). Further experiments are needed to identify the CpxR-binding
motif within the ms7P promoter. A comparative analysis shows
the presence of a species-specific Cpx response. In view of our
work, considering that MsrP is a molybdoenzyme that translocates
across the IM via the twin-arginine translocation system (tazABCD),
it is interesting to note that the zatABCD operon is a direct CpxR
target in S. Typhimurium, in contrast to the constitutive expres-
sion observed in E. coli (27, 39). Likewise, we note that the molyb-
denum transporter ModABC system in S. Typhimurium appears
to be up-regulated in a Cpx-dependent manner (27). Therefore,
in §. Typhimurium, increasing the efficiency of periplasmic pro-
tein translocation and molybdenum uptake would facilitate MstP
maturation. In §. Typhimurium, the major envelope oxidoreduc-
tase DsbA, which introduces disulfide bonds in periplasmic pro-
teins, and the S. Typhimurium-specific disulfide folding machinery
in the periplasm, ScsABCD, are Cpx regulon members (27, 33, 40).
Adding msrPQ as a direct target of Cpx shows that maintaining
methionine and cysteine redox control during envelope stress is a
crucial process.

Researchers have proposed numerous cues for activation of the
Cpx envelope stress response, including exogenous stresses such as
alkaline pH, high osmolarity, copper, gentamicin, and drugs targeting
peptidoglycan synthesis (31, 41-45). While copper stress can be
associated with ROS, here, we report that N-ChT oxidative stress
elicits a direct Cpx response. This result provides a role for the Cpx
pathway in the oxidative stress response of S. Typhimurium. However,
the link seems to be quite specific for N-ChT, as HOCI, H,0,, and
the O, generator paraquat were unable to activate Cpx. Thus, in S.
Typhimurium, Cpx appears to be part of an RCS-specific responsive

https://doi.org/10.1073/pnas.2215997120 7 of 9


http://www.pnas.org/lookup/doi/10.1073/pnas.2215997120#supplementary-materials

Downloaded from https://www.pnas.org by INIST-CNRS CS10310 INEE & INSB on April 4, 2023 from |P address 193.54.110.55.

pathway in addition to the characterized HOCl-specific transcription
factor HypT (46). We also report that the lipoprotein NIpE is
involved in Cpx activation by N-ChT. Although our results allow us
to discuss two potential activation mechanisms, further research is
required to fully elucidate how NIpE triggers Cpx at the molecular
level. It will also be interesting to determine what causes the forma-
tion of the slowly migrating Lpp species. Interestingly, LppA and
LppB of S. Typhimurium have only one methionine residue in their
sequence; thus, the findings that several Lpp bands migrate with
higher molecular masses and that the formation of these bands does
not depend on the presence of MstP (8] Appendix, Fig. S10) suggest
that methionine oxidation does not play a role in the formation of
the modified Lpp species. Furthermore, the fact that one of the Lpp*
bands is also detected in the OM (Fig. 4D) suggests that this band
may not result from maturation defects. Additional experiments,
including mass spectrometry analysis, are needed to clarify this point.

In conclusion, this study has shown that S. Typhimurium uses
the Cpx TCS to detect N-ChT in an NIpE-dependent manner,
which consequently promotes the repair of periplasmic oxidized
proteins.

Materials and Methods

Strains and Microbial Techniques. S/ Appendix, Tables ST and S2 present the
strains and primers, respectively, used in this study.

We used Salmonella ser. Typhimurium ATCC14028 as the WT strain. We per-
formed gene deletions using the one-step A Red recombinase chromosomal inac-
tivation system (47). Deletions were transferred to the WT using P22 transduction
procedures and were verified by PCR (primers listed in S/ Appendix, Table S2).
To excise the resistance cassette when required, we used pCP20 (47). In each
experiment, we used 3 to 4 colonies to inoculate overnight cultures in lysogeny
broth (LB) (or M9 minimal medium when specified) to ensure culture heteroge-
neity. We grew the cultures aerobically overnight at 37 °C with agitation and then
diluted the cultures 1:100 in the appropriate medium. We applied antibiotics
for plasmid maintenance when appropriate at the following concentrations: 100
pg mL™" ampicillin, 25 ug mL™" chloramphenicol, 100 ug mL™" kanamycin, and
100 g mL~" spectinomycin.

N-ChT Synthesis. N-ChT (CI-HN-CH,-CH,-S0;) was produced by the reaction
between a solution of 700 mM HOCI (Honeywell) and 100 mM taurine (Sigma-
Aldrich)in 0.1 M phosphate potassium buffer (pH 7.4). After 10 min at room tem-
perature, we determined the N-ChT concentration by measuring the absorbance
at252 nm (e = 429 M~"cm™") and stored the medium at 4 °C.

Identification of a Suppressor Variant Conferring Met-O-Reducing
Capacity by MsrP Overproduction. To search for an MsrP-overproducing
suppressor variant conferring greater Met-O-reducing capacity, we grew CA612
(AmetA A3msr™*°AbisC) aerobically overnight in M9 minimal medium sup-
plemented with 0.2% casamino acids (Gibco) at 37 °C. After 16 h of growth, we
washed the cells with phosphate-buffered saline (PBS) and spread 100 pL culture
onto M9 minimal medium plates supplemented with Met-0 (20 ug mL™"). Plates
were incubated at 37 °Cfor 3 days. We isolated the resulting colonies on LB plates.
To verify that the suppressors were still auxotrophic for methionine, we streaked
the suppressors on M9 minimal medium plates. Then, MsrP levels were deter-
mined by immunoblotting, as described below. To sequence the genome of the
obtained suppressor, LLS662 (cpxA*), we isolated the genomic DNA as described
previously (48). DNA fragmentation via a Covaris instrument (M220 Focused
Ultrasonicator) followed by library construction using the NEBNext Ultra Il DNA
Library Prep Kit led to 350-bp insert size libraries. Paired-end reads (2 x 150 bp)
were sequenced on an lllumina MiSeq platform. After read cleaning (Trimmomatic
v0.39), we performed variant calling using Snippy (v4.3.6; https://github.com/
tseemann/snippy) referring to the genome sequence GCF_000022165 (National
Center for Biotechnology Information).

Fluorescence Quantification with a Microplate Reader. WT cells harboring
pmstP-gfp or pcpxP-gfp grew aerobically in LB supplemented with ampicillin at
37 °Cforapproximately 2 h (corresponding to four cell-doubling cycles) until an
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0Dy, 0f 0.5 was reached. From these cultures, 130 pLwas distributed to wells in
a 96-well flat-bottom black microplate (Greiner Bio-One). We prepared oxidants
in 0.1 M phosphate potassium buffer (pH 7.4) and added 20 L to the wells to
obtain the following final concentrations: 1 mM N-ChT, 0.5 mM paraquat (Sigma-
Aldrich), 2 mM H,0, (Honeywell), 1 mMHOCI (Honeywell), 2 mM CuSO, (Sigma-
Aldrich). Results correspond to values obtained at 4 h after the addition of stress.

To evaluate msrP expression in CA612 (AmetA A3msr™*°AbisC), LLS662
(cpxA*), and LLS690 (cpxA* AcpxR), we transformed cells with pmsrP-gfp and
grew cultures aerobically overnightin LB supplemented with ampicillin at 37 °C.
After 16 h of growth, cultures were transferred to wells of a 96-well flat-bottom
black microplate (Greiner Bio-One).

We analyzed the fluorescence using a Spark microplate reader (TECAN)
with excitation and emission wavelengths of 482 and 515 nm, respectively.
Fluorescence values were divided by the absorbance at 600 nm to obtain values
that were proportional to the bacterial cell concentration. Graphs were prepared
using Prism 8 (GraphPad Software, Inc.).

In Vitro Oxidation of CaM. We treated CaM (6 uM) with 50 and 100 uM oxidant,
corresponding to one and two molar equivalents of methionine, respectively,
for 30 min at 37 °C. Each sample was suspended in Laemmli SDS sample buffer
and heated for 10 min at 95 °C. We resolved the samples on a 17% Tris-glycine
SDS-PAGE gel at 125V for 2.5 h and stained the gel with Coomassie blue. We
performed the repair of oxidized CaM by MsrP as described previously, using 10
mM benzyl viologen and 10 mM sodium dithionite at 37 °Cfor 1 h (18).

In Vivo Analysis of SurA Oxidation after N-ChT Exposure by Gel Shift
Assays. WTand LA575 (AmsrP) cells grew aerobically in LB at 37 °C for approx-
imately 2 h (corresponding to approximately four cell-doubling cycles) until an
0D¢qo of 0.5 was reached. At this point, we split the cultures and added N-ChT(0.5
mM) for one condition. Before the addition of N-ChT(t = 0) and at different time
points (t=1h, 2 h,3 h, 4 h,and 5 h), equivalent cell densities (normalized by
Agoo) were pelleted by centrifugation (3,000 g, 5 min). Samples were suspended
in Laemmli SDS sample buffer and heated for 10 min at 95 °C. We resolved the
samples on a 12% NuPAGE Bis-Tris gel (Invitrogen) at 125V for 2.5 h. For immu-
noblot analysis, we transferred the resolved proteins to 0.2-um nitrocellulose
membranes, which we then probed with anti-SurA antibody [provided by the
Jean-Frangois Collet Lab, de Duve Institute, Université Catholique de Louvain
(UCLouvain)], followed by a horseradish peroxidase (HRP)-conjugated anti-rabbit
lgG secondary antibody (Promega). We imaged the chemiluminescence signals
using an ImageQuant Las4000 camera (GE Healthcare). We performed the repair
of oxidized SurA by MsrP as described previously, using 10 mM benzyl viologen
and 10 mM sodium dithionite at 37 °Cfor 1 h (18).

Immunoblot Analysis of MsrP Production. To determine MsrP levels after
N-ChT exposure in S. Typhimurium, we grew cultures aerobically in LB at 37 °C
until an 0Dy, of 0.5 was reached. At this point, we split the cultures into two
subcultures and added N-ChT (1 mM) to one tube. After 1 h, we prepared the
samples forimmunoblot analysis.

To determine MsrP levels after N-ChT exposure in E. coli, we grew MG1655 and
LL1085 (AhprRS) cells aerobically in LB at 37 °C until an 0Dy, of 1 was reached.
We then split the cultures into two subcultures and added N-ChT(1 mM)to one
tube. After 2.5 h, we prepared the samples for immunoblot analysis.

To determine MsrP levels in CA612 (AmetA A3msr™* AbisC), LLS662 (cpxA*),
and LLS690 (cpxA* AcpxR), we grew cultures aerobically overnightin LB at 37°C.
We prepared the samples forimmunoblot analysis after 16 h of growth.

To investigate whether CpxRA activation due to NIpE overproduction induces
MsrP production, we grew WT and CA612 (AmetA A3msr™*°AbisC) cells har-
boring empty vector or pNIpE aerobically in LB supplemented with ampicillin at
37°C until an 0Dy, of 0.5 was reached. We then added 0.1 mM IPTG and, after
2 h, prepared the samples forimmunoblot analysis.

Forimmunoblot analysis of MsrP production in each sample, equivalent cell
densities (normalized by A,,) were pelleted by centrifugation (3,000 g, 5 min).
Each sample was suspended in Laemmli SDS sample buffer and heated for 10
min at 95 °C. We resolved the samples on a 12% Tris-glycine SDS-PAGE gel. For
immunoblot analysis, we transferred the resolved proteins to 0.2-um nitrocel-
lulose membranes, which we then probed with anti-MsrP antibody (provided
by the Jean-Francois Collet Lab, de Duve Institute, UCLouvain), followed by an
HRP-conjugated anti-guinea pig IgG secondary antibody (Sigma-Aldrich). We
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imaged the chemiluminescence signals using an ImageQuant Las4000 camera
(GE Healthcare). The presented results are representative of at least three inde-
pendent experiments.

In Vivo Analysis of Lpp Impairment after N-ChT Exposure by Gel Shift
Assays. WT cells grew aerobically in LB at 37 °C for approximately 2 h (corre-
sponding to approximately four cell-doubling cycles) until an 0D, of 0.5 was
reached. At this point, we split the cultures into five tubes and added different
concentrations of N-ChT(0, 0.5, 1, 1.5, and 2 mM). Before the addition of N-ChT
(t=0)and at different time points (30 min, 1h, 1.5 h, 2 h, 3 h), equivalent cell
densities (normalized by Aq,) were pelleted by centrifugation (3,000 g, 5 min).
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