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OmpR and Prc contribute to switch the Salmonella
morphogenetic program in response to phagosome cues
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Abstract

Salmonella enterica serovar Typhimurium infects eukaryotic cells residing within
membrane-bound phagosomes. In this compartment, the pathogen replaces the mor-
phogenetic penicillin-binding proteins 2 and 3 (PBP2/PBP3) with PBP2., /PBP3,,,

two proteins absent in Escherichia coli. The basis for this switch is unknown. Here, we
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for intra-phagosomal survival and proliferation. The protease Prc and the transcrip-
tional regulator OmpR contribute to lower PBP3 levels whereas OmpR stimulates
PBP2,,/PBP3.,, production. Surprisingly, despite being essential for division in E.
coli, PBP3 levels also drop in non-pathogenic and pathogenic E. coli exposed to phago-
some cues. Such exposure alters E. coli morphology resulting in very long bent and
twisted filaments indicative of failure in the cell division and elongation machineries.
None of these aberrant shapes are detected in S. Typhimurium. Expression of PBP3,, |
restores cell division in E. coli exposed to phagosome cues although the cells retain
elongation defects in the longitudinal axis. By switching the morphogenetic program,
OmpR and Prc allow S. Typhimurium to properly divide and elongate inside acidic

phagosomes maintaining its cellular dimensions and the rod shape.
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1 | INTRODUCTION and ensures cellular integrity (Egan & Vollmer, 2013; Egan et al., 2017).

PG metabolism and morphogenesis have been extensively studied in

The peptidoglycan (PG), also known as murein sacculus, is the main com-
ponent of the bacterial cell wall (Egan et al., 2020). Among its unique
physicochemical properties are the presence of D-amino acids and its
assembly as a giant covalently bound macromolecule covering the entire
cell surface. Because of these properties, the PG determines cell shape

Escherichia coli and Bacillus subtilis, in which the elongation and division
phases are clearly defined in time and space (den Blaauwen et al., 2008;
Errington, 2015; Rohs & Bernhardt, 2021). These two phases are or-
chestrated by PG synthases that crosslink stem peptides in parallel
glycan chains (den Blaauwen et al., 2017; Szwedziak & Lowe, 2013). In
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E. coli, these morphogenetic enzymes are penicillin-binding proteins 2
and 3 (PBP2 and PBP3) (Egan et al., 2017; Szwedziak & Lowe, 2013),
which are components of the elongasome and divisome complexes, re-
spectively (Daitch & Goley, 2020; den Blaauwen & Luirink, 2019; Rohs
& Bernhardt, 2021). These complexes are connected to cytoskeletal
scaffolds that guide the biosynthetic machineries along the cylindrical
or the mid-cell regions of the cell (Cho, 2015; Daitch & Goley, 2020;
Errington, 2015; McQuillen & Xiao, 2020). Based on these roles, PBP2
and PBP3 are essential enzymes not tractable genetically and preferred
targets for antimicrobial therapy.

Salmonella enterica serovar Typhimurium (S. Typhimurium) is an
intracellular pathogen that encodes two PBPs named PBP2,, and
PBP3,,, that replace PBP2/PBP3 in the host environment (Castanheira
et al, 2020). PBP2,, /PBP3, are PBP2/PBP3 paralogues (~67%
identity at the protein level) absent in E. coli, active only in acid pH
and up-regulated by S. Typhimurium inside phagosomes (Castanheira
et al.,, 2017, 2020). The exchange of PBP2/PBP3 by PBP2,, /PBP3,,,
taking place in the host is reproduced at some extent in vitro in acidi-
fied media with limited amounts of nutrients (Castanheira et al., 2020).
Acidity and nutrient limitation trigger the expression of virulence func-
tions like the Salmonella pathogenicity island 2 (SPI-2), central for sur-
vival and proliferation of intracellular bacteria (Deiwick & Hensel, 1999;
Garmendia et al., 2003; Kehl et al., 2020; Lee et al., 2000; Pucciarelli
& Garcia-Del Portillo, 2017; Steele-Mortimer, 2008). Acid pH and nu-
trient scarcity are therefore cues supposed to be encountered by this
pathogen inside phagosomes. Once the pathogen senses acidic pH in
this niche, it responds by acidifying its cytoplasm in a process mediated
by the transcriptional regulator OmpR (Chakraborty et al., 2015).

Unlike the impact of acid pH and nutrient limitation, the extent
to which the osmolarity of the vacuolar compartment signals the
pathogen to express virulence factors is still unclear. Early studies
concluded that low osmolarity favors SPI-2 expression (Garmendia
et al., 2003; Lee et al., 2000). However, the nutrient-poor medium
developed by Deiwick and Hensel, suitable for inducing expres-
sion of SPI-2 genes, was formulated with 50mM NaCl (Deiwick &
Hensel, 1999). In this medium, SPI-2 is highly expressed by bac-
teria exposed up to 2% NaCl, equivalent to ~340 mM of this salt.

To better understand the exchange of essential PG synthases
during S. Typhimurium infection, we examined the underlying regu-
latory mechanisms. Here, we provide evidence for the requirement
of a combination of phagosome cues like high osmolarity, acid pH,
and nutrient scarcity, to simulate the switch in the morphogenetic
machinery, i.e. the substitution of PBP2/PBP3 by PBP2,, /PBP3,,,.
Surprisingly, the combination of these three cues also triggers a sig-
nificant drop in PBP3 levels in E. coli, a bacterium lacking an alterna-
tive enzyme for cell division. The implications of these findings for
how the adaptation to the phagosomal environment may require a
defined morphogenetic program, are discussed.

2 | RESULTS

2.1 | OmpRregulates PBP2,,, /PBP3,, production
S. Typhimurium upregulates in vivo PBP2, /PBP3., production
when colonizing target organs of susceptible mice and inside cul-
tured macrophages and fibroblasts (Castanheira et al., 2017, 2020).
The responsible regulator(s) however remain uncharacterized. We
targeted as candidates those used by S. Typhimurium to adapt to the
intra-phagosomal lifestyle, including the two-component systems
PhoP-PhoQ, EnvZ-OmpR and SsrA-SsrB (Chen & Groisman, 2013;
Dalebroux & Miller, 2014; Feng et al., 2003; Kenney, 2019; Pérez-
Morales et al., 2017) and, the transcriptional regulator SlyA (Buchmeier
et al., 1997). Mutants lacking these regulators and bearing 3xFLAG-
tagged alleles of the genes encoding PBP2,, or PBP3g,, in their na-
tive chromosomal locations were monitored for production of these
alternative PG synthases. PBP2,, -3xFLAG and PBP3,, -3xFLAG re-
tain function as they ensure rod shape morphology and cell division in
the absence of PBP2 or PBP3, respectively [(Castanheira et al., 2017)
and S. Castanheira and F. Garcia-del Portillo, unpublished data].
PBP2,,,-3xFLAG and PBP3, -3xFLAG (hereinafter referred as
PBP2,,, and PBP3;, ) were almost undetectable in the ompR mu-
tant (Figure 1a,b) with a slight reduction in PBP2,,, levels in the phoP
and slyA mutants (Figure 1a). OmpR was also required for PBP2,,, /

FIGURE 1 PBP2,, and PBP3,, areregulated by OmpR in extracellular and intracellular S. Typhimurium. (a) PBP2,,, protein levels
in extracts of isogenic S. Typhimurium strains bearing a PBP2, -3xFLAG allele in its native chromosomal location and mutations in the

indicated regulators (OmpR, PhoP, SlyA, and SsrB). Growth conditions were LB medium pH 4.6. The Coomassie staining is shown as loading
control. Quantification was performed by densitometry of the bands obtained in the Western. (b) Same as for (a) but for isogenic strains
bearing a PBP3, -3xFLAG allele in native chromosomal location. (c) PBP2,, and PBP3;,, levels produced by intracellular S. Typhimurium
at 8 h post-infection of NRK-49F rat fibroblasts. Isogenic wild-type and mutant strains lacking the indicated regulators and either doubly

or single-tagged with the PBP2,, -3xFLAG and PBP3,, -3xFLAG alleles were used. DnaK was used as loading control. Data are means and
standard deviations from a minimum of two independent experiments and are statistically analyzed by unpaired parametric t-test. *p = 0.01
to 0.05; **p = 0.001 to 0.01; ***p = 0.0001 to 0.001; n.s., not significant. (d) Upstream regions cloned in the promoter-less reporter plasmid
expressing a GFP™P variant. In yellow are highlighted the OmpR boxes analyzed and the insets depict the mutated versions (mut) generated
for each of the regions. (e-h) Activity of the PBP2,, and PBP3,,, promoters in the indicated strains and growth conditions: (e) wild-type

S. Typhimurium, PCN medium 200mM NaCl at pH 7.4 and 4.6; (f) S. Typhimurium mutants lacking PhoP or OmpR grown in PCN medium
200mM NaCl pH 4.6; (g) wild-type S. Typhimurium bearing reporters with the mutated (mut) versions of each promoter; and (h) wild-type
E. coli expressing the reporter constructs based on the PBP2,,, and PBP3,,, promoters. Data were collected automatically during 18h in

a Tecan plate reader and are represented as mean and standard deviation from three technical replicates. Data are from a representative
experiment of a total of three biological replicates. FU, fluorescence units.
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PBP3,, production inside eukaryotic cells (Figure 1c). PBP2g,, Immunodetection of PBP2, -3xFLAG and PBP3,, -3xFLAG was

and PBP3,,, levels decreased up to ~20%, ~50% of wild-type val- accompanied in some assays by an unrelated protein that did not
ues, respectively, in intracellular bacteria lacking PhoP (Figure 1c). affect data interpretation as it showed different electrophoretic
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mobility (Figure S1). Collectively, these data implicated for the first
time OmpR in the regulation of morphogenetic enzymes involved in
PG synthesis.

We further designed reporter constructs bearing upstream re-
gions (250bp from the predicted start codon) of the genes encoding
PBP2,,, and PBP3,, (Figure 1d). The expression assays revealed
that these regions are sufficient to drive transcription specifically in
acid pH and in an OmpR-dependent but PhoP-independent manner
(Figure 1e,f). Of interest, these upstream regions bear two sequence
motifs, TGTAACAA (PBP2,,, promoter) and TGTTGCAA (PBP3,,
promoter) (Figure 1d) that match the consensus TGT(A/T)ACA(A/T)
required for OmpR regulation in S. Typhiand S. Typhimurium (Perkins
et al.,, 2013). Responsiveness of the reporters to acid pH was ab-
rogated by mutations in these motifs (Figure 1g). Interestingly, the
reporter constructs were responsive to acid pH in a heterologous
system like E. coli (Figure 1h). These latter data showed that OmpR
regulates PBP2, /PBP3, production by increasing transcrip-
tion of their coding genes without requiring accessory Salmonella-
specific co-regulator(s).

A recent transcriptomic study reported dacC, a gene encoding
the carboxypeptidase PBP6 that trims stem peptides in the PG, as
a potentially OmpR-regulated gene in E. coli and S. Typhimurium
(Chakraborty & Kenney, 2018). However, we did not find evidence
at the protein level for such regulation in S. Typhimurium using a
minimal medium of same composition and even more acidic (pH 4.6)
compared to that used in that previous study (Figure S2). We also
ruled out the alternative sigma factors RpoS and RpoE, essen-
tial for S. Typhimurium to grow and survive inside host cells (Cano
et al., 2001; Chen et al., 1996; Osborne & Coombes, 2009), as regu-
lators of PBP2,,, and/or PBP3,,, production (Figure S3). Altogether,
these data indicated that OmpR plays a central role in the regulation

of PBP2,,, /PBP3,,, in acidic niches and inside eukaryotic cells.

2.2 | PBP2g,, /PBP3,, inductionis linked to SPI-2
expression and parallels a drastic drop in PBP3 levels
at high osmolarity

Our previous studies showed that acid pH triggers PBP2, /
PBP3,,, expression (Castanheira et al., 2017, 2020) and that
nutrient limitation causes, in addition, a decrease in PBP2/PBP3
levels (Castanheira et al., 2020). Acidity and nutrient scarcity also
signal intravacuolar Salmonella for expression of virulence factors
like those of the SPI-2 regulon (Kehl et al., 2020; Pucciarelli &
Garcia-Del Portillo, 2017; Steele-Mortimer, 2008). Since acidity and
nutrient scarcity stimulate PBP2,, /PBP3,, production, we sought
to determine the extent at which both SPI-2 and PBP2, /PBP3.,,
production responds to a third cue like osmolarity. Low osmolarity
was reported to favor expression of the SPI-2 regulon (Garmendia
et al., 2003; Lee et al., 2000) whereas other studies showed high
expression in bacteria grown up to ~300mM NaCl (Deiwick &
Hensel, 1999). Based on these contrasting findings, we monitored
levels of two representative proteins of the SPI-2 regulon, the

regulator SsrB and the effector protein Ssel, in the nutrient-poor
medium PCN at two pH values (4.6 and 7.4) and two osmolarities, O
and 200mM NacCl. This latter NaCl concentration, 200 mM, causes
in E. coli K-12 maximal changes in expression of outer membrane
proteins regulated by OmpR (Alphen & Lugtenberg, 1977; Verhoef
et al., 1979). Control assays confirmed that addition of 200mM
NaCl to the nutrient-poor PCN medium at pH 4.6 does not affect
S. Typhimurium growth whereas levels in the 300-500mM range
result in progressive reduction in the growth rate (Figure S4).

S. Typhimurium produces SsrB and SseJ at high levels in acidified
medium irrespective of the amount of salt added (Figure 2a). This
result indicated that the expression of these two proteins of the SPI2
regulon is not affected by osmolarity in the acidified nutrient-poor
PCN medium. Production of PBP2, /PBP3,, in this medium is
likewise independent of the level of osmolarity used, although fully
dependent on OmpR (Figure 2b).

Unlike PBP2,,, /PBP3;, , osmolarity has a strong effect on the
production of PBP2/PBP3. Thus, the levels of these two PG en-
zymes in acidified medium (pH 4.6) were unaltered at low osmolarity
(OmM NacCl) but diminished drastically at high osmolarity (200mM
NaCl) (Figure 2b). This effect of high osmolarity on lowering PBP3
relative levels was negligible at neutral pH (Figure 2b,c). Therefore,
only the combination of three environmental cues associated with
the phagosomal niche such as acidity (pH 4.6), nutrient limitation,
and high osmolarity (200mM NaCl) results in reduction of PBP3 lev-
els, a phenomenon observed in vivo when S. Typhimurium infects
target organs of mice (Castanheira et al., 2017). This effect was seen
in the absence of PhoP (Figure S5a). Intriguingly, low Mg2+ concen-
trations as of 8 pM, a condition known to activate the PhoP-PhoQ
system (Cunrath & Bumann, 2019; Garcia-del Portillo et al., 1992;
Martin-Orozco et al., 2006; Rdder et al., 2021), caused a decrease in
both PBP2 and PBP3 levels but only in acid pH (Figure S5b).

We next asked whether the negative effect of phagosomal cues
on PBP3 could involve other essential enzymes of PG metabolism.
MurF is an essential cytosolic enzyme required for synthesis of the
PG precursor lipid Il encoded by a gene mapping downstream of ftsl,
the PBP3-encoding gene. murF and ftsl are part of the division and
cell wall (dew) gene cluster that functions as a polycistronic transcrip-
tional unit (Figure Séa). Unlike PBP3, MurF levels did not decrease
significantly in response to acid pH, nutrient scarcity, or high os-
molarity and were not altered in the ompR null mutant (Figure Sé6b).
These data inferred that PBP3 production is post-transcriptionally
regulated in response to a combination of environmental cues occur-
ring in the phagosomal niche. Likewise, PBP3,,, upregulation relies

solely on acid pH as activating signal.

2.3 | The periplasmic protease Prc targets
PBP3 and PBP3,,, in a pH-dependent manner

In E. coli, the protease Prc processes the C-terminal region of PBP3
(Hara et al., 1989; Nagasawa et al., 1989), and it has as substrates
other enzymes related to PG metabolism like the endopeptidase MepS
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FIGURE 2 PBP2,, and PBP3, production inS. Typhimurium is linked to that of SPI-2. (a) Increased levels of the SPI-2 regulator SsrB
and the SPI-2 effector SseJ in acid pH in the nutrient-poor medium PCN irrespective of the amount of salt added. (b) PBP2,, /PBP3,,, and
PBP2/PBP3 relative levels detected in wild-type and ompR strains grown in minimal PCN medium at distinct pH (4.6 and 7.4) and amounts
of osmolyte (0, 200mM NacCl). The Coomassie-stained membranes are shown as loading controls. (c) Quantification of the relative levels of
PBP2 and PBP3 in the indicated conditions by densitometry of the bands obtained in the Western (panel b). Data are means and standard
deviations from four independent experiments and statistically analyzed by unpaired parametric t-test. *p = 0.01 to 0.05; **p = 0.001 to

0.01.

(Spr) (Singh et al., 2015) and the murein transglycosylase MItG (Hsu
et al., 2020). The cleavage site recognized by Prc in E. coli PBP3, of 588
aa, is valine-577 (V577) (Nagasawa et al., 1989), a residue conserved
in PBP3 of S. Typhimurium. PBP3,, , of 581 aa, has also a valine lo-
cated 11 residues from the C-terminus, concretely V570 (Castanheira
et al., 2017). Due to this conserved valine residue, we hypothesized a
role of Prc in the switch of PBP3 by PBP3,, occurring in response to
phagosome cues. Precursor and processed forms of PBP3 and PBP3,
were monitored in isogenic S. Typhimurium wild-type and Aprc strains.

In acid pH (4.6) at low osmolarity (OmM NacCl), the lack of Prc
in S. Typhimurium results in reduced PBP3 levels with wild-type
bacteria unable to process the enzyme under these conditions
(Figure 3a). This processing is however detected in E.coli (Figure 3a).
As expected, no PBP3 is visualized neither in S. Typhimurium nor in
E. coli at pH 4.6, 200mM NaCl (Figure 3a). At neutral pH 7.4, both
PBP3 forms (precursor, mature) are visible in S. Typhimurium wild-
type while only the full-length PBP3 is detected in the Aprc mutant
(Figure 3b). This result indicated that Prc of S. Typhimurium cleaves
PBP3, although restricted to the neutral pH condition (compare
Figure 3a,b). The capacity of S. Typhimurium Prc to process PBP3 at
neutral pH is unrelated to OmpR (Figure 3c).

With regard to PBP3,,, and, considering its V570 residue, we rea-
soned it could be recognized by Prc at the C-terminus. To test this,
PBP3,,, and PBP3 variants bearing a 6xHis tag at the N-terminus
(Castanheira et al., 2020) were ectopically expressed in S. Typhimurium
wild-type and Aprc strains at acid (pH 4.6) and neutral (7.4) pH
(Figure 3d). Prc cleaves 6xHis-PBP3,, at both pH whereas no process-
ing is observed for 6xHis-PBP3 (Figure 3d). This latter result suggests
that tagging PBP3 at its N-terminal region facing the cytosol could
negatively affect its recognition by Prc in the periplasm (Figure 3b).

Given the capacity of Prc to process and eventually destabilize
PBP3,,, (Figure 3d), we assessed whether this protease could act
as a safeguard preventing the production of the alternative PG syn-
thase PBP3,,, at neutral pH. The lack of Prc results in detection of
small amounts of PBP2,, and PBP3, at pH 7.4, which are pro-
duced in an OmpR-dependent manner (Figure 3e). Taken together,
these data demonstrated that PBP3 and PBP3,, are Prc substrates
in S. Typhimurium. However, whereas Prc cleaves PBP3 only at neu-
tral pH, this protease processes PBP3,,, at pH 4.6, the physiological
condition in which its production is stimulated by OmpR, as well as in
neutral pH. Unlike Prc of S. Typhimurium, Prc of E. coli cleaves PBP3
at both acid and neutral pH (Figure 3f).
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activity of S. Typhimurium Prc over PBP3 at neutral pH (7.4) occurs independently of OmpR and osmolarity. Arrows point to the mature
PBP3 form. (d) Prc cleaves a 6xHis variant of PBP3,,, tagged at the N-terminus expressed from plasmid at acid (4.6) and neutral (7.4) pH.
Arrows point to the processed mature PBP3,,, form. The 6xHis-PBP3 tagged variant is not cleaved by Prc. (e) Presence of minor amounts
of PBP2g,, /PBP3,, at neutral pH and PBP3 in neutral pH in the absence of Prc. (f) Diagram highlighting the preferred recognition of S.
Typhimurium Prc for PBP3,, at acid pH and for PBP3 at neutral pH. Prc can also cleave PBP3,,, at neutral pH.

2.4 | The combination of acidity, high
osmolarity and nutrient scarcity decreases PBP3
levels in non-pathogenic and pathogenic E. coli

Considering the drastic drop in PBP3 levels observed in S.
Typhimurium exposed to phagosome cues, we sought to analyze this
phenomenon in E. coli, a closely related bacterium lacking PBP3,, .
Surprisingly, exposure to acidity, high osmolarity and nutrient
scarcity also decreases PBP3 levels in the non-pathogenic E. coli
K-12 strain MG1655 (Figure 4a).

The reduction in PBP3 levels under these conditions correlated
with decreased fitness of the S. Typhimurium ompR mutant, which
forms small-size colonies on solid media containing 200mM NaCl
(Figure 4b). A similar phenotype was observed for E. coli MG1655
(Figure 4b). Both the S. Typhimurium ompR mutant and E. coli
MG1655 display similar growth rate in liquid culture compared to

wild-type S. Typhimurium (Figure 4b). This observation in liquid
media ruled out a negative effect of the phagosome cues on basal
metabolism that could prevent increase in mass. Microscopy anal-
yses showed that, unlike wild-type S. Typhimurium, its ompR mu-
tant derivate and E. coli MG1655 are impaired for cell division in the
acidified nutrient-poor PCN medium with 200mM NacCl (Figure 4c).
In the case of E. coli MG1655, aberrant shapes including bent and
twisted filaments were observed, suggesting that phagosome cues
could trigger additional changes in other morphogenetic proteins or
PG enzymes besides those affecting PBP3 levels.

To assess whether the morphological alterations detected in E. coli
MG1655 were also visible in pathogenic E. coli, we incubated isolates
of enteropathogenic (EPEC), enterohemorrhagic (EHEC), and uro-
pathogenic (UPEC) pathotypes in acidified (pH4.6) nutrient-poor PCN
medium with 200mM NaCl. To visualize a putative negative effect on
cell division, the cultures were started at low optical density values
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FIGURE 4 PBP3levels drop in S. Typhimurium and E. coli in response to environmental cues of the phagosome. (a) PBP3 levels
in S. Typhimurium and non-pathogenic E. coli K-12 MG1655 grown in minimal PCN medium at the indicated pH and osmolarities.

(b) Cultivability of S. Typhimurium (wild-type and ompR) and E. coli K-1

2 MG1655 on PCN medium pH 4.6 plates at the indicated osmolarities

(0, 200mM NacCl). Shown are serial dilutions of an overnight culture. Included are also growth curves of the three strains in liquid PCN
medium pH 4.6 with 0 or 200mM NacCl. (c) Microscopy images of S. Typhimurium (wild-type and ompR) and E. coli K-12 strain MG1655 after
growing in PCN medium for 4 h at the indicated pH and osmolarities. Shown are also enlargements of S. Typhimurium ompR and E. coli K-12
strain MG1655 cell in acid pH (4.6) and 200mM NaCl displaying morphological alterations consistent with arrest in cell division. Arrowheads
point to cell division sites. Bar, 5 pm. Data representative of three independent biological replicates.

(OD, o= 0.005) to allow for at least a minimum of two generations
with increase in mass. Final OD,, values were, depending on the E.
coli isolate, in the range of ~0.02-0.15. In the PCN pH 4.6, 200mM
NaCl medium, S. Typhimurium reaches final OD,, values of ~0.15-
0.20 (Figure S4). Similarly to the non-pathogenic E.coli MG1655 strain,
growth of EPEC, EHEC, and UPEC in PCN pH 4.6, 200mM NaCl me-
dium results in aberrant morphologies, with cells in most cases adopt-
ing shapes of very long irregular twisted filaments (Figure 5a). Such
gross morphogenetic alteration was indicative not only of blockage
in cell division but also of proper elongation of the PG sacculus along
the longitudinal axis. Noteworthy, these morphological changes are
not visualized at the same extent in the E. coli isolates grown in acidi-
fied PCN pH 4.6 with no salt added, 0OmM NacCl (Figure 5a) or in PCN
medium at neutral pH 7.4 irrespective of the amount of salt added
(Figure S7a). The morphological alterations of E. coli isolates grown

in PCN pH 4.6, 200mM NaCl are accompanied by a decrease in PBP
3 levels (Figure 5b), consistent with the blockage of cell division ob-
served at the microscope. For UPEC, PBP3 was faintly detected at
pH 4.6, irrespective of the amount of salt added (Figure 5b).

Since S. Typhimurium exhibits normal rod shape in PCN pH 4.6,
200mM NaCl medium (Figures 4a and 5a) we reasoned that
Citrobacter, a genus among several of the Enterobacterales order that
encode both a PBP3 and a PBP3 homolog (Garcia-del Portillo et al.,
unpublished data), could also exhibit normal rod shape in response
to phagosome cues. To our surprise, C. rodentium filaments exten-
sively in PCN pH 4.6, 200mM NaCl medium (Figure 5a). Considering
that the levels of its PBP3 decrease in response to phagosome cues
(Figure 5b), this morphological alteration denotes that its PBP3 ho-
molog, if expressed in PCN pH4.6, 200mM NaCl, does not promote
cell division under these conditions. A key difference between S.
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FIGURE 5 Blockage of cell division and altered morphology in pathogenic and non-pathogenic E. coli isolates in response to phagosome
cues. (a) S. Typhimurium, E. coli isolates, and C. rodentium were incubated overnight in nutrient-poor medium PCN at pH 4.6 and the indicated
osmolarities (OmM and 200mM NaCl) and fixed for observation at phase contrast microscopy. The initial OD,,, values were adjusted in

all cases to 0.005. Note the formation in some cases of atypical morphologies consisting of bent and twisted filaments. Bar, 10 um. For a
representative experiment, final OD values reached by the indicated bacteria at pH 4.6 with OmM or 200mM NaCl, respectively, were:

S. Typhimurium (0.070, 0.193); E. coli MG1655 (0.038, 0.054); EPEC (0.126, 0.117); EHEC (0.046, 0.057); C. rodentium (0.025, 0.052) and,
UPEC (0.024, 0.058). (b) Levels of PBP3 in the E. coli isolates and C. rodentium under the indicated osmolarities in acidified (pH 4.6) nutrient-
poor PCN medium. (c) PBP 3 levels detected in the enteroinvasive E. coli (EIEC) isolates C609 and C610 after growth in nutrient-rich LB
medium with/without additional NaCl (300 mM) added and at two pH values (4.6 and 7.4). Samples in panels (b) and (c) correspond in all
cases to total protein extracts. Data shown are from a representative experiment of a total of two independent biological replicates.

Typhimurium and C. rodentium is that only the former evolved an
intra-phagosomal lifestyle.

Taken together, these findings indicate that exposure of en-
teric bacteria to the combination of acid pH, nutrient scarcity, and
high osmolarity, a condition mimicking the intra-phagosomal niche,
causes major changes in the morphogenetic program affecting both
cell elongation and cell division. Among the enteric bacteria tested,
only S. Typhimurium processes the phagosome cues to preserve
proper cellular dimensions and rod shape.

2.5 | PBP3,,, restores cell division in E. coli
exposed to phagosome cues

Theaccumulated datainferred thatE. colicannotdivideinaphago-
somal environment due to the drop in PBP3 levels (Figure 4a),

which results in drastic morphological changes (Figure 5a). Since
S. Typhimurium responds to phagosome cues upregulating pro-
duction of PBP3,, , we assessed whether this alternative PG
synthase could promote division in wild-type E. coli exposed to
phagosome cues. We previously showed using an E. coli mutant
expressing a thermolabile PBP3 variant that PBP3,, can pro-
mote cell division in acid pH at 42°C (Castanheira et al., 2017);
however, these experiments were performed in nutrient-rich LB
medium, a condition that does not cause drop of PBP3 levels in
wild-type E. coli.

Ectopic expression of PBP3;,, in wild-type E. coli MG1655 ex-
posed to phagosome cues in PCN pH4.6, 200mM NacCl partially re-
stores cell division. Although on average the cells producing PBP3,, |
are larger than those not exposed to phagosome cues (see Figure 4c),
it was evident that some cells in the population undergo cell division
(Figure 6a). Noteworthy, most of these PBP3, -expressing cells
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FIGURE 6 Ectopic expression of PBP3,,, restores cell division in E. coli MG1655 exposed to phagosome cues. (a) Images of E. coli
MG1655 harboring the empty vector pAC or a derivate inducible vector expressing the gene encoding PBP3,,, . Induction was carried out
by addition of IPTG at the indicated concentrations. Bacteria were maintained overnight in PCN medium at pH 4.6 and 200mM NaCl. (b)
Immunoassay confirming the ectopic production of PBP3,, in the presence of IPTG. Note that endogenous PBP3 is not visualized since
these are conditions mimicking the phagosomal environment. Detection of PBP3,, with the anti-PBP3 antibody is explained by the large
amount of protein produced from the plasmid and the identity shared between the two proteins which can sustain a small level of cross-
reaction. Data shown are from a representative experiment of a total of two independent biological replicates.

retain defects in cell elongation showing in some cases curved and
twisted shapes (Figure 6a). These morphologies contrasted with
those of E. coli MG1655 bearing the empty vector, which filamented
at a large extent without any sign of cell division and denoting, in
addition, elongation defects (Figure 6a). Immunoassays of protein
extracts prepared from these cultures after over-night incubation
in presence of the IPTG inducer confirmed the drop in PBP3 levels
in response to the phagosome cues and the ectopic production of
PBP3,,, (Figure 6b). Altogether, these data indicated that PBP3,,,
can restore cell division in E. coli exposed to phagosome cues al-
though it cannot complement the morphological alterations associ-

ated with the elongation machinery.

2.6 | PBP3levels decrease in intravacuolar
S. Typhimurium persisting inside fibroblasts

The evidence accumulated in nutrient-poor acidified PCN medium
with a high amount of salt, 200mM NacCl, pointed to phagosomal
cues as responsible for impeding the production of PBP3 and up-
regulating PBP3,, synthesis (see Figure 2b). To unequivocally
demonstrate that this regulation occurs in intra-phagosomal S.
Typhimurium, we infected fibroblasts and obtained protein extracts
of intracellular bacteria up to 48 h post-infection for immunodetec-
tion of PBP3, PBP3,,, and the PG enzyme MurF. Despite the limited
proliferation exhibited by these intravacuolar persistent bacteria,
PBP3,,, relative levels increase drastically at 8 hpi to further de-
crease progressively after this post-infection time (Figure 7a,b). By
contrast, and consistently with the data obtained in the nutrient-
poor PCN medium (Figure 2b), PBP3 relative levels decreased from
the time bacteria invade the fibroblasts (Figure 7a,b). Interestingly,

the relative levels of MurF also decreased from the time of bacterial
invasion although remained stable at 24-48 hpi (Figure 7a,b).

Therefore, these data demonstrate that during the initial phase
of intracellular infection, PBP3,, replaces PBP3 in order to sup-
port the first cell division events within the phagosome. This phase
is followed by the establishment of a perdurable persistence stage.
At that stage, only a minor percentage of persistent bacteria could
accomplish cell division while maintaining other activities of PG
metabolism.

3 | DISCUSSION

S. Typhimurium is a unique case of bacterium that uses morpho-
genetic machineries guided by distinct PG synthases (PBP2/PBP3
versus PBP2,, /PBP3,, ) to generate a similar (rod) cell shape.
Salmonella responds to host signals during the infection by alternat-
ing between these two machineries. PBP2,, /PBP3g, are func-
tional only in acid pH whereas PBP2/PBP3 are active at both neutral
and acid pH (Castanheira et al., 2017, 2020). Such specialization and
the acidic environment of phagosomes (Kenney, 2019) prompted us
to investigate how the switch of PBP2/PBP3 by PBP2,, /PBP3,,,
modulates S. Typhimurium morphogenesis and its adaptation to the
intra-phagosomal niche.

We identified OmpR as regulator required for PBP2,, /PBP3,,
production and acid pH as the signal necessary and sufficient for
such regulation. OmpR and PhoP control expression of horizon-
tally acquired foreign genes and crosstalk in regulating SPI-2 (Fass
& Groisman, 2009; Kim & Falkow, 2004; Lee et al., 2000; Liew
etal., 2019; Worley et al., 2000). However, S. Typhimurium produces
PBP2,,,/PBP3,, in the absence of PhoP (Figure S5) and the SPI-2
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regulator SsrB was also ruled out for controlling PBP2,,, /PBP3,,,
expression (Figure 1a,b). PBP2,, /PBP3,, and SPI-2 expression are,
therefore, probably not mutually dependent. Furthermore, the re-
porters bearing the promoter of the PBP2,, - and PBP3,, -encoding
genes do not respond to PhoP (Figure 1f) indicating that PhoP, if
having capacity to modulate PBP2,,, /PBP3,,, production, may act
indirectly. A possibility is that PhoP could control regulatory sRNAs
capable of binding to the PBP2, and/or PBP3, transcripts.
Future work in this direction is worthy.

Acid pH and high osmolarity signal the sensor EnvZ to acti-
vate OmpR (Chakraborty & Kenney, 2018; Kenney, 2019; Quinn
et al., 2014). Each signal separately triggers only partly overlapping
OmpR regulons (Chakraborty & Kenney, 2018), a view supported by
our study. An acid pH of 4.6 alone is sufficient to reach nearly maxi-
mal levels of PBP2,, and PBP3,, (Figure 1a,b). On the other hand,
micromolar levels of magnesium, a signal perceived by the sensor
PhoQ to activate PhoP (Garcia Véscovi et al., 1996), are dispensable

8 24 48 hpi

intracellular

for PBP2,,, /PBP3,,, production but instead lower PBP2/PBP3 lev-
els (Figure S5). These observations fit with PBP2., /PBP3,, pro-
duction being stimulated primarily by acidification of the bacterial
cytoplasm, known to be a mechanism sustaining the OmpR response
to acid pH (Kenney, 2019). Cytoplasm acidification also activates
PhoQ, leading to increased expression of PhoP-regulated genes (Choi
& Groisman, 2016). Our observations support an intricate regulatory
network that ensures maximal effectiveness in the replacement of
PBP2/PBP3 by PBP2,,,/PBP3,,, . Some regulators act to modulate
the levels of both pairs of enzymes, such as OmpR, whereas others
like PhoP may only modulate levels of PBP2,, /PBP3,, in intracel-
lular bacteria. Prc, by preventing production of PBP2g, /PBP3,,
in neutral pH (Figure 3e) and processing the C-termini of PBP3 and
PBP3,,,, may also act as an additional safeguard mechanism ensuring
the correct replacement of the morphogenetic program.

A major unexpected finding of our study was the response
of non-pathogenic and pathogenic E. coli isolates to the same
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environmental cues that signal S. Typhimurium to change the
morphogenetic PG synthases. Under this condition, the E. coli
isolates undergo drastic morphological alterations manifested
by blockage of cell division and formation of long filaments that,
in many occasions, appeared bent and twisted (Figure 5a). Such
phenotype denotes failure in the morphogenetic machinery that
elongates PG along the longitudinal axis. Intriguingly, B. subtilis
mutants deficient in the MreB-homolog cytoskeletal protein Mdl
(Abhayawardhane & Stewart, 1995) were reported to exhibit ab-
errant morphologies consisting in long bent and twisted filaments
that occasionally contained bulges (Jones et al., 2001). Unlike
B. subtilis, which has three MreB isoforms, MreB, Mbl, and MreBH,
involved in the helical synthesis pattern of the PG along the cylin-
der region of the cell (Kawai et al., 2009), only one MreB protein
is known for S. Typhimurium and E. coli. It is therefore possible
that differences exist in the elongasome between both enteric
bacteria that when exposed to phagosome cues may not coordi-
nate properly with the division complex in E. coli. Intriguingly, the
heterologous expression in E. coli of a protein named Ant, a phage-
encoded putative toxin of unknown function from Streptococcus
pneunomiae, results in blockage of cell division and formation of
twisted filaments (Chan et al., 2014). This putative toxin may share
target(s) among those that respond to phagosome cues.

Phagosomes are acidic and contain large amounts of degrada-
tive enzymes and digested material that generate a hyperosmotic
environment, only partially alleviated by transporters that excrete
material to the cytosol to reduce osmolarity and facilitate vesicular
trafficking (Freeman & Grinstein, 2018). Our study links the adap-
tation to such harsh environment to changes in the morphoge-
netic machinery of S. Typhimurium, which may not only implicate
PBP2., /PBP3,, but also alteration in the activity, interaction
and/or amount of other morphogenetic proteins, including cyto-
skeletal proteins and PG enzymes. S. Typhimurium has a larger
repertoire of PG enzymes than E. coli, including a PhoP-regulated
L,D-endopeptidase named EcgA whose production is activated by
intracellular bacteria (Rico-Pérez et al., 2016) and other proteins
related to PG metabolism. In this second group is ScwA, which
controls levels of PG hydrolyzing enzymes such as the lytic trans-
glycosylases MItD and Slt, and those of the endo- and carboxy-
peptidades, NIpD, PBP4, and AmpH (Cestero et al., 2021).
S. Typhimurium also encodes two highly homologous (97% iden-
tical) murein lipoproteins, LppA and LppB (Fadl et al., 2005), re-
maining LppB yet uncharacterized biochemically. These additional
proteins linked to PG metabolism are required for virulence, high-
lighting the central role that morphogenesis has in S. Typhimurium
to colonize the phagosomal niche.

Uropathogenic E. coli (UPEC) also undergoes morphogenetic
changes in the infection although the underlying mechanism
is unknown. Cell division is transiently blocked during urinary
tract infections and filamented bacteria exploit this as a strategy
to subvert host immune defenses (Horvath et al., 2011; Justice
et al., 2006, 2008). This rod-to-filament transition, which fa-
vors biofilm formation and swarming motility in diverse bacteria

(Harshey & Matsuyama, 1994; Yoon et al., 2011), is stimulated in
UPEC upon exposure to urine (Khandige et al., 2016), a fluid that
in healthy humans is slightly acid (average pH 6.2), harbors a high
amount of osmolytes (1025mOsm/kg) and is poor in nutrients
(Rose et al., 2015). The filamented UPEC cells we have observed
following exposure to phagosome cues may phenocopy the nat-
ural physiological process occurring during infection. At present,
we do not have an explanation for why, like UPEC, the other non-
pathogenic and pathogenic E. coli used in our study (MG1655,
EPEC, and EHEC isolates) also respond to phagosome cues with
gross morphological alterations that involve blockage in cell divi-
sion - consistent with the drop in PBP3 levels - as well as failure
in the elongation machinery. OmpR mediates changes in outer
membrane protein composition in response to acid and high os-
molarity (Kenney & Anand, 2020) and, based on our findings, it is
also probable this has consequences in PG structure. The scheme
depicted in Figure 8 underscores the important role that alterna-
tive PG enzymes of S. Typhimurium like PBP3,, may have played
for facilitating its adaptation to the intra-phagosomal lifestyle.
Unlike other pathogenic E. coli that even invade eukaryotic cells
like EIEC, such additional repertoire of morphogenetic proteins
may have been paramount for S. Typhimurium to ensure a normal
morphogenetic cycle sustaining the transit from an extra- to an
intracellular lifestyle.

Future studies could also address additional morphogenetic
PG enzymes (additional PBP2 and PBP3 homologs encoded by the
same bacterium) in genera of the Enterobacteriaceae family that
are not professional intra-phagosomal pathogens. This is the case
of Citrobacter spp., Klebsiella spp., and Enterobacter spp., among
others. These cases are highly appealing for study when consid-
ering the possibility of obtaining mutants lacking their “canonical”
PBP2 and PBP3 and to analyze their fitness in acidic niches. In
addition, these alternative PBPs can be expressed in heterolo-
gous systems to determine their activity at distinct pH. Although
C. rodentium filaments when exposed to the combination of pha-
gosome cues (Figure 5a), we have obtained evidence in another
Citrobacter species, C. freundii, for a specialization of its PBP3
paralogue for being active only at acid pH (S. Castanheira and
F. Garcia-del Portillo, unpublished data). Consistent with the ex-
tracellular lifestyle of Citrobacter species, these findings indicate
that C. freundii, and probably also C. rodentium, could use their
91% identical-97% homologous PBP3 paralogues in acidic envi-
ronments that, however, may either not be limiting in nutrients
or high osmolarity. Other Gammaproteobacteria like Pseudomonas
aeruginosa, not belonging to the Enterobacterales order but also
not being a professional intra-phagosomal pathogen, encodes a
PBP3 paralog named PBP3X (Liao & Hancock, 1997). While in-
activation of PBP3X does not cause morphological alterations,
the authors were unable to inactivate the gene encoding PBP3
preventing as a result the characterization of this additional PBP.
These cases denote the necessity of eliminating the endogenous
canonical morphogenetic proteins to characterize the fascinating
alternative programs controlling bacterial shape. Based on our
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FIGURE 8 Modelintegrating the evolutionary impact of the acquisition of PBP3,,, for promoting S. Typhimurium adaptation to an
intravacuolar lifestyle. The model highlights how the combination of acidity, high osmolarity, and nutrient scarcity causes transient loss of
PBP3 concomitantly to the production of PBP3,,, by intracellular bacteria. Note that other intracellular invasive pathogens like EIEC and
Shigella, both lacking PBP3,, , evolved to lifestyles in the cytosol after the rupture of the initial pathogen-containing vacuole. The negative
regulatory network acting on PBP3 is also proposed to be exploited in extracellular environments by some bacteria, as the representative
case of UPEC, to promote biofilm formation during urinary infections or to facilitate swarming motility. EIEC, enteroinvasive E. coli; UPEC,

uropathogenic E. coli.

experience with S. Typhimurium, the use of media not normally
employed in the laboratory but mimicking conditions encountered
in nature by the bacterium of interest is recommended to decipher

how alternative morphogenetic programs are regulated.

4 | MATERIALS AND METHODS

4.1 | Bacterial strains, growth media

Bacterial strains and plasmids used are listed in Table S1. All
S. Typhimurium strains used are derivates of virulent wild-type
strain SV5015, an His+ prototroph derivate of virulent strain
SL1344 (Vivero et al., 2008). Strains were grown in Luria-Bertani
(LB) broth for conditions with highamount of nutrients. For nutrient-
poor conditions simulating the intra-phagosomal environment, the
phosphate-carbon-nitrogen (PCN) (Deiwick & Hensel, 1999) or N
(Nelson & Kennedy, 1971) minimal media, were used. The compo-
sition of PCN medium is: 4mM Tricine [N-[Tris (hydroxymethyl)
methyllglycine], 0.1mM FeCl,, 376uM K,SO,, 15mM NH,CI,
1mM MgSO,, 10 uM CaCl,, 0.4% (w/v) glucose, 0.4mM K,HPO,/
KH,PO,, and micronutrients (Deiwick & Hensel, 1999). 200mM
NaCl was added to test responsiveness to high osmolarity. N

minimal medium is composed of 5mM KCI, 7.5mM (NH,),SO0,,
0.5mM K,SO,, and 1mM KH,PO, supplemented with 0.4%
(w/vol) glucose as carbon source, 0.1% (w/vol) casaminoacids and
10mM or 8 pM MgCl, (high or low Mg2+ concentrations, respec-
tively) (Snavely et al., 1991). When necessary, pH was buffered
with 80mM MES [2-(N-morpholino) ethanesulfonic acid] ad-
justed to the desired value with NaOH. To grow strains bearing
antibiotic-resistance genetic elements, media were supplemented
with chloramphenicol (10 pg/ml), kanamycin (30 ug/ml), or ampi-
cillin (100 ug/ml). For induction of gene expression from the Plac
promoter in pAC-His plasmids (Table S1), 10 uM IPTG (isopropyl
B-D-1-thio-galactopyranoside) was added. Plasmids expressing
N-terminus tagged 6xHis-PBP3 and 6xHis-PBP3,,, variants have
been previously described (Castanheira et al., 2020).

4.2 | Construction of chromosomal epitope-
tagged genes

Strains bearing chromosomal 3 x FLAG-epitope-tagged genes were
constructed as described (Uzzau et al., 2001). The phage P22 HT
105/1int201 was used for transductional crosses to mobilize mutant

alleles for strain construction
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4.3 | Construction of S. Typhimurium A prc
derivates expressing PBP2,, -3xFLAG and PBP3,, -
3xFLAG tagged variants

A P22 HT 105/1 int201 lysate was obtained from S. Typhimurium
strain SV6246 (Aprc:KmR) (Hernandez et al., 2013), which lacks
the entire prc coding sequence (Hernandez et al., 2013). The phage
lysate was used to transduce recipient strain MD5064 (PBP2, -
3xFLAG PBP3,,,-3xFLAG) to obtain MD5416 (Aprc:KmR PBP2, -
3xFLAG PBP3;, -3xFLAG) (Table S1).

4.4 | DNA techniques

All primers used in this study are listed in Table S2. PCR was
performed using Q5 polymerase (New England Biolabs) according
to the manufacturer's instructions. PCR fragments were purified
using the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel,
ref. 740609.50). Plasmids were purified using the NZYMiniprep kit
(NZYTech, ref. MB01001).

4.5 | Reporter plasmids bearing PBP2,,, and
PBP3,,, promoter regions

To monitor activity of the predicted promoter regions for the
genes encoding PBP2,,, and PBP3,,, a vector with the backbone
of plasmid pGEN222 (Galen et al., 1999) bearing an ovoalbumin
(OVA)-encoding gene under the PompC promoter and a gene
expressing GFPTP variant (Corcoran et al., 2010), was used. This
vector is named pGEN222-ova-gfp. Regions encompassing 250 pb
upstream the start codon of PBP2,, - and PBP3,, -encoding genes
(SL1344_1845 and SL1344_1765, respectively) were amplified from
S. Typhimurium SV5015 genomic DNA (gDNA) using the primers
Ppbp2sal_EcoRI_Notl_Fw/Ppbp2sal_EcoRI_Notl_Rv and Ppbp3sal_
EcoRI_Notl_Fw/ Ppbp3sal_EcoRI_Notl_Rv (Table S2). The PCR
products containing the PBP2., and PBP3, promoter regions
were digested with EcoRl and Notl and ligated in an EcoRI/Notl-
digested pGEN222-ova-gfp replacing, as a result, the pompC-ova
region. As negative control, this pompC-ova region was excised with
EcoRI/Notl from pGEN222-ova-gfp and the plasmid was relegated.
To this aim, pGEN222-ova-gfp digested with EcoRIl and Notl was
incubated with T4 DNA polymerase (Roche) for 15min at 12°C, then
2.5 pl of EDTA-Na* 0.1 M was added. The mixture was re-incubated
for 20min at 75°C and the purified DNA product further incubated
overnight at 16°C with a T4 DNA ligase (Roche)

4.6 | Mutated versions of the OmpR boxes

An annealing extension procedure was used for generat-
ing PBP2;,, and PBP3g, promoters with altered OmpR boxes.
These regions were amplified in two fragments from plasmids

PGEN222(AompC-ova)-PPBP2,,-gfp'“° and pGEN222(AompC-ova)-
PPBP35AL—gprCD, respectively. Fragments with mutations at putative
OmpR-binding sites were amplified using the following primers: (i) pPBP-
2sal_mut_Fw/pPBP2sal_EcoRI_Notl_Rv and pPBP2sal_mut_Rv/
pPBP2sal_EcoRI_Notl_Fw for the PBP2,,, promoter; and, (ii) pPBP-
3sal_mut_Fw/ pPBP3sal_EcoRI_Notl_Rv and pPBP3sal_mut_Rv/
pPBP3sal_EcoRI_Notl_Fw, for the PBP3,, promoter (Table S2).
Then, the fragments for each construction were co-incubated for
5 cycles of annealing extension and the resulting full-length frag-
ment were amplified using external primers Ppbp2sal_EcoRI_Notl_
Fw/ Ppbp2sal_EcoRI_Notl_Rv and Ppbp3sal_EcoRI_Notl_Fw/
Ppbp3sal_EcoRI_Notl_Rv for 30cycles. The resulting fragments
were digested with EcoRI and Notl restriction enzymes, purified
and ligated in a EcoRI-Notl digested pGEN222-derivative vector. All
constructs were sequenced with primer pGEN222_Fw (Table S2) to
rule out the presence of undesired mutations. The reporter plasmids
vectors harboring the mutated versions of the PBP2,,, and PBP3,,,
promoters were electroporated into the desired S. Typhimurium and

E. coli strains.

47 |
expressing GF

Promoter activity with reporter plasmids
PTCD

The S. Typhimurium and E. coli strains harboring the reporter plas-
mids with the PBP2¢,, and PBP3,, promoter regions were grown
overnight in minimal PCN medium pH 7.4, 200mM NaCl at 37°C,
then washed once (4300 x g, 2 min, RT) with PCN 200mM NaCl and
pH of either 4.6 or 7.4 and, finally resuspended in these respective
media at an initial OD,,, of 0.02. These cultures were transferred
with volumes of 180ul per well in triplicate into 96-well flat clear
bottom black polystyrene TC-treated microplates (Corning, ref.
3904). Bacteria were incubated at 37°C for 18 h with 20sec of or-
bital agitation every 20min, followed by OD,,, and fluorescence
measurements in a Spark microplate multimode reader (Tecan).
Fluorescence units (FU) were measured with wavelength excitation
at 475/15nm and emission at 510/15nm. The background values of
both optical density and fluorescence were subtracted in the values
of the bacterial samples. Fluorescence units were finally corrected

by optical density for graphical representation.

4.8 | Ectopic expression of PBP3,, in wild-type
E. coli MG1655

Cultures of E. coli strain K-12 MG1655 harboring plasmids pAC-lac
or pAC-lac-PBP3,,, (Table S1) were grown overnight at 37°C in PCN
minimal medium OmM NaCl pH 7.4 with chloramphenicol (10 pg/ml).
Cultures were then washed in PCN OmM NaCl pH 4.6 and diluted to
an initial OD,,, of 0.005 in PCN 200mM NaCl pH 4.6 with chloram-
phenicol (10 pg/ml) and 38 mM glycerol as carbon source. For induc-
tion of PBP3,, expression, isopropyl -D-1-thiogalactopyranoside
(IPTG) was used at 0, 100, or 250uM from the time of dilution in
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the pH 4.6 medium. Bacteria were grown for 15h at 37°C and har-
vested and processed for microscopy and western blot for detection
of PBP3 levels.

4.9 | Large-scale infection of fibroblasts

Large-scale infections were performed to obtain protein from
intracellular bacteria, essentially as previously described (Nuinez-
Hernandez et al., 2013). NRK-49F normal rat kidney fibroblasts
(ATCC CRL-1570) were seeded in Nunc Square BioAssay Dishes
(Thermo Scientific, ref. 166508) with 50ml Dulbecco's Modified
Eagle Medium (DMEM) culture medium supplemented with 5% (v/v)
fetal bovine serum (FBS) and 4 mM L-glutamine to a confluence of
80% (~5.0 x107 cells). The fibroblast culture was infected with the
different S. Typhimurium strains, previously grown overnight at 37°C
in static LB culture, for 40 min at an MOI of 10:1 (bacteria: fibroblast).
At this post-infection time, cells were washed two times with
prewarmed complete PBS solution (PBS pH 7.4 with 0.9mM CaCl,
0.5mM MgCl,) and then incubated in fresh DMEM-5% FBS culture
medium containing 100 pg/ml of gentamicin until 2 h post-infection.
The culture medium was then replaced with fresh DMEM-5% FBS
medium containing 10 pg/ml gentamicin until 8 h post-infection. At
that time, the infected fibroblasts were washed five times with 20 ml
cold complete PBS and lysed in 17 ml of a solution containing 1%
(v/v) pH 6.6-7.9 basic phenol, 19% (v/v) ethanol and 0.4% (w/v) SDS
in water. A volume of 1.2 ul DNase (10 mg/ml) was added to each
plate. After 30min of incubation at 4°C, the lysate was collected
in 40ml polypropylene tubes (Sorvall) and centrifuged (27,500 g,
4°C, 30min). The resultant pellet was washed twice with 1 ml of
a 1% basic phenol, 19% ethanol solution (29,400x g, 15min, 4°C).

Intracellular bacteria were resuspended in 40 ul Laemmli lysis buffer.

4.10 | Phase-contrast microscopy

Bacteria in overnight cultures were centrifuged (4300x g, 2 min,
RT), washed in PCN medium with the corresponding pH (4.6 or
7.4) and salt concentration (OmM or 200mM NacCl), and used to
inoculate the respective media to an initial optical OD,, of 0.02.
After 4 h growing with agitation (150rpm) at 37°C, bacteria were
harvested (6800x g, 4 min, 4°C), washed twice in PBS buffer, fixed
with 3% paraformaldehyde (PFA) for 10 min, and adjusted to a final
paraformaldehyde (PFA) concentration of 1%. For microscopy, fixed
bacteria were centrifuged (4300x g, 4 min, RT) and resuspended in
an equal volume of PBS. A volume of 30pl was dropped on poly-L-
Lys precoated coverslips and incubated for 10 min at RT. Attached
bacteria were washed four times with PBS and the coverslip was
mounted on slides using ProLong Gold Antifade (Molecular Probes).
Images were acquired on an inverted Leica DMI 6000B microscope
with an automated CTR/7000 HS controller (Leica Microsystems)
and an Orca-R2 charge-coupled-device (CCD) camera (Hamamatsu
Photonics).

4.11 | Immunofluorescence microscopy

NRK-49F fibroblasts were seeded on coverslips to a confluence of
40-50% in 24-well plates and infected as described before, with
SV5015 and MD5460 strains. Infected cells were fixed at 24 h post-
infection in 3% paraformaldehyde (15min, RT), and then processed
for immunofluorescence microscopy as described previously (Lopez-
Montero et al., 2016). For localization of intracellular Salmonella and
E. coli, rabbit polyclonal anti-S. Typhimurium LPS (ref. 2948-47-6,
1:1000, Difco Laboratories) and rabbit polyclonal anti-E. coli surface
antigens (ref. B65001R, 1:1000, Life Science) were used as primary
antibody, respectively. Goat polyclonal anti-rabbit IgG conjugated
to Alexa 488 (1:1000, Molecular Probes) was used as secondary
antibody. Nuclei were stained with Dapi (5 pg/ml). Images were
acquired on an inverted Leica DMI 6000B fluorescence microscope
with an automated CTR/7000 HS controller (Leica Microsystems)
and an Orca-R2 charge-coupled-device (CCD) camera (Hamamatsu
Photonics).

412 | Growth conditions for preparation of
protein extracts

When using minimal PCN medium, S. Typhimurium and E. coli
strains were first grown overnight with agitation at 37°C, pH 7.4
without NaCl supplementation. To monitor the effect of osmo-
larity on PBPs production, the bacteria from overnight cultures
were washed [4300x g, 2 min, room temperature (RT)] with PCN
medium at the conditions of interest: pH 4.6 or 7.4, and NaCl
concentrations of 0mM or 200 mM. The initial optical density at
600nm (OD,,,) of the culture was established at 0.02 in 20 ml
cultures. When using N minimal medium, S. Typhimurium strains
were grown overnight with agitation at 37°C, pH 7.4 with 10mM
MgCl,. Overnight cultures were then washed (4300x g, 2 min,
RT) with N minimal medium pH 4.6 or 7.4, and MgCl, concen-
trations of 8 uM or 10mM, according to culture growth condi-
tions, and diluted to an initial OD,,, of 0.02 in 20ml cultures.
In minimal media, bacteria were collected after 4 h of growth at
37°C in agitation (150rpm). When using LB, bacteria were first
grown overnight in agitation at 37°C in non-buffered neutral pH
LB. Overnight cultures were diluted to an initial OD,,, of 0.02
in 20ml cultures with LB or LB pH 4.6 buffered with MES and
bacteria collected at 3 h post-inoculation. To trigger production
of PBP3 or PBP3,,, from pAC-His plasmids (Table S1), strains
were grown overnight with agitation (150rpm) at 37°C in LB and
diluted to an OD,, of 0.02 in fresh LB or LB pH 4.6 buffered
with MES. Strains were then grown at 37°C for 1.5 h, induced
with 10 pM IPTG for gene expression and grown for further
1.5 h before being collected for total protein extraction. In all
growth conditions, bacteria were harvested by centrifugation at
18,000 x g, 5 min, 4°C, washed twice in phosphate-buffered sa-
line (PBS), and resuspended in 100 ul of Laemmli lysis buffer per
optical density unit.
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4.13 | Immunoblot assays

For SDS/PAGE, samples were incubated at 100°C for 5-10 min and
centrifuged to remove cell debris (6800x g, 5 min, RT) for SDS/
PAGE. Proteins resolved by gels were transferred to polyvinylidene
difluoride (PVDF) membranes and incubated with the corresponding
antibodies. Detection was performed by Clarity Western ECL
Substrate chemiluminescence kit (Bio Rad, ref. 1705061). Once
used for the Western blot, the PVDF membranes were stained with
Coomassie solution to confirm proper adjustment of samples except
samples from intracellular bacteria, in which immunodetection of
DnaK chaperone was performed. Proteins were routinely resolved
in 6% polyacrylamide gels. To increase the separation of mature and
processed PBP3 forms, 11% gels for the Tricine-electrophoresis
system (Schagger & von Jagow, 1987), were used. Similarly, to
increase separation between PBP2,, and PBP3 ¢, , 4%-20% Mini-
Protean TGX Precast Protein gels (BioRad, ref. 4561096) were used.
The following antibodies were used as primary antibodies: mouse
monoclonal anti-Flag (M2 clone, 1:5000; Sigma), mouse monoclonal
anti-6xHis (1:2500; R&D Systems), rabbit polyclonal anti-PBP2
(1:1000; lab collection) (Castanheira et al., 2020), rabbit polyclonal
anti-PBP3 (1:1000; lab collection) (Castanheira et al., 2017), and
mouse monoclonal anti-DnaK (clone 8E2/2, 1:10000; Enzo Life
Sciences). Goat polyclonal anti-mouse (ref. 1706516, 1:20,000,
BioRad) and anti-rabbit IgG (ref. 1706515, 1:30,000, BioRad)
conjugated to horseradish peroxidase (Bio-Rad) were used as

secondary antibodies.

4.14 | Statistical analyses

Protein bands were analyzed with Fiji distribution of ImageJ2 (ver-
sion 1.52i). For densitometry, the films of the immunoassays showing
similar intensity for PBP2,, (or PBPSSAL) in independent experi-
ments in wild-type bacterial samples were used for comparison to
the Coomassie-stained gel. The integration value of the PBP2,,, or
PBP3,,, bands obtained in wild-type and mutants was further used
to calculate the ratio versus the two major Coomassie-stained bands
(extracellular samples, bacteria grown in nutrient media) or versus
levels of the chaperone DnaK (intracellular samples, bacterial ex-
tracts prepared from infected fibroblasts). Ratios from independent
experiments for each sample (wild-type and mutants) were used to
calculate means and standard deviation. Data were analyzed with
GraphPad Prism software v8.0 (GraphPad Inc. San Diego, CA) using
unpaired two-tailed Student's t test. Significance was established at

p-values <0.05.
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