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The gene sipA, encoding the S-layer precursor protein in the virulent Clostridium difficile strains C253 and
79-685, was identified. The precursor protein carries a C-terminal highly conserved anchoring domain, similar
to the one found in the Cwp66 adhesin (previously characterized in strain 79-685), an SLH domain, and a
variable N-terminal domain mediating cell adherence. The genes encoding the S-layer precursor proteins and
the Cwp66 adhesin are present in a genetic locus carrying 17 open reading frames, 11 of which encode a similar
two-domain architecture, likely to include surface-anchored proteins.

Clostridium difficile is responsible for many cases of anti-
biotic-associated diarrhea and pseudomembranous colitis in
humans (6). It is considered a common microorganism in
nosocomial outbreaks (14). Few studies have focused on the
importance of virulence factors other than toxins A and B in
the pathogenesis of this disease. As in other bacteria, the role
of surface proteins in the first step of colonization, i.e., adher-
ence to enterocytes, could be of crucial importance.

Cerquetti et al. have previously described the presence of
two superimposed paracrystalline surface layers (S-layers) on
different C. difficile strains (4). Each layer is composed of a
glycoprotein subunit which slightly varies in molecular mass
among the different strains examined. Two S-layer proteins,
called P36 and P47, extracted from the toxigenic and virulent
C. difficile strain C253, were purified by high-performance lig-
uid chromatography, and their N-terminal sequences were de-
termined. Moreover, properties of adhesiveness to Caco-2 cells
were observed for the P36 protein (3).

Karjalainen et al. (9) and Waligora et al. (19) have shown
that C. difficile strain 79-685, a toxigenic and virulent isolate,
can adhere to various culture cells in vitro and that certain
stress factors can increase adherence and expression of some
surface proteins. The gene encoding one of these surface pro-
teins (Cwp66, a 66-kDa cell wall protein) has been cloned and
characterized (20) (GenBank accession number AF194870).
Cwp66 displays a two-domain structure, with an N-terminal
cell wall-anchoring domain and a C-terminal surface-exposed
domain.

Since genetic manipulation within C. difficile is difficult, thus
preventing the construction of isogenic mutants, in the present
work we have identified and characterized the sipA gene, en-
coding the S-layer precursor protein of C. difficile C253 and
C. difficile 79-685, by deriving peptide sequences from purified
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proteins and by analyzing the genome sequence of C. difficile
630, now available (http://www.sanger.ac.uk). This is the first
evidence of two S-layer proteins derived from a common pre-
cursor through posttranslational processing. A comparative
analysis of SIpA and Cwp66 as well as an analysis of the region
containing the genes on the genome of C. difficile strain 630 has
also been performed.

(This report was presented in part as a poster at Microbial
Pathogenesis Session No. 137/B, abstract B-139, of the General
Meeting of the American Society for Microbiology, Los Ange-
les, Calif., 21 to 25 May 2000 [P. Mastrantonio, A.-J. Waligora,
M. Cerquetti, A. Sebastianelli, P. Bourlioux, and T. Kar-
jalainen, Abstr. 100th Gen. Meet. Am. Soc. Microbiol., abstr.
B-139, 2000].)

Characterization of the slpA gene. In order to search for
sequence similarity to other proteins, the two S-layer protein
subunits of C. difficile strain C253, P36 and P47, were digested
with protease V8 (endoproteinase Glu-C; Sigma-Aldrich, St.
Louis, Mo.) and purified using a C,g high-performance liquid
chromatography column (Vydac, Hesperia, Calif.). The puri-
fied peptides were analyzed by matrix-assisted laser desorption
ionization—time of flight (MALDI-TOF) to determine the mo-
lecular weights and sequenced by means of Edman degrada-
tion. The sequences obtained for five peptides are presented in
Table 1.

When the peptide sequences were submitted to the C. dif-
ficile strain 630 genome database using TBLASTN, all peptides
could be mapped to the same contig. Analysis of the sequence
of this region revealed a unique 2,160-bp gene capable of cod-
ing for a protein of 73.4 kDa. To identify the corresponding
gene from strain C253, oligonucleotides based on the sequence
of C. difficile 630 were synthesized and used for PCR amplifi-
cation assays (Table 2). The PCR conditions consisted of an
initial denaturation at 94°C followed by 30 cycles of 1 min at
94°C, 1 min of annealing at 54°C, and 1 min of extension at
72°C. At the end of the cycling, samples were held at 72°C for
5 min. Amplification was carried out in a final volume of 100 pl
with a reaction mixture containing a buffer (10 mM Tris-HCI,
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TABLE 1. Amino acid sequences of peptides obtained by digesting
C. difficile C253 S-layer proteins with V8 protease

Peptide

Amino acid sequence

P36
Da NH,-AYKAIVALONDGIE-COOH
P36 N-ter” ......coccevueueune NH,-ATTGTQGYTVVKNDEKKAVKQLQ

DGLKDNS-COOH

NH,-AQLVDALAAAPKAGRF-COOH
NH,-VVNYFVAK-COOH
NH,-ANDTIASQTPAKVVIKANKLKDLK

“ N-ter, N terminal.

50 mM K], 1.5 mM MgCl,), a 200 uM concentration of each
deoxynucleoside triphosphate, 100 pmol of each primer, 2.5 U
of Takara Ex Taq/TM (Takara Shuzo Co., Ltd., Kyoto, Japan),
and 100 ng of template DNA. The complete sequence was
obtained by sequencing the overlapping PCR products. The
purified PCR products, together with the appropriate oligonu-
cleotide primers, were used as templates for sequencing reac-
tions in a Perkin-Elmer ABI 373A DNA sequencer and an ABI
prism dye terminator cycle sequencing ready reaction kit (PE
Applied Biosystems, Monza, Italy). All PCR products were
sequenced on both strands.

Analysis of the sequence revealed the presence of the 2,160-
bp gene also in C. difficile C253 (EMBL accession number
AJ291709), exhibiting 100% identity with that found in C. dif-
ficile 630 (the sequencing of the gene from strain 630 revealed
nucleotide change A—T at position 314 compared to the se-
quence available on the Internet). This gene was referred to as
sipA according to the nomenclature used for other bacteria.
The encoded protein shows a characteristic procaryotic signal
sequence at the N terminus and a two-domain structure as
described previously for the cell wall-anchored adhesin Cwp66
isolated from strain 79-685 (20) (Fig. 1A). The C-terminal
domain carries three imperfect intramolecular repeated se-
quences, a common feature of bacterial surface-exposed pro-
teins (Fig. 1B). The fact that structural analysis of the S-layer
of strain C253 revealed the presence of two proteins, P36 and
P47, suggests that a specific cleavage of the precursor protein
occurs during the maturation process. This cleavage has also
been observed for Cwp66; in the cell wall this adhesin is always
found in two or even three fragments (20).

The availability of the N-terminal sequence of the two pro-
teins permitted us to determine that P47 corresponds to the
C-terminal part and P36 corresponds to the N-terminal part of
the precursor protein (Fig. 1). The molecular masses of the
peptides determined by liquid chromatography-mass spec-
trometry and MALDI-TOF analyses corresponded to those
obtained by theoretical digestion of the virtual protein from
the contig. Moreover, the molecular masses of the virtual pro-
teins are 34,244 and 39,522 Da for P36 and P47, respectively.
These data are in good agreement with the previous experi-
mental results obtained by electrospray ionization-mass spec-
trometry and MALDI-TOF mass spectrometry (13).

Sequence similarity to other proteins. Homology searches
were conducted with Fasta3 (16) or Blast 2.0 (1). SIpA carries
in its N terminus (Fig. 1A and 2A) a 78-amino-acid sequence
showing homology to the SLH (S-layer-homologous) domain,
the presence of which has been detected in numerous S-layer

NOTES 3443

proteins (12). This sequence is characterized by several highly
conserved residues which are present in SlpA (Fig. 2A) and a
particular predicted secondary structure, i.e., two a-helices
flanking a B-strand (7) followed by a coiled-coiled domain (11),
which has been found in other S-layer proteins (12). Only one
of these domains is present in SIpA; in other proteins, several
domains can be present, suggesting duplication of a gene frag-
ment. The SLH domains, usually found in proteins that are
anchored to the cell wall, were originally proposed to be in-
volved in anchoring the proteins to the peptidoglycan, but
more recently, secondary cell wall polymers have been identi-
fied as anchoring structures for the SLH domain (5, 8, 15).

The 339-amino-acid C-terminal domain of SIpA (residues
380 to 719) shows significant homology (29% identity and 51%
similarity) to a domain found in N-acetylmuramoyl-L-alanine
amidase CwlB of Bacillus subtilis (GenBank accession number
Q02114). CwiIB is known to be released from the bacteria and
reattached to the cell wall peptidoglycan (10) through the do-
main displaying homology to SIpA (corresponding to the P47
protein). These data suggest that both P36 and P47 carry a
motif that could anchor the S-layer proteins to the cell wall,
although in the case of P36 the attachment could be indirect
through a secondary protein. A similar domain was also found
in Cwp66 (20).

Antibodies raised against P47 of C. difficile C253 recognize
in other C. difficile strains proteins with molecular masses close
to 47 kDa (4). This suggests that this likely cell-anchoring do-
main is conserved among C. difficile strains. To verify whether
this is the case in strain 79-685, the sipA gene was amplified
from the strain by PCR as described above using primers listed
in Table 2 and its nucleotide sequence was determined. The
encoded precursor protein has the same two-domain structure
as in strain C253 (Fig. 2). Interestingly, alignments performed
with the ClustalW program (18) revealed that one of the do-
mains is well conserved (C-terminal domain) among the three
strains studied (77% identity between strains C253 and 630
and strain 79-685) and displays sequence conservation with the
cell wall-anchoring N-terminal domain of Cwp66 (Fig. 2B). The
second domain is highly variable: only 33% of the residues are
identical between strains C253 and 630 and strain 79-685 (Fig.
2A).

P36 (N-terminal domain) shows remote homology (<25%

TABLE 2. Oligonucleotides designed to amplify the sipA4 genes
from C. difficile strains C253 and 79-685

Primer pair
Primer Oligonucleotide sequence (5'-3") (product size
in bp)
C253

SL1 ATA TAA TGT TGG GAG GAA TTT AAG ASLI-SL2 (635)
SL2  CTT TAC CAT ACT TAT CCT CTA CAG

SL3 GCT GCA ACA AAG GCA CTT AAA GTT SL3-SL4 (929)
SL4 GTC ACT CTT TAA GTT CAT AAC TCT A

SL5 TAT AGT TGA TGG TCT TGT TGC ATC SL5-SL6 (930)
SL6  AAA AGA CTT CTC ATG AGA GAA GCC

79-685
SL14 TAA TAT AAT GTT GGG AGG AAT
SL15 TAT TTA AAG TTT TAT TAA AA
SL18 GCT GTA AGC TTA TAT CCT ATA G
SL20 CTG CTA CTA CTT TAT ATA ATC
SL21 ATA GAG TTA ACT CCA CCA GC
SL22 CTA TAG GAT ATA AGC TTA CAG CA

SL14-SL15 (2,240)

SL14-SL18 (580)
SL20-21 (1,177)

SL22-SL21 (890)
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FIG. 1. (A) Diagram of the domain structure of the protein SlpA: a potential leader peptide (black box) is followed by the SLH domain and
two larger domains named N and C. The numbers refer to amino acid positions in the protein. The regions corresponding to the P36 and P47

S-layer proteins of C. difficile strain C253 are indicated, as are the positions

of repeat sequences (arrows). (B) Alignment of the repeats of the SIpA

protein in the C-terminal domain. The length of the C-terminal repeats is between 85 and 111 amino acids. The amino acid positions in the SIpA
protein are indicated. * and +, two and three identical amino acids, respectively; © and !, two and three functionally identical amino acids (A, S,

and T; D and E; N and Q; R and K; I, L, M, and V; F, Y, and W), respe

identity) with the SlaP S-layer protein of Bacillus stearother-
mophilus (P35825), glycosyltransferase-S of Streptococcus mu-
tans (D89979), and various flagellins of Salmonella (e.g., U06197
and U06227). However, glycosyltransferases have been found
to mediate adherence in other bacteria (for a review, see ref-
erence 17). Even if the N-terminal domain does not show sig-
nificant homology to known adhesins, preliminary experiments
using the Caco-2 cell line and specific antisera have shown it to
be involved in the adhesion process (3). Antiserum against whole
cells of C. difficile C253 and monospecific antiserum against
P36 were raised in adult New Zealand rabbits by following
procedures previously described (2). The P36 antiserum, pre-
pared using the antigen obtained by electroelution of the P36
band in sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis, recognized only P36 when assayed by immunoblot
analysis against EDTA- or urea-extracted surface proteins of
C. difficile C253 (2, 4). In an inhibition-of-adhesion assay,
3-day-old monolayers of Caco-2 cells infected with C. difficile
C253 bacteria preincubated with nonimmune serum, anti-C253
whole-cell serum, and anti-P36 serum showed mean numbers
of adherent bacteria per cell = standard deviations of 43.4 *
16.42, 0.16 = 0.20 (P = 0.01), and 3.66 * 3.23 (P < 0.05),
respectively (values were determined from three separate ex-
periments; statistical analysis was performed using Student’s ¢
test). Adherence of C. difficile C253 bacteria was specifically
blocked by the homologous antiserum and significantly re-
duced by the P36 antiserum compared to the adherence of
bacteria pretreated with a nonimmune serum.

Sequence analysis of SlpA from C. difficile strains 79-685
and C253 (Fig. 2A) revealed pronounced variations in the N-
terminal domains suggesting that SIpA is surface exposed and
thereby subject to antigenic drift. The surface localization of

ctively.

P36, previously demonstrated by immunofluorescence studies
using the P36 antiserum (2), and the above-mentioned data on
its role as adhesin may support this hypothesis.

Analysis of a gene cluster carrying slp4 and cwp66. Exami-
nation of a 37-kb DNA fragment flanking cwp66 and sipA of
the genome sequence of C. difficile strain 630 revealed 17 open
reading frames (ORFs) in the same orientation. Eleven of
these ORFs encode a domain, present in either the N- or
C-terminal part of these putative secreted proteins, showing
homology to the cell wall-anchoring domain of the Cwlp au-
tolysin of B. subtilis (Fig. 3). This conserved domain is charac-
terized by the presence of three PII/LL motifs, although the
third repeat is less conserved than the first two. The anchoring
domain is associated in all cases with a putative peptide signal
and with another domain (except for Orfl4), whose function
appears variable: in Cwp66 and SlpA, this domain carries ad-
hesive function; Cwp84 carries in this domain a cysteine pro-
tease active site and has proteolytic activity (our unpublished
data); and Orf12 carries an active site found in N-muramyl-L-
alanine amidases. The variable domains encoded by the other
OREFs display remote homology (<20%) to various bacterial
outer membrane proteins. The variable domains of Cwp66 and
Orf10 and of Orf5, Orf6, and Orf2 are up to 40% homologous.
We suspect that all these proteins could be cell wall anchored
through their CwlB-like domain. The presence in multiple
genes of sequences encoding the two domains suggests mod-
ular evolution and subsequent gene duplication from a com-
mon ancestor for B. subtilis cwlB and C. difficile. During evo-
lution, this domain was placed in either the N or C terminus
and became associated with another domain as in Cwp66 or
many autolysins. Interestingly, the cluster also carries a large
gene (orf3) capable of encoding a 220-kDa protein that does
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FIG. 2. (A) Amino acid sequence alignment of the N-terminal domains of SIpA from three C. difficile strains, C253, 630, and 79-685. Note the
pronounced variability. The SLH domain is shaded in gray; the conserved residues of this domain (12) are in boldface letters. Asterisks or colons
denote amino acids that are identical or similar, respectively. The positions of the two peptides of C. difficile C253 (Table 1) are marked above the
sequence. The N-terminal amino acids of the P36 and P47 proteins are indicated with arrows. (B) Amino acid sequence alignment of the putative
cell wall-anchoring domains of SIpA and Cwp66 from C. difficile strains 630 and C253 and strain 79-685. Asterisks or colons denote amino acids

that are identical or similar, respectively, in the SIpA proteins only. Conserved residues in the four proteins are in boldface.
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20 25 30 35kb

Orfl Orf2 Orf3 Orfa OrfS Orf6

65.7 492 219.6 63.7 57.7 54.9
631 477 1987 626 550 528

Orf7 Orf8  OrfY Cwp66  Cwp84  Orfl0  Orfll Orfl2 Orf130rf14

67.9 63.9

249 63.8 839 54.4
781 623 217 610 803 525 370

422 704 26.539.3 kDa
679 232 351 AA.

7
Domain homologous to the N-terminal domain of CwIB from B. subtilis

l signal peptide

Variable domain

FIG. 3. Genetic organization of a 37-kb DNA fragment carrying the slpA and cwp66 genes from the genome of C. difficile 630. The proteins
encoded by these genes and their sizes, molecular masses, and domain structures are indicated. Orf7 exhibits significant homology with the SecA
protein from B. subtilis, Orf9 with dehydrogenases, Orf12 with N-acetyl-L-alanine-muramyl amidase, and Orf13 with glycosyltransferases. A.A.,

amino acids.

not exhibit the two-domain structure. It displays remote ho-
mology to various membrane-associated proteins from Plas-
modium falciparum.

In conclusion, we report here on the characterization of the
sipA gene in C. difficile C253 and 79-685. This gene in C. dif-
ficile 630 is located in a cluster including genes encoding pro-
teins with adhesive properties. The isolation of this cluster is an
important step in the characterization of the process of colo-
nization by C. difficile: analogously to many other bacteria, C.
difficile possesses multiple surface-exposed proteins acting as
adhesins. Furthermore, surface proteins are attractive targets for
the development of a vaccine against this troublesome pathogen.

Nucleotide sequence accession number. The DNA sequence
of the sipA gene from C. difficile strains C253 and 79-685 have
been deposited in the EMBL database under accession num-
ber AJ291709 and in the GenBank database under accession
number AY004256.
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