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ABSTRACT Cell growth and division require a balance between synthesis and hy-
drolysis of the peptidoglycan (PG). Inhibition of PG synthesis or uncontrolled PG hy-
drolysis can be lethal for the cells, making it imperative to control peptidoglycan
hydrolase (PGH) activity. The synthesis or activity of several key enzymes along the
PG biosynthetic pathway is controlled by the Hanks-type serine/threonine kinases
(STKs). In Gram-positive bacteria, inactivation of genes encoding STKs is associated
with a range of phenotypes, including cell division defects and changes in cell wall
metabolism, but only a few kinase substrates and associated mechanisms have been
identified. We previously demonstrated that STK-PrkC plays an important role in cell
division, cell wall metabolism, and resistance to antimicrobial compounds in the
human enteropathogen Clostridioides difficile. In this work, we characterized a PG hy-
drolase, CwlA, which belongs to the NIpC/P60 family of endopeptidases and hydroly-
ses cross-linked PG between daughter cells to allow cell separation. We identified
CwilA as the first PrkC substrate in C. difficile. We demonstrated that PrkC-dependent
phosphorylation inhibits CwlA export, thereby controlling hydrolytic activity in the
cell wall. High levels of CwlA at the cell surface led to cell elongation, whereas low
levels caused cell separation defects. Thus, we provided evidence that the STK sig-
naling pathway regulates PGH homeostasis to precisely control PG hydrolysis during
cell division.

IMPORTANCE Bacterial cells are encased in a PG exoskeleton that helps to maintain
cell shape and confers physical protection. To allow bacterial growth and cell separa-
tion, PG needs to be continuously remodeled by hydrolytic enzymes that cleave PG
at critical sites. How these enzymes are regulated remains poorly understood. We
identify a new PG hydrolase involved in cell division, CwlA, in the enteropathogen C.
difficile. Lack or accumulation of CwlA at the bacterial surface is responsible for a di-
vision defect, while its accumulation in the absence of PrkC also increases suscepti-
bility to antimicrobial compounds targeting the cell wall. CwlA is a substrate of the
kinase PrkC in C. difficile. PrkC-dependent phosphorylation controls the export of
CwlA, modulating its levels and, consequently, its activity in the cell wall. This work
provides a novel regulatory mechanism by STK in tightly controlling protein export.

KEYWORDS Hanks kinase, cell wall hydrolases, peptidoglycan, phosphorylation,
control of exportation, envelope homeostasis, cell division, Clostridium difficile,
anaerobes, cell wall, kinases, protein phosphorylation
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eptidoglycan (PG), the major component of the bacterial cell wall (CW), protects

bacteria from environmental stresses and contributes to virulence and antibiotic re-
sistance (1). PG is classically made of glycan chains of alternating N-acetylglucosamine
(NAG) and N-acetylmuramic acid (NAM) cross-linked by short stem peptides attached
to NAM (2). PG remodeling requires three types of hydrolases (PGH, or autolysins): (i)
glycosidases hydrolyze the glycosidic linkages, (ii) amidases cleave the amide bond
between NAM and t-alanine residue, and (iii) endopeptidases cleave amide bonds
between amino acids within the PG peptidic chains (3) (Fig. 1a). PGHs are involved in
fundamental aspects of bacterial physiology, such as CW expansion, turnover, and
recycling during growth, cell separation, and autolysis (4-6). Different strategies are
employed by bacteria to coordinate PG synthesis and degradation. Typical regulation
occurs through a signal, such as iron concentration, that regulates the transcription of
the autolysin-encoding gene isdP in Staphylococcus lugdunensis (7) or through two-
component systems, such as WalK-WalR, that monitor the expression of the IytE and
cwlO genes encoding endopeptidases in Bacillus subtilis by sensing and responding to
their cleavage products (8). PGH activity can also be directly regulated, for instance,
through the control of their cell surface localization. The FtsEX complex, associated
with the divisome, recruits and activates Streptococcus pneumoniae PcsB (9-11) and B.
subtilis CwlO (12) hydrolases involved in cell division and elongation. In Escherichia coli,
the interaction of FtsEX with EnvC activates cell separation amidases (12, 13).
Alternatively, proteolysis modulates E. coli Meps (14) and Mycobacterium tuberculosis
RipA (15) hydrolase activities. Post-translational modifications also provide an efficient
and fine-tunable way to regulate PGH activity. The tyrosine kinase CspD phosphoryl-
ates LytA, a pneumococcal autolysin enhancing its amidase activity (16), whereas O-
glycosylation of the Lactobacillus plantarum N-acetylglucosaminidase decreases its ac-
tivity (17). The synthesis or activity of several key enzymes of PG metabolism is also
regulated by Hanks-type serine/threonine kinases (STKs). In all firmicutes, a trans-mem-
brane kinase with an extracellular domain containing penicillin-binding and STK-asso-
ciated (PASTA) repeats is present. PASTA domains interact with B-lactam antibiotics
(18), non-cross-linked PG fragments (muropeptides) (19), and lipid Il (20, 21).
Inactivation of genes encoding PASTA-STKs is associated with cell division defects,
changes in CW metabolism, and modified susceptibility to CW-targeting antibiotics
(22-24). In S. pneumoniae, STK allows localization of the LytB PGH at the septum
through their PASTA repeats (25). However, only a few STK substrates have been iden-
tified so far.

Clostridioides difficile contains two STKs of the Hanks family, the PASTA kinase, PrkC,
and a second kinase, CD2148, and one PP2C-type phosphatase (STP), which dephos-
phorylates the Hanks-kinase substrates. C. difficile is a Gram-positive, spore-forming,
anaerobic bacterium and is the leading cause of antibiotic-associated nosocomial diar-
rhea (26). The incidence and severity of C. difficile infection have recently increased,
representing a challenging threat to human health (27, 28). We previously phenotypi-
cally characterized the C. difficile AprkC mutant and highlighted the role of PrkC in CW
homeostasis. A AprkC mutant exhibited modifications in cell morphology and septum
formation and was also more sensitive to antimicrobial compounds that target the CW
(29). In this work, we identified and characterized a PGH, CD1135 (renamed CwlA; see
below). We showed that CwlA functions as an endopeptidase and hydrolyses PG
between daughter cells to allow cell separation. We found that CwlA is phosphorylated
by PrkC and demonstrated that PrkC-dependent phosphorylation controls the export
of CwlA required for cytokinesis. This represents a novel and original mechanism for
CW hydrolysis regulation by STK phosphorylation.

RESULTS

CD1135 (CwlA) is a yp-Glu-mDAP-endopeptidase. CD1135 contains a signal
sequence, three putative SH3_3 (also named SH3b) domains, which are predicted
to contribute to PG recognition and binding (30-32), and a catalytic domain of the
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FIG 1 CwilA is y0-Glu-mDAP-endopeptidase. (a) Schematic representation of peptidoglycan sacculus,
a polymer of B-(1,4)-linked N-acetylglucosamine (NAG) (blue) and N-acetylmuramic acid (NAM) glycan
strands (pink). Enzymes that hydrolyze peptidoglycan are classified as glycosidases (black arrow),
amidases (blue arrow), and endopeptidases (*) depending on where they cleave. (b) Structural
prediction of CwlA colored by domains. Signal peptide is in blue (1 to 31 amino acids), three SH3_3
domains (also named SH3b; pfam08239) are in pink (32 to 95), light pink (114 to 178), and orange
(207 to 271), and the catalytic domain NIpC/P60 (pfam00877) is in green. Structural prediction was
generated with Phyre 2.0 based on the alignment with c6bigA, c3npfB, and c3h41A. Highlighted
domains were determined with EzMol 2.1. (c) Detection by zymogram of hydrolytic activities of
purified proteins: BSA (negative control), CwlA, CwlA-T405A (T405A), CwlA-T405D (T405D), and PrkC-
dependent phosphorylation of CwlA (CwlA-P). The gel contained 1 mg/ml purified PG as a substrate.
Arrows indicate the positions of the hydrolytic bands. (d) RP-HPLC separation of PG fragments
released from C. difficile PG after incubation with mutanolysin (control, black) or His,-CwlA (red).

NIpC/P60 family (Fig. 1b). Proteins containing NIpC/P60 domains are ubiquitous papain-
like cysteine peptidases hydrolyzing the NAM-t-alanine or p-y-glutamyl-meso-diaminopi-
melate (DAP) linkages (33). Three conserved residues are involved in catalysis: Cys, His, and
a polar residue (His, Asp, or GIn). The alignment of the NIpC/P60 domain of CD1135 with
the endopeptidases LytF, LytE, CwlS, and YkfC from B. subtilis and YkfC from B. cereus
revealed that these residues are fully conserved (see Fig. S1 in the supplemental material).
To provide evidence that CD1135 functions as a PGH, the hydrolytic activity of His,-tagged
CD1135 protein was examined by zymogram with purified C. difficile PG. A clear lytic band
with a molecular weight around 46 kDa, corresponding to His;-CD1135, was detected
(Fig. 1¢), confirming the PG-degrading activity of CD1135. To characterize more precisely
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TABLE 1 Proposed structures deduced from m/z values of muropeptides resulting from the
digestion of C. difficile PG by purified His,-CD1135 (CwlA) followed by mutanolysin

m/z
Peak? Muropeptide® Expected Measured Charge (2)
1 Tri (deAc) 415.1878 415.1876 2
2 Tri-Gly (deAc) 443.6985 443.6977 2
3 Tri-Ala-mDAP (deAc) 536.7487 536.7463 2
4 Di 699.2936 699.2934 1
5 Tetra (deAc) 450.7064 450.7062 2
6 Di (deAc) 657.2831 657.2833 1
7 Tri-Tri-Gly (deAc X2) 848.8733 848.8749 2
8 Tri-Tetra (deAc X2) 855.8811 855.8809 2
9 Tri-Tetra (deAc X2) 855.8811 855.8823 2
10 Tetra-Tetra (deAc X2) 891.3997 891.4020 2
11a Tetra-Tri-Tri (deAc X3) 841.0398 841.0406 3
11b Tetra-Tetra (deAc X2) 891.3997 891.4010 2
12 Tri-Tetra-Tetra (deAc X3) 864.7189 864.7201 3

aPeak numbers correspond to those in Fig. 1d.

bDi, disaccharide dipeptide (L-Ala-p-Glu); Tri, disaccharide tripeptide (L-Ala-p-iGlu-mDAP); Tetra, disaccharide
tetrapeptide (L-Ala-p-iGlu-mDAP-p-Ala); disaccharide, GIcNAc-MurNAc; deAc, deacetylation on GIcNAc, iGlu,
isoglutamic acid; mDAP, mesodiaminopimelic acid, Gly, glycine.

this activity and the specificity of the CD1135 enzyme, we incubated the purified protein
with PG of the C. difficile 630Aerm strain. After incubation, no soluble PG fragment was
detected by reverse-phase high-pressure liquid chromatography (RP-HPLC) analysis (data
not shown), and the insoluble PG fraction was further digested with mutanolysin to
reveal potential cleavages inside the cross-linked PG. The resulting muropeptide profile
obtained by RP-HPLC was clearly distinct from the control muropeptide profile of PG
digested with mutanolysin alone (Fig. 1d). In particular, PG incubated with CD1135 and
mutanolysin contained a major muropeptide (peak 6) present only in small amounts in
the PG digested with mutanolysin alone. Mass spectrometry (MS) analysis showed that
peak 6 contained deacetylated disaccharide-dipeptide (Table 1), revealing cleavage by
CD1135 of the chemical bond between yb-Glu and mDAP inside the PG stem peptides.
Concomitantly, a decrease of several muropeptides was observed in PG incubated with
CD1135 compared to the control (Fig. 1d), including monomers identified as deacety-
lated disaccharide-tetrapeptides with p-Ala (peak 5) or Gly (peak 2) in position 4 of the
stem peptide by MS analysis (Table 1). All these results indicate that CD1135 can hydrolyze
stem peptides inside the cross-linked PG and that CD1135, renamed CwlA, is a y-0-Glu-mDAP-
endopeptidase.

Changes in CwlA abundance lead to cell separation defects during growth. To
determine the role of this PGH in C. difficile, a cwlA mutant was generated. This mutant
grew similarly to the 630Aerm wild-type (WT) strain (Fig. S2a). Using phase-contrast mi-
croscopy, we revealed, during exponential growth, a slight but significant increase in
cell length for the mutant (7.8 £ 2.4 um) compared to the WT (6.5 = 1.6 um) cells
(Fig. 2a and b). Fifty percent of the mutant cells also existed as unseparated paired cells
compared with only 15% for the WT strain (Fig. 2a and c). Cell length and cell separa-
tion were almost completely restored in a cwlA mutant complemented with a plasmid
harboring the cwlA gene expressed from its own promoter (Fig. 2a to c). This result
strongly suggests that CwlA is required to cleave PG at the septum and allow separa-
tion of daughter cells. To determine the localization of CwlIA, we constructed a plasmid
encoding a CwIA-SNAP< fusion produced under the control of its own promoter. The
CwlIA-SNAP< fusion protein localized mainly at the septum of dividing cells (Fig. 2d)
but also at the poles of nondividing cells. However, transmission electron microscopy
(TEM) analysis of the WT, cwlA mutant, and complemented cells revealed no difference
in septum and CW thickness (Fig. S2b). These results indicate that the PGH CwlIA pres-
ent at the septum is involved in cytokinesis.
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FIG 2 CwilA is involved in cell division. (a) Phase-contrast images of exponentially growing C. difficile
cells of 630Aerm (WT) + P-empty, cwlA + P-empty, and cwlA + P-cwlA strains. Scale bar, 5um. (b)
Scatterplots showing cell length, with the median and standard deviation (SD) from each distribution
indicated by a black line. P value was determined by two-sided Mann-Whitney U tests (****
P <0.0001); 595 (WT + P-empty), 602 (cwlA + P-empty), and 701 (cwlA + P-cwlA) cells were counted.
(c) Percentage of cells harboring a chaining phenotype. The n value represents the number of cells
analyzed in a single representative experiment. The images are representative of experiments
performed in triplicate. (d) CwIA-SNAP protein fusion and its localization. A plasmid carrying the
CwIA-SNAP fusion under the control of its own promoter was introduced into the cwlA strain.
Merge images (upper), TMR-Star fluorescent signal (middle), and auto-fluorescence AF (lower) are
shown. Scale bar, 5um. (e) Quantification of fluorescence in arbitrary units (a.u) along the cell for a
typical cell. AF, green; TMR-Star, red.

We then expressed cwlA under the control of the P,,, inducible promoter on a plas-
mid. Growth of the cwlA mutant containing pDIA6103-P,,, cwlA was impaired in the
presence of ATc (Fig. 3a and b). In addition, we observed a filamentation phenotype
upon induction of cwlA expression with 50 ng/ml ATc (Fig. 3c and Fig. S3). In contrast,
neither WT nor cwlA mutant strains harboring an empty plasmid were similarly affected
in morphology or growth (Fig. 3b and ¢ and Fig. S3). A filamentation phenotype in
strains that overexpress a gene encoding an endopeptidase is usually not observed
(34). Staining with FM4-64 and TEM revealed few septa in these filamented cells, sug-
gesting that division was impaired prior to constriction (Fig. 3c and d). We then com-
pared the PG structure of the WT strain, the cw/A mutant, and cells overexpressing
cwlA. Purified PG was digested with mutanolysin to generate muropeptides for RP-
HPLC analysis. However, no significant differences were detected between these
strains, suggesting that the phenotype observed in cells overexpressing cwlA is not the
result of higher CwlA activity (Fig. S4). Therefore, the observed filamentation might be
due to a saturation of the SH3_3 binding sites by CwlA, leading to an impaired
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FIG 3 Overexpression of cwlA inhibits growth and produces filamented cells. (a) Growth curves of cwlA mutant
carrying pDIA6103-P,, cwl/A in TY at 0, 20, 50, and 100ng/ml ATc. (b) Growth curves showing the effect of
overexpression of cwlA and cwlA overexpressing only the SH3_3 domains (cwlA + P,,, SH3_3) or the catalytic domain

tet

NIpC/P60 (cwlA + P, NIpC) when 50ng/ml ATc was added at the beginning of growth. (c) Phase-contrast images
(upper) and fluorescence microscopy (lower) of cells overexpressing full-length cwl/A or the NIpC/P60 and SH3_3
domains stained with FM4-64. Scale bars, 5um. (d) Transmission electron micrographs of septal regions and cell wall
from cells overexpressing cwlA. Lower panels show higher magnifications (100 nm) of the division septa or cell wall,
highlighted by a black square. Growth curves and images are representative of experiments performed in triplicate.

anchoring to the surface of other PGH-containing SH3_3 domains. To test this possibil-
ity, we expressed, under the control of the P, promoter, the 5’ part of the cwlA gene
corresponding to the three SH3_3 domains associated with the signal peptide. The
cwlA mutant overexpressing this truncated gene also exhibited an elongation pheno-
type but a growth defect reduced compared to that of the overexpression of the com-
plete cwlA gene (Fig. 3b and c and Fig. S3). To exclude a possible role of the NIpC/P60
domain in cell elongation, we also expressed, under the control of the P, promoter,
the 3’ part of the cwlA gene corresponding to this catalytic domain associated with the
signal peptide. While this cwlA P, NIpC strain grew similarly to the strain carrying only
the three SH3_3 domains, the phenotype of cell elongation was almost abolished
(Fig. 3b and c and Fig. S3). Thus, saturation of the SH3_3 binding sites is likely responsi-
ble for the cell division defect observed upon cwl/A overexpression.

CD2148 and prkC mutants show similar phenotypes for lack and excess of
CwlA, respectively. The C. difficile genome contains genes encoding two STKs, the
PASTA-kinase PrkC and a second kinase, CD2148, and the associated PP2C-type phos-
phatase (STP) (Fig. 4a and Fig. S5a). We previously obtained a prkC deletion mutant
(29). Here, we constructed an stp deletion as well as a CD2748 mutant in both 630Aerm
and AprkC strains. Strains complemented for CD2748 expressed from its own promoter
and stp expressed under the control of a Ptet promoter (Fig. S5a and b) were also
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FIG 4 (CD2148 and AprkC mutants show phenotypes similar to lack or overproduction of CwlA. (a) Schematic
representation of C. difficile STKs and STP. (b) Phase-contrast images of CD2148, AprkC, and Astp mutants. Scale bar,
5um. (c) Scatterplots showing cell length of C. difficile STK mutants (left) and percentage of cells harboring a chaining
phenotype (right). P values were determined by two-sided Mann-Whitney U tests (****, P<<0.0001); 320 (WT), 188
(CD2148), 251 (AprkC), and 231 (Astp) cells were counted. (d) Western blot showing the location of SNAP-CD2148 in
the different cell fractions: cytoplasm (Cyto), membrane (Mb), and cell wall (CW). (e) Localization of SNAP@-CD2148
and SNAPS-PrkC protein fusions. Merge images (upper), TMR-Star fluorescent signal (middle), and autofluorescence AF
(lower) are shown. Scale bar, 5um. (f) Quantification of fluorescence in arbitrary units (a.u) along the major axis for a

typical cell. The images are representative of experiments performed in triplicate.

obtained. Since prkC and stp form an operon (29), we also verified by quantitative
reverse transcription-PCR (qRT-PCR) that the inactivation of stp or prkC did not modify
the expression of the other adjacent gene to exclude the existence of a polar effect
(Fig. S5¢). Interestingly, prkC inactivation led to cell filamentation (29) (Fig. 4b and ¢), a
phenotype reminiscent of bacteria overexpressing cwlA (Fig. 3c). In contrast, a CD2148
mutant exhibited a slight increase in cell length (10.5 £ 4.0 um) compared to the WT
strain, similar to the cwlA mutant, and a cell separation defect more accentuated than
that in the cwlA mutant (Fig. 4b and c and Fig. S5d and e). In the CD2748 mutant, 98%
of the cells presented a chaining phenotype, with 53% of cells found as chains of more
than 3 unseparated cells (Fig. 4c, right). The WT phenotype was recovered upon intro-
duction of a plasmid containing the CD2748 gene under the control of its own pro-
moter (Fig. S5d and e). The stp deletion mutant showed a filamentation phenotype
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with an average size corresponding to 13.7 £ 6.6 um, and 37% of cells were found as
paired cells (Fig. 4b and c). The WT phenotype was restored in an stp mutant contain-
ing a pDIA6103-P,.-stp plasmid after induction of stp expression in the presence of
15 ng/ml of ATc (Fig. S5d and e).

In contrast to PrkC, the CD2148 kinase does not contain an extracellular PASTA do-
main. However, the presence of a transmembrane segment at the C terminus of the
protein suggests an association with the membrane (Fig. 4a) (29, 35, 36). To analyze
the cellular localization of CD2148, we performed a cell fractionation to separate cyto-
plasmic, membrane, and CW fractions using a strain carrying a plasmid with a P,
SNAPS-CD2148 fusion. Western blots using antibodies raised against SNAP revealed
that CD2148 is mainly found in the membrane (Fig. 4d). Localization of CD2148 was
also determined using the P,., SNAP<?-CD2148 fusion. After induction, we detected the
SNAP-CD2148 fusion protein in the cytoplasm with an enrichment at mid-cell (Fig. 4e
and f). This localization pattern is slightly different from that of PrkC and CwlA, which
mostly localized at the cell septum (Fig. 2d and 4e and f). These results indicated that
CD2148, similar to CwlA, partially localizes at the cell septum, in agreement with its
role in cell separation.

CwlA is phosphorylated in vivo and in vitro by PrkC. Since PrkC and CD2148 are
STKs, we compared the level of phosphorylation of CwlA in the WT, AprkC, CD2148,
AprkC CD2148, and Astp strains. CwlA was phosphorylated at S136 in all strains.
However, a higher intensity of S136 phosphorylation was detected in the Astp,
CD2148, and AprkC CD2148 double mutant, while S136 was slightly less phosphoryl-
ated in the AprkC mutant (Fig. 5a, left). A second residue, T405, was also found phos-
phorylated in the WT strain as well as in the Astp and CD2748 mutants, while its phos-
phorylation was abolished in the AprkC mutant and in the AprkC CD2148 double
mutant (Fig. 5a, right). These results indicated that T405 phosphorylation is PrkC de-
pendent in vivo. Furthermore, we observed that the level of phosphorylation of T405
was significantly higher (more than 4-fold) in the Astp and CD2748 mutants than the
WT strain, while the peptide amounts were similar. STP is probably involved in the de-
phosphorylation of CwlA. In addition, the increased phosphorylation level of T405
detected in the CD2148 mutant disappeared in the CD2148 AprkC double mutant. This
result indicated that the effect of CD2748 inactivation on T405 phosphorylation was
mediated through PrkC and that the role of the second STK, CD2148, was more com-
plex than expected (see below). Moreover, additional phosphorylated residues were
detected in the CD2748 and Astp mutants (Fig. S6a). This may contribute to the hyper-
phosphorylation of CwlA in these strains.

To confirm the specificity of CwlA phosphorylation in vitro, we purified the catalytic
domain of PrkC and CD2148. Purified CwlA was incubated with the purified kinase do-
main (KD) of PrkC or CD2148 at a 1:10 ratio in the presence of cold ATP. To determine
the phosphorylation status of CwlA (Fig. 5c), a Phos-Tag fluorescent gel stain method
allowing the specific detection of phosphorylated proteins was used (37). When CwlA
was incubated with PrkC, two bands with similar molecular weights were detected.
The upper band corresponded to CwlA (46.1 kDa) and the lower band to the kinase do-
main of PrkC (45 kDa), which is known to be autophosphorylated (36, 38, 39). In con-
trast, no fluorescence was detected when CwlA was incubated alone or with CD2148
(Fig. 5¢). To detect phosphorylated isoforms of purified Hiss-CwlA, we further used
Phos-Tag acrylamide gel to separate phosphorylated and nonphosphorylated forms
(40). PrkC was the only kinase that efficiently phosphorylated CwlA in vitro (Fig. 5d and
Fig. S6b). The phosphorylation of S136 and T405 residues detected in vivo was then
confirmed in vitro by mass spectrometry (Fig. 5e). However, the level of phosphoryla-
tion of Ser136 by PrkC in vitro was 100-fold less than the level of phosphorylation of
T405 (Fig. 5e), in agreement with the results obtained in vivo (Fig. 5a). Indeed, while
Ser136 was phosphorylated in vivo in all strains, T405, located within the NIpC/P60 do-
main, was more efficiently phosphorylated in vitro, and its phosphorylation in vivo was
strictly PrkC dependent. To confirm whether T405 was specifically phosphorylated by
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FIG 5 CwlA is phosphorylated by PrkC. (a) In vivo phosphorylation of CwlA as detected in phosphosproteomic data. Bar graphs
represent fold change of the phosphosite serine 136 (S136) or threonine 405 (T405) among AprkC, Astp, CD2148, and AprkC CD2148
(double) mutants compared to the WT. The absence of bars means that no phosphopeptides were detected. Significance is
represented in red by log,, (P value), and not significant (ns) is represented in gray. The blue dotted line represents fold change of
peptide amounts. (b) Phosphorylated residues S136 and T405 (in red) are in close proximity to the three conserved catalytic residues:
Cys, His, and Asp (in blue). (c) In vitro phosphorylation assay of CwlA by the purified kinase domains of STKs of C. difficile, PrkC, and
CD2148. Phosphorylation was visualized by Phos-Tag fluorescent gel stain reagents. (d) In vitro phosphorylation assay of CwlA by PrkC
at different ratios of kinase to substrate. Phosphorylation was visualized by Phos-Tag acrylamide for the separation of phosphorylated
and nonphosphorylated proteins. (e) Mass spectrometry detection of the phosphorylation sites on CwlA after in vitro phosphorylation

reactions performed without and with the kinase domain of PrkC. LP is the localization probability of the identified phosphosite.
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PrkC, this residue was replaced with the nonphosphorylatable residue alanine (T405A)
or the phospho-mimetic residue aspartate (T405D) by site-directed mutagenesis. The
CwlA-T405A and CwlA-T405D proteins were then purified and tested in vitro for PrkC-
mediated phosphorylation. In both cases, the phosphorylation of CwlA-T405A and
CwlIA-T405D by PrkC in vitro was abolished, as determined by Phos-Tag acrylamide
(Fig. S6b). Altogether, these results indicated that T405 is the major site of STK-depend-
ent phosphorylation of CwlA and that this phosphorylation is specific for PrkC.

Phosphorylation at T405 does not impact CwlA PGH activity. Based on the
three-dimensional (3D) structure prediction of CwlA obtained with Phyre 2.0 (41), the
phosphorylated residues S136 and T405 are likely located in the second SH3_3 and in
the NIpC/P60 domain, respectively (Fig. S6a). T405 is in the vicinity of the three con-
served catalytic residues, suggesting that PrkC-dependent phosphorylation regulates
CwlA activity (Fig. 5b and Fig. S1b). To determine if the phosphorylation could modify
the PG-degrading activity, the purified CwlA-T405A and CwlA-T405D proteins or the
CwlA protein phosphorylated in vitro by PrkC were tested by zymogram. Neither the
substitution of T405 nor the phosphorylation of CwlA by PrkC affected the hydrolytic
activity of these proteins in zymograms (Fig. 1c). These results indicate that T405 phos-
phorylation is neither beneficial nor detrimental for the activity of CwlA.

Effect of T405 phosphomimetic and nonphosphorylatable mutations of CwlA
in vivo. To study the role of the T405 phosphorylation, we expressed in the cwlA mu-
tant genes encoding CwlA, CwlA-T405A, or CwlA-T405D fused to a hemagglutinin (HA)
tag under the control of the inducible P,,, promoter. Cells were grown for 3 h before
adding 50ng/ml ATc inducer for 2 h. Under these conditions, we observed that the
level of overexpression of cwlA was only 2-fold, as determined by qRT-PCR (Fig. S7a).
Cell length and separation defect were restored in cells expressing a WT copy of cwlA
(Fig. 6a to c and Fig. S7b and c) or cwlA-T405A. In contrast, cells expressing cwlA-T405D
retained a defect in cell length and in cell separation, similar to cells carrying an empty
plasmid (Fig. 6a to c). We then analyzed by Western blotting the distribution of CwlA-
HA in the different cell fractions (cytoplasm, membrane, and CW). As a fractionation
control, we used antibodies raised against Cwp66, a CW-associated protein of C. difficile
(42-44). Cwp66 was mainly detected in the CW fraction (Fig. 6d), as expected. Using an
anti-HA antibody, we detected similar amounts of CwlA-HA in the cytoplasm and in
the membrane for the three strains. In contrast, compared to the CwlA protein, a slight
but significant reduction of the amount of CwlA-T405D and an increase of CwlA-T405A
were detected in the CW (Fig. 6d). These results suggest that phosphorylation plays a
role in controlling the export of the CwlA PGH.

PrkC and CD2148 influence the abundance of cell wall-associated CwlA. To con-
firm the influence of phosphorylation on the export of CwlA, we investigated the cellu-
lar location of CwlA-HA in strains expressing P, cwlA-HA and inactivated for the STKs
or STP. We detected CwlA-HA in both the cytoplasm and the CW in all the tested
strains. While the amounts of CwlA-HA detected in the cytoplasm and the level of
Cwp66 in the CW were stable in all strains, we observed variations of the abundance of
CwlA in the CW fraction (Fig. 6e). Compared to the WT strain, CwlA-HA levels increased
approximately 2.5- and 2-fold in the CW of the AprkC mutant and the AprkC CD2148
double mutant, respectively. In contrast, the amount of CwlA-HA was unchanged in
the CW of the stp mutant and significantly reduced in the CW of the CD2748 mutant
(Fig. 6e). Reduced CwlA levels found in the CW of the CD2748 mutant might be due to
the shedding of this PGH into the supernatant. To test this, we determined the levels
of CwlA-HA in the supernatant of the different strains. No CwlA-HA was detected in
the supernatant of the CD2748 mutant. Altogether, these results revealed an inverse
correlation between the level of phosphorylation of CwlA (Fig. 5a) and its presence in
the CW (Fig. 6e), supporting a model where the ability of CwlA to reach the CW and,
thus, exert PG hydrolysis is dependent on its phosphorylation level.

Overexpression of cwlA restores the cell separation defect in CD21748 cells. Cell
division defects observed in the CD2748 mutant are probably due to the decreased
level of CwlA in the CW (Fig. 6e). We next investigated whether cwlA overexpression in
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FIG 6 Effect of CwlA phosphorylation on its cell wall localization and on cell division. (a) Phase-contrast images of C. difficile cells
of cwlA + P, empty, cwlA + P, cwlA-HA, cwlA + P, cwlA-T405A-HA, and cwlA + P, cwlA-T405D-HA strains. Scale bar, 5 um. (b)
Scatterplots showing the distribution of cell length for each strain. Two-sided Mann-Whitney U tests (****, P<0.0001; **, P< 0.01;
ns = 0.9143); 190 (WT + P, empty), 230 (cwlA + P, empty), 146 (cwlA + P, cwlA-HA), 269 (cwlA + P, T405A-HA), and 167
(cwlA + P,,, T405D-HA) cells were counted. (c) Percentage of cells harboring a chaining phenotype. n indicates the number of
cells counted per strain in a single representative experiment. (d, upper) Western blots showing the levels of CwlA, CwlA-T405A,
and CwlA-T405D proteins in the different cell fractions: cytoplasm (Cyto), membrane (Mb), and cell wall (CW). Cwp66 was used as
a fractionation control. These proteins were detected using anti-HA and anti-Cwp66 antibodies, respectively. (Lower)
Quantification of CwlA signals by densitometry. The CwlA value of the cytoplasm fraction was arbitrarily set to 100, and asterisks
indicate statistically significant differences. From left to right (cytoplasm), P=0.291 and P=0178 (ns); from left to right (CW
fraction), P=0.028 and P=0.010 (*, P < 0.05). (e, upper) Western blots showing the levels of CwlA-HA in the different cell fractions
of STK and STP mutants for cytoplasm (Cyto) and cell wall (CW). (Lower) Quantification of signals by densitometry. From left to
right (cytoplasm), P=0.126, 0.070, 0.265, and 0.478 (ns); from left to right (CW fraction), P=0.000011 (****, P<0.0001), 0.275 (ns),
0.014, and 0.44 (*, P < 0.05). Average values and standard errors of the means are calculated from 4 independent experiments.
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the CD2748 mutant could restore a WT phenotype. The CD2748 mutant carrying P,
cwlA-HA on a plasmid was grown for 3 h before inducing the expression of cwlA with a
range of ATc concentrations. In the absence of induction, 97% of the cells exhibited a
chaining phenotype, 55% with 3 or more unseparated cells. After induction with
20 ng/ml ATc, 83% of cells exhibited separation defects, with 27% as chains of at least
3 cells. However, in the presence of 50 or 100 ng/ml ATc, we observed a slight but sig-
nificant reduction of cell length and 41 or 39% of paired cells, respectively. In addition,
only 2% of chains of more than 3 cells was detected instead of 55% for the control in
the absence of induction (Fig. 7a and b). To correlate these results to the accumulation
of CwlA in the CW, CwlA levels were determined by Western blotting. In the presence
of 20 ng/ml ATc, CwlA was barely detected in the CW, in agreement with the pheno-
type observed under this condition. However, the level of CwlA in the CW increased
substantially when CwlA expression was induced with 50 or 100 ng/ml ATc (Fig. 7¢). In
the presence of the highest concentration of ATc, the amount of CwlA reached the
level detected in the CW of the WT strain carrying P,.-cwlA in the presence of 20 ng/ml
of ATc (Fig. 7c). These amounts of CwlA in the CW were sufficient to partially restore a
WT phenotype. Overexpression of cwlA compensates for the absence of CD2148. This
might be due to an increase of the pool of nonphosphorylated CwlA present in the CW
restoring cell separation.

Cell elongation and antimicrobial susceptibility are restored in the cwlA AprkC
double mutant. The cell division and morphology defects observed in the AprkC mu-
tant could also be linked to the level of the PGH CwlA in the CW. To determine if the
high level of CwlA in the CW of the AprkC mutant triggers cell elongation, we con-
structed a cwlA AprkC double mutant. Phase-contrast microscopy analysis of cwiA
AprkC mutant cells revealed a significant reduction in cell length (10.5 * 3.4 um) com-
pared to that of AprkC cells (18.1 = 10.9 um) and a slight but significant increase in
size compared to the cwlA mutant (8.6 = 2.1 um) (Fig. 7d and e). The cwlA AprkC dou-
ble mutant also presented a chaining phenotype similar to that of the cwlA mutant
(Fig. 7e, right). These results indicate that elongation of cells in the AprkC mutant is
mainly due to the accumulation of CwlA in the CW. CwlA plays an important role in
the metabolism of PG. We previously reported the high susceptibility of the AprkC mu-
tant to antimicrobial compounds targeting CW (29). Here, we compared the level of
susceptibility of the mutants inactivated for prkC, CD2148, stp, and cwlA as well as the
cwlA prkC double mutant to two cephalosporins (cefoxitine and ceftazidime), teicopla-
nin, and bacitracin (Table 2). MICs of the stp, CD2148, or cwlA mutants were compara-
ble to that of the WT strain for the compounds tested. Interestingly, inactivation of
cwlA into the AprkC mutant restored resistance to the tested compounds to the WT
level. Thus, these data suggest that the susceptibly of the AprkC mutant to the CW-tar-
geting antimicrobial compounds is caused by the accumulation of CwlA in the CW.

DISCUSSION

In this study, we characterized a new PGH of C. difficile, CwlA, that cleaves the PG
and plays a role in cell division. In addition, we identified the STK PrkC as a direct regu-
lator for this hydrolase by modulating CwlA localization and access to the CW, high-
lighting a novel regulatory mechanism to control CW hydrolysis by phosphorylation.

When bacteria divide, they form a septum, and each daughter cell contains a mem-
brane with a layer of PG that is shared between them. To separate the cells and com-
plete the cell division process, the shared PG must be partially hydrolyzed by dedicated
enzymes (45). CwlA belongs to the NIpC/P60 family, a major class of CW-degrading
enzymes that typically function as endopeptidases and hydrolyze y-p-glutamyl-meso-
DAP or NAM-L-alanine linkages (33). Here, we demonstrated that CwlA cleaves the
cross-linked PG at the level of stem peptides. We identified the first PGH involved in
cell division in C. difficile allowing separation of daughter cells. Accordingly, around
50% of cells were found as a chain of paired cells in a mutant lacking cwl/A. Even if phe-
notypes are sometimes difficult to observe with a single PG hydrolase gene knockout,
probably due to functional redundancy (5), mutants lacking splitting hydrolases can
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FIG 7 Overproduction or lack of CwlA restored the phenotypes of CD2748 and AprkC mutants, respectively. (a) Phase-contrast images of
exponentially growing CD2148 cells expressing cwlA-HA under the control of a P,,, promoter at different ATc concentrations (0, 20, 50, and
100 ng/ml). Scale bar, 5 um. (b, left) Scatterplots showing cell length, with the median and SD of each distribution indicated by a black line.
P values were determined by two-sided Mann-Whitney U tests. P = 0.7146 (ns), 0.0074 (**, P<0.01), and 0.0116 (*, P<0.05); 152 (0 ng/ml),
197 (20ng/ml), 236 (50ng/ml) and 287 (100ng/ml) cells were counted. (Right) Percentage of cells harboring a chaining phenotype. n
indicates the number of cells counted per strain in a single representative experiment. (c) Western blots showing the levels of CwlA-HA in
the cytoplasm (Cyto) and cell wall (CW) of CD2748 mutant in the presence of increasing concentrations of ATc. A sample corresponding to
the WT strain overexpressing cwlA in the presence of 20 ng/ml of ATc was used as a control. (d) Phase-contrast images of the cwlA AprkC
double mutant. Scale bar, 5um. (e) Scatterplots showing cell length (left) and percentage of cells harboring a chaining phenotype (right).
Two-sided Mann-Whitney U tests (****, P<<0.0001); 431 (cwlA), 183 (AprkC), and 329 (cwlA AprkC) cells were counted.

fail to properly divide and form chains of unseparated cells, as observed for the cwlA
mutant. An atl mutant of S. aureus and a lytB mutant of S. pneumoniae form clusters of
nonseparated cells. These hydrolases are localized at the sites of cell division (46, 47),
as observed for CwlA. In B. subtilis, LytE, LytF, CwlS, or CwlO hydrolyzes the linkage of
yD-glutamyl-meso-DAP in PG (48-50). LytE and CwlO break the PG along the lateral
CW to support cell elongation, while LytF and CwlIS are implicated in cell separation
(50-52). Inactivation of either cwlO or IytE produces shorter cells, and a double mutant
is lethal (53). In contrast to LytF, LytE, and CwlS, which contain several LysM PG-binding
domains, CwlA possesses a less characterized SH3 PG-binding domain (54). Recently, it
has been shown that the SH3 domain of lysostaphin recognizes the pentaglycine
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TABLE 2 MICs of the mutants used in this study for antibiotics targeting CW

MIC? (ug/ml)
Antibiotics 630 Aerm AprkC Astp CD2148 cwlA cwlA AprkC
Cephalosporins
Cefoxitin >256 48 >256 >256 >256 >256
Ceftazidime 64 3 64 96 96 64
Other cell wall
Teicoplanin 0.12 <0.016 0.12 0.12
Bacitracin >256 8 >256 >256 >256 >256

aMICs are reported as the medians from three independent experiments performed in BHI broth at 37°C for 24 h.

cross-bridges present in staphylococcal PG, positioning the enzyme to cleave the
cross-bridges (55). However, these cross-bridges are absent from the PG of C. difficile
(56), indicating a different SH3-binding motif. Interestingly, a recent biochemical and
structural characterization of the C. difficile Acd24020 protein revealed that the SH3_3
domains of this autolysin could recognize the 3 to 4 cross-linking structures (32), and
this might also be the case for the CwlA endopeptidase. Overproduction of highly
active PGHs usually results in cell lysis (34). Surprisingly, we observed that overexpres-
sion of cwlA leads to cell elongation. The elongation phenotype that we observed is
associated with the overproduction of the SH3_3 domains, which could impair the
access of other PGHs to PG. Interestingly, C. difficile possesses three other NIpC/P60
endopeptidases associated with one to three SH3_3 domains (57), including the
recently characterized Acd24020 (CD2402) (Fig. S8) that may have redundant functions
with CwlA. A fourth PGH, Acd (CD1304), that hydrolyses peptidoglycan bonds between
NAG and NAM, is associated with four SH3 domains (58).

Proper PG hydrolysis is essential for CW biogenesis. However, due to their destruc-
tive potential, PGH activity must be tightly regulated to ensure that hydrolases act
when and where they should in coordination with PG synthesis to prevent CW damage
(3, 34, 59). In this study, we uncovered a novel and original mechanism for PG hydroly-
sis control by STK-dependent phosphorylation. We demonstrated that CwlA is specifically
phosphorylated at T405 in vivo by the PASTA-STK PrkC. Further in vitro phosphorylation
using the purified kinases PrkC and CD2148 confirmed the T405 phosphorylation by PrkC.
In other Gram-positive bacteria, PASTA-STKs control the expression of endopeptidase
genes or other genes involved in CW metabolism through transcriptional regulators like
WalR-WalK or GraR. PrkC of B. subtilis phosphorylates WalR, which controls lytE and cwlO
genes, encoding endopeptidases in early stationary phase (8, 60). StkP in S. pneumoniae
also has been proposed to function in concert with WalK through protein-protein interac-
tion (61). PASTA-STKs also phosphorylate enzymes involved in PG metabolism, such as
GIm or Mur enzymes and the flippase MviM (20, 24, 39, 62-64). Interestingly, the amidase
CwIM is phosphorylated by the STK PknB in M. tuberculosis. However, in contrast to CwlA,
which is exported to the CW, CwIM remains in the cytoplasm, and its phosphorylation
stimulates the catalytic activity of MurA, the first enzyme in the PG precursor synthesis
pathway (65). Finally, several proteins involved in cell division, such as DivIVA, MapZ,
GspB, and FtsZ, are also phosphorylated by STKs in B. subtilis, S. pneumoniae, or S. aureus
(22-24, 66, 67).

We evidenced that CwlA phosphorylation by PrkC does not affect its catalytic func-
tion but rather reduces its presence in the CW, likely through inhibition of its export.
Therefore, in this work, we propose a novel mechanism of control of CW homeostasis
by the STKs. In our model (Fig. 8), the homeostatic control of CwlA ensures that grow-
ing cells maintain a defined amount of hydrolase activity for cytokinesis. We propose
that modulation of the export of PGHs by the STK-dependent signaling pathway is one
mechanism of cell adaptation during cell division. As observed in other firmicutes
(19-21), PrkC of C. difficile could sense extracellular signals generated during PG syn-
thesis (muropeptides, lipid Il, or other) via its PASTA domains. In the WT strain,
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FIG 8 Model for STK-dependent regulation of the endopeptidase CwlA. PrkC could sense extracellular signals generated during PG synthesis
(muropeptides, lipid Il, or other) through its PASTA domains. (Left) Active PrkC phosphorylates CwlA (orange scissors), inhibiting its export. Hence, the
phosphatase STP dephosphorylates the PrkC-target CwlA, and this protein is exported to the CW, increasing PG hydrolysis when required. (Middle) In a
AprkC mutant, the nonphosphorylated form of CwlA is more efficiently exported to the CW, and a high level of CwlA triggers cell elongation. (Right) In a

CD2148 mutant, PrkC highly phosphorylates CwlA. As a consequence, this endopeptidase is less exported, resulting in a cell separation defect.

appropriate hydrolytic activity is controlled by PrkC and STP, which can phosphorylate
and dephosphorylate CwlA, respectively, limiting or increasing its availability at the cell
surface. In the AprkC mutant, the nonphosphorylated form of CwlA increases and
could be more efficiently exported to the CW, triggering cell elongation. In the CD2748
mutant, PrkC could phosphorylate CwlA more efficiently and on multiple sites, as
observed in vivo (Fig. S6a), limiting the presence of CwlA in the CW and resulting in a
cell separation defect (Fig. 8). In the CD27148 mutant, the overexpression of cwlA
restores a WT phenotype by increasing the amount of CwlA able to reach the CW.
However, further studies are required to understand the complex regulatory role of
CD2148. One hypothesis is that CD2148 interacts at the septum of the cells either
directly with PrkC or indirectly through proteins of the divisome. These interactions
could stimulate PrkC activity or control the choice of its substrates. A second hypothe-
sis is that CD2148 has a phosphatase activity, thereby dephosphorylating CwlA to
increase its export.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Bacterial strains and plasmids used in this study are listed
in Table S1 in the supplemental material. C. difficile strains were routinely grown at 37°C in an anaerobic
environment (90% N,, 5% CO,, and 5% H,) in TY (30 g/liter Bacto tryptone, 20 g/liter yeast extract, pH
7.4) or in brain heart infusion (BHI; Difco). When necessary, C. difficile culture media were supplemented
with cefoxitin (Cfx; 25 ug/liter), cycloserine (Ccs; 250 ug/liter), thiamphenicol (Tm; 7.5 ug/liter), and
erythromycin (Erm; 5 wg/liter). E. coli strains were cultured at 37°C in LB broth containing chlorampheni-
col (25 ng/liter), kanamycin (25 wg/ml), or ampicillin (100 wg/liter) when necessary. ATc was used to
induce the expression of the cwl/A gene from the P,,, promoter of pDIA6103 (68). To determine MICs, cul-
tures of C. difficile strains (optical density at 600 nm [ODy,,] of 0.3) were plated on BHI agar plates, and
the MICs were determined by Etest (bioMérieux) after 24 h of incubation at 37°C.

Construction of C. difficile strains and plasmids. All routine plasmid constructions were carried out
using standard procedures. To generate the cwl/A:erm and CD2148:erm mutants, the ClosTron system
was used as previously described (69). Briefly, primers designed to retarget the group Il intron on
PMTLOO07 to cwlA and CD2748 were used with the EBS universal primer and intron template DNA to gen-
erate a 353-bp DNA fragment for each gene by overlap PCR (Table S2). The PCR products were cloned
into the Hindlll and BsrGl restriction sites of pMTL007, and the sequence of the insertions was verified
by sequencing (Table S2). Plasmids pMTLO07::cwlA-1164s and pMTL:CD2148-302a retargeted the group
Il intron for insertion into cwlA and CD2748 after the 1,164th and the 302th nucleotide in the coding
sequence, respectively. E. coli HB101(RP4) strains containing these plasmids were transferred by conju-
gation into the C. difficile 630Aerm strain. Transconjugants selected on BHI plates containing Cfx, Ccs,
and Tm were plated on BHI agar containing Erm. Erm-resistant C. difficile colonies corresponded to plas-
mid loss and insertion of the group Il intron into the chromosome (69). The insertion of introns into the
Issue 3 e00519-21
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target gene was verified by PCR. A Astp knockout mutant was generated using the codA-mediated allele
exchange method (ACE) (29, 70, 71). Fragments (1 kb) located up- and downstream of stp were amplified
from 630Aerm genomic DNA (Table S2). Purified fragments were then introduced into the pMTLSC7315
AMCS by Gilson assembly master mix (Biolabs), giving the plasmid pDIA6464 (Table S1). E. coli HB101
(RP4) containing pDIA6464 was mated with the C. difficile 630Aerm strain. After conjugation, faster-
growing single-crossover integrants were isolated by serially restreaking on BHI plates supplemented
with Cfx and Tm. Double crossover events were obtained by restreaking single crossover integrants on
C. difficile minimal medium plates supplemented with fluorocytosine (50 wg-ml~").

To complement the cwlA::erm and CD2148::erm mutants, the cwlA and CD2148 genes, with their own
promoters, were amplified by PCR (72). Fragments were introduced into pMTL84121 using the Gibson
assembly master mix. Using E. coli HB101(RP4) as a donor, the resulting plasmids were introduced by
conjugation into the cwlA:erm or CD2148:erm mutant. To construct a plasmid expressing cwlA or stp
under the control of a P,,, promoter inducible by ATc, PCR fragments containing complete genes were
amplified and cloned into pDIA6103. For truncated cwiA lacking the catalytic NIpC/P60 domain or the
SH3 domains, plasmid pDIA6103-P,-cwlA was amplified by inverse PCR. The PCR product was then
digested by Dpnl to remove the plasmid template, phosphorylated by T4 polynucleotide kinase, and
ligated by T4 ligase to recircularize the plasmid. The same strategy was used to construct the transla-
tional fusion coding for a CwlA-HA-tagged protein and to introduce a point mutation into the cwlA gene
(threonine at position 405 replaced by an alanine [T405A] or a glutamate [T405D]). All generated plas-
mids and primers are listed in Tables S1 and S2. pDIA7128 carrying a translational cw/A-SNAP fusion was
obtained by Gibson assembly. We amplified the SNAP coding sequence fused to a linker in 5’ orienta-
tion (GGATCCGCAGCTGCT) using pFT58 as a template, and pDIA6912 (pMTL84121-cwlA) was amplified
by inverse PCR (Table S2). These plasmids were transferred into C. difficile strains by conjugation.

RNA extraction and quantitative RT-PCR analysis. Cells were harvested after 5 h of growth in the
TY medium with antibiotics and ATc when required. The culture pellets were resuspended in the
RNApro solution (MP Biomedicals), and RNA was extracted using the FastRNA Pro blue kit. cDNA synthe-
sis and real-time quantitative PCR were performed as previously described (73). In each sample, the
quantity of cDNAs of a gene was normalized to the quantity of cDNAs of the DNA pol lll and gyrA genes.
The relative change in gene expression was recorded as the ratio of normalized target concentrations
(the threshold cycle [AAC;] method).

CwlA homology model. The CwlA 3D homology model was generated using the Phyre2 server (41)
(http://www.sbg.bio.ic.ac.uk/phyre2/) based on the alignment with c6bigA, c3npfB, and c3h41A (83% of
the sequence modeled at >90% accuracy) and displayed in EzMol 2.1 (74) (http://www.sbg.bio.ic.ac.uk/
ezmol/). A sequence alignment of cwlA with conserved regions of NIpC/P60 domains of B. cereus YkfC
and B. subtilis YKfC, LytF, LytE, and CwlIS was generated using Clustal Omega (http://www.ebi.ac.uk/
Tools/msa/clustalo/) and ESPript 3.0 (75) (http://espript.ibcp.fr/ESPript/ESPript/) to identify the catalytic
residues in CwlA belonging to the endopeptidase NIpC/P60 family of proteins.

Protein synthesis and purification. To purify the kinase domain (KD) of PrkC or CD2148, DNA
sequence encoding the cytosolic part of each protein was PCR amplified from genomic DNA using the
primer pairs SAT117/SAT118 and SAT119/SAT264, respectively. The region of cwlA coding for the CW-
associated hydrolase residues 32 to 432 (the N-terminal amino acids corresponding to the signal peptide
were omitted) was amplified using the oligonucleotides SAT285 and SAT286. The PCR products digested
with BamHI and Kpnl were cloned into the expression vector pQE30, giving plasmids pQE30-prkC-KD,
PQE30-CD2148-KD, and pQE30-cwlA. These plasmids carried genes encoding proteins fused to a His, tag
expressed under the control of an IPTG (isopropylthiogalactoside)-inducible promoter. His,-tagged pro-
teins were produced in E. coli strain M15pRep4. Cultures were grown at 37°C to an ODy,, of 0.4 and the
genes induced for 3 h in the presence of 1 mM IPTG. Cells were disrupted by sonication, and N terminus
Hiss-tagged proteins were purified on Ni-NTA columns (Qiagen) according to the manufacturer’s instruc-
tion, desalted with PD-10 columns (GE-Healthcare), and stored at —20°C in a buffer containing 50 mM
Tris-Cl, pH 7.5, 100mM NaCl, and 10% glycerol. Protein concentrations were estimated using the
Bradford assay (Bio-Rad) with bovine serum albumin (BSA) as the standard.

In vitro phosphorylation assay and Phos-Tag. His,-CwlIA (10 M) was incubated alone or in combi-
nation with His,-PrkC-KD or His,-CD2148-KD (1 uM) in kinase buffer (50 mM Tris, pH 7.5, 5mM MgCl,).
The reaction was initiated by the addition of 5mM ATP, followed by incubation at 37°C for 1.5 h.
Reactions were stopped with the addition of SDS-Laemmli sample buffer, and proteins were subjected
to Phos-Tag or SDS-PAGE. Phos-Tag is based on the functional molecule Phos-Tag that captures phos-
phate groups (-PO,?) (37, 40). Two different methods were performed according to the manufacturer’s
instructions: Phos-Tag fluorescence and Phos-Tag acrylamide. For Phos-Tag fluorescence, SDS-PAGE gels
were incubated in a solution containing Phos-Tag (Phos-Tag phosphoprotein gel stain; ABP Biosciences)
and then washed in Phos-Tag Phosphoprotein destain solution (ABP Biosciences). Phosphorylated pro-
teins specifically stained were detected using a fluorescence imaging scanner. For Phos-Tag acrylamide,
which is an electrophoresis technique capable of separating phosphorylated and nonphosphorylated
forms based on phosphorylation levels, proteins were run on a 12% SDS-PAGE supplemented with 50
M Phos-Tag acrylamide (AAL-107; Wako) and 100 uM MnCl,. After running, the gel was stained with
Coomassie blue.

In-gel and FASP-based digestion. His,-PrkC was used to phosphorylate His,-CwlIA in vitro as
described above. The protein mixture was separated by SDS-PAGE and stained with Coomassie blue.
The band corresponding to His,-CwlA was excised and subjected to tryptic digestion as previously
described (76). Resulting peptides were dried in a Speed-Vac and resuspended in 2% acetonitrile (ACN),
0.1% formic acid (FA) prior to liquid chromatography-tandem MS (LC-MS/MS) analysis.
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For FASP-based digestion, bacterial pellets were resuspended in 700 mM ammonium bicarbonate
(ABC), 50 mM dithiothreitol, 4% SDS, 1% DNase |, 1x protease, and phosphatase inhibitors and disrupted
by ultrasonic cavitation. Protein digestion was based on the FASP procedure using 30K Amicon Ultra-4
filtration devices (Millipore). Briefly, 4 mg protein lysate was concentrated into the filtration device at
4,500 x g for 20 min and diluted with 2 ml of exchange buffer (EB; 100 mM ABC, 8 M urea). This step was
repeated 3 times before adding 1 ml EB containing 5 mM Tris(2-carboxyethyl)phosphine hydrochloride,
30 mM chloroacetamide, 0.3% Benzonase, 0.1% DNase I, 1 mM MgCl, during 1.5 h at room temperature.
After one replacement of buffer with EB, the resulting concentrate was washed by 3 steps with 50 mM
ABC. After overnight incubation with sequencing-grade modified trypsin (Promega) at an enzyme/pro-
tein ratio of 1:100, peptides were collected by centrifugation of the filter.

Phosphoenrichment. Resulting peptides were desalted with Sep-Pak plus C,, cartridges (Waters)
and eluted with 80% ACN, 0.1% heptafluorobutyric acid (HFBA; Sigma-Aldrich) and then adjusted at 6%
HFBA. TiO, beads (Sachtopore NP beads; 5 uM, 300 A; Huntsman) were resuspended at 20 mg/ml in 30%
ACN, 0.1% HFBA during 1 h and activated for 15 min with 80% ACN, 6% HFBA. Peptide solution was
incubated for 30 min at room temperature with TiO, (10:1 bead to peptide). Two washes with the same
buffer and one with 50% ACN, 0.1% HFBA were performed before an elution with 10% NH,OH. pH was
neutralized with 20% FA, and enriched peptides were freeze-dried. Finally, phosphopeptides were
desalted by stage-tip using a C,; Empore disc and dried in a Speed-Vac. Peptides were resuspended in
2% ACN, 0.1% FA prior to LC-MS/MS analysis.

LC-MS/MS analysis. Tryptic peptides from in-gel digestion were analyzed on a Q Exactive plus
instrument (Thermo Fisher Scientific) and phosphoenrichment peptides on a Q Exactive HF instrument
(Thermo Fisher Scientific), both instruments coupled with an EASY nLC 1200 chromatography system
(Thermo Fisher Scientific). Sample was loaded on an in-house packed 25-cm (for in-gel digestion) and
53-cm (phosphoenrichment) nano-HPLC column with C,, resin (1.9-um particles, 100-A pore size;
Reprosil-Pur Basic C18-HD resin; Maisch GmbH, Ammerbuch-Entringen, Germany) after an equilibration
step in 100% solvent A (H,0, 0.1% FA). Peptides were first eluted using a 2% to 5% gradient of solvent B
(ACN, 0.1% FA) during 5min, a 5% to 10% gradient during 20 min, a 10% to 30% gradient during 70 min,
and finally a 30% to 60% gradient during 20 min, all at 300 nl-min~" flow rates. The instrument method
was set up in the data-dependent acquisition mode. After a survey scan in the Orbitrap (resolution,
70,000 and 60,000), the 10 most intense precursor ions were selected for HCD fragmentation with nor-
malized collision energy set to 27 and 28. Charge state screening was enabled, and precursors with
unknown charge state or a charge state of 1, 7, 8, and >8 were excluded. Dynamic exclusion was
enabled for 20 s and 30 s.

Data processing for protein identification and quantification. Raw files were searched MaxQuant
software (77), version 1.5.3.8, with Andromeda (78) as a search engine against an internal C. difficile data-
base containing 3,957 proteins (29), usual known mass spectrometry contaminants, and reversed
sequences of all entries. Andromeda searches were performed choosing trypsin as the specific enzyme
with a maximum number of three missed cleavages. Possible modifications included carbamidomethyla-
tion (Cys; fixed), oxidation (Met; variable), N-terminal acetylation (variable), and phospho (Ser, Thr, Tyr;
variable). The mass tolerance in MS was set to 20 ppm for the first search, 4.5 ppm for the main search,
and 20 ppm for the MS/MS. Maximum peptide charge was set to seven, and seven amino acids were
required as the minimum peptide length.

The “match between runs” feature was applied for samples having the same experimental condition,
with a maximal retention time window of 0.7 min. One peptide unique to the protein group was
required for protein identification for the phosphoenrichment analysis. A false discovery rate (FDR) cut-
off of 1% was applied at the peptide and protein levels. For in-gel analysis, we used the Phospho (STY)
table to extract the intensity of each phosphopeptide. A normalization step based on the iBAQ of the
protein in each sample was performed before relative quantification.

Detection of PG-hydrolyzing activity and identification of hydrolytic specificity of CwlA. PG
samples were prepared from 600 ml of different strains of C. difficile grown in TY (ODy,, of 1). PG-PSII
was first purified as previously described (29) and used for the detection of the lytic activity of the puri-
fied enzymes by zymogram analysis. C. difficile purified PG was resuspended in distilled H,0, and the sus-
pension was added to an SDS-polyacrylamide gel at a final concentration of 1 mg/ml. After electrophore-
sis, the gel was shaken at 37°C for 16 h in 50 ml of 25 mM Tris-HCI (pH 8.0) solution containing 1% (vol/
vol) Triton X-100 to allow protein renaturation. Clear bands resulting from lytic activity were visualized
after staining with 1% (wt/vol) methylene blue (Sigma)-0.01% (wt/vol) KOH and subsequent destaining
with distilled water (57, 79). The PG was further separated from PSII by hydrofluoric acid treatment (29).
To identify the hydrolytic specificity of CwlA, purified PG (0.75 mg) was incubated with 100 ug of purified
Hiss-CwlIA in 50 mM Tris-HCI, pH 8.0, overnight at 37°C. A control sample of PG was incubated without
enzyme under the same conditions. After incubation, soluble and insoluble fractions were separated by
centrifugation at 20,000 x g for 15 min. The insoluble fraction was further digested with mutanolysin
from Streptomyces globisporus (Sigma) at 2,500 U-ml~" for 19 h at 37°C in 25 mM sodium phosphate
under shaking. The soluble muropeptides were reduced with sodium borohydride and analyzed by RP-
HPLC and mass spectrometry as described previously (56).

Phase-contrast, SNAP labeling, and fluorescence microscopy. For phase-contrast microscopy, C.
difficile strains were cultured for 5 h in TY (with antibiotics and inducers when needed) at 37°C. Cells
were visualized using a Zeiss Axioskop microscope and analyzed using the software ImageJ and the plu-
gin Microbel (80) for quantitative analysis. For membrane staining, 500 ul of exponentially growing cells
in TY was centrifuged and resuspended in 100 ul of phosphate-buffered saline (PBS) supplemented with
the fluorescent membrane dye FM 4-64 (Molecular Probes, Invitrogen) at 1ug/ml. Samples were
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incubated for 2min in the dark and mounted on 1.2% agarose-coated glass slides. For SNAP labeling,
strains were grown for 3 h in TY, and the expression of the SNAP?-CD2148 fusions was induced with
50 ng/ml ATc for 2 h. The TMR-Star substrate (New England Biolabs) was added at 250 nM, and the mix-
ture was incubated for 30 min in the dark under anaerobiosis. Cells were then collected by centrifuga-
tion, washed, and resuspended in PBS. Cell suspension (3 ul) was mounted on a 1.2% agarose pad. The
images were taken with exposure times of 600 ms for autofluorescence and 800 ms for SNAP using a
Nikon Eclipse TI-E microscope, 100x objective, and captured with a CoolSNAP HQ2 camera. The images
were analyzed using ImageJ.

TEM. C. difficile strains were grown in TY at 37°C for 5 h. After centrifugation at 5,000 rpm for 10 min
at 4°C, cell pellets were resuspended in 2% glutaraldehyde in 0.1 M cacodylate buffer and incubated for
1 h at room temperature. Cells pellets then were washed with 0.2 M sucrose in 0.1 M cacodylate buffer.
Staining and examinations were done by the GABI-MIMA2 TEM platform at INRA, Jouy-en-Josas, France.
Grids were examined with a Hitachi HT7700 electron microscope operated at 80kV, and images were
acquired with a charge-coupled device camera (AMT).

Cell lysis, fractionation, and protein analysis. We detected the production of a CwlA-HA-tagged
protein by Western blotting using an antibody raised against the HA tag. Cellular fractions were
extracted as previously described (71). Briefly, C. difficile cultures (10 ml) were harvested by centrifuga-
tion at 5,000 x g for 10 min at 4°C, and culture supernatants (Sn) were filtered through a 0.22-um-pore-
size filter and precipitated on ice with 10% trichloroacetic acid for 30 min (Sn) prior to SDS-PAGE. Pellets
resuspended in phosphate-sucrose buffer (0.05 M HNa,PO,, pH 7.0, 0.5 M sucrose) to an ODy,, of 40
were incubated at 37°C for 1 h in the presence of purified CD27L endolysin (30 wg/ml). The protoplasts
were then recovered by centrifugation at 6,000 x g for 20 min at 4°C. Supernatants containing the CW
fraction were removed, and the protoplast pellet was resuspended in phosphate buffer (0.05 M
HNa,PO,, pH 7.0) containing 40 ug/ml DNase | at an OD,,, of 40 and incubated at 37°C for 45 min.
Lysates were harvested at 16,000 x g for 15 min at 4°C to separate supernatants containing the cytoplas-
mic (Cyto) fraction and the membrane pellet. For analysis by SDS-PAGE, an equal volume of 2x SDS sam-
ple buffer was added to protein samples. SDS-PAGE and Western immunoblotting were carried out
using standard methods. Proteins were electrophoresed and transferred to polyvinylidene difluoride
(PVDF) membranes. After blocking with nonfat milk in Tris-buffered saline-Tween 20 buffer, primary anti-
bodies were added. The washed membranes were incubated with appropriate secondary antibodies
coupled to horseradish peroxidase that were detected by an enhanced chemiluminescence system.
Antibodies against the HA and SNAP epitopes were purchased from Osenses and New England BioLabs,
respectively.

Data availability. The mass spectrometry proteomics data have been deposited with the
ProteomeXchange Consortium (http://proteomecentral.proteomexchange.org) via the PRIDE partner
(81) repository with the data set identifier PXD021541.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
FIG S1, PDF file, 0.6 MB.

FIG S2, PDF file, 0.6 MB.
FIG S3, PDF file, 2.1 MB.
FIG S4, PDF file, 0.5 MB.
FIG S5, PDF file, 1.6 MB.
FIG S6, PDF file, 1.5 MB.
FIG S7, PDF file, 1.5 MB.
FIG S8, PDF file, 0.1 MB.
TABLE S1, DOCX file, 0.02 MB.
TABLE S2, DOCX file, 0.02 MB.

ACKNOWLEDGMENTS

This work was funded by the Institut Pasteur, the Université de Paris, and grants
from the ITN Marie Curie, Clospore (H2020-MSCA-ITN-2014 642068), and the ANR DifKin
(ANR-17-CE15-0018-01). E.C. and T.G.G. are the recipients of an ITN Marie Curie and an
ANR fellowship, respectively.

The anti-Cwp66 antibody was a gift from N. Fairweather. This work has benefited
from the facilities and expertise of Christine Longin and MIMA2 MET, INRA-UMR GABI.

REFERENCES

1. Scheffers DJ, Pinho MG. 2005. Bacterial cell wall synthesis: new insights 2. Vollmer W, Blanot D, de Pedro MA. 2008. Peptidoglycan structure and
from localization studies. Microbiol Mol Biol Rev 69:585-607. https://doi architecture. FEMS Microbiol Rev 32:149-167. https://doi.org/10.1111/j
.org/10.1128/MMBR.69.4.585-607.2005. .1574-6976.2007.00094 x.

May/June 2021 Volume 12 Issue3 e00519-21 mbio.asm.org 18

Downloaded from https://journal s.asm.org/journal/mbio on 04 June 2021 by 2a01:cb00:504:4000:c5bh:88c5:d95:3606.


http://proteomecentral.proteomexchange.org
https://doi.org/10.1128/MMBR.69.4.585-607.2005
https://doi.org/10.1128/MMBR.69.4.585-607.2005
https://doi.org/10.1111/j.1574-6976.2007.00094.x
https://doi.org/10.1111/j.1574-6976.2007.00094.x
https://mbio.asm.org

Control of CwlA Localization by Phosphorylation

3.

20.

21.

May/June 2021

Vermassen A, Leroy S, Talon R, Provot C, Popowska M, Desvaux M. 2019.
Cell wall hydrolases in bacteria: insight on the diversity of cell wall ami-
dases, glycosidases and peptidases toward peptidoglycan. Front Micro-
biol 10:331. https://doi.org/10.3389/fmicb.2019.00331.

. Smith TJ, Blackman SA, Foster SJ. 2000. Autolysins of Bacillus subtilis: mul-

tiple enzymes with multiple functions. Microbiology 146:249-262.
https://doi.org/10.1099/00221287-146-2-249.

. Vollmer W, Joris B, Charlier P, Foster S. 2008. Bacterial peptidoglycan

(murein) hydrolases. FEMS Microbiol Rev 32:259-286. https://doi.org/10
.1111/j.1574-6976.2007.00099.x.

. van Heijenoort J. 2011. Peptidoglycan hydrolases of Escherichia coli. Micro-

biol Mol Biol Rev 75:636-663. https://doi.org/10.1128/MMBR.00022-11.

. Farrand AJ, Haley KP, Lareau NM, Heilbronner S, McLean JA, Foster T,

Skaar EP. 2015. An iron-regulated autolysin remodels the cell wall to facili-
tate heme acquisition in Staphylococcus lugdunensis. Infect Immun
83:3578-3589. https://doi.org/10.1128/IA1.00397-15.

. Dobihal GS, Brunet YR, Flores-Kim J, Rudner DZ. 2019. Homeostatic control

of cell wall hydrolysis by the WalRK two-component signaling pathway in
Bacillus subtilis. Elife 8:e52088. https://doi.org/10.7554/eLife.52088.

. Sham LT, Barendt SM, Kopecky KE, Winkler ME. 2011. Essential PcsB putative

peptidoglycan hydrolase interacts with the essential FtsXSpn cell division
protein in Streptococcus pneumoniae D39. Proc Natl Acad Sci U S A 108:
E1061-E1069. https://doi.org/10.1073/pnas.1108323108.

. Bartual SG, Straume D, Stamsds GA, Muioz IG, Alfonso C, Martinez-Ripoll

M, Havarstein LS, Hermoso JA. 2014. Structural basis of PcsB-mediated
cell separation in Streptococcus pneumoniae. Nat Commun 5:3842.
https://doi.org/10.1038/ncomms4842.

. Rued BE, Alcorlo M, Edmonds KA, Martinez-Caballero S, Straume D, Fu Y,

Bruce KE, Wu H, Havarstein LS, Hermoso JA, Winkler ME, Giedroc DP.
2019. Structure of the large extracellular loop of FtsX and its interaction
with the essential peptidoglycan hydrolase PcsB in Streptococcus pneu-
moniae. mBio 10:e02622-18. https://doi.org/10.1128/mBi0.02622-18.

. Meisner J, Montero Llopis P, Sham LT, Garner E, Bernhardt TG, Rudner DZ.

2013. FtsEX is required for CwlO peptidoglycan hydrolase activity during
cell wall elongation in Bacillus subtilis. Mol Microbiol 89:1069-1083.
https://doi.org/10.1111/mmi.12330.

. Uehara T, Parzych KR, Dinh T, Bernhardt TG. 2010. Daughter cell separa-

tion is controlled by cytokinetic ring-activated cell wall hydrolysis. EMBO
J29:1412-1422. https://doi.org/10.1038/emb0j.2010.36.

. Singh SK, Parveen S, SaiSree L, Reddy M. 2015. Regulated proteolysis of a

cross-link-specific peptidoglycan hydrolase contributes to bacterial mor-
phogenesis. Proc Natl Acad Sci U S A 112:10956-10961. https://doi.org/10
.1073/pnas.1507760112.

. Botella H, Vaubourgeix J, Lee MH, Song N, Xu W, Makinoshima H,

Glickman MS, Ehrt S. 2017. Mycobacterium tuberculosis protease MarP
activates a peptidoglycan hydrolase during acid stress. EMBO J
36:536-548. https://doi.org/10.15252/embj.201695028.

. Standish AJ, Whittall JJ, Morona R. 2014. Tyrosine phosphorylation enhan-

ces activity of pneumococcal autolysin LytA. Microbiology 160:2745-2754.
https://doi.org/10.1099/mic.0.080747-0.

. Rolain T, Bernard E, Beaussart A, Degand H, Courtin P, Egge-Jacobsen W,

Bron PA, Morsomme P, Kleerebezem M, Chapot-Chartier MP, Dufréne YF,
Hols P. 2013. O-glycosylation as a novel control mechanism of peptido-
glycan hydrolase activity. J Biol Chem 288:22233-22247. https://doi.org/
10.1074/jbc.M113.470716.

. Maestro B, Novakova L, Hesek D, Lee M, Leyva E, Mobashery S, Sanz JM,

Branny P. 2011. Recognition of peptidoglycan and B-lactam antibiotics
by the extracellular domain of the Ser/Thr protein kinase StkP from Strep-
tococcus pneumoniae. FEBS Lett 585:357-363. https://doi.org/10.1016/j
febslet.2010.12.016.

. Squeglia F, Marchetti R, Ruggiero A, Lanzetta R, Marasco D, Dworkin J,

Petoukhov M, Molinaro A, Berisio R, Silipo A. 2011. Chemical basis of pep-
tidoglycan discrimination by PrkC, a key kinase involved in bacterial
resuscitation from dormancy. J Am Chem Soc 133:20676-20679. https://
doi.org/10.1021/ja208080r.

Hardt P, Engels |, Rausch M, Gajdiss M, Ulm H, Sass P, Ohlsen K, Sahl HG,
Bierbaum G, Schneider T, Grein F. 2017. The cell wall precursor lipid Il acts
as a molecular signal for the Ser/Thr kinase PknB of Staphylococcus aur-
eus. Int J Med Microbiol 307:1-10. https://doi.org/10.1016/j.ijmm.2016.12
.001.

Kaur P, Rausch M, Malakar B, Watson U, Damle NP, Chawla Y, Srinivasan S,
Sharma K, Schneider T, Jhingan GD, Saini D, Mohanty D, Grein F, Nandicoori
VK. 2019. Lipid Il interaction with specific residues of Mycobacterium

Volume 12 Issue3 e00519-21

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

mBio’

tuberculosis PknB extracytoplasmic domain governs its optimal activation.
Nat Commun 10:1231. https://doi.org/10.1038/s41467-019-09223-9.

Pereira SF, Goss L, Dworkin J. 2011. Eukaryote-like serine/threonine ki-
nases and phosphatases in bacteria. Microbiol Mol Biol Rev 75:192-212.
https://doi.org/10.1128/MMBR.00042-10.

Manuse S, Fleurie A, Zucchini L, Lesterlin C, Grangeasse C. 2016. Role of
eukaryotic-like serine/threonine kinases in bacterial cell division and mor-
phogenesis. FEMS Microbiol Rev 40:41-56. https://doi.org/10.1093/
femsre/fuv041.

Pensinger DA, Schaenzer AJ, Sauer JD. 2018. Do shoot the messenger:
PASTA kinases as virulence determinants and antibiotic targets. Trends
Microbiol 26:56-69. https://doi.org/10.1016/j.tim.2017.06.010.

Zucchini L, Mercy C, Garcia PS, Cluzel C, Gueguen-Chaignon V, Galisson F,
Freton C, Guiral S, Brochier-Armanet C, Gouet P, Grangeasse C. 2018.
PASTA repeats of the protein kinase StkP interconnect cell constriction
and separation of Streptococcus pneumoniae. Nat Microbiol 3:197-209.
https://doi.org/10.1038/541564-017-0069-3.

Rupnik M, Wilcox MH, Gerding DN. 2009. Clostridium difficile infection:
new developments in epidemiology and pathogenesis. Nat Rev Microbiol
7:526-536. https://doi.org/10.1038/nrmicro2164.

Wiegand PN, Nathwani D, Wilcox MH, Stephens J, Shelbaya A, Haider S.
2012. Clinical and economic burden of Clostridium difficile infection in
Europe: a systematic review of healthcare-facility-acquired infection. J
Hosp Infect 81:1-14. https://doi.org/10.1016/j.jhin.2012.02.004.

Smits WK, Lyras D, Lacy DB, Wilcox MH, Kuijper EJ. 2016. Clostridium diffi-
cile infection. Nat Rev Dis Primers 2:16020. https://doi.org/10.1038/nrdp
.2016.20.

Cuenot E, Garcia-Garcia T, Douche T, Gorgette O, Courtin P, Denis-
Quanquin S, Hoys S, Tremblay YDN, Matondo M, Chapot-Chartier MP,
Janoir C, Dupuy B, Candela T, Martin-Verstraete I. 2019. The Ser/Thr kinase
PrkC participates in cell wall homeostasis and antimicrobial resistance in
Clostridium difficile. Infect Immun 87:¢00005-19. https://doi.org/10.1128/
1A1.00005-19.

Whisstock JC, Lesk AM. 1999. SH3 domains in prokaryotes. Trends Bio-
chem Sci 24:132-133. https://doi.org/10.1016/s0968-0004(99)01366-3.
Kamitori S, Yoshida H. 2015. Structure-function relationship of bacterial
SH3 domains, p 71-89. In Kurochkina N (ed), SH domains: structure,
mechanisms, and applications. Springer International Publishing, Cham,
Switzerland. https://doi.org/10.1007/978-3-319-20098-9_4.

Sekiya H, Tamai E, Kawasaki J, Murakami K, Kamitori S. 2 November 2020.
Structural and biochemical characterizations of the novel autolysin
Acd24020 from Clostridioides difficile and its full-function catalytic do-
main as a lytic enzyme. Mol Microbiol https://doi.org/10.1111/mmi
.14636.

Anantharaman V, Aravind L. 2003. Evolutionary history, structural features
and biochemical diversity of the NIpC/P60 superfamily of enzymes. Ge-
nome Biol 4:R11. https://doi.org/10.1186/gb-2003-4-2-r11.

Uehara T, Bernhardt TG. 2011. More than just lysins: peptidoglycan hydro-
lases tailor the cell wall. Curr Opin Microbiol 14:698-703. https://doi.org/
10.1016/j.mib.2011.10.003.

Morlot C, Bayle L, Jacq M, Fleurie A, Tourcier G, Galisson F, Vernet T,
Grangeasse C, Di Guilmi AM. 2013. Interaction of penicillin-binding pro-
tein 2x and Ser/Thr protein kinase StkP, two key players in Streptococcus
pneumoniae R6 morphogenesis. Mol Microbiol 90:88-102. https://doi
.org/10.1111/mmi.12348.

Madec E, Stensballe A, Kjellstrom S, Cladiére L, Obuchowski M, Jensen
ON, Séror SJ. 2003. Mass spectrometry and site-directed mutagenesis
identify several autophosphorylated residues required for the activity of
PrkC, a Ser/Thr kinase from Bacillus subtilis. J Mol Biol 330:459-472.
https://doi.org/10.1016/50022-2836(03)00579-5.

Kusamoto H, Kinoshita-Kikuta E, Nishimura T, Nagai T, Kinoshita E, Koike
T.2019. Gel-based analysis of protein phosphorylation status by rapid flu-
orometric staining using TAMRA-labeled Phos-tag. J Electrophor
63:25-32. https://doi.org/10.2198/jelectroph.63.25.

Young TA, Delagoutte B, Endrizzi JA, Falick AM, Alber T. 2003. Structure of
Mycobacterium tuberculosis PknB supports a universal activation mecha-
nism for Ser/Thr protein kinases. Nat Struct Biol 10:168-174. https://doi
.org/10.1038/nsb897.

Novéakové L, Saskové L, Pallovéd P, Janecek J, Novotna J, Ulrych A,
Echenique J, Trombe MC, Branny P. 2005. Characterization of a eukaryotic
type serine/threonine protein kinase and protein phosphatase of Strepto-
coccus pneumoniae and identification of kinase substrates. FEBS J
272:1243-1254. https://doi.org/10.1111/j.1742-4658.2005.04560.x.

mbio.asm.org 19

Downloaded from https://journal s.asm.org/journal/mbio on 04 June 2021 by 2a01:cb00:504:4000:c5bh:88c5:d95:3606.


https://doi.org/10.3389/fmicb.2019.00331
https://doi.org/10.1099/00221287-146-2-249
https://doi.org/10.1111/j.1574-6976.2007.00099.x
https://doi.org/10.1111/j.1574-6976.2007.00099.x
https://doi.org/10.1128/MMBR.00022-11
https://doi.org/10.1128/IAI.00397-15
https://doi.org/10.7554/eLife.52088
https://doi.org/10.1073/pnas.1108323108
https://doi.org/10.1038/ncomms4842
https://doi.org/10.1128/mBio.02622-18
https://doi.org/10.1111/mmi.12330
https://doi.org/10.1038/emboj.2010.36
https://doi.org/10.1073/pnas.1507760112
https://doi.org/10.1073/pnas.1507760112
https://doi.org/10.15252/embj.201695028
https://doi.org/10.1099/mic.0.080747-0
https://doi.org/10.1074/jbc.M113.470716
https://doi.org/10.1074/jbc.M113.470716
https://doi.org/10.1016/j.febslet.2010.12.016
https://doi.org/10.1016/j.febslet.2010.12.016
https://doi.org/10.1021/ja208080r
https://doi.org/10.1021/ja208080r
https://doi.org/10.1016/j.ijmm.2016.12.001
https://doi.org/10.1016/j.ijmm.2016.12.001
https://doi.org/10.1038/s41467-019-09223-9
https://doi.org/10.1128/MMBR.00042-10
https://doi.org/10.1093/femsre/fuv041
https://doi.org/10.1093/femsre/fuv041
https://doi.org/10.1016/j.tim.2017.06.010
https://doi.org/10.1038/s41564-017-0069-3
https://doi.org/10.1038/nrmicro2164
https://doi.org/10.1016/j.jhin.2012.02.004
https://doi.org/10.1038/nrdp.2016.20
https://doi.org/10.1038/nrdp.2016.20
https://doi.org/10.1128/IAI.00005-19
https://doi.org/10.1128/IAI.00005-19
https://doi.org/10.1016/s0968-0004(99)01366-3
https://doi.org/10.1007/978-3-319-20098-9_4
https://doi.org/10.1111/mmi.14636
https://doi.org/10.1111/mmi.14636
https://doi.org/10.1186/gb-2003-4-2-r11
https://doi.org/10.1016/j.mib.2011.10.003
https://doi.org/10.1016/j.mib.2011.10.003
https://doi.org/10.1111/mmi.12348
https://doi.org/10.1111/mmi.12348
https://doi.org/10.1016/s0022-2836(03)00579-5
https://doi.org/10.2198/jelectroph.63.25
https://doi.org/10.1038/nsb897
https://doi.org/10.1038/nsb897
https://doi.org/10.1111/j.1742-4658.2005.04560.x
https://mbio.asm.org

Garcia-Garcia et al.

40.

41.

42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

May/June 2021

Kinoshita E, Kinoshita-Kikuta E, Takiyama K, Koike T. 2006. Phosphate-
binding tag, a new tool to visualize phosphorylated proteins. Mol Cell
Proteomics 5:749-757. https://doi.org/10.1074/mcp.T500024-MCP200.
Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJ. 2015. The Phyre2
web portal for protein modeling, prediction and analysis. Nat Protoc
10:845-858. https://doi.org/10.1038/nprot.2015.053.

Waligora AJ, Hennequin C, Mullany P, Bourlioux P, Collignon A,
Karjalainen T. 2001. Characterization of a cell surface protein of Clostrid-
jum difficile with adhesive properties. Infect Immun 69:2144-2153.
https://doi.org/10.1128/IA1.69.4.2144-2153.2001.

Karjalainen T, Waligora-Dupriet AJ, Cerquetti M, Spigaglia P, Maggioni A,
Mauri P, Mastrantonio P. 2001. Molecular and genomic analysis of genes
encoding surface-anchored proteins from Clostridium difficile. Infect
Immun 69:3442-3446. https://doi.org/10.1128/1A1.69.5.3442-3446.2001.
Fagan RP, Fairweather NF. 2014. Biogenesis and functions of bacterial S-
layers. Nat Rev Microbiol 12:211-222. https://doi.org/10.1038/nrmicro3213.
Adams DW, Errington J. 2009. Bacterial cell division: assembly, mainte-
nance and disassembly of the Z ring. Nat Rev Microbiol 7:642-653.
https://doi.org/10.1038/nrmicro2198.

Takahashi J, Komatsuzawa H, Yamada S, Nishida T, Labischinski H,
Fujiwara T, Ohara M, Yamagishi J, Sugai M. 2002. Molecular characteriza-
tion of an atl null mutant of Staphylococcus aureus. Microbiol Immunol
46:601-612. https://doi.org/10.1111/j.1348-0421.2002.tb02741 x.

Garcia P, Gonzélez MP, Garcia E, Lépez R, Garcia JL. 1999. LytB, a novel
pneumococcal murein hydrolase essential for cell separation. Mol Micro-
biol 31:1275-1281. https://doi.org/10.1046/j.1365-2958.1999.01238.x.
Schmidt DM, Hubbard BK, Gerlt JA. 2001. Evolution of enzymatic activities
in the enolase superfamily: functional assignment of unknown proteins in
Bacillus subtilis and Escherichia coli as L-Ala-D/L-Glu epimerases. Bio-
chemistry 40:15707-15715. https://doi.org/10.1021/bi011640x.
Yamaguchi H, Furuhata K, Fukushima T, Yamamoto H, Sekiguchi J. 2004.
Characterization of a new Bacillus subtilis peptidoglycan hydrolase gene,
yvcE (named cwlO), and the enzymatic properties of its encoded protein. J
Biosci Bioeng 98:174-181. https://doi.org/10.1016/51389-1723(04)00262-2.
Fukushima T, Afkham A, Kurosawa S, Tanabe T, Yamamoto H, Sekiguchi J.
2006. A new D,L-endopeptidase gene product, YojL (renamed CwIS),
plays a role in cell separation with LytE and LytF in Bacillus subtilis. J Bac-
teriol 188:5541-5550. https://doi.org/10.1128/JB.00188-06.

Yamamoto H, Kurosawa S, Sekiguchi J. 2003. Localization of the vegeta-
tive cell wall hydrolases LytC, LytE, and LytF on the Bacillus subtilis cell
surface and stability of these enzymes to cell wall-bound or extracellular
proteases. J Bacteriol 185:6666-6677. https://doi.org/10.1128/jb.185.22
.6666-6677.2003.

Dominguez-Cuevas P, Porcelli I, Daniel RA, Errington J. 2013. Differenti-
ated roles for MreB-actin isologues and autolytic enzymes in Bacillus sub-
tilis morphogenesis. Mol Microbiol 89:1084-1098. https://doi.org/10
1111/mmi.12335.

Hashimoto M, Ooiwa S, Sekiguchi J. 2012. Synthetic lethality of the IytE
cwlO genotype in Bacillus subtilis is caused by lack of D,L-endopeptidase
activity at the lateral cell wall. J Bacteriol 194:796-803. https://doi.org/10
.1128/JB.05569-11.

Desvaux M, Candela T, Serror P. 2018. Surfaceome and proteosurfaceome
in parietal monoderm bacteria: focus on protein cell-surface display.
Front Microbiol 9:100. https://doi.org/10.3389/fmicb.2018.00100.
Gonzalez-Delgado LS, Walters-Morgan H, Salamaga B, Robertson AJ,
Hounslow AM, Jagielska E, Sabata I, Williamson MP, Lovering AL, Mesnage
S. 2020. Two-site recognition of Staphylococcus aureus peptidoglycan by
lysostaphin SH3b. Nat Chem Biol 16:24-30. https://doi.org/10.1038/
541589-019-0393-4.

Peltier J, Courtin P, El Meouche |, Lemée L, Chapot-Chartier MP, Pons JL.
2011. Clostridium difficile has an original peptidoglycan structure with
a high level of N-acetylglucosamine deacetylation and mainly 3-3
cross-links. J Biol Chem 286:29053-29062. https://doi.org/10.1074/jbc
.M111.259150.

Wydau-Dematteis S, EI Meouche |, Courtin P, Hamiot A, Lai-Kuen R,
Saubaméa B, Fenaille F, Butel MJ, Pons JL, Dupuy B, Chapot-Chartier MP,
Peltier J. 2018. Cwp19 is a novel lytic transglycosylase involved in station-
ary-phase autolysis resulting in toxin release in Clostridium difficile. mBio
9:e00648-18. https://doi.org/10.1128/mBio.00648-18.

Dhalluin A, Bourgeois |, Pestel-Caron M, Camiade E, Raux G, Courtin P,
Chapot-Chartier MP, Pons JL. 2005. Acd, a peptidoglycan hydrolase of
Clostridium difficile with N-acetylglucosaminidase activity. Microbiology
151:2343-2351. https://doi.org/10.1099/mic.0.27878-0.

Volume 12 Issue3 e00519-21

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

mBio’

Do T, Page JE, Walker S. 2020. Uncovering the activities, biological roles,
and regulation of bacterial cell wall hydrolases and tailoring enzymes. J
Biol Chem 295:3347-3361. https://doi.org/10.1074/jbc.REV119.010155.
Libby EA, Goss LA, Dworkin J. 2015. The eukaryotic-like Ser/Thr kinase
PrkC regulates the essential WalRK two-component system in Bacillus
subtilis. PLoS Genet 11:21005275. https://doi.org/10.1371/journal.pgen
.1005275.

Stamsas GA, Straume D, Salehian Z, Havarstein LS. 2017. Evidence that
pneumococcal WalK is regulated by StkP through protein-protein interac-
tion. Microbiology 163:383-399. https://doi.org/10.1099/mic.0.000404.
Parikh A, Verma SK, Khan S, Prakash B, Nandicoori VK. 2009. PknB-medi-
ated phosphorylation of a novel substrate, N-acetylglucosamine-1-phos-
phate uridyltransferase, modulates its acetyltransferase activity. J Mol Biol
386:451-464. https://doi.org/10.1016/j.jmb.2008.12.031.

Gee CL, Papavinasasundaram KG, Blair SR, Baer CE, Falick AM, King DS,
Griffin JE, Venghatakrishnan H, Zukauskas A, Wei JR, Dhiman RK, Crick DC,
Rubin EJ, Sassetti CM, Alber T. 2012. A phosphorylated pseudokinase
complex controls cell wall synthesis in mycobacteria. Sci Signal 5:ra7.
https://doi.org/10.1126/scisignal.2002525.

Fridman M, Williams GD, Muzamal U, Hunter H, Siu KW, Golemi-Kotra D.
2013. Two unique phosphorylation-driven signaling pathways crosstalk in
Staphylococcus aureus to modulate the cell-wall charge: Stk1/Stp1 meets
GraSR. Biochemistry 52:7975-7986. https://doi.org/10.1021/bi401177n.
Boutte CC, Baer CE, Papavinasasundaram K, Liu W, Chase MR, Meniche X,
Fortune SM, Sassetti CM, loerger TR, Rubin EJ. 2016. A cytoplasmic pepti-
doglycan amidase homologue controls mycobacterial cell wall synthesis.
Elife 5:214590. https://doi.org/10.7554/eLife.14590.

Fleurie A, Manuse S, Zhao C, Campo N, Cluzel C, Lavergne JP, Freton C,
Combet C, Guiral S, Soufi B, Macek B, Kuru E, VanNieuwenhze MS, Brun
YV, Di Guilmi AM, Claverys JP, Galinier A, Grangeasse C. 2014. Interplay of
the serine/threonine-kinase StkP and the paralogs DivIVA and GpsB in
pneumococcal cell elongation and division. PLoS Genet 10:e1004275.
https://doi.org/10.1371/journal.pgen.1004275.

Fleurie A, Lesterlin C, Manuse S, Zhao C, Cluzel C, Lavergne JP, Franz-
Wachtel M, Macek B, Combet C, Kuru E, VanNieuwenhze MS, Brun YV,
Sherratt D, Grangeasse C. 2014. MapZ marks the division sites and posi-
tions FtsZ rings in Streptococcus pneumoniae. Nature 516:259-262.
https://doi.org/10.1038/nature13966.

Fagan RP, Fairweather NF. 2011. Clostridium difficile has two parallel and
essential Sec secretion systems. J Biol Chem 286:27483-27493. https://doi
.0rg/10.1074/jbc.M111.263889.

Heap JT, Pennington OJ, Cartman ST, Carter GP, Minton NP. 2007. The Clos-
Tron: a universal gene knock-out system for the genus Clostridium. J Micro-
biol Methods 70:452-464. https://doi.org/10.1016/j.mimet.2007.05.021.
Cartman ST, Kelly ML, Heeg D, Heap JT, Minton NP. 2012. Precise manipula-
tion of the Clostridium difficile chromosome reveals a lack of association
between the tcdC genotype and toxin production. Appl Environ Microbiol
78:4683-4690. https://doi.org/10.1128/AEM.00249-12.

Peltier J, Shaw HA, Couchman EC, Dawson LF, Yu L, Choudhary JS, Kaever V,
Wren BW, Fairweather NF. 2015. Cyclic diGMP regulates production of sor-
tase substrates of Clostridium difficile and their surface exposure through
Zmpl protease-mediated cleavage. J Biol Chem 290:24453-24469. https://
doi.org/10.1074/jbc.M115.665091.

Soutourina O, Dubois T, Monot M, Shelyakin PV, Saujet L, Boudry P, Gelfand
MS, Dupuy B, Martin-Verstraete I. 2020. Genome-wide transcription start
site mapping and promoter assignments to a sigma factor in the human
enteropathogen Clostridioides difficile. Front Microbiol 11:1939. https://doi
.0rg/10.3389/fmicb.2020.01939.

Saujet L, Monot M, Dupuy B, Soutourina O, Martin-Verstraete I. 2011. The
key sigma factor of transition phase, SigH, controls sporulation, metabo-
lism, and virulence factor expression in Clostridium difficile. J Bacteriol
193:3186-3196. https://doi.org/10.1128/JB.00272-11.

Reynolds CR, Islam SA, Sternberg MJE. 2018. EzMol: a web server wizard
for the rapid visualization and image production of protein and nucleic
acid structures. J Mol Biol 430:2244-2248. https://doi.org/10.1016/j.jmb
.2018.01.013.

Robert X, Gouet P. 2014. Deciphering key features in protein structures
with the new ENDscript server. Nucleic Acids Res 42:W320-W324. https://
doi.org/10.1093/nar/gku316.

Wisniewski JR, Zougman A, Nagaraj N, Mann M. 2009. Universal sample
preparation method for proteome analysis. Nat Methods 6:359-362.
https://doi.org/10.1038/nmeth.1322.

mbio.asm.org 20

Downloaded from https://journal s.asm.org/journal/mbio on 04 June 2021 by 2a01:cb00:504:4000:c5bh:88c5:d95:3606.


https://doi.org/10.1074/mcp.T500024-MCP200
https://doi.org/10.1038/nprot.2015.053
https://doi.org/10.1128/IAI.69.4.2144-2153.2001
https://doi.org/10.1128/IAI.69.5.3442-3446.2001
https://doi.org/10.1038/nrmicro3213
https://doi.org/10.1038/nrmicro2198
https://doi.org/10.1111/j.1348-0421.2002.tb02741.x
https://doi.org/10.1046/j.1365-2958.1999.01238.x
https://doi.org/10.1021/bi011640x
https://doi.org/10.1016/S1389-1723(04)00262-2
https://doi.org/10.1128/JB.00188-06
https://doi.org/10.1128/jb.185.22.6666-6677.2003
https://doi.org/10.1128/jb.185.22.6666-6677.2003
https://doi.org/10.1111/mmi.12335
https://doi.org/10.1111/mmi.12335
https://doi.org/10.1128/JB.05569-11
https://doi.org/10.1128/JB.05569-11
https://doi.org/10.3389/fmicb.2018.00100
https://doi.org/10.1038/s41589-019-0393-4
https://doi.org/10.1038/s41589-019-0393-4
https://doi.org/10.1074/jbc.M111.259150
https://doi.org/10.1074/jbc.M111.259150
https://doi.org/10.1128/mBio.00648-18
https://doi.org/10.1099/mic.0.27878-0
https://doi.org/10.1074/jbc.REV119.010155
https://doi.org/10.1371/journal.pgen.1005275
https://doi.org/10.1371/journal.pgen.1005275
https://doi.org/10.1099/mic.0.000404
https://doi.org/10.1016/j.jmb.2008.12.031
https://doi.org/10.1126/scisignal.2002525
https://doi.org/10.1021/bi401177n
https://doi.org/10.7554/eLife.14590
https://doi.org/10.1371/journal.pgen.1004275
https://doi.org/10.1038/nature13966
https://doi.org/10.1074/jbc.M111.263889
https://doi.org/10.1074/jbc.M111.263889
https://doi.org/10.1016/j.mimet.2007.05.021
https://doi.org/10.1128/AEM.00249-12
https://doi.org/10.1074/jbc.M115.665091
https://doi.org/10.1074/jbc.M115.665091
https://doi.org/10.3389/fmicb.2020.01939
https://doi.org/10.3389/fmicb.2020.01939
https://doi.org/10.1128/JB.00272-11
https://doi.org/10.1016/j.jmb.2018.01.013
https://doi.org/10.1016/j.jmb.2018.01.013
https://doi.org/10.1093/nar/gku316
https://doi.org/10.1093/nar/gku316
https://doi.org/10.1038/nmeth.1322
https://mbio.asm.org

Control of CwlA Localization by Phosphorylation

77. Tyanova S, Temu T, Cox J. 2016. The MaxQuant computational platform for
mass spectrometry-based shotgun proteomics. Nat Protoc 11:2301-2319.
https://doi.org/10.1038/nprot.2016.136.

78. Cox J, Neuhauser N, Michalski A, Scheltema RA, Olsen JV, Mann M. 2011. An-
dromeda: a peptide search engine integrated into the MaxQuant environ-
ment. J Proteome Res 10:1794-1805. https://doi.org/10.1021/pr101065j.

79. Fukushima T, Sekiguchi J. 2016. Zymographic techniques for the analysis
of bacterial cell wall in Bacillus. Methods Mol Biol 1440:87-98. https://doi
.org/10.1007/978-1-4939-3676-2_7.

May/June 2021 Volume 12 Issue3 e00519-21

80.

81.

mBio’

Ducret A, Quardokus EM, Brun YV. 2016. Microbel, a tool for high
throughput bacterial cell detection and quantitative analysis. Nat Micro-
biol 1:16077. https://doi.org/10.1038/nmicrobiol.2016.77.

Vizcaino JA, Deutsch EW, Wang R, Csordas A, Reisinger F, Rios D, Dianes JA,
Sun Z, Farrah T, Bandeira N, Binz PA, Xenarios |, Eisenacher M, Mayer G, Gatto
L, Campos A, Chalkley RJ, Kraus HJ, Albar JP, Martinez-Bartolomé S, Apweiler
R, Omenn GS, Martens L, Jones AR, Hermjakob H. 2014. ProteomeXchange
provides globally coordinated proteomics data submission and dissemina-
tion. Nat Biotechnol 32:223-226. https://doi.org/10.1038/nbt.2839.

mbio.asm.org 21

Downloaded from https://journal s.asm.org/journal/mbio on 04 June 2021 by 2a01:cb00:504:4000:c5bh:88c5:d95:3606.


https://doi.org/10.1038/nprot.2016.136
https://doi.org/10.1021/pr101065j
https://doi.org/10.1007/978-1-4939-3676-2_7
https://doi.org/10.1007/978-1-4939-3676-2_7
https://doi.org/10.1038/nmicrobiol.2016.77
https://doi.org/10.1038/nbt.2839
https://mbio.asm.org

	RESULTS
	CD1135 (CwlA) is a γ-d-Glu-mDAP-endopeptidase.
	Changes in CwlA abundance lead to cell separation defects during growth.
	CD2148 and prkC mutants show similar phenotypes for lack and excess of CwlA, respectively.
	CwlA is phosphorylated in vivo and in vitro by PrkC.
	Phosphorylation at T405 does not impact CwlA PGH activity.
	Effect of T405 phosphomimetic and nonphosphorylatable mutations of CwlA in vivo.
	PrkC and CD2148 influence the abundance of cell wall-associated CwlA.
	Overexpression of cwlA restores the cell separation defect in CD2148 cells.
	Cell elongation and antimicrobial susceptibility are restored in the cwlA ΔprkC double mutant.

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains and growth conditions.
	Construction of C. difficile strains and plasmids.
	RNA extraction and quantitative RT-PCR analysis.
	CwlA homology model.
	Protein synthesis and purification.
	In vitro phosphorylation assay and Phos-Tag.
	In-gel and FASP-based digestion.
	Phosphoenrichment.
	LC-MS/MS analysis.
	Data processing for protein identification and quantification.
	Detection of PG-hydrolyzing activity and identification of hydrolytic specificity of CwlA.
	Phase-contrast, SNAP labeling, and fluorescence microscopy.
	TEM.
	Cell lysis, fractionation, and protein analysis.
	Data availability.

	SUPPLEMENTAL MATERIAL
	ACKNOWLEDGMENTS
	REFERENCES

