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Clostridium difficile is an important human pathogen and one where the primary cause of disease is due to
the transmission of spores. We have investigated the proteins found in the outer coat layers of C. difficile spores
of pathogenic strain 630 (CD630). Five coat proteins, CotA, CotB, CotCB, CotD, and CotE, were shown to be
expressed on the outer coat layers of the spore. We demonstrate that purified spores carry catalase, perox-
iredoxin, and chitinase activity and that this activity correlates with the predicted functions of three spore coat
proteins identified here, CotCB, CotD, and CotE. CotCB and CotD are putative manganese catalases, and CotE
is a novel bifunctional protein with peroxiredoxin activity at its amino terminus and chitinase activity at its
carboxy terminus. These enzymes could play an important role in coat assembly by polymerizing protein
monomers in the coat. CotE, in addition to a role in macromolecular degradation, could play an important role
in inflammation, and this may be of direct relevance to the development of the gastrointestinal symptoms that
accompany C. difficile infection. Although specific enzyme activity has not yet been assigned to the proteins
identified here, this work provides the first detailed study of the C. difficile spore coat.

Clostridium difficile is the most common cause of nosocomial
antibiotic-associated diarrhea in developed countries (32).
Morbidity and mortality rates have been steadily increasing in
recent years and probably result from the emergence of more
virulent strains of C. difficile as well as the changing patterns of
antibiotic usage. Recent estimates of the incidence of C. diffi-
cile-associated diarrhea (CDAD) in the United States suggest
that there are as many as 500,000 cases per year, with up to
20,000 mortalities (29). C. difficile colonizes the intestinal tracts
of infected patients, and antibiotic treatment can promote the
overgrowth of this bacterium, which in turn leads to clinical
symptoms of disease, from diarrhea to, in more severe cases,
pseudomembranous colitis (32).

CDAD is caused by the secretion of two toxins, toxin A
(TcdA) and toxin B (TcdB), both monoglucosyltransferases
that are cytotoxic, enterotoxic, and proinflammatory (3).
CDAD is particularly problematic to treat and to contain be-
cause of the ability of this bacterium to form robust endospores
(spores) that can persist and be easily transferred from person
to person in a hospital environment (9, 37). Currently, the only
treatment for CDAD is the use of antibiotics such as vanco-
mycin and metronidazole, and a relapse of CDAD (i.e., diar-
rhea recurring within 30 days after the first treatment) is a
particular challenge in a hospital environment (9, 10). More-
over, evidence has now arisen showing that antibiotic treat-
ment suppresses the diversity of resident intestinal microflora
and promotes the growth and proliferation of highly infectious
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C. difficile spores (18). This “supershedder” state ends once
antibiotic treatment is terminated, providing an important clue
to both the transmission of C. difficile infection in humans in a
hospital environment and the importance of the spore as the
pathogenic agent.

With the advent of genomics and proteomics and by com-
parison with the extensive data available for unicellular differ-
entiation in Bacillus subtilis, some invaluable information is
now emerging on C. difficile sporulation. C. difficile strain
QCD-32g58 has been found to contain 18 orthologues of B.
subtilis spore coat proteins and 3 orthologues of proteins found
in the exosporium of spores of Bacillus anthracis and Bacillus
cereus (13). Bioinformatic analyses of the genome of C. difficile
strain 630 (CD630) (30) coupled with recent studies of the
spore proteome (19) have revealed only 18 orthologues of B.
subtilis spore coat proteins (30). B. subtilis coats are comprised
of about 70 different proteins, so it is probable that C. difficile
and, indeed, other clostridial spore formers will have equiva-
lent complexities, which in turn suggests that C. difficile spore
coat proteins have diversified considerably.

In this work, we have made the first attempt at characteriz-
ing the spore coats of CD630. Using coat protein extractions,
we have identified five coat (Cot) proteins, three of which,
based on bioinformatics analysis, could have enzymatic activity
(two catalases and one bifunctional peroxiredoxin-chitinase).
We also show that these enzymes may be confined to the
outermost coat layer, where they could play a key role in spore
coat polymerization and maturation.

MATERIALS AND METHODS

General methods and strains. Methods for the preparation of Bacillus spores
were described previously (23). C. difficile 630 is a pathogenic strain that pro-
duces tcdA™ tcdB™ and was obtained from Neil Fairweather (Imperial College,
United Kingdom). CD630 was routinely grown in vegetative culture by growth
(10 ml) overnight at 37°C in TGY-vegetative medium (3% tryptic soy broth, 2%
glucose, 1% yeast extract, 0.1% L-cysteine) (25). Streptococcus mutans GB1 was
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obtained from Phan Nghia (Hanoi University, Vietnam); B. subtilis strain PY79
is a prototrophic (Spo™*) laboratory strain and a laboratory stock, as was Bacillus
clausii O/C. Bacillus licheniformis strain HU14 was obtained from the Bacillus
Genetic Stock Center (Columbus, OH).

Sporulation of C. difficile. All manipulations were made in an anaerobic incu-
bator (Don Whitley, United Kingdom). A single bacterial colony was grown on
BHIS agar (brain heart infusion agar supplemented with 0.1% L-cysteine and 5
mg/ml yeast extract [31]) overnight at 37°C. One fresh single colony from the
BHIS plate was inoculated into 10 ml of TGY medium (3% tryptic soy broth, 2%
glucose, 1% yeast extract, 0.1% L-cysteine) (25) and incubated at 37°C overnight.
One milliliter of TGY culture was then subcultured into SMC broth [90 g
peptone, 5 g proteose peptone, 1 g (NH,),SO,, 1.5 g Tris] containing 0.1%
L-cysteine (modified from methods reported previously by Wilson et al. [38]),
incubated until an optical density at 600 nm (ODg) of 0.4 to 0.7 was reached,
and then plated onto SMC agar. After 7 days of incubation at 37°C, the sporu-
lation efficiency was confirmed by phase-contrast microscopy and measurements
of heat-resistant CFU, and spore crops were harvested immediately or after
overnight incubation at 4°C.

Spore purification. The methods used for spore purification were modified
from those described previously by Lawley et al. (19). Spores were washed in
water two times and then suspended in phosphate-buffered saline (PBS) con-
taining 125 mM Tris, 200 mM EDTA, 0.3 mg/ml proteinase K (catalog number
E00492; Fermentas), and 1% sarcosyl and incubated with gentle shaking at 37°C
for 2 h. Spores were centrifuged (8,000 rpm for 10 min), and pellets were
resuspended in water and washed a further 10 times. After the final suspension
in water, spores were heat treated (60°C for 20 min) to kill any residual cells;
aliquots were stored at 4°C until use. To calculate the spore CFU, aliquots were
serially diluted in PBS and plated onto BHIS agar supplemented with 0.1%
sodium taurocholate (Sigma, United Kingdom). Plates were incubated for 24 to
48 h before CFU were enumerated.

Spore coat extractions. The spore coat extraction procedure was described
previously (36), but in brief, 2 X 10° spores were suspended in 100 .l of freshly
prepared sodium borate-sodium dodecyl sulfate (SDS)-dithiothreitol (DTT) buf-
fer consisting of sodium borate (0.1 M; pH 10), 0.5% SDS, and 50 mM DTT, and
then incubated at 68°C for 75 min with gentle agitation. After centrifugation
(8,000 rpm for 15 min), the supernatant was removed, mixed with 4X SDS-
PAGE loading buffer, and fractionated by SDS-PAGE. For B. subtilis and B.
clausii spores, coat proteins were extracted by using an SDS-DTT buffer de-
scribed previously (23).

Peptide fingerprinting. Spore coat proteins were fractionated on 12.5% SDS-
PAGE minigels, and bands were excised and digested with trypsin before analysis
by matrix-assisted laser desorption ionization (MALDI) mass spectrometry. Di-
gestions and analysis were conducted by the University of Cambridge Protein
and Nucleic Acid Chemistry Facility (PNAC) (http://www.bioc.cam.ac.uk/pnac).

Antibody production. pET28b expression vectors that express the complete
cotA, cotB, cotCB, and cotD open reading frames (ORFs) were constructed by
amplifying the respective DNAs by PCR from C. difficile 630 chromosomal DNA
and ligating them into cleaved pET28b. For cotE, we were unable to clone the
entire ORF, so a fragment encoding the N-terminal peroxiredoxin domain was
cloned instead. Primers used for the construction of pET28b clones are shown in
Table S1 in the supplemental material. High levels of expression were obtained
upon isopropyl-p-p-thiogalactopyranoside (IPTG) induction and the purification
of proteins by the passage of the cell lysate through a HiTrap chelating HP
column on a Pharmacia Akta liquid chromatography system. Polyclonal antibod-
ies were raised in mice immunized by the intraperitoneal route with 2 pg of
purified recombinant proteins on days 1, 14, and 28. Antispore antibodies were
made by treating spores with 2% formalin (2% [vol/vol] formaldehyde in PBS)
overnight at 4°C. Spores were washed 5 times with PBS and were used to dose
mice (2 X 10% spores/dose) on days 1 and 14.

Confocal microscopy. Spores were labeled with mouse anti-Cot serum (1:1,000
dilution), followed by an anti-mouse IgG-tetramethyl rhodamine isocyanate
(TRITC) conjugate. Images were taken by using a Nikon Eclipse fluorescence
microscope equipped with a Bio-Rad Radiance 2100 laser scanning system.

TEM. A transmission electron microscopy (TEM) methodology using suspen-
sions of purified CD630 spores (7 days old) was described previously for B.
subtilis spores (14).

Spore germination. Spores (1 X 10%) were suspended in 100 ul of 0%, 3%, and
5% sodium taurocholate in PBS (pH 7.4). Spore suspensions were routinely
agitated, and absorbance (Asg,) readings were determined until no further
change in absorbance [ODsg (f,,) — ODsg (#y)] could be detected.

Catalase assay. A catalase assay was performed as described previously (1).
Spores or vegetative cells (1 X 107 CFU) were pelleted and resuspended in 60 .l
of 50 mM potassium phosphate buffer (pH 7.0). H,O, (1.94 ml) was added to the
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mixture to start the reaction at room temperature (RT). Samples were centri-
fuged, and the OD,,, of supernatants was measured immediately.

Peroxiredoxin assay. The peroxiredoxin assay was described previously (11,
20). Spores or vegetative cells (1 X 10%) were pelleted by centrifugation and
suspended in a reaction buffer that included H,O,. Reactions were made at 37°C,
and after 15 min, cells were pelleted, and the OD5,, of supernatants was mea-
sured.

Chitinase assay. The chitinase activity was determined by using a presupplied
kit (catalog number CS0980; Sigma) using spore or cell suspensions (1 x 10°
CFU/assay) in water. 4-Nitrophenyl-N-acetyl-B-p-glucosaminide (1 mg/ml) was
used as a substrate, and after the reaction was stopped (200 pl of 0.04 g/ml
sodium carbonate), the suspension was centrifuged, and the OD 45 of superna-
tants was measured. The reaction time was 3 h at 37°C. The assay was also
performed on spores that had been pregerminated or following sonication. For
germination, 1 X 10® spores were suspended in 100 pl of 0%, 3%, and 5%
sodium taurocholate in PBS (pH 7.4) for 30 min at 37°C, after which the
chitinase activity was determined. For sonication, 1 X 10 spores were suspended
in 100 pl PBS (pH 7.4). The solution was sonicated for 2 or 7 times (3-mm
microtip probe and 10% amplitude for 30 s) (S-450D sonicator; Branson), after
which the assay was performed.

RESULTS

C. difficile spore formation. Using an empirical approach, we
adapted existing methods (38) to generate high levels of spore
formation on a solid medium using C. difficile strain 630 (tcdA™
tcdB™), which we refer to here as CD630. After 7 days of
growth on agar, we routinely obtained >75% sporulation (see
Fig. S1 in the supplemental material), with crops consisting of
mature, released spores, which were then purified, further pro-
viding suspensions devoid of viable vegetative cells. TEM anal-
ysis of spores (Fig. 1A and B) revealed a structure common to
those produced by the majority of Gram-positive spore form-
ers (13), namely, an inner core surrounded by a primordial
germ cell wall (peptidoglycan derived from vegetative cell
walls) and a thick cortical layer (loosely cross-linked pepti-
doglycan specific to the spore) (Fig. 1B). Finally, above the
cortex, a thick, more electron-dense layer was present on all
spores, this being the spore coat. A closer examination re-
vealed further definition to this layer, including laminations
resembling the striated outer coats of Bacillus spores (13). In
other work, spores of C. difficile were reported to carry an
exosporium (19, 24), a loose-fitting saclike structure envelop-
ing the mature spore (13). In our studies, we have observed an
exosporial layer resembling that described by previous studies,
and an example is shown in Fig. 1C. However, we found ob-
servations of this structure to be inconsistent. The exosporium
was apparent only in samples harvested and processed imme-
diately (Fig. 1C), and for those spores where it was detected,
the layer was only partially attached. In contrast, the images
shown in Fig. 1A and B were from CD630 spore preps that had
been left overnight at 4°C before spore purification.

Identification of C. difficile spore coat proteins. Coat pro-
teins were extracted from freshly prepared spores of CD630
grown on solid medium using a sodium borate-SDS-DTT buf-
fer and fractionated by SDS-PAGE (Fig. 2). Since spores were
processed immediately, we reasoned that they may carry some
residual exosporial material, as shown in Fig. 1C. Eleven pro-
tein bands were excised from Coomassie-stained gels and sub-
jected to peptide mass fingerprinting using trypsin digestion
and MALDI mass spectrometry. This analysis revealed that a
number of protein bands corresponded to truncated break-
down products (Table 1). One high-molecular-mass species of
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118 kDa could not be identified and may be an aggregate. Two
further bands were chain E of proteinase K, which was a
contaminant derived from the spore purification process. The
remaining eight protein species corresponded to five different
proteins, which we refer to as CotA, CotB, CotCB, CotD, and
CotE, and we refer to their genes as cotAd to cotE (Fig. 3),
based on the nomenclature used for B. subtilis (13) (ortho-
logues are shown in Fig. S2 in the supplemental material).
CotA shared no homology with other proteins in existing da-
tabases, but CotB had orthologues in a number of bacilli and
clostridia. CotCB and CotD were homologous with both each
other (70% conserved residues) and manganese catalases, in-
cluding the CotJC inner spore coat protein (and putative cat-
alase) found in B. subtilis (see Fig. S3 in the supplemental
material). As will be discussed below, the 25-kDa protein is
most probably encoded by the second cistron of an operon, so
we refer to the gene and protein as cotCB and CotCB, respec-
tively. CotE, based on its amino acid sequence, corresponded
to a novel bifunctional protein with amino-terminal peroxire-
doxin (1-Cys peroxiredoxin) and carboxy-terminal manganese
chitinase activities (Fig. S4). The predicted molecular mass of
this protein was 81 kDa, although the full-length protein was
not clearly discernible in our SDS-PAGE fractionations;
rather, a 20-kDa truncated species was found. CotE had
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FIG. 1. Ultrastructure of C. difficile 630 spores. (A to C) Representative images of CD630 spores after 7 days of incubation on solid medium.
Panel B shows the basic structural features found in a mature endospore. CR, core; GCW, germ cell wall; CX, cortex; CT, coats. Panel C shows
a spore containing a partially attached exosporium (EX). (D and E) Seven-day-old spores subjected to 10 cycles of sonication. Panel E shows
angular projections found to be more abundant in sonicated samples.

orthologues in a number of spore formers (Fig. S2). As a
single bifunctional protein, no orthologues were found for
other bacilli or clostridia, but matches were found with
either the peroxiredoxin or chitinase domain carried in
CotE. These included a putative peroxiredoxin, YkuU, in B.
subtilis (BS938810) and a number of putative chitinases
from exosporium-containing species, including Bacillus an-
thracis, B. cereus, Bacillus thuringiensis, Bacillus clausii, and
Bacillus halodurans (Fig. S2).

Immunoanalysis of spore coat proteins. Polyclonal antibod-
ies to recombinant Cot proteins were raised in mice. In the
case of CotE, we used the amino-terminal peroxiredoxin do-
main of CotE to generate antibodies. Using confocal imaging
of antibody-labeled C. difficile spores (purified after overnight
incubation at 4°C), we observed uniform surface decoration
using all antisera (Fig. 4), while naive serum gave no labeling
(not shown). Since, as mentioned above, these spores lacked
an exosporium, our data suggest that each of the five coat
proteins must be exposed on the outermost layers of the spore
and must be components of the spore coat rather than the
exosporium.

These antibodies were used in Western blot analyses to
probe spore coat protein extractions (Fig. 5A). CotA, CotB,
and CotD were present as single bands of 47, 40, and 23 kDa,
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FIG. 2. Proteins extracted from CD630 spores. Proteins were ex-
tracted from CD630 spores (7-day-old cultures grown on solid me-
dium) by using a sodium borate-SDS-DTT extraction buffer. Proteins
were fractionated by SDS-PAGE (12.5% gel), and samples were
loaded as dilutions. Lane 1, no dilution; lane 2, 1/2 dilution; lane 3, 1/4
dilution; lane 4, 1/8 dilution. M, markers. Alongside the gel, the iden-
tities of the bands excised and analyzed by mass spectrometry are
shown. Partially truncated proteins (A) are indicated.

respectively, corresponding to the predicted molecular masses
of each of these proteins. CotE antisera identified two strongly
reacting bands of 81 and 40 kDa, but the 20-kDa species
(identified as a peptide fragment in Fig. 2) was not observed.
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FIG. 3. Spore coat genes. The chromosomal positions of genes
referred to in this work are shown.

The most likely explanation is that this 20-kDa species is a
C-terminal fragment that is not recognized by the polyclonal
CotE antibodies that were raised against the N terminus of
CotE. For CotCB, when probed with anti-CotCB antibody, we
could sometimes discern two bands of 25 and 23 kDa, although
this is not apparent in Fig. SA. Since CotCB and CotD were
homologous, we wondered whether these proteins shared re-
lated epitopes. Using recombinant proteins (recombinant
CotCB [rCotCB] and rCotD), we probed each one with anti-
CotCB and anti-CotD sera. As shown in Fig. 5B, CotD was
recognized by both anti-CotCB and anti-CotD sera. On the
other hand, CotCB was detectable by using anti-CotCB anti-
bodies but only very weakly by using anti-CotD antibody.
Using antisera raised against formalin-inactivated CD630
spores, we probed spore coat proteins extracted from CD630,
B. subtilis, and B. clausii (Fig. 5C). C. difficile serum showed no
cross-reaction against either B. subtilis or B. clausii spore coat
proteins, the latter of which carries an exosporium (7, 13).
Similarly, antiserum raised against formalin-inactivated B. sub-
tilis spores showed no reaction against CD630 spores but some
cross-reaction to B. clausii (Fig. 5D). These results support
results from previously reported bioinformatic analyses that

TABLE 1. SDS-PAGE and MALDI peptide fingerprint analysis of C. difficile 630 spore coat proteins

Fragment

Predicted

molecular Protein description® Coding , molecular Assigned

mass (kDa) sequence mass (kDa) gene
118 ND
47 Hypothetical protein CD1613 34 cotA
40 Hypothetical protein CDI1511 35 cotB
37 Hypothetical protein CD1511 35 cotB
32 Proteinase K (contaminant from purification steps)
30 Hypothetical protein CD1613 34 cotA
25 Putative spore coat protein; manganese catalase; similar to CotJC of B. subtilis CD0598 21 cotCB
23 Putative spore coat protein; manganese catalase; similar to CotJC of B. subtilis CD2401 21 cotD
22 Putative spore coat protein; manganese catalase; similar to CotJC of B. subtilis CDO0598 21 cotCB
20 Putative bifunctional protein, peroxiredoxin/chitinase CD1433 81 cotE
19 Proteinase K (contaminant from purification steps)

¢ Based on peptide mass fingerprinting of tryptic digestions. ND, no determination.

? Coding sequences are described in reference 30.
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a-CotCB a-CotD a-CotE

FIG. 4. Surface display of CotA, CotB, CotC, CotD, and CotE using confocal imaging of suspensions of CD630 spores (7-day-old cultures
grown on solid medium) labeled with mouse serum (1:1,000 dilution) raised against each of the five Cot proteins. CD630 spores labeled with
preimmune serum served as a control and showed no labeling (not shown). Spores labeled with antispore serum are also shown (“Spores”). An
anti-mouse IgG-TRITC conjugate was used for secondary labeling. Images were taken by using a Nikon Eclipse fluorescence microscope equipped
with a Bio-Rad Radiance 2100 laser scanning system (image size, 37 by 37 um). The top row shows the labeling of untreated spores, and the bottom

row shows the labeling of spores that had been sonicated 10 times.

have shown little conservation between C. difficile and Bacillus
spores (19, 30).

Effect of sonication on spore coat proteins. An exosporium
has been documented for C. difficile spores prepared in liquid
medium (19, 24). The exosporium remains the least-under-
stood component of the bacterial endospore (13), and harsh
physical methods, such as sonication and shear stress, have
been reported to remove the exosporial layer (27). Although

A
CotA CotB CotCB CotD CotE
—4— 81 kDa
- 94— 40 kDa
— .
47 kDa 40 kDa 25kDa 23 kDa
B
rCotCB rCotD rCotCB rCotD

<— 25kDa
<«— 23kDa

a- CotCB a- CotD

the majority of spores present in our preparations of CD630
did not appear to carry a recognizable exosporium, we sub-
jected CD630 spores to repeated cycles of sonication. Spore
pellets and supernatants were then separated. Pellets were
then extracted with Na borate-SDS-DTT buffer, and extracts
were run on 12.5% SDS-PAGE gels together with supernatant
fractions (Fig. 6A). Our results showed that as few as two
cycles of sonication were sufficient to remove almost the entire

C D

CD630 PY79 0O/C CD630 PY79 0O/C

¢« N

Anti-C. difficile
Spores

Anti-B. subtilis
Spores

FIG. 5. Immunoanalysis of spore coats. (A) Spore coats of CD630 were extracted, and separate lanes were probed with polyclonal (mouse)
antibodies to CotA to CotE. Molecular masses of the relevant bands are shown. For CotE, two principal bands of 81 and 40 kDa were found. Serum
from unimmunized mice did not react with C. difficile spore coat proteins. (B) Purified recombinant CotC and CotD proteins (2 ng) were
fractionated on SDS-PAGE gels and probed with either CotC or CotD antibodies at 1/1,500 and 1/3,000 dilutions, respectively. Positions of the
CotC (25 kDa) and CotD (23 kDa) bands are indicated. (C) Coat proteins extracted from spores of CD630, B. subtilis PY79, and B. clausii O/C
were fractionated and probed with antiserum to formalin-inactivated CD630 spores. Positions of CotA to CotE are shown. (D) Same as panel C
except that proteins were probed with antiserum to formalin-inactivated B. subtilis PY79 spores.
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FIG. 6. Removal of Cot proteins using sonication. (A) C. difficile spores were sonicated (30-s cycles) 2 times, 5 times, and 10 times, and pellets
and supernatants were separated. Pellets were treated with Na borate-SDS-DTT extraction buffer, and extracted proteins were mixed with
SDS-PAGE loading dye (4X) and fractionated by SDS-PAGE (12.5%). Supernatants were mixed with loading dye and run directly. (B) Spores
were sonicated, and pellet and supernatant fractions (from panel A) were probed with antiserum to each of the five Cot proteins. Molecular masses

of Cot proteins are shown. UT, untreated spores; M, markers.

component of sodium borate-solubilized proteins, all of which
were found in the supernatant fraction. Examination of the
sonicated spores by phase-contrast microscopy revealed that
phase-bright spores remained intact, and analyses of CFU be-
fore and after sonication demonstrated no change in viability.
Analysis by TEM revealed no clear-cut differences between
sonicated spores (Fig. 1C) and unsonicated spores (Fig. 1D).
Although precise quantification was not possible, we observed
that in sonicated samples, many spores carried angular projec-
tions on the surface layers (shown in Fig. 1D). These crystal-
line-like structures might indicate an underlying layer of coat
resulting from sonication and the removal of one or more
layers of coat material.

Following sonication, the spore pellet and supernatant frac-
tions were probed with antiserum to CotA to CotE (Fig. 6B).
CotA, CotB, and CotCB were not detectable in the spore
pellets and were found only in the supernatant fractions. CotD
and CotE, although not visibly apparent in Coomassie-stained
gels, were present in both the spore pellet and supernatant
fractions by immunoanalysis. If CotD was still present in the
spore coat fraction, then why was it not detected by use of
anti-CotCB serum, since CotCB and CotD share related
epitopes? We reason that although the recombinant proteins,
at high concentrations, could be detected, this does not reflect
the composition and abundance of CotCB and CotD in the
spore coat but rather the different binding strengths and spec-
ificities of the respective antibodies. In the case of CotE, only
the 40-kDa CotE fragment was found in the spore pellet frac-
tion. We used confocal imaging to examine antibody-labeled
sonicated spores (Fig. 4). This analysis revealed that in each
case, following sonication, surface labeling was massively re-
duced. Labeling correlated well with the Western blotting data
(Fig. 6B), with CotA, CotB, and CotCB showing almost no

labeling and CotD and CotE weak labeling, suggesting that
some CotD and CotE remained in the sonicated spores. These
results then showed that all five Cot proteins are located on the
spore surface and can be liberated either by sonication or by
use of a sodium borate-SDS-DTT extraction buffer.

Enzymatic properties of spores. Based on the amino acid
sequences of CotC, CotD, and CotE and their surface location,
we predict that spores carry enzymatic activity, either latent or
active. Accordingly, we conducted a number of assays to mea-
sure catalase, peroxiredoxin, and chitinase activities. In each
case, we used suspensions of purified spores that had been
checked microscopically to confirm greater than 99.99% free
spores. Catalase activity was measured (Fig. 7A) by a photo-
metric assay of H,O, breakdown using suspensions of CD630
spores and vegetative cells and, as useful comparators, B. sub-
tilis spores and vegetative cells. CD630 spores had noticeable
catalase activity, while vegetative cells were completely nega-
tive. In comparison, B. subtilis spores were catalase negative,
and vegetative cells were catalase positive. We next focused on
CD630 spores, and we heated the spores at different temper-
atures for 20 min, allowed the spore suspension to return to an
ambient temperature, and then conducted the catalase assay.
We found that heating at 50°C had no effect on enzyme activity
but that enzyme activity was reduced by 40% at 60°C and by
60% at 70°C, showing that although spores were heat stable,
the enzymatic activity was not.

The maturity of spores may affect spore-associated enzyme
activity, since in other spore formers, notably B. subtilis, the
spore coat physically changes over time, with the spore coat
shrinking and forming distinctive surface corrugations (6).
Spore suspensions were assessed for catalase activity at 1-day
intervals postpurification, and we observed a marked decline in
enzymatic activity after just 1 day of maturation (Fig. 7B).
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FIG. 7. Enzymatic activities of C. difficile 630 spores. (A) Catalase activity in CD630 and B. subtilis spores or vegetative cells. (B) Catalase
activities of CD630 spores at different stages of maturation on solid agar. (C) Inhibition of catalase activity by sodium azide. (D) Peroxiredoxin
activity of CD630 spores and vegetative cells and S. mutans cells. (E) Peroxiredoxin activity of CD630 spores at different stages of maturation on
solid agar. (F) chitinase activity in CD630 spores and vegetative cells of CD630 and B. licheniformis. (G) Chitinase activity of CD630 spores at
different stages of maturation on solid agar. (H) Germination of CD630 spores in sodium taurocholate solutions. (I) Chitinase activity in response
to spore germination using 3% or 5% sodium taurocholate solutions. (J) Chitinase activity obtained in cell pellet and supernatant fractions of
CD630 spores following incubation with 0% and 3% sodium taurocholate for 30 min. (K) Chitinase activity of CD630 spores in response to
sonication (30-s cycles). (L) Chitinase activity obtained in cell pellet and supernatant fractions of CD630 spores following sonication (30-s cycles).

Since the substrate for catalase activity, H,O,, was the same as
that used in the peroxiredoxin assay, we measured the effect of
sodium azide on catalase activity, since catalase is sensitive to
sodium azide, while peroxiredoxin activity is not (21). Using
increasing concentrations of sodium azide, the catalase activity
of CD630 spores was inhibited, demonstrating that we were
measuring spore-associated catalase and not that of peroxire-
doxin (Fig. 7C).

Peroxiredoxin activity was assessed by using CD630 spores

and vegetative cells together with a suspension of S. mutans
cells that are known to produce this enzyme (26). CD630
vegetative cells carried barely detectable levels of activity,
while spores clearly were positive and had levels of activity
equivalent to that of S. mutans (Fig. 7D). Peroxiredoxin
activity exhibited a marked decline (60%) when spores were
heated at above 60°C, and at 80°C, activity was abolished. The
effects of spore maturity were also assessed, with activity grad-
ually declining over time, with 7-day-old spores losing 48% of
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the activity exhibited by 1-day-old preparations (Fig. 7E). The
peroxiredoxin activity of 1-day-old spores was measured in the
presence of 0.5, 1, and 2 mM sodium azide, and no decline in
activity was observed, indicating that the activity was that of
peroxiredoxin and was not due to catalase.

The chitinase activities of CD630 spores and vegetative cells
were assessed by using vegetative cells of chitinase-producing
cells of B. licheniformis as a positive control (34). CD630 cells
had no activity, but spores carried activity equivalent to that of
B. licheniformis (Fig. 7F). As with catalase and peroxiredoxin
activities, the age of the spores had a marked effect on spore-
associated activity, with 7-day-old spores carrying 20% of the
activity found for 2-day-old spores (Fig. 7G). Chitinase, as an
enzyme involved in macromolecular degradation, would serve
no obvious benefit to a dormant spore, but this would not be
the case for a germinating spore. The release and subsequent
activation of a latent enzyme could provide nutrients to an
outgrowing cell, so we asked whether chitinase activity might
be enhanced by the disruption of the spore coat and exospo-
rium. We measured activity first following spore germination,
which would rupture the spore coat, and second following the
sonication of spores, which, as shown above, would remove the
surface coat layers. The spore germination of 1-day-old spores
was evaluated by using different solutions of sodium tauro-
cholate as the germinant (38). By measuring the change in the
ODsg, attributed to the phase darkening of spores, we identi-
fied 3% and 5% sodium taurocholate as being optimal for
spore germination, with a 38% reduction (at 3%) to a 50%
reduction (at 5%) in the ODsg, in 30 min (Fig. 7H). Next, 30
min following germination using 3% and 5% sodium tauro-
cholate, we measured chitinase activity. We found that com-
pared to untreated spores, the germinant produced a marked
increase (21%) in chitinase activity with both 3% and 5%
solutions (Fig. 7). Using commercially obtained chitinase (cat-
alog number C6242; Sigma) of the same type (family 18) as
that predicted for CotE, we determined that sodium tauro-
cholate had no effect on enzyme activity (data not shown). We
also found that the chitinase activity was released into the
medium following spore germination. Using 3% germinant,
activity was clearly detectable in the supernatant fraction fol-
lowing centrifugation, in contrast to spore samples that had not
been germinated (Fig. 7J). In support of this finding, we sub-
jected suspensions of 7-day-old spores to increasing cycles of
sonication. Seven 3-s bursts of sonication yielded more chiti-
nase activity than two bursts, which in turn yielded more ac-
tivity than untreated spores (Fig. 7K). As was the case during
spore germination, sonication was sufficient to release chiti-
nase activity into the medium (Fig. 7L). These results demon-
strate first that catalase, peroxiredoxin, and chitinase activities
are associated with spores and second that activity declines as
spores mature, demonstrating that the enzyme either is not
required or is rendered latent (dormant). Finally, for chitinase,
activity is enhanced if the spore coat is disrupted.

DISCUSSION

This study has provided an initial examination of the spore
coats of C. difficile spores with the identification of five proteins
that are exposed on the outermost layer of the spore coat. We
have named these proteins Cot and their genes cot, since our
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study clearly shows that they are located in the outermost
layers of the spore coat. However, it should be noted that with
two distinct structures, the coat and exosporium, found on the
outermost layers of the spore, the assignment of names should
be approached with caution. With the exception of an uniden-
tified 118-kDa species, these five proteins represented the ma-
jor proteins extractable by using the procedures followed here.
We believe, however, that the coats of C. difficile are far more
complex and that these five proteins represent just a fraction of
the total protein content of the spore coat. We base this as-
sumption on existing bioinformatic analyses and the extraction
studies performed here. In B. subtilis, more than 70 proteins
are thought to be found in the coat layers (13), and 18 ortho-
logues have been identified in C. difficile (13, 19). Using anti-
CD630 serum, no cross-reaction was found with B. subtilis
spore coat proteins, suggesting that the functional composition
and organization of the coat may be very different in C. difficile.
Interestingly, recent spore proteome studies of CD630 (19)
identified five potential spore coat proteins, which included
CotCB and CotD but not CotA or CotB (CotE, as a chitinase,
was identified but not as a spore coat bifunctional protein).
Regarding the extraction procedures, our method was based
on the use of sodium borate, SDS, and DTT, used previously
for Clostridium perfringens (36) and shown here to efficiently
extract five proteins. However, the presence of a number of
truncated protein species suggests that this method may be
overly harsh (it should be noted that the inclusion of a protei-
nase K treatment step might contribute to this observed partial
degradation of some proteins). It is also possible that these
products arise from cleavage reactions occurring during spore
maturation. SDS-PAGE analysis revealed that the sonication
of spores was able to remove all five Cot proteins recovered by
extraction with buffer. Interestingly, though, residual spores,
which were still viable, released no additional protein when
extracted with borate-SDS-DTT buffer. Sonicated spores,
when examined by TEM, showed that the spore coat layers
were still essentially intact, suggesting that sonication removes
one component (possibly one or more layers of coat) of the
spore coat and that the remaining underlying coat is impervi-
ous to further extraction or sonication. We believe that the
deciphering of the inner layers of the spore coat will require
the development of new extraction procedures. One additional
structure of the spore is the exosporium, although note that
this should not be considered part of the spore coat per se. We
have shown here that C. difficile spores do carry an exosporium,
but at best, this is loosely attached to the spore, and it is
possible that the stability of the exosporium is linked to the
conditions required to prepare (e.g., solid versus liquid me-
dium) and/or store spores. In comparison, the exosporium of
B. anthracis spores is reasonably well characterized, yet there
are conflicting reports regarding how stable this structure is,
with recent studies suggesting that the exosporium is not easily
removed by either sonication or shear stress (35). If the C.
difficile exosporium is particularly fragile, then what, if any, is
the biological significance? Since our initial extraction and
identification of proteins were made with spores carrying some
exosporial material, we believe that one or more exosporial
proteins may have been recovered and perhaps were present in
low abundance in the protein extractions shown in Fig. 2. One
candidate could be the collagen-rich glycoprotein BclAl
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(CD0332), which has orthologues in a number of other spore
formers, including B. anthracis, where it forms filaments that
are attached to the exosporium and facilitates interactions with
host cells, including enhancing spore uptake by macrophages
(2). Interestingly, BclA is extracted from exosporium-contain-
ing Bacillus spores as a high-molecular-mass species, and its
identification using conventional proteomic tools is problem-
atic (5, 33). It will therefore be of interest to determine
whether the 118-kDa species is in fact BclA.

Some of the most interesting findings of this work are the
enzymatic properties of the spores and the identification of
three enzymatic coat proteins (CotCB, CotD, and CotE) that
most probably reside in the exosporium. Although absolute
confirmation will require the inactivation of the chromosomal
genes and, preferably, evidence of the enzyme activity of the
purified proteins, this assumption is supported by several lines
of evidence. First, vegetative cells were shown to exhibit no
enzyme activity, so this is unlikely to arise from any contami-
nating cells. Second, a previous analysis of the spore proteome
(19) revealed no additional genes that could encode these
enzyme activities, although it must be emphasized that the
spore proteome is incomplete.

What, then, are the functions of these putative spore-asso-
ciated enzymes? The catalase (CotCB and CotD) and perox-
iredoxin (CotE) activities are potential antioxidants, and at
first glance, all three would reduce the cellular toxicity of H,O,
by conversion to oxygen and water. In the case of C. difficile,
which is a strict anaerobe, the presence of oxygen would in turn
be harmful to the cell. Since the cell is irreversibly committed
to dormancy, it is conceivable that this is not actually harmful
and that C. difficile spores can be maintained in an oxic envi-
ronment. Presumably, though, there is a need to remove H,0,.
Previous studies of B. subtilis sporulation showed that H,O,
may play a key role in spore coat synthesis and could serve as
a substrate for the oxidative cross-linking of spore coat mono-
mers (12). Here, the enzyme superoxide dismutase (SodA) is
essential to the cross-linking of tyrosine-rich spore coat pro-
teins, and in CD630, a manganese-dependent SodA ortho-
logue has been identified in the spore proteome (CD1631).
CotE, as a 1-Cys-peroxiredoxin would be expected to have the
same enzymatic activity as that of a peroxidase and could
participate in the cross-linking of tyrosine-rich spore coat pro-
teins. None of the other coat proteins identified in this work
are tyrosine rich, but an examination of the C. difficile genome
has revealed at least one gene (CD0597) that would encode a
tyrosine-rich protein (10.34% tyrosines). This protein is ho-
mologous to CotJB of B. subtilis, and in C. difficile, its ORF lies
immediately upstream of cotC, which in turn encodes an or-
thologue of B. subtilis CotJC. The ORFs are separated by 61 bp
and probably lie within the same operon, so we propose to
name CDO0597 cotCA and the downstream cistron cotCB
(Fig. 2B).

For chitinase activity, the presence of this enzyme in the
spore coat is intriguing, since it would be expected to be in-
volved in the breakdown of fungi and other biological matter
whether in the soil or in the intestine. However, spores are
dormant, so we speculate that chitinase activity may be re-
leased (or activated) during spore germination, enabling a po-
tential source of nutrients as the C. difficile cell emerges from
its coats. We have evidence to support this: the chitinase ac-
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tivity decreased as spores matured but increased during both
spore germination and following sonication, with both of these
being events that would rupture the spore coat layers. Inter-
estingly, CotE (the putative chitinase) was detectable in the
supernatant fraction as either a full-length species (81 kDa) or
a single 40-kDa species following sonication, and we wonder
whether the smaller species is actually the active chitinase
enzyme. Another interesting aspect of CotE, based solely on its
sequence prediction, is its bifunctionality and its characteriza-
tion as one of a growing number of “moonlighting proteins”
(15) that carry multiple functions, including a mammalian pro-
tein, 1-Cys-peroxiredoxin, that carries peroxidase and phos-
pholipase activities (4). There is possibly a more important
consequence of a chitinase and a peroxiredoxin displayed on
the surface of C. difficile spores that should not be overlooked.
This relates to the potential link between peroxiredoxins, chiti-
nases, and inflammation. Peroxiredoxin 1 (a 2-Cys-peroxire-
doxin), secreted from tumor cells (22), was shown previously to
induce proinflammatory cytokines in macrophages via interac-
tions with Toll-like receptor 4 and to promote chronic inflam-
mation, which could support tumor growth (28). Regarding
chitinases, it is now clear that some inflammatory conditions of
the gastrointestinal (GI) tract (inflammatory bowel disease
[IBD] and ulcerative colitis [UC]) lead to the induction of host
cell chitinases by triggering the increased uptake of intracellu-
lar bacteria by colonic cells (16, 17) and in potentiating the
development of epithelial tumorigenesis (8). Considering that
some symptoms of CDAD resemble those of both IBD and
UC, C. difficile chitinase may play a direct role in infection and
not simply in macromolecular degradation.
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