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Colonization of the gut by Clostridium difficile requires the adhesion of the

bacterium to host cells. A range of cell surface located factors have been

linked to adhesion including the S-layer protein LMW SLP and the related

protein Cwp66. As well as these proteins, the S-layer of C. difficile may

contain many others. One such protein is Cwp2. Here, we demonstrate the

production of a C. difficile strain 630 cwp2 knockout mutant and assess

the effect on the bacterium. The mutant results in increased TcdA (toxin

A) release and impaired cellular adherence in vitro. We also present the

extended three domain structure of the ‘functional’ region of Cwp2, con-

sisting of residues 29–318 at 1.9 �A, which is compared to that of LMW

SLP and Cwp8. The adhesive properties of Cwp2 and LMW SLP, which

are likely to be shared by Cwp8, are predicted to be mediated by the vari-

able loop regions in domain 2.

Databases

Structural data are available in the PDB under the accession number 5NJL.

Introduction

Clostridium difficile is the primary causative agent of

antibiotic associated diarrhoea. Increasing resistance to

antibiotics in recent decades has resulted in a reduction

in the efficacy of standard methods of treatment [1,2].

This presents a clear need for a greater understanding

of the bacterium, so that alternative methods of treat-

ing C. difficile infection (CDI) may be developed.

Clostridium difficile has a number of virulence fac-

tors. The pathogenic strains of C. difficile produce two

potent exotoxins, TcdA and TcdB (also known as

Toxin A and Toxin B), which induce mucosal inflam-

mation and diarrhoea [3,4]. Another important factor

that has been identified is the paracrystalline protein

array on the surface of C. difficile cells known as an S-

layer. S-layers have been shown to be involved in a

range of important cellular functions including host

cell adhesion and immune system evasion [5]. The S-

layer of C. difficile is primarily formed of the low- and

high-molecular-weight S-layer proteins (LMW SLP

and HMW SLP, respectively), coded for by the gene

slpA, but may contain up to 28 SlpA paralogues [6].

HMW SLP possesses three cell wall-binding 2 (CWB2)

domains which mediate attachment to the cell wall

through interaction with the surface exposed polysac-

charide PSII [7]. These domains are shared by the

other proteins associated with the S-layer, while many

Abbreviations

CWBD, cell wall-binding domain; Cwp, cell wall protein; LMW SLP, low molecular weight S-layer protein.
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also possess a ‘functional’ region. One such protein is

Cwp2, the gene for which was first identified in 2001

as part of a cluster of S-layer-associated genes sur-

rounding slpA [8,9].

cwp2, which is found within the slpA locus and is

transcribed during normal growth [8], was initially

claimed to be at the start of a polycistronic operon

also encoding an LmbE-like deacetylase and Cwp66

[10]. The presence of a terminator between cwp2 and

the deacetylase gene, however, suggests this is not the

case [11]. Cwp66 has been shown to have adhesive

properties [12] and the possibility that the three pro-

teins may work together to form an adhesin complex

has been suggested [10], although, to date, no such

complex has been found on the cell surface. A compar-

ison of 57 isolates indicated that cwp2 shows signifi-

cant variation exceeded within the slpA locus only by

the surrounding slpA, cwp66 and secA2 genes [13]. The

majority of cwp genes have been shown to be upregu-

lated in sub-MIC ampicillin, clindamycin and metron-

idazole, while only cwp2, cwp84, cwp6 and cwp7 are

upregulated in the presence of amoxicillin [14].

Cwp2 was initially identified in all guanidine cell

surface extracts from strains covering a range of sero-

types and ribotypes of C. difficile. The protein was

reported to cross-react with all antisera raised against

five different strains [15]. Proteomic analysis of low

pH or lysozyme cell wall extracts confirmed that the

66 kDa protein found in surface extracts was Cwp2

[16] and the protein has also been shown to be present

in the C. difficile spore coat [17]. An N-terminal 38–
41 kDa protein fragment of Cwp2 has been shown to

be present in culture supernatant, particularly during

conditions promoting high toxin production [18].

Cwp2 appears to be highly immunogenic as virtually

all patients produce antibodies that recognize the pro-

tein [19]. This, coupled with a lack of Cwp2 in some

strains [20], indicates that Cwp2 is not necessary for

CDI and that antibodies to the protein are unlikely to

be protective against CDI. However, the altered S-

layer caused by the lack of Cwp2 in strain 167, may

be negated by changes in other virulence-associated

factors such as increased adhesion, increased toxin

production or the presence of a glycosylation gene

cluster [13]. Notably, a Cwp84 mutant (with an imma-

ture S-layer in vitro) is still able to cause CDI in the

hamster model, this may be due to the action of host

proteases, but could potentially be directly overcome

by the bacterium through some unknown means [21].

Until recently, the only structures of proteins associ-

ated with the S-layer that had been determined were of

truncated LMW SLP [22] and the cysteine protease and

‘lectin-like’ domains of Cwp84 [23]. However, the

structures of full length Cwp6 and Cwp8, which include

the cell wall-binding domains, were recently reported,

shedding light on the mechanism of binding to PSII

[24]. As well as this, the previously uncharacterized N-

terminal functional region of Cwp8 was shown to be

elongated and composed of three domains.

Here, we present a truncated structure of the func-

tional region (residues 29–318) of Cwp2, which shows

a similar fold to that of Cwp8. We also demonstrate

the production of a C. difficile cwp2 knockout mutant,

which shows no impairment to growth, spore forma-

tion or ability to cause CDI in the hamster model. The

mutation did, however, result in an increase in in vitro

TcdA release into culture medium, suggesting that the

bacterium may be stressed. The mutant also showed

an impaired ability to adhere to Caco-2 cells, indicat-

ing a potential role for Cwp2 as an adhesin.

Results

The structure of Cwp2

The structure of the functional region of Cwp2, consist-

ing of residues 29–318 (two residues at the N-terminus

and four residues at the C-terminus are not visible) has

been determined to 1.9 �A (Fig. 1). The protein was

crystallized in the hexagonal space group P6322 with

one protein chain, 20 sulphate ions and 229 water mole-

cules in the asymmetric unit. The details of crystallo-

graphic statistics are given in Table 1. Coordinates

have been deposited with the protein data bank with

accession code 5NJL. All sulphate ions appear loosely

bound on the periphery of the protein and are likely to

be present as a result of the crystallization conditions,

as such, they are not believed to be functionally rele-

vant.

Cwp2 possesses a similar extended fold to that of

the recently reported structure of Cwp8 [24], to which

it has 27% amino acid identity and 44% similarity,

domain 2 shows a greater level of sequence variation

between the two proteins [25]. Overall, domains 1 and

3 possess two-layer sandwich folds consisting of a

four-stranded mixed b-sheet and two a-helices while

domain 2 has a smaller antiparallel b-sheet, one a-
helix and a large loop region. The two structures

superpose with an RMSD of 3.47 �A (all atom align-

ment, 924 atoms – RMSDs for individual domains are

given in Table 2). Domains 1 and 3 show high similar-

ity to the equivalent domains in Cwp8 and lower simi-

larity to each other. In the case of domain 2, while the

b-sheet and a-helix are conserved, the loop region

shows significant differences. The two domains super-

pose with an RMSD of 3.68 �A (261 atoms). With
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domains 1 and 3 superposed, domain 2 of Cwp2 is

rotated approximately 40° relative to domain 2 of

Cwp8. A detailed analysis of the flexibility of the

domains demonstrated an ability of the interface

between domains 1 and 2 to act as a hinge, so that the

structures of Cwp2 and Cwp8 are able to superpose

upon each other more closely (Fig. 2).

As well as similarity to Cwp8, domains 1 and 3 of

Cwp2 also show significant similarity to domain 1 of

LMW SLP [22]. A DALI search performed with the

individual domains of Cwp2 showed that all three

domains bear very little similarity to any known struc-

tures other than Cwp8 and LMW SLP.

Knockout analysis

Confirmation of mutation

To analyse the role of Cwp2, the ClosTron system was

used to inactivate the cwp2 gene in C. difficile strain

630DErm forming a cwp2� mutant. Insertion of the

group II intron into the target gene was verified by cwp2

gene-specific primers (Table 3 and Fig. 3A). RT-PCR

was performed on extracted RNA using primers flank-

ing the intron insertion sites to confirm truncation of

cwp2 mRNA upon intron insertion – no expression

products were obtained for the cwp2� mutant (Fig. 3B).

Southern blot analysis confirmed the single chromoso-

mal insertion of the intron. (Fig. 3C).

Fig. 1. The structure of Cwp2 – Domain 1 is shown in green, domain 2 in orange and domain 3 in pink. The functional region of Cwp2

assumes an extended three domain structure. Domain 1 possesses a two-layer sandwich fold. Domain 2 has a single a-helix, a small b-

sheet and significant loop regions. Domain 2 is connected to domain 3 via a strand in domain 1. Domain 3 forms a similar two-layer

sandwich fold to domain 1. The hinge region, which allows domain 2 to rotate, is circled.

Table 1. Crystallographic and refinement statistics. Inner and outer

shell statistics are given in square and round brackets respectively.

Crystallographic statistics

Space group P6322

Cell dimensions (�A, °) 134.8, 134.8, 102.8, 90.0, 90.0, 120.0

Resolution (�A) [120.83–9.11] (1.94–1.90)

Rmerge [0.051] 0.166 (4.497)

Rmeas [0.052] 0.169 (4.624)

Rpim [0.008] 0.021 (0.772)

CC1/2 [1.000] 1.000 (0.685)

Mean <I/rI> [74.7] 21.6 (1.5)

Completeness (%) [100.0] 100.0 (100.0)

Total reflections [29 049] 2 741 248 (97 683)

Total unique reflections [495] 43 871 (2766)

Multiplicity [58.7] 62.5 (35.3)

Refinement statistics

Rwork/Rfree 0.215/0.245

RMSDs

Bond Lengths (�A) 0.010

Bond Angles (°) 1.440

Ramachandran statistics (%)

Favoured 97.2

Allowed 2.4

Outliers 0.4

Average B-factors

Protein 41.6

Sulphate ion 92.5

Water 40.3

Number of atoms

Protein 2238

Sulphate ion 100

Water 229

PDB Code 5NJL

Table 2. Domain RMSDs (�A) between Cwp2, Cwp8 and LMW

SLP. All RMSDs are for sequence-independent alignments using all

atoms, the number of atoms used is given in brackets.

Cwp8 Cwp2

Domain 1 Domain 3 Domain 1 Domain 3

LMW

SLP

Domain 1 1.79 (263) N/A 2.32 (271) 3.57 (96)

Cwp2 Domain 3 3.62 (98) 1.31 (276) N/A

Domain 1 1.03 (309) 8.36 (237)

Cwp8 Domain 3 7.14 (290)
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Analysis of surface layer proteins of surface protein

mutants

In order to determine if the knockout had an effect on

the surface of the bacterium, the surface proteins were

removed by low pH extraction and examined by SDS/

PAGE (Fig. 3D). S-layer extracts from the Cwp2

knockout strain appeared largely similar to the wild-

type. The main S-layer bands appeared unaffected and

were present at 40 kDa and 47 kDa respectively. The

knockout extract lacked a 66 kDa species. Mass spec-

trometric analysis of this protein in the wild-type iden-

tified it as Cwp2, confirming the loss of the Cwp2

from the cell surface, corresponding with inactivation

of cwp2.

Growth

The knockout strain appeared to have normal colony

morphology and mutant cells were indistinguishable

from the wild-type under Gram stain. The growth rate

of the mutant in liquid medium was determined to be

95% � 6.2 (SEM) of the wild-type.

Sporulation

cwp2� cells appeared to retain their ability to sporu-

late with no difference to the wild-type, (6.65 � 0.02

log10 CFU�mL�1 WT, 6.42 � 0.04 log10 CFU�mL�1

cwp2�), suggesting that the ability to form viable, heat

resistant, spores was unaffected.

Fig. 2. Comparison between Cwp2, Cwp8 and LMW SLP and flexibility analysis – (A, C, E) The structures of Cwp2, Cwp8 (5J6Q) and LMW

SLP (3CVZ), respectively. As with Fig. 1, domain 1 is shown in green, domain 2 in orange and domain 3 in pink. The flexibility of

these structures and the hinge region between domains 1 and 2 was analysed with FIRST and FRODA. (B) Cwp2 after rotation of domain 2

around the hinge region. The domain is able to assume an orientation closer to that seen in Cwp8. (D) Cwp8 after rotation of domain 2 around

the hinge region. The domain is able to assume an orientation closer to that seen in Cwp2. (F) LMW SLP after rotation of domain 2 around the

hinge region. Although a considerably higher degree of difference is seen between this domain and domain 2 of Cwp2 and Cwp8 than between

the latter two, the domain is still able to rotate and assume a position somewhat closer to that seen in Cwp2 and Cwp8.
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Toxin production

TcdA and TcdB are typically produced when cul-

tures reach stationary phase – after approximately

24 h for C. difficile 630, and when cultures are

stressed [26]. The ability of cwp2� mutants to pro-

duce toxin was assessed by ELISA and compared to

toxin production of the wild-type under similar

growth conditions.

Wild-type cultures produced 14.2 � 5.2 ng�mL�1

(SEM) TcdA and 5.9 � 3.9 ng�mL�1 TcdB. The

cwp2� cultures produced 207.0 � 39.1 ng�mL�1 TcdA

and 15.7 � 3.5 ng�mL�1 TcdB (Fig. 4A). This repre-

sents a statistically significant 14-fold average increase

in TcdA production in the cwp2� mutants compared

to the wild-type (P < 0.05, Student’s t-test) as mea-

sured by ELISA. The TcdB level of mutant 24 h cul-

ture supernatants demonstrated an increase, but it was

not significantly different to the wild-type (P > 0.05,

Student’s T-test). The control CDDtcdR499 did not

appear to produce any TcdA above the limit of quan-

tification (5 ng�mL�1), consistent with its role as a pos-

itive toxin regulator.

Adherence to the Caco-2 colonic cell line

The ability of the cwp2� mutant to adhere to Caco-2

cells in vitro was assessed, taking nonspecific binding

into account (Fig. 4B). This showed that mean adhe-

sion of the mutant (0.073 � 0.047 bacteria/cell (SEM))

was significantly lower than the wild-type

(0.51 � 0.18) (P < 0.05, Student’s t-test), a decrease of

85.7 � 14.0% indicating that knockout of cwp2

decreases the ability of C. difficile to adhere to Caco-2

cells in vitro.

Table 3. Primers used in this study.

Gene-intron-gene GCTGATGTTGATAAAGATAGAAAAGTTCAA – intron – AGAGTTGAAGGAGAA
IBS AAAAAAGCTTATAATTATCCTTAAGAAACGTTCAAGTGCGCCCAGATAGGGTG
IBS1d CAGATTGTACAAATGTGGTGATAACAGATAAGTCGTTCAAAGTAACTTACCTTTCTTTGT
EBS2 TGAACGCAAGTTTCTAATTTCGATTTTTCTTCGATAGAGGAAAGTGTCT
CspFdx-F1 GATGTAGATAGGATAATAGAATCCATAGAAAATATAGG
pMTL007-R1 AGGGTATCCCCAGTTAGTGTTAAGTCTTGG
ErmRAM forward ACGCGTTATATTGATAAAAATAATAATAGTGGG
ErmRAM reverse ACGCGTGCGACTCATAGAATTATTTCCTCCCG
cwp2 forward ATGAATAAAAAAAATCTTTCTG
cwp2 reverse TTACCAACCTAGTATTTTAGC
cwp2 pre intron 1000 ACTGCAGTGGCTATAGCAAA
cwp2 post intron 1703 CCTGCTGCTAATGCATCTAC
pMTL007_F1 TGCGCCCAGATAGGGTGTTAAGT
pMTL007-R AGGGTATCCCCAGTTAGTGTTAAGTCTTGG

Fig. 3. cwp2� mutant characterization gels- (A) Agarose gel of PCR products confirming intron integration into cwp2 using extracted gDNA

(B) Agarose gel of RT-PCR products confirming the absence of cwp2 transcript from extracted mRNA (C) Southern Blot confirming single

intron insertion in cwp2 mutant. (D) SDS/PAGE of low pH SLP extract demonstrating loss of Cwp2 from cell surface. Images have been

rotated and several lanes omitted.
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Capacity of cwp2� to produce CDI in vivo

The hamster model was used to assess the capacity of

cwp2� to cause CDI. Test groups were challenged by

the orogastric administration of spores produced from

either cwp2� or wild-type C. difficile 630DErm 48 h

after administration of clindamycin. Both groups dis-

played typical symptoms of CDI (diarrhoea, weight

loss, lethargy). Figure 4C shows combined survival

plots for these. The data suggest that cwp2� was cap-

able of causing CDI in the hamster model at a similar

rate of onset and severity as the wild-type strain.

The numbers of viable C. difficile vegetative cells

and spores associated with tissues from the caecum

were determined at the time of sacrifice by monitoring

bacterial viable counts using both luminal washes and

homogenized tissue from animals infected with cwp2�

or wild-type C. difficile 630 DErm. No statistically

significant differences were found in luminal

(WT = 4.23 � 0.93 log10 CFU�mL�1, KO = 4.14 �
0.89 log10 CFU�mL�1) or tissue (WT = 3.94 � 0.85

log10 CFU�mL�1, KO = 4.14 � 0.75 log10 CFU�mL�1)

associated bacterial counts.

Discussion

Cwp2 is constitutively expressed and found on the sur-

face of C. difficile during normal growth [16,20]; it is

also found in the C. difficile 630 spore coat [17]. How-

ever, the gene is not found in certain strains [13], indi-

cating that it may not be essential for cell growth or

pathogenesis. A significant number of CDI patients

raise antibodies to Cwp2, which may suggest that anti-

bodies raised against the protein are not protective

[19]. The presence of Cwp2 on the cell surface during

normal growth does, however, suggest that it is

required for some cellular process(s).

The results presented here show that although

knocking out cwp2 does not have a negative effect on

the growth of C. difficile, its ability to form spores or

to cause CDI in the hamster model, it has a decreased

capacity to adhere in vitro and results in increased

TcdA release. The former of these results suggests

Cwp2 may play a role in host cell adhesion. This

reflects the results previously seen for Cwp66 [12] and

LMW SLP [27].

Culture supernatants of the cwp2 mutant, contained

significantly higher levels of TcdA than the wild-type

C. difficile 630DErm after 24 h. This will either be due

to increased toxin expression, increased toxin release

or a combination of the two. As Cwp2 is surface

Fig. 4. cwp2� mutant characterization (A) Estimation of TcdA and

TcdB concentration in culture supernatant as measured by ELISA.

Strains grown in sBHI culture medium for 24 h. Limit of

quantification 5 ng�mL�1. Data analysed with student’s t-test. TcdA

showed a significant increase in toxin production (WT = 14.2

� 5.2 ng�mL�1 (SEM), n = 5, cwp2� = 207.0 � 39.1 ng�mL�1,

n = 5, P < 0.05). TcdB did not show a significant increase

(WT = 5.9 � 3.9 ng�mL�1, n = 5, cwp2� = 15.7 � 3.5 ng�mL�1,

n = 4, P > 0.05). (B) Adherence of cwp2� to Caco-2 cells relative

to 630DErm. Mean adhesion of the mutant (0.073 � 0.047 bacteria

per cell) was significantly lower than the wild-type (0.51 � 0.18)

(P < 0.05, Student’s t-test). (C) Kaplan-meier survival curve

of Clostridium difficile 630DErm and cwp2� in hamsters. Data

show time from challenge to severe disease/death in the hamster

model for CDI. n = 10 for test groups, n = 4 for control.
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located, it is possible that removal of the protein from

the S-layer results in decreased cell integrity. The resul-

tant higher TcdA level may occur as a result of an

increased susceptibility of toxin to ‘leak’ from the cell

e.g. the cells lyse more readily – the alternative mecha-

nism of toxin release to the proposed release via TcdE

[28] Alternatively, unexplored pathways which result in

altered transcription factors associated with toxin

expression may be involved.

In the recently reported structure of Cwp8, to which

we have shown that Cwp2 bears significant structural

similarity, Usenik et al. [24] demonstrated that domain

2 is likely to form the most surface exposed region of

the protein, while domains 1 and 3 are more buried.

This is also likely to be true for Cwp2 due to the high

similarity between the two structures. Domain 2 in

both proteins consists of an a-helix, a three-stranded

b-sheet and an extended loop region (Fig. 5), although

there are significant differences in the loop regions.

The two domains also show significantly different ori-

entations in their respective structures, related to each

other by a rotation of approximately 40° (Fig. 2).

Domain 2 of LMW SLP, bears a level of similarity to

domain 2 of Cwp2 and Cwp8. Although the b-sheet in
this protein has a slightly different orientation relative

to the helix and the loop region is considerably larger.

Domain 2 of LMW SLP has been shown to exhibit

low sequence identity between strains, which is likely to

be permitted by the significant number of loops within

the structure [22]. The protein exhibits both immuno-

evasive capabilities [29] and adhesive properties [27].

The variability of domain 2 has been suggested to play a

role in immuno-evasion [22] while variability of the

whole protein has been shown to have an effect on the

strength of cell adhesion [27]. As domain 2 is very likely

to be the most surface exposed part of the structure, it is

possible that it is this domain that is primarily responsi-

ble for both immuno-evasion and cell adhesion. Simi-

larly, Cwp2 and Cwp8 both show increased amount of

SNPs compared to other proteins within the slpA locus

[13]. It is therefore possible that variations in domain 2

of Cwp2 and Cwp8 may too have an effect on adhesive

abilities and that the variation may be linked to

immuno-evasion. However, the cross-reactivity of sera

against Cwp2 [15] casts doubt on the possibility of a role

for Cwp2 in immuno-evasion.

Despite the differences in orientation of domain 2 in

Cwp2 and Cwp8 it is tempting to suggest that, the

region between domains 1 and 2 may be able to act as a

hinge allowing domain 2 to move relative to domains 1

and 3, so that it can assume an orientation closer to that

observed for domain 2 in the structure of Cwp8 and vice

versa. To examine this hypothesis, the flexibility of the

two structures was computationally analysed using

FIRST and FRODA. By probing the structures with

physiologically relevant amounts of energy, it was possi-

ble to observe a hinging movement at the interface

between domains 1 and 2 of Cwp2 and Cwp8 that

allowed domain 2 to assume an orientation closer to

that seen in the other structure (Fig. 2). In LMW SLP,

the structure and orientation of domain 2 showed much

greater differences than between Cwp2 and Cwp8, so it

was not possible to observe the same orientation seen in

the other two structures, however a hinging between the

two domains was also seen.

Domain 1 of Cwp2 possesses a very similar fold to

that of domain 1 of LMW SLP and Cwp8 (Fig. 6)

Fig. 5. Comparison of Domain 2 of Cwp2, Cwp8 and LMW SLP –

(A) Cwp2. (B) Cwp8. (C) LMW SLP. All three share a conserved a-

helix and b-sheet. All three also possess extended loop regions

whose structures are not conserved between the three proteins.

The loop regions of LMW SLP, the variability of which has been

linked to variations in adhesion, are considerably longer than those

seen in Cwp2 and Cwp8.
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[22,24]. In all three proteins, the domain is likely to be

more buried than domain 2. Domain 1 of LMW SLP

shows a higher degree of conservation than domain 2,

and is its structure considerably more conserved in

Cwp2 and Cwp8 as well. It is therefore highly likely

that they share a currently unidentified function.

Domain 3 of Cwp2 and Cwp8 assumes a similar fold

to domain 1 (Fig. 7), while the structure of domain 3 of

LMW SLP, which has been shown to be responsible for

the formation of the H/L complex [22], is currently

unknown. The structure of Cwp8 demonstrates that there

is a significant amount of interaction between domain 3

and the first cell wall-binding domain (CWBD). It there-

fore seems logical that the fold of this domain will be

optimized for interaction with the CWBDs. It may, there-

fore, be that domain 3 of LMW SLP bears some similar-

ity to that of Cwp2 and Cwp8, although, in the case of

Cwp2 and Cwp8, the attachment to the cell wall-binding

domains is covalent, while the interaction of LMW SLP

to HMW SLP is noncovalent [22].

Usenik et al. noted three portions of the functional

region of Cwp8 that showed poor electron density in

their structure, notably, two of these are found in

domain 2 and are likely to form the most surface

exposed areas of the protein in vivo. The equivalent

regions in Cwp2, Lys141-Asp153 and Asn195-Lys218

are much more ordered. The latter of these two

regions is also considerably longer in Cwp2, assumes a

significantly different conformation and is stabilized by

crystal packing while the former is ordered despite

being solvent exposed. The third region identified in

Cwp8 was an exposed loop in domain 3 (Fig. 7). This

loop also shows poor density in Cwp2 (Ile274-Tyr284),

but is much shorter than in Cwp8. Interestingly, these

three regions show the lowest degree of sequence simi-

larity between the two proteins [25].

This study has determined the structure of the ‘func-

tional’ region of the C. difficile S-layer-associated pro-

tein Cwp2. The protein bears a high degree of

similarity to the recently reported three-dimensional

structure of Cwp8 [24], with an extended fold consist-

ing of three domains. Domains 1 and 3 show a high

degree of structural similarity, while domain 2 is sepa-

rated by a hinge, shows the greatest degree of varia-

tion between the proteins and appears to be capable of

assuming different orientations.

This study has also demonstrated that Cwp2 may

exhibit adhesive properties similar to those exhibited

by the related proteins, LMW SLP and Cwp66. Varia-

tions in the sequence of LMW SLP cause changes to

the adhesive strength of the protein [27]. The majority

variation in LMW SLP is seen in domain 2 [22], so it

follows logically that this domain plays a primary role

in adhesion, a feature that is likely to be shared by

domain 2 of Cwp2 and Cwp8.

While an in vitro assay using Caco-2 cells demon-

strated significantly reduced adhesion of cwp2� com-

pared to the wild-type control, the numbers of

vegetative cells and spores adhering to hamster caecal

tissue were not significantly different between the wild-

Fig. 6. Comparison of Domain 1 of Cwp2, Cwp8 and LMW SLP – (A) Cwp2. (B) Cwp8. (C) LMW SLP. As domain 1 contains a single strand

linking domains 2 and 3, the N- and C-termini of the domain are labelled accordingly, while the portions connected to domain 2 are labelled

C* and N*. The two-layer sandwich structure of domain 1 is particularly well conserved between the three proteins. The only major

differences are longer a-helices in LMW SLP and different connections to domain 2, which shows significantly higher variation.
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type and the mutant strain. This may reflect differ-

ences in the cell surface make-up of human (Caco-2)

and hamster epithelial cells. Clearly, further detailed

investigation is required to establish a role for Cwp2

in the process of C. difficile adhesion and colonization.

Experimental procedures

Crystallographic studies

Cloning, expression and purification

A synthetically synthesized gene encoding the ‘functional’

region of cwp2 from C. difficile (residues 27–322 from

strain QCD32g-58; ribotype 027, Thermofisher, Carlsbad,

CA, USA) was cloned by PCR into the SUMO tagged

expression vector pET-SUMO. The plasmid was trans-

formed into Escherichia coli BL21*(DE3) cells, which were

grown to an OD600 of 0.6 before expression was induced

with 1 mM IPTG and continued overnight at 16 °C. Har-

vested cell pellets were lysed by sonication and His-SUMO

tagged proteins were first purified by Nickel IMAC. Eluted

fractions were dialysed into SUMO protease cleavage buf-

fer (50 mM tris-HCl, 150 mM NaCl pH 8.0, 0.2% igepal,

1 mM DTT), then cleaved with SUMO protease (Thermo-

fisher). A second round of IMAC was performed to remove

any uncleaved material, with cleaved untagged Cwp227–322
protein not binding. To remove residual detergent, the sam-

ple was dialysed into 20 mM Tris pH8.0 and purified on a

Q-sepharose column, eluted via a NaCl gradient. Following

this, gel filtration using a Superdex 200 10/300 with PBS

was undertaken. Eluted protein was dialysed into 20 mM

Tris pH8.0 before concentration to 12.04 mg�mL�1 with a

vivaspin 10 000 MWCO centrifugal concentrator prior to

crystallization trial setup.

Crystallization, X-ray diffraction data collection and

processing

Crystallization-condition screening was performed with a

range of preprepared 96-well screens (Molecular Dimen-

sions) using an Art Robbins Phoenix nanodispensing robot.

Crystals of Cwp227–322 were observed in JCSG+ condition

G11 (2.0 M ammonium sulphate, 0.1 M bis-tris, pH 5.5)

after a prolonged incubation period and were cryo-pro-

tected by addition of ammonium sulphate to a final con-

centration of approximately 3 M before flash cooling in

liquid nitrogen. Four datasets consisting of 900 images with

0.2° oscillations were collected from four crystals on beam-

line I04 at Diamond Light Source. Data were indexed and

integrated separately with DIALS [30] and scaled together

with aimless [31]. Molecular replacement was performed

with PHASER [32] using three polyalanine models based on

the three functional domains of Cwp8 (PDB: 5J6Q) [24].

Domains 1, 2 and 3 yielded translation function Z-scores

of 8.26, 7.11 and 8.46 respectively, indicating that the solu-

tions were likely to be correct, however the resulting elec-

tron density was still ambiguous. Refinement with REFMAC5

[33] gave Rwork and Rfree scores of 0.519 and 0.528 respec-

tively. Density modification was performed with PARROT

[34] and automated model building and refinement was per-

formed with BUCCANEER [35] and REFMAC5. This resulted in

Rwork and Rfree values of 0.469 and 0.506. The resulting

model was optimized with manual building with COOT

[36] and refinement with REFMAC5 to final Rwork and

Rfree scores of 0.216 and 0.245. The structure was validated

with MOLPROBITY [37]. Crystallographic statistics are given

in Table 1.

Fig. 7. Comparison of Domain 3 of Cwp2, Cwp8 – (A) Cwp2. (B)

Cwp8. In both proteins, domain 3 shows a similar two-layer

sandwich fold to domain 1. The most noticeable difference

between the two is the loop region protruding from the top of the

domain (circled), this region is much longer in Cwp8 than in Cwp2.

In both structures, this region had poor density.
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Flexibility simulation

The structures of Cwp2, Cwp8 [24] and LMW SLP [22] were

prepared for flexibility analysis using PYMOL (www.pymol.

org) and MOLPROBITY. Normal mode eigenvectors were deter-

mined for the structures of the proteins using ELNEMO [38]

while FIRST [39] and FRODA [40] were used to determine flexi-

bility of the proteins. Ten nontrivial modes were analysed

and inspected with PyMol to identify modes of motion that

resulted in greater similarities between the structures.

Knockout studies

The ClosTron gene knockout system [41] was used for

insertional inactivation of cwp2 using protocols described

previously [21]. An Intron integration site within the gene

was selected between positions 1569 and 1570. Intron re-

targeting IBS, EBS1d and EBS2 PCR primers were

designed using the Sigma Aldrich TargeTron Design Site

(Poole, UK). All primer sequences are given in Table 3.

The 353 bp region containing the IBS, EBS1d and EBS2

sequences responsible for intron specificity was synthetically

synthesized based on in silico mutation of an intron re-

targeting region template using primers designed by the

relevant intron re-targeting site. This 353 bp region was

then cloned into pMTL007C-E2 via the HindIII and BsrGI

sites and sequenced in situ with primers CspFdx-F1 and

pMTL007-R1. The derivative pMTL007 plasmid construct

(s) were transformed, via electroporation, into the conjuga-

tive donor E. coli CA434 and then transferred, via conjuga-

tion, into C. difficile 630DErm [42].

Successful transconjugants and subsequent integrants were

selected for by streaking onto C. difficile selective media (E&O

Labs, Bonnybridge, UK) with the addition of thiamphenicol

(15 lg�mL�1) and then on sBHI agar containing erythromycin

(5 lg�mL�1), respectively. Confirmation of knockout was per-

formed using PCR with primers flanking the intron insertion

site and using the ErmRAM primers. All C. difficile incuba-

tions were performed under anaerobic conditions.

RNA extraction

Clostridium difficile was re-streaked on fastidious anaerobe

agar (FAA) plates and incubated for 24 h at 37 °C. An appro-

priate culture volume was inoculated with a streak of colonies

and grown overnight at 37 °C. Total RNA was extracted

from the culture using RNeasy mini kit (Qiagen, Hilden, Ger-

many) with enzymatic lysis and proteinase K digestion as per

manufacturer’s instructions. Total RNA was treated with

TurboDNAseTM (Ambion, Foster City, CA, USA).

Southern blot analysis

For Southern hybridization, gDNA was digested with Hin-

dIII, run on a 1.0% agarose gel, blotted to a positively

charged nylon membrane, and hybridized with a DIG-

labelled probe corresponding to a 398 bp region at the end

of the intron. The intron-specific probe was generated by

PCR using cwp84 knockout gDNA [21] as a template and

primers pMTL007_F1 and pMTL007-R1. The process of

Southern analysis was carried out using the DIG High

Prime DNA Labeling and Detection Starter Kit I (Roche,

Basel, Switzerland) according to the manufacturer’s instruc-

tions.

Growth rate determination

Triplicate 20 mL sBHI broth was inoculated with three

streaks of colonies and incubated for 16 h. The overnight

culture was inoculated into fresh triplicate 20 mL sBHI

broth such that the OD600 was approximately 0.1. At hourly

intervals, the culture was agitated and samples removed and

OD600 measured. OD600 was plotted against time and the

linear part of the curve was used to determine a growth rate.

Sporulation

A stirred 80 mL sBHI culture was inoculated with a streak

of colonies and incubated for 18 days. After this period,

samples were taken and plated in dilution, pre and post

heat shock (62 °C, 40 min), to give viable counts (colony

forming units�mL�1).

Preparation of Clostridium difficile spores

A portion of the cwp2� culture (300 lL) was spread onto

FAA plates and incubated at 37 °C for 10 days in an

anaerobic jar. After incubation, the bacterial lawn was

scraped off and transferred to 15 mL of sterile Dulbecco’s

modified Eagle’s medium (DMEM) and centrifuged for

20 min at 2000 g. The resulting pellet was washed twice by

re-suspension into 12 mL DMEM followed by centrifuga-

tion and then re-suspended into DMEM and heat shocked

at 62 °C for 40 min. The resulting crude spore suspension

was aliquoted and stored at �80 °C. Samples (200 lL)
were used to obtain viable counts after heat shocking.

Toxin ELISA

Affinity purified sheep anti-toxoid A and B IgGs were

biotinylated using EZ-Link� Sulfo-NHS-Biotin reagents

(Pierce, Rochford, IL, USA) as per manufacturer’s instruc-

tions. Prior to and after biotinylation IgGs were dialysed

against 50 mM HEPES, 0.15 M NaCl pH 7.4 overnight at

4 °C. Unbiotinylated sheep anti-toxoid A and B IgGs were

coated onto individual Maxisorb plates at 5 lg�mL�1 in

PBS and incubated overnight at 4 °C. Plates were washed

three times with PBS with 0.1% Tween 20 (Sigma, Poole,

UK) (PBST) followed by application of PBST with 5%
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FBS (blocking buffer) and incubated for 1 h at 37 °C.
Plates were washed a further three times before the applica-

tion of appropriate samples and TcdA and TcdB standards

(diluted to 1000 ng�mL�1) and incubated for 1 h at 37 °C.
Plates were washed a further three times before application

of either biotinylated sheep anti-toxoid A (1 lg�mL�1) or B

IgG (10 lg�mL�1) and incubated for 1 h at 37 °C. Plates

were washed as before then streptavidin-HRP conjugate

(GE Healthcare, Chalfont St Giles, UK) (1 : 1000, in

blocking buffer) applied and incubated for 10 min followed

by a final three washes. Detection was undertaken with the

addition of a TMB substrate and TMB stop solution

(BioFX, Eden Prairie, MN, USA). The absorbance of each

well was read at 450 nm using a TecanTM Sunrise microtitre

plate reader. Toxin concentrations were estimated using a

sigmoidal four-parameter logistic standard curve.

Clostridium difficile culture supernatants for TcdA or

TcdB ELISA were obtained by removing bacterial cells

from C. difficile cultures by centrifugation, then dialysing

the culture supernatant for 24 h into 50 mM HEPES 0.15 M

NaCl, pH 7.4, using 12 kDa MWCO dialysis tubing before

storage at �80 °C if not used directly.

Surface protein extraction

Surface protein extraction was performed using the low pH

glycine method [8,43]. Briefly, the harvested cell pellets were

washed once with 10 mM HEPES, 100 mM NaCl, pH 7.4, re-

suspended in 0.2 M glycine, pH 2.2 and incubated for 30 min

at 22 °C. Cells were then removed by centrifugation and the

supernatant neutralized with 2 M Tris-HCl, pH 9.0. Extracted

SLPs were dialysed into 50 mM HEPES containing 0.15 M,

NaCl pH 7.4 and stored at �80 °C if not used directly.

Adhesion assay

Caco-2 cells were seeded into eight well Lab-TekTM cham-

ber slides at a 1 : 2 dilution in Minimum Essential Medium

Eagle medium (MEME) (approx 5.69 9 104 cells per well)

for 14 days prior to the assay to ensure full differentiation.

18 h C. difficile culture was harvested by centrifugation,

then washed twice with an equal volume of Dulbecco’s

phosphate buffered saline (DPBS), before re-suspension in

MEME � ovine anti-R20291 SLP IgG (in 50 mM HEPES

0.15 M NaCl pH 7.4) or ovine anti-R20291 crude spore

serum as a control against nonspecific binding. Caco-2 cells

in chamber slides were washed twice with 0.4 mL per well

of DPBS before addition of 0.4 mL of bacterial suspension

to each well. Slides were incubated for 2 h 20 min at 37 °C
in anaerobic conditions followed by washing three times

with DPBS. Slides were then fixed with methanol at �20 °C
for 5–10 min and stained with Giemsa stain (Sigma) diluted

with Wright-Giemsa stain phosphate buffer pH 6.8 (Park

Scientific Ltd, Northampton, UK) before microscopic

observation at 91000 magnification using an oil immersion

lens. Enumeration was performed using a single-blind

experimental design. Each experiment was performed with

20 replicates, mean-specific binding was calculated as bind-

ing without antiserum minus binding with antiserum.

Animal model for Clostridium difficile infection

Syrian hamsters were challenged with cwp2� as previously

described [21]. Briefly, each hamster in two groups of ten

hamsters was orgastrically administered 200 colony forming

units of either C. difficile 630 wild-type spores or cwp2�

spores in 0.2 mL DMEM 2 days after clindamycin admin-

istration, while eight control hamsters just received

DMEM. All animals were monitored six times a day for

12 days for signs of diarrhoea, weight loss, lethargy and

tender abdomen. Animals in advanced stages of disease

which had become immobile were euthanized. Faecal sam-

ples were taken from euthanized animals by colectomy and

C. difficile cultured as described above.

To determine pathology, the tip of the caecum was

removed and placed into 10% neutral buffered formalin

prior to histology by haematoxylin and eosin staining. To

enumerate the total bacterial load (spores and vegetative

cells), the rest of the caecum was opened longitudinally,

and the contents were removed by gentle washing in two

changes of 10 mL sterile PBS, 10% DMSO, then frozen at

�80 °C until processing. The tissues were homogenized in

5 mL of PBS, 10% DMSO for 2 min using a stomacher,

and viable were measured counts as described above.

The PCR was undertaken on selected colonies grown

from cultures to ensure the strain isolated was the same

strain as used in the challenge.
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