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Abstract

In the model organism Bacillus subitilis, a signaling protease produced in the forespore,
SpolVB, is essential for the activation of the sigma factor ¢, which is produced in
the mother cell as an inactive pro-protein, pro-cX. SpolVB has a second function es-
sential to sporulation, most likely during cortex synthesis. The cortex is composed
of peptidoglycan (PG) and is essential for the spore's heat resistance and dormancy.
Surprisingly, the genome of the intestinal pathogen Clostridioides difficile, in which o
is produced without a pro-sequence, encodes two SpolVB paralogs, SpolVB1 and
SpolVB2. Here, we show that spolVB1 is dispensable for sporulation, while a spolVB2
in-frame deletion mutant fails to produce heat-resistant spores. The spolVB2 mutant
enters sporulation, undergoes asymmetric division, and completes engulfment of the
forespore by the mother cell but fails to synthesize the spore cortex. We show that
SpollP, a PG hydrolase and part of the engulfasome, the machinery essential for en-
gulfment, is cleaved by SpolVB2 into an inactive form. Within the engulfasome, the
SpollP amidase activity generates the substrates for the SpollD lytic transglycosy-
lase. Thus, following engulfment completion, the cleavage and inactivation of SpollP
by SpolVB2 curtails the engulfasome hydrolytic activity, at a time when synthesis
of the spore cortex peptidoglycan begins. SpolVB2 is also required for normal late
gene expression in the forespore by a currently unknown mechanism. Together, these
observations suggest a role for SpolVB2 in coordinating late morphological and gene

expression events between the forespore and the mother cell.
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1 | INTRODUCTION

Clostridioides difficile is an obligate anaerobic intestinal pathogen
(Abt et al., 2016; Smits et al., 2016). It has the ability to differentiate
into endospores (referred to as spores), and it uses these oxygen-
resistant cells for environmental persistence and transmission
(Deakin et al., 2012; Smits et al., 2014). Spores consist of a central
compartment, the core, which holds the genome and is delimited
by the spore's inner membrane. This unit is surrounded by a layer
of PG called the germ cell wall (GCW), which will become the cell
wall of the vegetative cell upon germination and outgrowth. A
much thicker PG layer, the cortex, essential for heat resistance, sur-
rounds the GCW and is formed between the inner and outer spore
membranes. Surrounding the cortex are two proteinaceous layers,
the coat and the exosporium, that protect against PG-degrading
enzymes and are the first line of contact of the spore with the envi-
ronment (Gil et al., 2017; Henriques & Moran, 2007).

During sporulation, the forespore and the mother cell maintain
different programs of gene expression. These programs, however,
are coordinated by cell-cell communication pathways involving the
production of signaling proteins that are either secreted or reside
in the membranes that delimit either cell. Despite variations in the
signaling pathways that regulate sporulation in C. difficile and the
Bacillus subtilis model (Fimlaid et al., 2013; Hilbert & Piggot, 2004;
Pereira et al., 2013; Saujet et al., 2013), they enforce the fidelity of
spore differentiation in both organisms.

In B. subtilis, the RNA polymerase sigma factor ¢® becomes
active in the forespore after engulfment completion. The 6°-
controlled production of a signaling serine protease, SpolVB, in
the forespore and its secretion into the intermembrane space
leads to activation of a membrane-associated pro-sigma factor,
pro—cK, in the mother cell (Sun et al., 2021). SpolVFB is the pro-
tease that converts pro—csK to its transcription-competent form;
SpolVFB is embedded in the membrane but kept inactive in a
complex with SpolVFA and BofA (Olenic et al., 2022). Cleavage
of SpolVFA by SpolVB in the intermembrane space causes a con-
formational change in SpolVFB, which can then cleave pro-cX, to
release active oX (De Hoon et al., 2010; Eichenberger et al., 2004;
Ramirez-Guadiana et al., 2018). B. subtilis SpolVB has another sub-
strate, the forespore-specific SpollQ protein (Chiba et al., 2007,
Jiang et al., 2005). SpollQ plays a role in PG remodeling events
that are central to engulfment but are also needed for the local-
ization of proteins required for the post-engulfment activation of
gene expression in the forespore, through ¢, and in the mother
cell, through o (Doan et al., 2005; Londofo-Vallejo et al., 1997;
Rodrigues et al., 2013). Following engulfment completion, SpollQ
is cleaved by SpolVB but this event is not essential for sporulation
(Chiba et al., 2007).

Apart from triggering pro-sX activation, SpolVB plays another
essential role in sporulation (Oke et al., 1997; Wakeley et al., 2000)
as certain missense mutations in spolVB prevent the formation of the
cortex PG layer and, hence, the production of heat resistant spores,
while not eliminating pro-c* processing. The molecular basis of this
phenotype is unknown.

Remarkably, the C. difficile genome codes for two developmen-
tally regulated SpolVB paralogs, SpolVB1 and SpolVB2, yet 6¥ is
produced without an inhibitory pro-sequence (Fimlaid et al., 2013;
Pereira et al., 2013; Serrano, Kint, et al., 2016). This raised the possi-
bility that C. difficile has segregated the different functions of B. sub-
tilis SpolVB into two different proteins. To understand the role of the
two SpolVB paralogs of C. difficile, we constructed and characterized
in-frame deletion mutants for the two genes. We found that spolVB1,
the C. difficile counterpart of B. subtilis spolVB, is dispensable for the
formation of heat resistant spores. spolVB2, however, is essential for
sporulation and the mutant was unable to form the cortex PG layer
and showed impaired late forespore-specific gene expression.

No SpollQ cleavage product was detected in C. difficile (Ribis
et al.,, 2018). However, we found that SpollP, an amidase/endopepti-
dase essential for PG remodeling during engulfment, undergoes site-
specific processing by SpolVB2. Importantly, cleavage of SpollP by
SpolVB2 abolishes the enzymatic activity of the protein leading us
to propose that, upon completion of engulfment, the PG hydrolytic
activity required during engulfment, is abrogated.

2 | RESULTS
2.1 | C.difficile has two spolVB homologs

C. difficile encodes two spolVB homologs (Abecasis et al., 2013;
Galperin et al., 2012; Traag et al., 2013), spolVB1, which is encoded just
upstream of spo0A, a transcription factor essential for entry into spor-
ulation (Deakin et al., 2012; Rosenbusch et al., 2012; Smits et al., 2014),
and spolVB2, localized between fisB, that encodes a protein essen-
tial for membrane fission at the end of engulfment, and lytH, coding
for a PG hydrolase involved in cortex maturation (Doan et al., 2013;
Horsburgh et al., 2003) (Figure 1a). B. subtilis spolVB is also upstream
of spoOA, suggesting that spolVB1 is its counterpart in C. difficile
(Figure 1a). To gain structural insight into the three SpolVB proteins,
we used AlphaFold2 (AF2), together with the Foldseek server (Jumper
et al.,, 2021; Mirdita et al., 2022; van Kempen et al., 2024) (Figure 1b).
The model generated for B. subtilis SpolVB (hereinafter SpolVB®S) sug-
gests that, in addition to the transmembrane helix that targets the
protein to the intermembrane space, SpoIVBBS consists of three inde-
pendent structural domains: an immunoglobulin-like (Ig-like) domain
(residues 31-101), a PDZ domain (residues 120-186), and the serine
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FIGURE 1 The spolVB chromosomal context and domain organization of the SpolVB proteins. (a) Genetic map of the spolVB regions of
the Bacillus subtilis (top) and Clostridioides difficile (bottom) chromosomes. Promoters are represented by broken arrows and the sigma factors
that utilize them are indicated; transcription terminators are symbolized by stem and loop structures. C. difficile possesses two spolVB
paralogs. We named spolVB1 the gene in synteny with its B. subtilis counterpart (close to spoOA), while spolVB2 is flanked by lytH and fisB. (b)
Superimposed AF2-generated models of SpolVB®, SpolVB1, and SpolVB2 without the transmembrane helices (top). The color code matches
that of panel c, except for the PDZ domain. The bottom panel shows an expansion of the active site region of SpolVB2 to show the relative
positions of His165, Asp286, and Ser301. (c) Domain organization of the SpolVB proteins. The SpolVB protein of B. subtilis (SpolVB®) shows
an immunoglobulin (Ig) like N-terminal domain, a PDZ domain, essential for substrate binding and cleavage, and the serine protease domain,

which harbors the catalytic residues. SpolVB1 and SpolVB2 share a high degree of sequence similarity with SpolVBE® in the PDZ and the
serine protease domains but lack the Ig-like domain. Predicted transmembrane regions (TM) are represented. The orange arrowheads
represent cleavage sites identified in SpolVB® and predicted in SpolVB1. The residues proposed to form the catalytic triad are indicated

above the diagrams (His165, Asp286, and Ser301, for SpolVB2).

protease domain (residues 186-426). SpoIVBBS self-cleavage at the Ig-
like domain (at residues Asn53, Phe63, and Thr75) releases the active
protease to the intermembrane space (Wakeley et al., 2000). Earlier
work suggested that the catalytic triad is formed by His236, Ser378,
and Asp363 (Hoa et al., 2002) (Figure 1c). According to the AF2 model,
however, Asp363 is distant from His236 and Ser378, and may not be
involved in catalysis. A structure determined by small-angle X-ray scat-
tering (SAXS) of an enzymatically inactive form of SpolVBB encom-
passing residues Thr75 to Ser426 fused to a modified MBP (mMBP),
MMBP-SpolVBEs>378A shows the proposed three active site residues
distant from each other and divergently oriented (Xie et al., 2019). The
serine protease domain may thus adopt a zymogen-like inactive con-
formation (Xie et al., 2019).

Both C. difficile SpolVB1 and SpolVB2 lack the Ig-like domain
and the transmembrane helices are followed by the PDZ and serine

protease domains (Figure 1b,c). SpolVB1 shows a conserved au-
tocleavage site at Phe42 (Figures 1c and éc¢), suggesting that, like
SpolVB®S, it may be released into the intermembrane space. In con-
trast, SpolVB2 lacks residues resembling the SpolvB®s self-cleavage
or signal peptidase sites, and it may remain membrane-associated. As
in SpolVB®, the proposed catalytic triads of SpolVB1 and SpolVB2
do not seem properly oriented for catalysis according to the AF2

predicted models (Figure 1c).
2.2 | spolVB2, but not spolVB1, is required for
sporulation

To analyze the function of the two C. difficile SpolVB proteins, we
started by constructing in-frame deletion mutants in the C. difficile
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630Aerm strain using allele-coupled exchange (Ng et al., 2013)
(Figure S1). We found that the spolVB1 mutant produces heat-
resistant spores to the same level as the wild-type strain (WT;
Figure 2a). In contrast, no heat-resistant spores were detected
for the spolVB2 mutant (Figure 2a). Phase contrast microscopy
of samples withdrawn from sporulation medium (70:30 medium
agar plates) after growth and sporulation for 24h showed that
most cells of the spolVB2 mutant are blocked after engulfment

completion (53%; Figure 2b,c). Interestingly, phase-gray spores

were often released as immature “sporelets” (40%; Figure 2b,c).
Analysis of the spolVB2 mutant by transmission electron micros-
copy (TEM) showed many sporangia of immature forespores that
lacked the cortex layer while showing deposition of some coat/
exosporium material (Figures 2d and S2). This phenotype was fully
complemented by the expression of a WT allele of spolVB2 from a
multicopy plasmid but not by an allele coding for a catalytic inac-

25301A)

tive protease (spolVB (Figures 2a,d and S2), confirming the

requirement of SpolVB2 activity for sporulation. The multicopy
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FIGURE 2 spolVB2 is required for sporulation. (a) Sporulation efficiency for the indicated strains. In the bottom panel, the strains carry
the following plasmids: EV, empty vector; C, plasmid with the WT spolVB2 allele; S301A, plasmid carrying the spolVB25%°!4 allele. Strains
were incubated in 70:30 medium for 24 h and the cultures were plated in BHI medium supplemented with 0.1% taurocholate (TA) before
(to estimate total CFUs mL™) and after heat treatment at 70°C for 30 min (spores mL™). The results shown are averages and standard
deviations for three biological replicates. Asterisks indicate statistical significance determined with a two-way ANOVA (***p <0.001;

****p <0.0001). (b) Phase contrast and fluorescence images of sporulating cells of the WT and a congenic spolVB2 mutant. The cells were
collected after incubation for 24 h in a 70:30 sporulation medium and stained with the membrane dye MTG. Note that the spolVB2 mutant
does not produce phase bright spores, although sporangia of phase gray spores and free “sporelets” are seen. Scale bar, 2 um. (c) Scoring
of the percentage of cells in each of the morphological classes of sporulation (from top to bottom): soon after asymmetric division; during
engulfment; just after engulfment completion; sporangia of phase bright spores; free phase bright spores and free phase dark spores, as
assessed by phase contrast and fluorescence microscopy for the indicated strains after 24 h of incubation on 70:30 plates. The percentage
of cells in each class is relative to the number of sporulating cells; “n” is the total number of sporulating cells scored. (d) Thin sectioning
transmission electron microscopy of the WT, spolVB2 mutant and the mutant complemented in trans (spolVB2°). Samples were taken

after incubation for 24 h (as in a) and processed for TEM. In the spolVB2 mutant, engulfment is completed and coat/exosporium material is

deposited around the forespore (blue arrowhead) but the cortex layer, (green arrowhead in the WT), is absent (the yellow arrow points to the

cortex region in the mutant). Cortex formation is restored in the complemented strain. The numbers refer to the percentage of sporulating
cells exhibiting coat/exosporium and cortex layers around the forespore. See also Figure S2. Scale bar, 0.2 um.

519011 SUOLLILIOD SAERID 3|ea 1 dde 8L Ag PoLIBAOB .8 SB1LE YO 85N J0 S9N 10} ARl 8UIIUO AB]1AM UO (SUOIPUOD-PLE-SLULBYWIOD™AB |1 ARRIq1PU1UO//SANU) SUOIPUOD PLE SWiS 1 31 295 *[1202/20/0] U0 ARIqIT8UIIUO AB1IM ‘AISPAIUN 31SeaMEN Ad T6ZGT WW/TTTT'OT/I0p/0Y" A3 |1 ALeiq[puluoy/Sdny oI Popeojumoq ‘0 ‘8562S9ET



MARTINS ET AL.

Wi LEYJ—5

allele of WT spolVB2 consistently increases the sporulation effi-
ciency (Figure 2a). The reason for this is unclear but one possibility
is that the cloned DNA titrates an inhibitor of sporulation or alter-
natively that the normal levels of SpolVB2 are limiting for sporula-
tion. In any event, a double spolVB1/spolVB2 mutant mimics the
spolVB2 single mutant (Figure 2a).

Previous work has shown that spolVB1 and spolVB2 are both
expressed in the forespore, spolVB1 under ¢° control and spolVB2
under the control of 6™ (Pereira et al., 2013). Accordingly, SpolVB1
would accumulate later than SpolVB2 during sporulation, which
could explain why spolVB1 does not compensate for the absence
of spolVB2. To test this, we placed spolVB1 under the control of
the spolVB2 promoter. However, we were not able to detect heat-
resistant spores in this strain, indicating that spolVB1 is unable to
replace spolVB2, regardless of time of expression (Figure 3a).

The phenotype of the spolVB2 mutants is similar to that of
B. subtilis spolVB mutants that bypass the need for SpolVB sig-
naling in the activation of pro-cX but not the second function
of the protein (Oke et al., 1997; Wakeley et al., 2000). Since oK
lacks a pro-sequence in C. difficile, SpolVB2 could have the sec-
ond function of SpoIVBBS, that is, in cortex synthesis. In B. sub-
tilis, the spolVBT™??%A allele enables signaling leading to partial
activation of pro-c¥, but not cortex synthesis (Oke et al., 1997).
Residue Thr228 is conserved in SpolVB2 (Thr157) but not in
SpolVB1 (Met163) (Figure 3b). To test whether Thr157 is import-
ant in SpolVB2, plasmid-born spolVB2™°’™ and spolvVB1M*63T a|-
leles were introduced in a spolVB2 mutant. The allele coding for

SpolVB1M3T was not able to restore sporulation to a spolVB2
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*substitutions lead to impaired activity in SpolVBBs

FIGURE 3 spolVB1 does not complement the spolVB2 mutant.
(a) Sporulation efficiency for the indicated strains. Strains were
incubated in a 70:30 sporulation medium for 24 h and samples

were plated onto BHI plates containing 0.1% TA before and after
heat treatment at 70°C for 30 min. The results shown are averages
and standard deviations for three biological replicates. Asterisks
indicate statistical significance determined with a two-way ANOVA
(**p<0.01). (b) The alignment shows a region of the SpolVB
proteins which includes an amino acid, Thr228, that when replaced
by Ala, blocks sporulation in Bacillus subtilis, while allowing signaling
of pro-cX processing. This residue is conserved in SpolVB2 (Thr157)
but not in SpolVB1 (Met163).

mutant (Figure 3a). In contrast, the allele coding for SpolvB2T*>7M

restored the production of phase bright heat-resistant spores, to
levels significantly higher than the WT (Figure 3a). Thus, contrary
to what was observed in B. subtilis, Thr157 is not essential for the
function of SpolVB2, although it may somehow control the activ-
ity of the protein.

2.3 | spolVB2 is required for normal late
forespore-specific gene expression

The C. difficile sigG mutant is blocked following engulfment com-
pletion and the cortex is absent, while some coat/exosporium
material accumulates around the forespore (Fimlaid et al., 2013;
Pereira et al., 2013). This phenotype is similar to that of the
spolVB2 deletion mutant, prompting us to test whether gene ex-
pression during sporulation was affected in the mutant. We first
monitored the activity of o' and of using transcriptional fusions of
the gpr and spolllA promoters, respectively, to the SNAP®® reporter
(Pereira et al., 2013). After 14 h of incubation on the sporulation
medium, the expression of Pgm—SNAPCd was detected in 46% of the
sporulating cells of the WT and the spolVB2 mutant (Figure 4a).

P was detected in 84% of the sporulat-

Expression of Pspo,”A-SNA
ing cells in the WT and 88% of the spolVB2 sporangia (Figure 4a).
Moreover, the average intensity of the fluorescence signal from
the ngr' and Pspo”,A—SNAPCd fusions of the WT or spolVB2 mutant
was similar (Figure 4b). Kolmogorov-Smirnov test analysis showed
a significant difference in the distribution of the fluorescence in-
tensity in individual cells carrying ngr-SNAPC", with the spolVB2
mutant showing a subpopulation of cells with high intensity
(Figure 4b).

To monitor the activity of 6® and ¢, we used previously char-
-SNAP®? and Pth—SNAPCd transcriptional fusions,
sson-SNAPS! was

detected exclusively in the forespore, in 86% of the WT sporangia,

acterized PSSpA

respectively (Pereira et al., 2013). Expression of P

and in 82% of the spolVB2 sporangia (Figure 4c). The intensity of
the fluorescence signal per cell, however, was significantly lower in
the spolVB2 mutant (Figure 4d). In contrast, no difference was ob-
cotE'SNAPCd
between the WT and the spolVB2 mutant (Figure 4c,d), but the
number of cells expressing PcotE-SNAPCd was higher in the mutant
(83%) than in the WT (55%). This may be due to the accumulation

of sporulating cells at late stages of sporulation because of a block

served in the intensity of the fluorescence signal from P

in morphogenesis. This could also explain the subpopulation of cells
with an increased ngr—SNAPCd signal (see also below). The fact that
o activity is detected in the spolVB2 mutant is consistent with the
deposition of coat/exosporium material around the forespore, as
these layers become visible by TEM in a 6*-dependent manner (see
Pereira et al., 2013).

Another gene under 6° control is spoVT, coding for an ancillary
transcription factor that together with 6° turns on the expres-
sion of sspA and sspB (Pereira et al., 2013). A spoVT mutant pro-
duces phase dark heat sensitive “sporelets” with no (or reduced)
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FIGURE 4 Late forespore gene expression is impaired in the spolVB2 mutant. (a and c) Microscopy analysis of strains carrying
transcriptional fusions of the gpr, spolllA, sspA, spoVT, and cotE promotors to the SNAP reporter in the WT and in the spolVB2 mutant.

Cells were collected after 14 h of incubation in a 70:30 sporulation medium, stained with TMR-Star and the membrane dye MTG, and
examined by fluorescence microscopy to monitor SNAP production. The merged image shows the overlap between the TMR-Star (red)
and MTG (green) channels. The images are representative of the expression patterns observed. The numbers refer to the percentage of
cells showing SNAP fluorescence. The data shown are from a representative experiment of at least three independent experiments. Scale
bar, 1 um. (b and d) Quantitative analysis of the fluorescence intensity in individual cells (in arbitrary units, AU) of the reporter strains for
gpr, spolllA, sspA, spoVT, and cotE transcription, as indicated. SuperPlots were used to represent the data from three biological replicates;
each dot corresponds to one cell, color-coded by experiment. The large circles represent the means from each experiment which were
used to calculate the mean and standard error of the mean (horizontal lines) for the ensemble of the three experiments. The nonparametric
Kolmogorov-Smirnov test (KS test) was applied to compare the combined distributions obtained from the 3 replicates (*p <0.01;

***%p <0.00001). The t-test was also performed on the means with p <0.05 for WT vs. AspolVB2 containing the sspA, and spoVT promotors

fusion to the SNAP reporter.

cortex (Pereira et al., 2013). Significantly, the double sspA/sspB
mutant also produces phase dark spores (Nerber & Sorg, 2021).
Unfortunately, the expression of sspB was not detected using the
SNAPCd reporter. To test whether the impact on sspA expression in
the spolVB2 mutant could be due to loss of spoVT expression, we
monitored the expression of a PSpDVT—SNAPCd transcriptional fusion
in the mutant (Figure 4c,d). We found that, although the percent-
-SNAP is similar in the spolVB2 mu-
tant and in the WT, the intensity of the fluorescence signal per cell

age of cells expressing PspoVT
in the mutant is decreased relative to the WT (Figure 4c,d). This
decrease in spoVT expression may explain the effect observed on
the expression of sspA. Another consequence of the reduced ex-
pression of spoVT observed in the spolVB2 mutant could also be
the increased P, -SNAP® expression, since in C. difficile SpoVT

gpr
plays a role in the negative control of some o' targets, including

gpr (Pereira et al., 2013). In any case, it seems unlikely that the
phenotype of the spolVB2 mutant results from the relatively minor
alterations described in forespore-specific gene expression.

2.4 | spolVB2 is required for cleavage of the SpollP
amidase/endopeptidase

In addition to its role in 6 signaling and cortex formation in B. subtilis,
SpolVB also cleaves SpollQ, a forespore membrane protein (Chiba
et al., 2007; Jiang et al., 2005). In C. difficile, SpollQ was shown to
be essential for engulfment and it interacts with SpolllAH, a mother
cell membrane protein, with which it forms a transmembrane com-
plex required for late transcription in both the forespore and the
mother cell (Fimlaid et al., 2015; Serrano, Crawshaw, et al., 2016). The
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SpollQ-SpolllAH complex (Q:H) also acts as an anchor for two PG hy-
drolases, SpollD and SpollP (Dembek et al., 2018; Ribis et al., 2018),
forming the engulfasome machinery required for forespore engulf-
ment (Kelly & Salgado, 2019). SpolID is produced under ot control in
the mother cell, whereas SpollP is produced in the forespore under
6" control (Ribis et al., 2018). In B. subtilis, SpolIP is mainly produced
in the mother cell and a third mother cell protein, SpollM, serves as
a platform to bring together SpollD and SpollP (Khanna et al., 2020).
Although conserved in C. difficile, spollM is dispensable for sporula-
tion in this organism (Dembek et al., 2018; Ribis et al., 2018).

In C. difficile, no cleavage of SpollQ s detected during sporulation
(Ribis et al., 2018). In contrast, SpollP from C. difficile accumulates
as four isoforms (Ribis et al., 2018). The predicted molecular weight
(MW) of SpollP is 38kDa, and that of SpollP lacking its signal pep-
tide is 35kDa (SpollP ). In addition to cleavage of the signal peptide,
SpollP is further processed into a form of about 34 kDa (SpollP,) and

one of approximately 25kDa (SpollP ). To test whether accumulation
of SpollP, or SpollP_isoforms required SpolVB2, the levels of SpollP
in whole cell lysates prepared from WT, spolVB2 mutant, and com-
plementation strains induced to sporulate on sporulation medium,
were analyzed by immunoblotting. In the WT and complemented
strains, SpollP starts to accumulate after 10h of growth, SpollP, is
first detected at hour 12 and SpollP_ only after 14h (Figure 5a). In
the spolVB2 mutant, accumulation of SpollP and SpollP, follows the
same pattern, but SpollP_is not detected, even at hour 24 (Figure 5).
The four isoforms were detected in a spolVB1 mutant (Figure 5b),
but SpollP_ was not found in the spolVB1/spolVB2 double mutant.
As expected, if SpolVB2 is involved in SpollP cleavage, increased
accumulation of SpollP and SpollP, is observed in the spolVB2 and
spolVB1/spolVB2 double mutants at hour 24 of growth (Figure 5b).
SpollP_ is also not detected in AspollQ and AspollD mutants
(Ribis et al., 2018). To test whether the absence of SpollP_ resulted

Q
=
& S ™~ N ~
(@) 53 (b) S
WT  AspolVB2  spolVB2¢ ;%1 & . 2 %8 8
f 11 VT \ < (%) (%) (%)
MW 8101214 8 101214 8 10 12 14 1212 v £ J J <
50 - ; ; 50
37 T S - 37+ | .SpollP
" == ===« SpollD (SpoIIPm
25 | o wes < SpollPy;
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377 ~—mmw —~wmwm mw WL Sgolle anti-SpolIP
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FIGURE 5 SpollP cleavage depends on SpolVB2. Immunoblot analyses of SpollD, SpollP, and SpollQ in the indicated strains. The cells
were collected at the indicated times (in hours, panel a) or after 24 h of incubation in a 70:30 sporulation medium (b). Extracts were prepared
and proteins were subjected to immunoblotting using anti-SpollD, anti-SpollP, and anti-SpollQ antibodies. The position of molecular weight
markers (in kDa) is indicated on the left side of the panels; arrowheads on the right indicate the position of SpolID (black), SpolIP (red), and
SpollQ (gray). Four forms of SpollP were detected: full-length (SpollP), mature, after cleavage of the signal peptide (SpollPm), truncated
SpollP (SpollP,), and cleaved (SpollP ). The asterisk (*) denotes a cross-reacting protein recognized by the polyclonal anti-SpollQ antibody.
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from altered levels of SpollD or SpollQ, we used immunoblotting to
monitor the accumulation of both proteins during sporulation. We
found that the two proteins accumulate to similar levels in both the
WT and the spolVB2 mutant (Figure 5a). Together, the results sug-
gest a role for SpolVB2 in SpollP proteolysis.

We also tested whether SpolVB cleaved SpollP in B. subtilis. We
used immunoblotting to monitor the accumulation of SpollP in whole
cell lysates prepared from the WT and a spolVB mutant induced to
sporulate in Difco sporulation medium (DSM). We found no evidence

for cleavage of B. subtilis SpollP during sporulation (Figure S3).

2.5 | SpolVB2 cleaves SpollP in vitro
To test if SpolVB2 directly cleaved SpollP, SpolVB1, SpolVB2, and

SpollPwere recombinantly expressed in Escherichia coliand purified by
affinity chromatography followed by size exclusion chromatography

(@) (b)

SpollP + .- . + + SpolVB2 - WT S WT S
SpolvB1 . + - + . SpollP
MW 43
SpolVB2 . . + - + 2
MW 43 <« SpollPASP 2%

34

26
k¥@ anti-SpollP

43
34

< SpollP*

& anti-Spol P anti-SpolVB2

to remove any potential E. coli contaminants (Figure 6a, first three
lanes in the Coomassie-stained SDS-PAGE). The three proteins were
produced without their transmembrane domains. The proteins were
incubated at 37°C in the presence of SpolVB2 or SpolVB1. While
the size of SpollP*S? is 43kDa, when incubated with SpolVB2, a new
cleavage product of SpollP (SpollP*), migrating at approximately
20kDa, along with smaller-sized bands, accumulated (Figure 6a). This

coincided with a reduction in the level of SpoIIPASP (

Figure 6a). In con-
trast, SpolVB1 was unable to cleave SpollP, consistent with its inabil-
ity to replace SpolVB2 for SpollP cleavage (Figure 6).

To further confirm that the cleavage of SpollP was dependent on
SpolVB2, a catalytic inactive protease (SpolVB2°3°'4) was incubated
with SpollP. In our assays, SpolVB2 consistently accumulated at a

lower level than the inactive SpoIVBZ5301A

, possibly due to its auto-
proteolytic activity, as observed in B. subtilis (Wakeley et al., 2000).
In any case, SpollP was still cleaved by SpolVB2, but not by the cat-

alytically inactive SpolVB25%°' variant (Figure 6b).
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FIGURE 6 Identification of the SpolVB2 cleavage site in SpollP. (a and b) Cleavage assay with recombinantly expressed SpollP and
SpolVB2 variants shows that SpolVB2 cleaves SpollP in vitro. (a) Only catalytically active SpolVB2 can cleave SpollP when 40 ug of
recombinant proteins were incubated in the indicated combinations. (b) Purified SpolVB2 (WT) or SpoIVBZSSOlA (S) were incubated with
purified SpollP. Note that the same concentration of SpolVB2 and SpoIVBZ5301A was used in the incubation and loaded on the gel (4 pg). (c)
Alignment of the SpolVB-dependent cleavage sites in SpollQ and SpolVB of Bacillus subtilis, and the putative SpolVB-dependent cleavage
sites in Clostridioides difficile SpolVB1 and SpollP. The orange arrowhead indicates the cleavage site. Residues in red were obtained by Edman
sequencing analysis for the SpollP* variant. (d) Cleavage assay with recombinantly expressed SpollP variants (WT, SpollP*SP; V, SpolIPV1¢7t:
G, SpollP®18A and V/G, SpolIPV1¢7/C18A) and SpolVB2. For panels a, b, and d: All samples were analyzed by 15% SDS-PAGE. Gels were
stained with Coomassie or subject to immunoblotting with anti-SpollP, anti-SpolVB1, and anti-SpolVB2 antibodies. The position of MW
markers (in kDa) is indicated on the left side of the panels; arrowheads on the right indicate the position of SpollP (red) and SpolVB proteins
(black). Several forms of SpollP were detected: full-length SpollP*SP (around 43kDa), and likely proteolytic products that accumulate
independently of the presence of SpolVB1 and SpolVB2 and a product, SPollP*, whose accumulation depends on the presence of SpolVB2.
Brackets in panels a and b represent proteolytic products that are detected after SpollP cleavage by SpolVB2.
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2.6 | Identification of the SpollP cleavage site

From the cleavage assay in Figure 6b, the N-terminal sequence of
SpollP* was determined by Edman degradation as “GSALT,” where
“G" corresponds to glycine 168 of SpollP (Figure 6c). SpollP variants
with substitutions of glycine 168 to alanine or valine 167 to leucine,

or both, were produced. SpollPV1¢7" pV167L/G168A

and Spoll pro-
teins were not cleaved by SpolVB2 (Figure 6d). However, SpolVB2
cleaved SpoIIPG168A at alanine 168 as verified by N-terminal se-
quencing (Figure 6c,d).

Alignment of previously characterized SpolVBEs cleavage sites
identified in SpollQ® and SpolVBB® shows that SpolVB®® cleaves
after either alanine or valine, with no primary sequence conser-
vancy in the adjacent residues (Figure 6c). Although in vitro, the
substitution of valine at the cleavage site by other amino acids
renders SpollQ5S resistant to SpolVB, only the substitution to me-
thionine was shown to prevent cleavage both in vivo and in vitro
(Chiba et al., 2007). Therefore, we complemented a AspollP mutant
with a plasmid-bearing WT spollP (strain spollP%) and a spollP¥6’M

allele under the P, control. We used immunoblotting to analyze

tet.
SpollP levels in cell lysates prepared from the spoIIPC and spoll-
PV16’M strains, induced on sporulation medium supplemented with
anhydrotetracycline (ATc) after 10h of growth. The four isoforms

of SpollP were detected in the spollP® strain but SpollP_ was not

detected in the spollPY*¥”M strain (Figure 7a). Cleavage at Val167 re-
sults in a fragment of approximately 19.4 kDa, which agrees with the
resulting SpollP* in vitro cleavage product (~20kDa) but not with
the band that accumulates in C. difficile extracts, SpollP_ (~25kDa)
(Figure 7a,b). The reason for the size discrepancy is presently
unknown. In any case, Vall67 has a crucial role in the SpolVB2-

dependent formation of SpollP_.

2.7 | Cleavage of SpollP by SpolVB2 abolishes the
enzymatic activity

SpollP and SpollD are PG hydrolases, part of the engulfasome ma-
chinery required for PG remodeling during engulfment. SpolIP is an
amidase, that removes the peptide stems from the glycan chains and
an endopeptidase that cleaves the crosslinks between stem pep-
tides. SpolID is a lytic transglycosylase that acts on the products
generated by SpollP (Dembek et al., 2018; Kelly & Salgado, 2019)
(Figure 8a). To investigate whether cleavage of SpollP by SpolVB2
affected enzymatic activity, purified mature SpollP, and SpollP*
(SpollP,,4_330) Were incubated with PG purified from E. coli, followed
by digestion with the muramidase cellosyl, and analysis of the PG
fragments by liquid chromatography-mass spectrometry (LC-MS)
(Dembek et al., 2018).
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FIGURE 7 Cleavage of SpollP by SpolVB2 is not essential for sporulation. (a) Immunoblot analysis of SpollP in the indicated strains. The
cells were collected at the indicated times (in hours) of incubation in a 70:30 sporulation medium. The position of molecular weight markers
(in kDa) is indicated on the left side of the panels, and the arrowheads on the right indicate the position of the four forms of SpollP. Note
that in the spollP""®’™-bearing strain, the SpollIP_ form is not detected. The immunoblots shown are representative of the results of at least
two independent experiments. (b) Schematic representation of SpollP: signal peptide, residues 2-26; amidase domain, residues 131-339.
The proposed catalytic residues His142, His222, and Glu309 are represented and the SpolVB-dependent cleavage site at amino acid 167

is indicated by an orange arrowhead. (c) Sporulation efficiency for the indicated strains, incubated for 24 h in a 70:30 sporulation medium.
EV; empty vector. The results shown are averages and standard deviations for three biological replicates. Asterisks indicate statistical
significance determined with a two-way ANOVA (**p <0.01; ***p <0.001).

85UB017 SUOWILLIOD 3AIERID 3ol dde 3y} Aq paupA0h 38 S3oILe YO ‘8SN JO S3INJ 10} A1) BUIIUO AB]IAA UO (SUORIPUOD-PUE-SWIBHLI0D"AB| 1M AReiq1BU1|UO//SANY) SUORIPUOD PUe SWwid | 8Y} 835 * [7202/20/70] U0 AriqiTauliuo /oM ‘AisRAIUN 3pseamaN AQ TEZST  IWW/TTTT OT/I0p/ W00 A3 |1M Aelgijeul|uo//sdiy Wwoiy papeojumoq ‘0 ‘856259€T



MARTINS ET AL.

HWI LEY

(a) GIcNAc MurNAc

L-Ala
D-Glu
m-DAP
D-Ala
SpollP amidase

- GIlcNAc MurNAc

mEo'me m
33 %3

SpolID lytic transglycosylase

(c)
1 MurNAc 2 3 MurNAcanh 4
GIcNAc L-Ala
D-Glu
m-DAP
D-Ala

endopeptidase

MurNACn

Peak n. Calculated mass (amu) Theoretical mass (amu)

(b)

MUrNACann

1
B 3 B " 45

SpollP168-339

941.24
1864.70
921.37
2788.16
1844.80
2768.18
461.24
904.33
478.17
1347.56
956.35
1384.62

PR
RS0 NoRWNE

As expected, SpollP showed amidase activity, hydrolyzing
amide bonds between the glycan chain (MurNAc) and the pep-
tide stems, to release crosslinked tetra-tetrapeptide dimers
(Figure 8b,c, peak 8) and glycan chains, which were then digested
by cellosyl into di- and tetrasaccharides (Figure 8b,c, peaks 9-11).
The expected tetrapeptide monomers produced by endopeptidase

941.41
1864.81
921.38
2788.204
1844.78
2768.18 1
461.21 45
904.41
478.18
134653
956.36
1384.61

6

Control

100 mAU
—_

o

20 40 60
Time (min)

activity were also identified as reaction products (Figure 8b,c,
peak 7, Figure S4).

Cleavage by SpolVB2 at position 167 removes H142, one of the
three proposed catalytic residues (His142, His222, and Glu309) in-
volved in amidase activity (Dembek et al., 2018) (Figure 7b) and we
hypothesized this isoform would be inactive. Indeed, no significant
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FIGURE 8 Cleavage of SpollP by SpolVB2 inactivates the enzyme. (a) Schematic representation of the sequential enzymatic activities

of the SpollD/P machinery, demonstrating how the smallest products of digestion are produced, based on in vitro assays using Escherichia
coli PG as the substrate (Dembek et al., 2018). SpollP amidase activity produces denuded long glycan strands and cross-linked tetra-
tetrapeptides, which are further processed into tetrapeptide monomers by the endopeptidase activity. SpollD processes the denuded glycan

strands to produce GlcNAc-MurNAc

anh

disaccharides. GIcNAc, N-acetylglucosamine (blue square); MurNAc, N-acetylmuramic acid (purple

hexagon); L-alanine (blue circles); b-glutamic acid (olive green circles); meso-2,6-diaminopimelic acid (nDAP, red circles); p-alanine (cyan

circles); MurNAc, .,

anhydro N-acetylmuramic acid (pale purple hexagons). Black line indicates 4-3 cross-links between p-alanine and mDAP.

(b) SpollP has both amidase and endopeptidase activity but both enzymatic activities are abolished in SpollP, 4 _4.,. Enzymatic activity was
assayed by analyzing the products of PG digestion by the different proteins through LC-MS, as detailed in Materials and Methods and in the
supplementary material. PG from E. coli BW25113A6LDT was digested overnight with SpollIP or SpollP, , 5., before overnight digestion
with cellosyl. In the control reaction, PG was digested only with cellosyl. The reaction products were separated and identified by LC-MS
and numbered peaks of interest were identified by MS. Chromatograms represent, from bottom to top: control; SpollP and SpollP, 4 ... (c)
Proposed structures of muropeptides identified and numbered in the chromatograms in panel b. Theoretical neutral masses and the masses

calculated from mass spectra are presented in the table.

differences in the muropeptide composition were observed between
PG incubated with (inactive) SpollP, 4 _+., and the cellosyl-only digest
(Figure 8b, top and bottom). The apparent enrichment of a disaccharide
tetra-tetrapeptide dimer (Figure 8b,c, peak 12), was not statistically
significant when quantifying the area under each curve (Figure S4).

Importantly, tetrapeptide monomers were absent, indicating
that endopeptidase activity is also abolished in this isoform and that
at least some of the yet to be identified endopeptidase catalytic res-
idues are present in the N-terminal region.

Analysis of the AF2 predicted models for both forms suggests
that cleavage at position 167 alters the secondary and tertiary struc-
ture of SpollP, with one $-strand deleted and subsequent disruption
of the p-sheet containing the active site (Figure S5a,b). Importantly,
Glu309, also proposed to be involved in amidase activity, is pre-
dicted to have a different orientation, forming new interactions with
His222, which could enhance the disruption of catalytic activity
caused by the lack of H142 (Figure S5c¢,d). It is also noteworthy that
the cleavage removes a loop predicted to partially occlude the ac-
tive site, exposing the catalytic residues, which might further affect
enzymatic activity. Overall, cleavage of SpollP by SpolVB2 produces
a form of the protein, SpollP_, with impaired activity and likely al-
tered conformation. Since SpollP activity generates the products for
SpollD, we hypothesize that the cleavage of SpollP by SpolVB2 may

inactivate the engulfasome hydrolytic activity.

2.8 | SpollP cleavage is not required for
sporulation or germination

To determine whether SpollP cleavage was essential for sporulation,
we measured the titer of heat-resistant spores formed by strains

AspollP, spollP®, and spollp¥16’M

, incubated on sporulation medium
for 24 h. The formation of heat-resistant spores was restored in the
spollP¢ strain, complementing the asporogeneous phenotype of
the AspollP mutant (Figure 7c). Strain spollPV*"M produced about
25% of the heat-resistant spores produced by spollP¢ (Figure 7c).
Nevertheless, microscopic observation of the spollP*¢"™ strain after
24 h of incubation on sporulation medium did not reveal a clear block
at any stage of sporulation, and released phase bright spores were

easily seen (12%-13% of the sporulating cells in both strains).

To test if the reduced resistance to heat observed in the spoll-

PY1’M strain was due to impaired germination, we tested the germi-

PV167M in

nation efficiency of spores purified from spoIIPC and spoll
response to taurocholate (TA) (see the Supplementary Materials and
Methods). No differences were detected in the kinetics or efficiency
of germination between the two strains (Figure S7). This is reminis-
cent of the situation in B. subtilis where the cleavage of SpollQ by
SpolVB is not needed for the production of heat-resistant spores

(Chiba et al., 2007).

3 | DISCUSSION

A SpolVB-type protease is part of a genomic signature for sporulation
(Abecasis et al., 2013; Browne et al., 2016). In C. difficile, this signa-
ture protease is the product of spolVB2 because this gene, and not
its paralog, spolVB1, is essential for sporulation. Although SpolVB1
and SpolVB2 share close to 31% of sequence identity for 94% of the
aligned amino acid residues, we show that SpolVB1 is unable to re-
place SpolVB2 during sporulation. Differences in the time of gene
expression are not sufficient to explain this phenotype since the ex-
pression of spolVB1 from the spolVB2 promotor did not restore sporu-
lation to the spolVB2 mutant. SpolVB1 is also not able to cleave at least
one of the SpolVB2 substrates, SpollP (Figure 6a). Substrate speci-
ficity is likely mediated by the PDZ domain present in both SpolVB1
and SpolVB2 (Figure 1b,c). PDZ domains are involved in protein-pro-
tein interactions and, in SpolVB®, this domain is required for self-
recognition leading to trans-self-cleavage and also for the interaction
with BofA (Dong & Cutting, 2004; Hoa et al., 2001; Muley et al., 2019).
While SpolVB1 may have sporulation-specific substrates, their cleav-
age is not essential for the production of heat-resistant spores.

PDZ domains also have regulatory roles in secreted serine prote-
ases such as CtpB from B. subtilis and Prc from E. coli. CtpB cleaves
SpolVFA, after a first cleavage by SpolVB, and is thus involved in
o activation during sporulation (Campo & Rudner, 2006; Pan
et al., 2003; Zhou & Kroos, 2005). In CtpB, the PDZ domain blocks
access to the active site (Mastny et al., 2013). In Prc, the catalytic site
is in a default misaligned conformation that maintains the protease
inactive (Chueh et al., 2019). The binding of a substrate to the PDZ
domain triggers a structural rearrangement that is communicated to

85UB017 SUOWILLIOD 3AIERID 3ol dde 3y} Aq paupA0h 38 S3oILe YO ‘8SN JO S3INJ 10} A1) BUIIUO AB]IAA UO (SUORIPUOD-PUE-SWIBHLI0D"AB| 1M AReiq1BU1|UO//SANY) SUORIPUOD PUe SWwid | 8Y} 835 * [7202/20/70] U0 AriqiTauliuo /oM ‘AisRAIUN 3pseamaN AQ TEZST  IWW/TTTT OT/I0p/ W00 A3 |1M Aelgijeul|uo//sdiy Wwoiy papeojumoq ‘0 ‘856259€T



MARTINS ET AL.

il—Wl LEY

the active site and renders it competent for catalysis. Since the pro-
posed catalytic triad also appears misaligned in the AF2 predicted
structures of the SpolVB proteins (Figure 1b), the active site may
similarly be formed after binding of a substrate to the PDZ domain.
We show that the spolVB2 mutant is blocked after engulfment
completion, accumulating free immature “sporelets” and sporangia
of immature forespores that lack the cortex (Figure 2). The cata-
lytic activity of SpolVB2 is required for cortex formation since the
phenotype of the AspolVB2 mutant is not complemented by an al-
lele encoding a catalytic inactive protease (Figure 2a). The AspolVB2
mutant also shows deposition of some coat/exosporium material and
consistently, shows activity of ¢* (Figure 2) (Pereira et al., 2013). In
contrast, we found that deletion of spolVB2 had a negative impact
on late, 6®-dependent gene expression in the forespore, as sspA and

spoVT transcription was slightly reduced (Figure 4). sspA, as sspB, are

(@) ()

@ OFM

under the dual control of 6 and SpoVT and both code for small acid-
soluble proteins, required to protect spores from damage caused by
UV radiation (Nerber & Sorg, 2021; Saujet et al., 2013). Recent work,
however, has shown that an AsspA/sspB mutant produces phase dark
spores (Nerber & Sorg, 2021) and importantly, mutations in spolVB2
suppressed the defect in sporulation of the double mutant (Nerber
et al., 2023). Since mutations that suppressed the phenotype of the
AsspA/sspB double mutant also mapped to sigG and spoVT, SspA/SspB
could be directly involved in the control of forespore gene expression,
including spolVB2 (Nerber et al., 2023). Because spolVB2 is required
for proper transcription of at least sspA and spoVT (Figure 4) we pro-
pose that a negative feedback loop is established that may adjust
the levels of SpolVB2 and SspA/SspB (Figure 9a,b). This regulatory
function may be independent of the proteolytic activity of SpolVB2

required for cortex synthesis, as its catalytic domain resides in the

o

spolVB2

* forespore
€
| | SpolVB2 IFM
R

L/\ \
o /' Intermembrane
= space

mother cell

spolvB2 X SSpABy
spoVT

________ - forespore

Nascent

mother cell

FIGURE 9 Model for the cleavage of SpollP by SpolVB2 during sporulation in Clostridioides difficile. (a) Diagram of sporulating cells during
and following engulfment completion. The SpolllAH (light green) and SpollQ proteins (darker green), only present during engulfment, are
thought to have a zipper-like function and to be part of a channel complex through which the mother cell maintains metabolic potential in
the forespore. (b) The engulfasome complex, consisting of SpollQ (Q), SpolllAH (H), SpolID (D), and SpollIP (P). SpolIM (M), although not
required for sporulation, is also represented. SpolVB2 is produced in the forespore under the control of " but is thought to be kept at

low levels during engulfment (dashed lines). The protein is translocated to the intermembrane space, where it remains associated with the
inner forespore membrane (IFM). Soon after engulfment completion, SpolVB2 cleaves SpollP at residue V167, to generate the SpollP_form
(P.). The function of SpolVB2 is somehow required for the synthesis of the cortex PG layer which takes place across the outer forespore
membrane (OFM). The model predicts that sspA/sspB, which are under the control of 6%, repress transcription of spolVB2, which in turn is
somehow required for sspA/sspB and spoVT expression. The negative feedback loop thus established may limit the levels of SspA/B and
SpolVB2. The GCW is not represented for simplicity. None of the molecules represented are to scale.
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intermembrane space; it may require the 24 amino acids at the N-
terminal of the protein, thought to localize in the forespore cytoplasm
(Figure 1c). In agreement with this hypothesis, suppressors of the de-
fect of the sspA/sspB double mutant were a synonymous mutation in
codon 37 of spolVB2, which specifies a phenylalanine located in the
transmembrane helix, and a missense mutation at codon 20 leading to
an alanine to threonine substitution (Nerber et al., 2023).

Here, we also demonstrate that SpollP is cleaved late during
sporulation in a SpolVB2-dependent manner to produce SpollP_
(Figure 5). We show that SpolVB2 directly cleaves SpollP at Val167
and that substitutions V167L or V167M prevent cleavage (Chiba
et al., 2007) (Figures 6 and 7). Since SpollP,,_5,, corresponding to
SpollP_ has no detectable amidase or endopeptidase activities, we
suggest that SpollP is inactivated after engulfment completion when
this activity is no longer needed (Figure 8). The cortex is essential
for the reduction of the water content of the spore core, which in
turn determines resistance to heat (Setlow & Christie, 2023). The
maintenance of an active SpollP may give rise to spores with an al-
tered cortex, explaining the observed 75% reduction in spore heat
resistance in the V167M mutant (Figure 7). Since this phenotype is
more subtle than the sporulation phenotype found for the spolVB2
null mutant, it seems likely that SpolVB2 has substrates other than
SpollP that play a role in cortex synthesis.

In B. subtilis, SpolVB®® appears to be maintained at low levels
during engulfment but stabilized once engulfment is completed
(Doan & Rudner, 2007). As a result, SpoIVBBS substrates, such as
SpollQ and SpolVFA, are only cleaved after engulfment completion.
This degradative pathway is part of the X checkpoint which ensures
that the sigma factor does not become active before engulfment
completion. Considering that accumulation of SpollP_ is only de-
tected late (Figure 5) and not at all in engulfment defective mutants
such as AspolID and AspollQ (Figure 5; 40), SpolVB2 may also be de-
graded during engulfment in C. difficile. Therefore, SpolVB2 accumu-
lation and/or activity may also be coupled to engulfment completion
in C. difficile (Figure 9).

We do not yet know how SpolVB2 signals cortex synthesis by
the mother cell. Synthesis of PG in the periplasmic space of Gram-
negative bacteria bears some parallel with the synthesis of the GCW
and cortex in the intermembrane space (Pazos et al., 2017). Growth
of the PG requires the action of hydrolases that cleave the cross-links
for the insertion of new material. These two antagonist activities of
hydrolases and synthetases of PG must be somehow regulated. In E.
coli, Prc (see above) regulates both the PG hydrolase MepS and the
penicillin-binding protein 3 (PBP3) by proteolysis (Hara et al., 1991;
Singh et al., 2015). Similarly, one possibility is that SpolVB2 also reg-
ulates the activity of one or more PG synthases. We screened for
mutants that would bypass the need for spolVB2 for the formation
of heat-resistant spores, but none were identified. Several redun-
dant mechanisms are possibly involved in the activation of cortex
synthesis; it is also possible that the genes involved are essential for
viability or sporulation or that SpolVB2 has multiple substrates.

In any event, the SpolVB2-dependent proteolysis of SpollP,
which we describe, may lead to arearrangement of the engulfasome

following engulfment completion, when the cortex starts to be syn-
thesized in the intermembrane space. We do not presently know
whether the engulfasome is inactivated following engulfment com-
pletion in B. subtilis, but we note that there are differences in the
process between the two organisms. For instance, unlike in B. subti-
lis, spollM is not required for engulfment in C. difficile, spollP is pro-
duced exclusively in the forespore and carries a signal peptide, and
the SpollQ-SpolllAH and SpollD-SpollP complexes are at least
partially redundant (Kelly & Salgado, 2019; Khanna et al., 2020). As
SpolVB2 also impacts late gene expression in the forespore, the
protein may have a role in coordinating both morphogenesis and
gene expression at a late stage in development. The identification
of the molecular basis for the spolVB2 mutant phenotype remains
a main challenge for future research. Since many serine proteases
play essential roles in disease development, they have been con-
sidered as druggable targets (Harish & Uppuluri, 2018). Inhibitors
of SpolVB2, which is largely confined to spore-forming bacteria,
could prevent the formation of spores, and in this way halt the per-

sistence and transmission of this enteric pathogen.

4 | MATERIALS AND METHODS
4.1 | Bacterial strains, media, and general methods

Bacterial strains and their relevant properties are listed in Table S1.
Routine growth of E. coli, B. subtilis, and C. difficile strains was as
previously described (Abecasis et al., 2013; Martins et al., 2021).
For the induction of sporulation in C. difficile, strains were grown
on 70:30 agar medium as described before (Putnam et al., 2013).
Sporulation in B. subtilis was induced in DSM (Abecasis et al., 2013).
Sporulation efficiency was determined as previously described
(Martins et al., 2021). All the plasmids and primers used in this work
are listed in Tables S2 and S3, respectively.

4.2 | Construction of the spolVB1 and
spolVB2 mutants

Plasmids pDM26 and pAF2 were used to generate in-frame dele-
tions of the spolVB1 and spolVB2 genes in C. dificile 630AermApyrE
by allelic exchange (Ng et al., 2013). The mutations were confirmed
by PCR using primers spolVB1_D and spolVB1_R for spolVB1, and
spolVB2_D and spolVB2_R for spolVB2 (Figure S1). The restoration
of pyrE was done using pMTL-YN1C and confirmed by PCR using
primers pyrE_D and pyrE_R (Figure S1).

4.3 | SNAP labeling, fluorescence microscopy, and
image analysis

Samples of sporulating cultures were labeled with the mem-
brane dye Mitotracker™ Green FM (MTG, Molecular Probes) and,
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when indicated, also with TMR-Star, and imaged as described
(Martins et al., 2021). Images were acquired and analyzed using
the Metamorph software suite (Molecular Devices) and adjusted
and cropped using Photoshop S4. Statistical analysis was carried
out using GraphPad Prism 7.0a (GraphPad Software Inc.). The
data from three independent experiments were represented using
SuperPlots.

4.4 | Transmission electron microscopy

For thin sectioning TEM analysis, sporulating cells were processed
as described previously (Henriques et al., 1998) and imaged on a
Hitachi H-7650 Microscope equipped with an AMT digital camera
operated at 120keV.

4.5 | Preparation of cell extracts and
immunoblotting

Whole-cell extracts were obtained as described previously (Martins
et al., 2021). Proteins (10 pg) were resolved by SDS-PAGE (12%) and
subject to immunoblotting with anti-SpollP (C. difficile 1:5000; af-
finity pure anti-SpollP B. subtilis 1:30,000), anti-SpollQ (1:5000),
anti-SpollD (1:5000), SpolVB1 (1:5000), and SpolVB2 (1:2500).
An anti-rabbit secondary antibody conjugated to horseradish per-
oxidase (1:5000; Sigma) was used and the immunoblots were de-
veloped with enhanced chemiluminescence reagents (Amersham
Pharmacia Biotech). When goat anti-rabbit IRDye 680RD (1:20,000;
LI-COR Biosciences) was used, the membrane was imaged with a
LI-COR Odyssey M using the 700 nm channel. Images were adjusted
and cropped using ImagelJ (http://rsbweb.nih.gov/ij/).

4.6 | AlphaFold2 modeling

AlphaFold2 (AF2, Jumper et al., 2021) models were generated in
the open-access AlphaFold Colab notebook (https://colab.resea
rch.google.com/github/deepmind/alphafold/blob/main/notebooks/
AlphaFold.ipynb) using the sequences of the relevant proteins or
isoforms as input, with all other default parameters. The highest-
ranking model after each prediction was analyzed and superimposed
in Coot (Emsley & Cowtan, 2004) or Pymol Molecular Graphics
System (Schrédinger, LLC). Structural representations were gener-
ated using PyMOL.

4.7 | SpollP, SpolVB1, and SpolVB2 recombinant
expression and purification

SpolVB's proteins were produced without the transmembrane
domain and SpollP without the signal peptide. Plasmids pHN141
(SpolVB2), pHN148 (SpolVB2%3°™), pHN175 (SpollP), pHN193

(SpolVB1), pHN275 (SpollPViY), pHN276 (SpollPC8A)  and
pHN277 (SpollPV167L/G168A) \yere transformed into E. coli Rosetta.
The proteins were overproduced and purified as detailed in the sup-

plementary information.

4.8 | Cleavage assays

A quantity of 40pg of purified SpolVB1, SpolVB2, and SpollP was
added into buffer A (300mM NacCl, 500puM ZnCl,, 50mM Tris-HClI,
pH7.5) for 1h at 37°C. For SpolVB2 and SpolVB253°'A variants,
40pg of purified protein were incubated with 40pg of SpollP into
buffer A for 2h at 37°C in various combinations. For SpollIP variants,
40pg of protein and/or 40ug of purified SpolVB2 were incubated
in buffer A for 2h at 37°C. All samples were boiled with Laemmli
sample buffer and analyzed by 15% SDS-PAGE.

4.9 | Peptidoglycan isolation, digestion, and mass
spectrometry analysis

SpollP,;_45., equivalent to the SpollP™, used in the PG assays was pu-
rified as described previously (Dembek et al., 2018). Plasmid pCGR002
(TEV-cleavable 6xHis tag SpollP, g .o; Table S2) was transformed
into E. coli Lemo21 (DE3) (NEB) and the protein was purified from in-
clusion bodies, as detailed in supplementary information. Circular di-
chroism analysis of SpollP, ;. _,., (Figure S6) was carried out as detailed
in the supplementary information to confirm correct protein folding.
Isolation of PG from E. coli BW25113A6LDT (Kuru et al., 2017), lack-
ing all 6 YkuD family proteins (LD-transpeptidases and PG-Lpp ami-
dase), was carried out as previously described for analysis of SpollP
and SpolID activity (Dembek et al., 2018). Digestion reactions were
prepared as previously described (Dembek et al., 2018) with an extra
step, where 0.07mgmL™ of cellosyl were added for a further 24h
incubation. Reactions were terminated by boiling and samples were
dried (ScanVac), dissolved in 0.25M ammonium hydroxide pH 9.0,
and reduced with ~1 mg of tetramethylammonium borohydride. After
30min, the reduction was terminated by adjusting the pH 3-4 with
20% HPLC-grade formic acid. LC-MS/MS analysis was carried out in
an 1100 HPLC system (Agilent, UK) at 35°C with a step gradient be-
tween 0.1% (v/v) water/formic acid and 0.1% (v/v) acetonitrile/formic
acid and the eluate was directed to the mass spectrometer (LTQ lon
Trap MS, Thermo) via an lonMax™ electrospray ion source (Thermo),

as detailed in the supplementary information.
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