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Abstract

CPE (Clostridium perfringens enterotoxin) is the major virulence determinant for C. perfringens type-A food
poisoning, the second most common bacterial food-borne illness in the UK and USA. After binding to its
receptors, which include particular human claudins, the toxin forms pores in the cell membrane. The mature
pore apparently contains a hexamer of CPE, claudin and, possibly, occludin. The combination of high binding
specificity with cytotoxicity has resulted in CPE being investigated, with some success, as a targeted cytotoxic
agent for oncotherapy. In this paper, we present the X-ray crystallographic structure of CPE in complex with a
peptide derived from extracellular loop 2 of a modified, CPE-binding Claudin-2, together with high-resolution
native and pore-formation mutant structures. Our structure provides the first atomic-resolution data on any
part of a claudin molecule and reveals that claudin's CPE-binding fingerprint (NPLVP) is in a tight turn
conformation and binds, as expected, in CPE's C-terminal claudin-binding groove. The leucine and valine
residues insert into the binding groove while the first residue, asparagine, tethers the peptide via an interaction
with CPE's aspartate 225 and the two prolines are required to maintain the tight turn conformation.
Understanding the structural basis of the contribution these residues make to binding will aid in engineering
CPE to target tumor cells.

© 2014 Elsevier Ltd. All rights reserved.

Introduction

Clostridium perfringens is a Gram-positive anaero-
bic spore-forming bacterium that is ubiquitous in
nature. It can secrete an array of toxins that vary
from strain to strain. This toxin diversity allows C.
perfringens to cause a range of diseases including
human food poisoning, gas gangrene, human enteritis
necroticans and enterotoxaemia in livestock.

CPE (C. perfringens enterotoxin) is the major
virulence determinant for C. perfringens type-A food
poisoning [1]. This type of food poisoning is a sig-
nificant problem across the globe, ranking as the
second most common bacterial food-borne illness in
both the USA and the UK. The Centers for Disease
Control and Prevention in the USA estimates that

0022-2836/© 2014 Elsevier Ltd. All rights reserved.

nearly 1 million cases of C. perfringens type-A food
poisoning occur annually in the USA (Centers for
Disease Control and Prevention, Estimates of
Foodborne lliness in the United States. 2011. 11
June, 2012"). It results from consumption of food
contaminated with C. perfringens strains that pro-
duce CPE in the intestines. Two observations
confirm that CPE is the responsible toxin. Firstly,
inactivation of the cpe gene eliminated the enteric
pathogenicity of a food poisoning strain in animal
models and this attenuation was reversible by
complementation [2]. Secondly, ingestion of purified
CPE by human volunteers resulted in the gastroen-
teritis symptoms of type-A food poisoning [3].

CPE is also associated with cases of hospital-
and community-acquired AAD (antibiotic-associated
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diarrhea) and SD (sporadic diarrhea), which are
more severe than typical cases of type-A food-borne
illness [4]. While the media focuses on AAD and
SD caused by strains of Clostridium difficile, CPE is
also responsible for a significant fraction of hospital-
acquired enteric illnesses [5,6]. CPE has also been
linked with some veterinary gastrointestinal diseases
[7] and, controversially, sudden infant death syn-
drome [8].

CPE differs from other C. perfringens toxins in that
it is not a secreted toxin but rather is released at the
completion of sporulation upon lysis of the mother
cell at which time CPE can represent up to 15%
of dry cell mass [9]. This membrane-interacting toxin
is a 319-residue polypeptide chain of approximately
35 kDa molecular mass [10]. It can bind to several
mammalian cell types via human Claudin-3 or
Claudin-4 [11], which belong to the large claudin
family of 20- to 27-kDa tight junction proteins [12—14].
Other human claudins have also been shown to
bind CPE, though with lower affinity [15]. The high
specificity of this interaction has resulted in CPE being
identified as a potential biotechnology agent and, in
particular, as an oncotherapeutic [16—19]. Under-
standing the basis for this specificity will result in the
potential to alter which claudins recognize CPE and
therefore target different cell types, as described in
Takahashi et al. [20].

Cytotoxicity and cell death, which occur within
30 min of CPE exposure at 37 °C [21], result from
alterations in membrane permeability caused by pore

formation [11]. In mammalian cells, CPE forms two
large complexes named CH-1 and CH-2[22,23]. Both
these two CPE complexes are SDS resistant and
their stoichiometry and mass have been the subject
of continued study, with recent estimates indicating
sizes of approximately 425-500 kDa and 550-
660 kDa, for CH-1 and CH-2, respectively. These
complexes apparently consist of a CPE hexamer,
claudin and, for CH-2, another tight junction protein
named occludin [24].

Winkler et al. reported that specificity for Claudin-3
and Claudin-4 is provided via a fingerprint sequence
(149NPLVP153) in extracellular loop 2 (ECL2) of the
claudin [25], while the exact sequence only occurs
in mouse Claudin-3 and the amino acids in positions
3, 4 and 5 of the fingerprint can be conservatively
substituted. Introduction of this fingerprint by muta-
tion of two residues was sufficient to turn a peptide
derived from non-CPE-binding mouse Claudin-2 into
a peptide that bound CPE better than the wild-type
CPE-binding mouse Claudin-4. Mutation of the
fingerprint residues reduces binding of claudin to
CPE (Table 1). The involvement of residues outside
the fingerprint is not ruled out and other claudins
lacking a complete fingerprint are reported to bind
CPE, including human Claudin-8 and Claudin-14
[15]. However, these peptides bind to the toxin
with reduced affinity, and their affinity for CPE is
increased by introducing the canonical fingerprint
residues. CPE has been shown to interact with
claudin via its C-terminal domain (residues 194-319

Table 1. CPE and Claudin-4 mutations affecting the interaction between them.

Mutation Methods used Approximate cytotoxicity Comment Reference
as % wild-type activity

(a) CPE mutations affecting activity

Wild type 100 —

Full-length CPE

Asp48Ala/Asn/Glu 86Rb release <1 30

lle51Ala 8Rb release <1 30

Tyr306Ala LDH release competition/TEER 64/64 28

Tyr310Ala LDH release competition/TEER 72/94 28

Tyr312Ala LDH release competition/TEER 73/100 28

Leu315Ala LDH release competition/TEER 70/45 28

C-terminal domain only Claudin-4 binding as % wild type

Leu223Ala Pull-down 100 Claudin-3 binding 20% 34

Arg227Ala Pull-down 80 Claudin-3 binding 10% 34

Leu254Ala Pull-down 80 Claudin-3 binding 30% 34

Asp284Ala Pull-down 10 Claudin-3 binding 100% 34

(b) Claudin ECL2 mutations affecting C-CPE binding: Numbering as for Claudin-2 ECL2

Wild type 100 —

Claudin-3

Asn149Asp Pull-down 5 Mouse ECL2 peptide 25

Leu151Ala Pull-down 5 Mouse ECL2 peptide 25

Asn149Asp/Arg158Tyr  '25|-CPE binding/TTC cytotoxicity 1 Human full length 39

Asn149Asp Pull-down 50% Mouse full length 34

Claudin-4

Asn149Asp Cytotoxicity <1 Human full length 40
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[26]). In particular, tyrosines 306, 310 and 312 and
leucine 315 in CPE are important for claudin binding
[27,28] (Table 1). The structure of the C-terminal
domain in isolation has been determined to 1.75 A
[29] and the residues associated with claudin binding
reside at the base of a cleft in the C-terminal protein
surface. However, the C-terminal domain in isolation
is insufficient for cytotoxicity. In the absence of the
C-terminal domain (residues 200-319), CPE is not
cytotoxic and cannot form active pores [26,29]. In
addition, alanine-scanning mutagenesis identified
aspartate 48 (D48A) as a key residue for large com-
plex formation [30], while the deletion of up to the
first 44 residues from native CPE results in a slight
increase in cytotoxicity [31].

Previously, we (and others [32,33]) have deter-
mined the structure of full-length CPE (Fig. 1). In all
the crystal structures solved to date [32,33], and
those in this paper, the CPE forms an intimate trimer,
whose interface has the characteristics of a biolog-
ical significant interface, though this trimer has not
yet been shown to have any functional significance.
These structures show that residues implicated in
claudin binding (Table 1), including Tyr306, Tyr310

and Tyr312, form a pocket on the protein surface. All
of these claudin-binding pockets are accessible and
on the same side of the trimer. More recent studies
on the C-terminal domain have identified a number
of residues on the opposite edge of this pocket as
also important for binding, including Ser256, 11e258
and Val259 [34] (Table 1).

The full-length structure showed that CPE is a
member of the aerolysin-like B pore-forming toxin
(BPFT) family. BPFTs are a group of cytotoxic proteins
with divergent structures and sequences that are
characterized by their common ability to permeabilize
cell membranes and ultimately to cause cell death
[35]. They all have structurally related oligomerisation
domains but unrelated receptor-binding domains.
Despite their diverse sequences, these toxins have
a common mode of action in that they each possess
an amphipathic stretch of residues that, on binding
to the appropriate cell surface receptors, forms a
B-hairpin that contributes to the membrane-spanning
oligomeric B-barrel of the pore. CPE differs slightly
from the rest of the group in that the amphipathic
residues (residues 81-106) that have been identified
as the B-hairpin pore-forming residues [23,36] adopt

Fig. 1. Structure of full-length CPE. Cartoon representation of (A) the monomer, colored pale green and pink for
the oligomerisation domain and light cyan for the C-terminal claudin-binding domain. The membrane-inserting residues
are highlighted in red. (B) The trimer seen in the crystal. The monomers are colored green, maroon and violet; the
claudin-binding pockets are highlighted by drawing of likely claudin-binding residues as spheres.
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a helical conformation in the soluble form, while these
residues more normally fold into a B-hairpin in other
members of the group.

At high concentrations, CPE is able to form
cation-preferring pores in pure lipid bilayers in the
absence of receptor claudin or other proteins [37].
Electric current measurements across lipid bilayers
containing CPE pores show that it preferentially
transports small positive ions, with ions larger than
approximately 6.0 A unable to pass through the CPE
pore [37].

In this paper, we present a number of structures.
Firstly, that of CPE with the N-terminal 37 residues
deleted (AN37CPE). This construct is stable and
easier to crystallize than full-length CPE, the N-termi-
nal 37 residues are disordered in all the full-length
structures solved to date and removal of up to the first
44 amino acids of CPE causes a 2- to 3-fold increase
in toxicity [31]. We then look at the structure of the
AN37CPE with the mutation Asp48Ala introduced and
show that the inactivity of this mutant is not due to any
major conformational change. Finally, we present the
structure of CPE with bound peptide derived from the
ECL2 of mouse Claudin-2 (CPE-CLD2), containing
two mutations required for CPE binding. The CPE-
CLD2 structure shows that the fingerprint sequence
is required to form an unusual tight turn conformation
in order to allow optimal interaction with the CPE-
binding pocket and, for the first time, provides atomic-
resolution information on the interaction between CPE
and claudin.

Results

AN37CPE

AN37CPE has increased activity compared to
full-length CPE and is more stable and easier to
purify, concentrate and crystallize; thus, it has been
used for all the studies described here. In order
to distinguish changes induced by the loss of 37
N-terminal residues, we first determined the struc-
ture of the AN37CPE in isolation. AN37CPE crystals
diffracted to a resolution of 1.9 A and were in space
group C2 with cell dimensions a = 191 7A b=
128.3 A, c = 137.2 A and B = 133.8°. The structure
was solved by molecular replacement using full-
length CPE (PDB ID 2XH6) [32] as a model and
revealed six copies of the CPE monomer in the
asymmetric unit arranged in two trimers with a sol-
vent content of 58% (v/v). After refinement, the final
R/Riee Was 17.6/19.7%. Further statistics are listed
in Table 2 and the coordinates are deposited with
PDB ID 3ZIX. The overall structure of the AN37CPE
monomer is unchanged from that of full-length
CPE, in which the N-terminal 34 amino acids were
disordered and not visible in the electron density
map [32]. In the three structures described in this
paper, there are in total 27 crystallographically inde-
pendent copies of the CPE monomer due to high
levels of non-crystallographic symmetry (NCS).
Table 3 lists the mean and standard deviation for

Table 2. Data collection and refinement statistics (molecular replacement)

AN37CPE AN37CPE-D48A CPE-CLD2 complex
Data collection
Space group c2 c2 c2
Cell dimensions
a, b, c(A) 191.7,128.3, 137.2 190.6, 128.0, 136.4 369.6, 100.3, 265.4
a, B,y 90.0, 133.8, 90.0 90.0, 133.8, 90.0 90.0, 119.7, 90.0

Resolution (A) 47.0-1.9 (1.94-1.90)%

Rsym OF Rmerge 6.5 (122.0)
lal 17.42 (1.57)
Completeness (%) 98.2 (95.1)
Redundancy 7.66 (7.34)
Refinement
Resolution (A) 47-1.9
No. of reflections 185,641
Rwork/ Riree 17.6/19.7
No. of atoms

Protein 13,415

Ligand/ion 1947

Water 1762
B-factors

Protein 44.4

Ligand/ion 59.9

Water 52.8
RMSD .

Bond lengths (A) 0.010

Bond angles (°) 1.09

98.4-1.9 (1.94-1.9)

20.0-3.4 (3.5-3.4)

14.6 (144.5) 20.7 (77.8) 17.4 (64.3)
7.42 (1.26) 5.55 (1.05) 7.7 (1.7)
99.2 (94.8) 81 9 (47.4) 53.7 (9.7)
7.32 (6.9) 4 (1.9) 4.0 (2.65)
49.23-1.9 20-3.4
185,455 96,758
17.5/19.6 20.4/24.0
13,397 34,326
1870 0
1685 0
48.0 117.9
63.0 n/a
56.5 n/a
0.0096 0.010
1.09 1.37

Number of crystals for each structure should be noted in footnote.
@ Values for the highest-resolution shell are given in parentheses.
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Table 3. Mean and standard deviation for the C* RMSD between each copy of the molecule in Structure 1 and Structure 2

Full-length CPE [3] AN37CPE [6] AN37CPE-D48A [6] CPE-CLD2 [15]
(a) Monomers (A)
CPE-CLD2 [15] 0.81 + 0.21 0.72 £ 0.1 0.72 = 0.09 0.26 + 0.1
AN37CPE-D48A [6] 0.68 = 0.1 0.34 = 0.11 0.38 = 0.07
AN37CPE [6] 0.70 + 0.09 0.36 + 0.09
Full-length CPE [3] 0.56 + 0.13

Full-length CPE [1] ANS7CPE [2] AN37CPE-D48A [2] CPE-CLD2 [5]
(b) Trimers (A)
CPE-CLD2 [5] 1.04 + 0.03 1.1 £ 0.05 1.2 £ 0.09 0.35 + 0.1
AN37CPE-D48A [2] 0.99 + 0.05 0.15 + 0.02 0.61 (no SD)
AN37CPE [2] 0.99 + 0.003 0.57 (no SD)
Full-length CPE [1] N/A

The number of NCS-related copies in each structure is indicated in brackets. DN37CPE: CPE with the N-terminal 37 residues deleted.
DN37CPE-D48A: DN37CPE with Asp48 mutated to Ala. CPE-CLD2: DN37CPE complexed with a peptide derived from mouse Claudin-2

extracellular loop 2.

the all C“ atom RMSD (root-mean-square deviation)
between each copy of the monomer in the asym-
metric unit for one structure and each copy in a
second. Table 3 shows that the CPE monomers in
AN37CPE are essentially unchanged from those in
the full-length CPE.

There are two significant areas of difference be-
tween AN37CPE and full-length CPE. These differ-
ences are present in all chains and are illustrated
in Fig. 2. Firstly, though the first N-terminal residue
corresponding to the CPE sequence in AN37CPE
is residue 38, removal of the His-tag added to the
sequence for purification left four non-native resi-
dues (sequence Gly34-Ala-Met-Gly37) remaining
in N-terminus to the first native CPE amino acid.
These four residues are ordered and visible in the
electron density map for the AN37CPE structure
and adopt a different conformation from the native
residues 34-37 in the full-length CPE structure
(sequence Asn34-Ser-Asn-Leu37). In AN37CPE,
the N-terminus extends toward the C-terminal
domain, and this would be sterically prohibited in
full-length CPE, and in the full-length structure,
residues 34—-37 extend into the solvent. It is likely
that the presence of the disordered N-terminal pep-
tide extending out toward the C-terminal domain
results sterically hinders the binding of the C-terminal
domain to claudin and that this reasons its removal
results in a slightly more active toxin.

The second difference between the two structures
is that Pro191 adopts a cis conformation in full-length
CPE while it is trans in AN37CPE (Fig. 2B). The
change in conformation results in additional move-
ment in the surrounding chain. This section of CPE
is solvent exposed and mediates symmetry interac-
tions in each copy of AN37CPE. The cis conforma-
tion of full-length CPE extends further into solvent
and, if maintained in the AN37CPE crystal form,
would result in a steric clash. Given the small acti-
vation energy required to change the conformation of

proline, it is likely this steric clash is the cause of the
difference.

AN37CPE trimer

Full-length CPE forms a trimer in all crystal forms
reported to date [32,33]. The six copies of AN37CPE
in the asymmetric unit of this crystal structure are
arranged in two similar trimers. The all C® atom
RMSD between these two trimers and that in the
full-length CPE is 0.99 A (Supplementary Fig. 1 and
Table 3b) in both cases. This is larger than the
mean RMSD between monomers (Table 3a) due to a
movement of the C-terminal domain of one monomer
in the trimer and the N-terminal domain of a second
monomer with which it is interacting. The result is
a reduction of space between monomers close to
the likely location of the 34 disordered residues in
full-length CPE. It is probably the loss of these
residues that allows the more tightly packed trimer
to form, providing further evidence of the steric hin-
drance to interactions with other molecules caused
by the disordered N-terminal peptide.

AN37CPE-D48A

Introduction of the mutation Asp48Ala into CPE
has previously been shown to prevent prepore
formation and thereby eliminate mature pore forma-
tion and cytotoxicity [23,30]. Determination of the
full-length CPE structure showed that this residue is
solvent exposed and distant from both the predicted
claudin-binding site in the C-terminus and from the
amphipathic residues (81-106) expected to insert
into the membrane [32]. We determined the structure
of AN37CPE-D48A to identify if the mutation induced
any structural changes that would explain the loss of
cytotoxicity. AN37CPE-D48A crystallized under the
same conditions as for AN37CPE, and the crystals
diffracted to 1.9 A and had the same space group
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Fig. 2. Differences between the structure of full-length CPE and AN37CPE (A) at the N-terminus; the N-terminal domain
of full-length CPE is shown in maroon and that for AN37CPE is shown in pale green. (B) P191 peptide-flip. The full-length
CPE conformation is shown in maroon, and symmetry-related molecules in the AN37CPE crystal packing are in
semitransparent gray. It is evident that the full-length conformation clashes with these residues. The AN37CPE is in pale

green, red and cyan and does not clash.

(C2) as the AN37CPE crystals and very similar cell
dimensionsof a = 190.6 A, b= 128.0 A,c=136.4 A
and B = 133.8°. Structure solution by molecular re-
placement revealed a similar arrangement of six
CPE monomers in two trimers as for the AN37CPE
crystals. The R/Ryqe after refinement was 17.5/19.6%,
and further statistics are listed in Table 2 and the
coordinates are deposited with PDB ID 3ZIW. The
mutant AN37CPE-D48A monomer and trimer are
similar to that of AN37CPE as shown by the mean all
C*® atom RMSD between different copies (Table 3).
However, there is clear negative difference electron
density indicating the loss of the aspartate side
chain at residue 48 (Fig. 3). A recent X-ray structure
of another aerolysin-like toxin, Eisenia fetida lysenin
[38], has identified a sphingomyelin-binding site on
one edge of the N-terminal domain. However, when
the molecules are compared, this site is on the op-
posite side of the domain from Asp48. Therefore, no
conclusions about the loss of activity in CPE-D48A

mutant can be reached from our high-resolution
structure. Oligomerisation and membrane insertion
will induce conformation in CPE and the Asp48Ala
mutation may affect these conformation changes.
Alternatively Asp48 may form part of the oligomerisa-
tion interface. Further studies are required to identify
the role of this residue in CPE cytotoxicity.

Peptide-bound structure (CPE-CLD2 ECL2 variant)

Co-crystallization of AN37CPE with a peptide
derived from a variant mouse Claudin-2 ECL2 with
two-residue changes to increase CPE-binding affin-
ity [25] resulted in a new crystal form.

Many authors have shown that the composition
of ECL2 is important for CPE binding, using both
chimeric claudins (with ECL2 from one claudin ex-
changed for that from another) [39] and site-directed
mutations [34,40] in full-length claudin. Winkler et al.
showed that using peptides corresponding to the
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Fig. 3. Difference density for D48A, contoured at
+3.0 (green) and —-3.0 (red) rms and phases calculated
following initial rigid-body refinement. Final 2F, — F. map
for D48A mutant, contoured at 1.5 rms in blue. Asp48
side-chain conformation in A37CPE shown as sticks with
thin dark-gray bonds.

ECL2 sequence in surface plasmon resonance
experiments gave results that reflected binding and
cytotoxicity assays using full-length claudin ex-
pressed in mammalian cells [25]. Wild-type mouse
Claudin-2 (UniProt ID O88552) does not bind CPE
[25]. However, mutating Asp149 to Asn and Ser155 to
Ala resulted in an ECL2 peptide that bound C-CPE
more tightly than the ECL2 peptide derived from
a Claudin known to bind CPE. The importance of
residue 149 being Asn for CPE-binding mutation
has been shown by many researchers [25,34,39,40]
(Table 1). The mutations result in a CPE-binding
fingerprint identical with that in CPE-binding claudins,
and thus, the results seen here are expected to be
applicable to CPE—claudin interactions in full-length
native CPE. AN37CPE was incubated overnlght with
this peptide ('*'"HGILRDFYNPLVPDAMKFEI
Following incubation, crystallization trials resulted
in crystals diffracting to 3.4 A. Data analysis re-
vealed a space group of C2 once again but, this time,
with cell dimensions of a = 369.6 A, b=100.3 A,
c=265.4A and B = 119.7°. Structure solution re-
vealed 15 molecules in the asymmetric unit arranged
in five trimers, with a solvent content of 70%. The
presence of both high NCS and high solvent content
resulted in more detailed maps than what is normally
expected at this resolution. Refinement gave an
R/Ri e Of 20.4/24.0%, with further statistics provided
in Table 2 and the coordinates deposited with PDB
ID 4P5H. All the monomers and trimers in the
asymmetric unit are essentially identical with each
other and similar to the monomer and trimers seen
in the higher-resolution AN37CPE structure to which

they were restrained during refinement (Table 3a
and b).

Conformation of CLD2 in the CPE-CLD2 crystals

Difference electron density maps calculated using
phases from the initial molecular replacement showed
clear difference electron density (more than three
times the root-mean-square electron density) at the
cleftin the C-terminal domain that has been previously
associated with claudin binding [29] (Fig. 4A). The
presence of two prolines in the CPE-binding finger-
print of claudin allowed easy identification of these
residues in the binding pocket. In addition, the
residues in claudin that are most important for CPE
binding have been identified in a number of studies
[25,34,40]. Several of these studies that went on to
mutate CPE residues they hypothesized interacted
with the mutated claudin residues and showed this
restored function. These studies allowed us to assign
side chains to claudin residues based on the CPE
residues they interacted with. Figure 4C shows the
final 2F, — F;. map, while the interactions between the
protein and peptide are illustrated in Fig. 4B and D.
Strong density is present in each of the 15 binding
grooves for the residues of the mutant CLD2-derived
peptide that have been shown to be essential for
CPE binding [25], in particular, the fingerprint residues
149-153 (NPLVP), which can only tolerate conserva-
tive mutations, as discussed below. As the CLD2-
derived peptide extends away from CPE and into
solvent, the NCS relationship between the copies
breaks down, and in most cases, it has not been
possible to reconstruct its entire length. Residues
leading away from the fingerprint toward N- and
C-termini can clearly be seen to be adopting a helical
conformation, but NCS between CLD2 copies breaks
down as distance from the groove increases, resulting
in a loss of electron density map quality so that we
have been unable to build these helical parts of the
peptide into the electron density map. We will there-
fore concentrate our discussion on the fingerprint
residues (149—-153) and well-ordered mutant CLD2-
derived peptide residues either side that interact with
CPE. In the remainder of Results and Discussion,
residues from the CLD2-derived peptide will be pre-
faced with cld, while those from CPE will be prefaced
cpe for clarity.

The formation of the CPE-CLD2 complex buries
on average, 390 A2 of CPE's solvent-accessible
surface in each monomer. The peptide is tethered at
either end by possible electrostatic interactions, in
particular, between cldAsn149 and cpeAsp225 and
cldAsp154 and cpeTyr310. However, the interaction
is overwhelming hydrophobic in nature (Fig. 4D),
with cldVal152 and cldPro153 packing into first
identified binding pocket [29]. cldVal152 packs
against cpelle258, cpeVal259 and cpeTyr312 while
cldPro153 stacks against cpeTyr306 and cpeTyr310.
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Fig. 4. (A) Difference map showing typical density (contoured in green at 3.0 rms) for claudin-derived peptide for a
typical one of the five trimers in the peptide-bound asymmetric unit. Trimer is shown as cartoon representation. (B) One of
the five trimers in the asymmetric unit showing CPE as cartoon representation with semitransparent surface representation
and the final claudin-derived peptide in stick representations, with peptide-interacting residues in magenta. (C) Final
refined 2F, — F. electron density map contoured at 1.5 rms in dark blue with final refined coordinates shown as sticks,
protein with green bonds and claudin-derived peptide with white colored bonds. (D) Stick representation of final refined
peptide-bound structure, colored as in (B) with cpe residues that interact with claudin colored magenta and labeled.

cldLeu151 is inserted into the pocket recently iden-
tified by Veshnyakova et al. [34], including residues
cpelLeu254 and cpelLeu315, confirming their analysis
of the importance of these residues.

There is a constriction in the claudin-binding groove
of CPE, as a result of the side chain of cpeSer313
protruding into it, which separates the originally
identified pocket formed by residues including cpe-
Tyr306, cpeTyr310 and cpeTyr312 from the newly
identified and slightly shallower pocket containing
cpelLeu254 and cpelLeud15. This constriction defines
the orientation of cldVal152 needed for insertion into
CPE's claudin-binding groove. The required orien-
tation is achieved by presentation of these two
residues (cldLeu151 and cldVal152) at the apex of a
tight turn. Of the five residues in the claudin NPLVP
fingerprint associated with CPE binding (cld resi-
dues 149-153), both cldPro150 and cldPro153 are
required to form the tight turn that allows cldLeu151
and cldVal152 to insert into the correct pockets in
CPE's claudin-binding groove, with cldPro150 adopt-
ing a cis conformation.

Discussion

Effect of N-terminal residues on CPE cytotoxicity

It has been shown that the deletion of the
N-terminal 37 residues from CPE results in 2- to
3-fold increased cytotoxicity [31]. Previously deter-
mined structures of CPE have shown that the
N-terminal 37 residues of CPE are disordered [32,33].
The structure of AN37CPE presented here reveals
that the absence of these residues has no significant
effect on the rest of the CPE structure. However, the
presence of the disordered residues in full-length
CPE can be inferred from the changes in orientation
between the N- and C-terminal domains and the
change in conformation of the ordered N-terminal
residues between the full-length and AN37CPE struc-
tures. The presence of this 37-residue disordered
peptide inhibits CPE oligomerization, as what has
been shown by Kokai-Kun and McClane [26], probably
through steric hindrance of claudin receptor binding.
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Implications of the CPE-CLD2 complex structure

While the mutated mouse Claudin-2-derived pep-
tide used in these studies binds more tightly than
other peptides, it has been reported that cell lines
expressing mouse Claudin-3, Claudin-4, Claudin-7
or Claudin-8 or human Claudin-4 are all highly sen-
sitive to CPE exposure [39] and peptides derived
from ECL2 of mouse Claudin-3, Claudin-6, Claudin-7,
Claudin-9 and Claudin-14 bind to CPE [25] with
various levels of affinity. Claudin peptides with a
five-residue fingerprint of the form NP[L/M][V/T/L][P/A]
show the highest affinity for CPE. Asparagine at
position 1 of the fingerprint is required to form the
necessary stabilizing interaction with cpeAsp225,
and proline at position 2 is required as this residue
contains a cis peptide. The next two residues are
required to be medium-sized hydrophobic residues to
fit into the pockets on the CPE C-terminal domain
surface, and finally, the residue at position 5 in the
fingerprint is required to form a tight turn but does not
adopt a cis conformation so that either a proline or
an alanine residue can be substituted at this point.

Additional residues in claudin are also involved in
the interaction, for example, Claudin-8 can still bind
CPE, all be it with reduced affinity, despite lacking a
complete CPE-binding fingerprint [15]. In Claudin-8,
the fingerprint residues have the sequence NSIVN
and it should be noted that replacement of the serine
for the correct fingerprint residue, proline, signifi-
cantly increases the affinity of Claudin-8 for CPE.
The same study [15] showed that Claudin-14 also
binds CPE, at reduced affinity, compared to Claudin-3
and Claudin-4, despite having a complete CPE-
binding fingerprint. It highlighted the mutation of
cldAsp146, N-terminal to the fingerprint to Asn in
Claudin-14, and showed that restitution of the more
common Asp at this position restored CPE-binding
affinity. cldAsp146 is not visible in these electron
density maps so that we are not able to comment on
the likely reason for this.

Takahashi et al. introduced mutations into a frag-
ment of CPE (residues 116-319) called C-CPE, to
create a broad-spectrum claudin-binding protein
[20]. One of the mutations was cpeSer313His. The
larger residue will likely completely obscure the
cpeTyr306/310/312 binding pocket, which we have
shown to confer specificity on CPE. The loss of this
pocket therefore effectively removes binding specific-
ity. The remaining mutations were at CPE residues
304, 305, 307 and 309 and introduced a number
of positively charged residues. These residues are
outside of the specificity-conferring pocket and have
likely formed an entirely new, predominantly electro-
static, recognition site for claudins in general.

The binding of a claudin peptide to CPE was
modeled and the predicted binding orientation was
tested by introducing mutations into both CPE and
the claudin loop in a study published by Veshnyakova

et al. [34]. Our CPE-CLD2 complex structure shows
the peptide bound in the pocket in the opposite
orientation to which their modeling suggested (with
the pockets containing cldLeu151 and cldVal152
swapped). However, the orientation of the cldLeu152
in the smaller pocket as observed by X-ray crystal-
lography leaves sufficient room to accommodate the
Leu152Phe mutation that their model suggested it
could not. In addition, Veshnyakova et al. showed
that the mutation cldAsn149Asp reduced binding
to the C-terminal domain of CPE [34]. Their model
proposed that cldAsn149 and cpeAsp284 would be
interacting, but complementary mutations of these
two residues failed to rescue Claudin binding. In
contrast, in our structure, cpeAsp284 is positioned
so that it is only able to interact with Claudin peptide
main chain so that it could not rescue cldAs-
n149Asp binding, while cpeAsp225 is interacting
with cldAsn149, explaining why mutation to Asp is
deleterious.

Kimura et al. noted that the claudin-binding groove
of CPE has a negative electrostatic charge [39].
They altered the electrostatic charge in ECL2 and
showed that increasing the electronegativity in this
loop decreased binding. However, we show that
one of the mutations they made (Asn149Asp), which
has been shown by many others to eliminate CPE
binding in normally CPE sensitive claudins, has a
direct interaction with CPE. The other mutation,
Arg158Tyr, is further from the peptide-binding groove
in our structure and is not ordered. However, we note
that others have shown that introduction of a charged
residue at this point does not alter C-CPE binding
in the absence of the Asn149Asp mutation [25] and
that the Claudin-2 ECL2-derived peptide we have
used in these studies has the hydrophobic, Phe, in this
position. Therefore, it seems likely that work provides
further evidence that Asn149 is essential for CPE
binding rather than electrostatics being of primary
importance in the CPE—claudin interaction.

Implications for pore insertion

(i) Bound polyethylene glycol molecules: -We
have identified a number of bound poly-
ethylene glycol (PEG) molecules in both the
AN37CPE and the AN37CPE-D48A struc-
tures. There are six well-ordered PEG mole-
cules in each structure at each of the
interfaces between molecules in both trimers
(Fig. 5). These molecules have direct interac-
tions with the amphipathic sequence that has
been shown to be involved in membrane
insertion (residues 81—-106). In addition, there
are less well-ordered PEG molecules bound to
the C-terminal domain on the same face as
residues known to be important for claudin
binding. PEG is an amphipathic molecule and
may be mimicking the recognition of
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Fig. 5. Cartoon representation of one of the trimer from
the AN37CPE crystal form. N-terminal domain in lighter
shades, C-terminal domain in darker shades. Bound PEG
molecules are shown in atom-colored spheres (carbon
gray). The location of the PEG molecules is similar in both
trimers in the A37CPE asymmetric unit and in both trimers
in the D48A asymmetric unit. The claudin-binding pockets
of the CPE molecules are indicated by bond representa-
tion of cpeTyr306, cpeTyr310 and cpeTyr312, colored the
same as each C-terminal domain.

phospholipid headgroups following the initial
binding of CPE to cell membrane surfaces.

(i) CPE packing arrangement in the crystal: - The
packing of the CPE-CLD2 complex in the
asymmetric unit is very interesting as it hints
at a role for cpeAsp48. The five trimers in each
asymmetric unit are packed in a helix with
a 72° turn between each successive trimer,
resulting in the five-trimer repeat (Supplemen-
tary Fig. 2).

The AN37CPE-D48A mutant structure described
above showed that the mutation cpeAsp48Ala does
not affect the protein fold. The AN37CPE-D48A
structure and previous CPE structures [32,33] have
shown that cpeAsp48 is solvent exposed and distant
from the claudin-binding pockets in the same mono-
mer and trimer, from the recently identified lipid
binding site on another aerolysin-like BPFT, lysenin
[38], and from the likely membrane-inserting resi-
dues 81-106. However, cpeAsp48 in one trimer is
just 6 A from the claudin-derived peptide bound to
the adjacent trimer in the helix (Fig. 6A and B). While
in the peptide-bound structure, the membrane-
inserting residues 81-106 are buried, and therefore,
a conformation change will be necessary to form
the prepore, and the importance of cpeAsp48 for
both cytotoxicity and maintaining the helical interac-
tions seen in the crystal suggests that the helix may
represent an initial claudin-bound form of CPE. In

tight junctions within a cell—cell contact, claudin has
been shown to form a “strand and groove” architec-
ture. However, the protein assembly within the tight
junctions is so tightly packed by the trans interac-
tions between the extracellular loops of the claudin
molecules that CPE cannot penetrate into this struc-
ture [25]. The latter work showed that CPE associ-
ates to claudin oligomers at the cell membrane
outside the tight junctions. Based on this and the
CPE trimer helix described above, a scheme of the
proposed interaction is depicted in Fig. 6C.

In Conclusion

The results we present here show for the first time
the conformation of a peptide derived from claudin
ECL2 bound to CPE. In addition to the valuable
information, it provides about the molecular deter-
minants of the highly specific interaction between
CPE and Claudin-3 and Claudin-4, our work
provides the first experimental atomic-resolution
data for any claudin and shows that ECL2 has an
unusual conformation that is important for its
interaction with CPE. We have presented here
three structures of CPE mutants, determined from
crystals grown under conditions different from those
of the first full-length CPE structures. There are
several copies of the CPE monomer in each of
the asymmetric units, and in all cases, they are
contained in the same intimate trimer seen in the
initial structures. While this trimer is certainly not
the membrane active form, its persistence in all
atomic-resolution structures of CPE suggests that
it may have some biological relevance, for example,
in pore formation. Finally, the unusual packing of
the CPE-CLD2 complex in the crystals reveals an
interaction of cpeAsp48 with claudin-derived peptide
bound to the claudin-binding pocket of a CPE
molecule in a different trimer.

Materials and Methods

Cloning

The full-length CPE gene was polymerase chain reaction
(PCR) amplified from C. perfringens strain 8-6 and cloned
into pGEX2T. Using this template, we generated a truncated
CPE construct (residues 37-319). A AN37CPE construct
was created from this using forward (Ncol) 5-CATGC
CATGGGCAGTGATGGATTATATG-3' and reverse (Xhol)
5'-CCGCTCGAGTTAAAATTTTTGAAATAATATTG-3’
oligonucleotide primers (synthesized by MWG Eurofins)
with which a PCR for 25 cycles was performed. The reaction
product was run on an agarose gel and a gel extraction
(Qiagen) protocol was followed. The vector pHis [41] and
the PCR product were digested with Ncol and Xhol before
ligating the two together. Positive clones were sequenced
to ensure that no mutations were introduced. The resultant
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binding
pocket o/ A

cell membrane

Fig. 6. (A) Cartoon representation of trimer helix in the asymmetric unit, with claudin-derived peptides shown as sticks
and Asp48 and Tyr306, Tyr310 and Tyr312 as atom spheres. The location of PEG as seen in the AN37CPE structure is
shown as yellow sticks. Distances between claudin-binding sites both within the trimer and between adjacent trimers in the
helix are indicated. (B) Close up of (a), with monomer to which peptide is bound colored pale pink and monomer from the
adjacent trimer colored maroon. (C) Scheme of the potential interaction between CPE trimer helix and claudin oligomers
and the membrane surface of a claudin expressing cell outside of cell-cell contacts.

construct had a recombinant tobacco etch virus (rTEV)
cleavable Hisg-tag on the N-terminus.

D48A mutant

Using the AN37CPE construct, we mutated aspartate
48 to alanine using the QuikChange method (Agilent
Technologies). Primers 5-GTAATAGATAAAGGAGCT
GGTTGGATATTAGGGGAACC-3' and 5'-GGTT
CCCCTAATATCCAACCAGCTCCTTTATCTATTAC-3'
were utilized to introduce the mutation.

Protein expression and purification

Protein was expressed in Escherichia coli BL21 (DE3)
cell line. Cells were grown to an ODggo Of 0.7 + 0.1 at
37 °C with vigorous shaking, before cooling at room tem-
perature for 30 min. Cells were induced using IPTG to
a final concentration of 0.5 mM and grown overnight at
26 °C shaking at 170 RPM. Cells were pelleted and stored
at -20 °C.

Cell pellets were re-suspended on ice in ice-cold lysis
buffer [50 mM Tris—HCI (pH 7.5), 500 mM NaCl and
protease inhibitor cocktail (Roche Bioscience)]. Re-
suspended cells were lysed by passing through a

homogenizer twice to ensure complete cell lysis. Cell
lysate was sonicated for three 30-s bursts with a 1-min
rest period between each burst. The insoluble fraction
was removed by centrifugation at 18,000 RPM using a
Sorvall RC+ with a F21A-8x50y rotor at 4 °C. The resul-
tant supernatant was filtered through a 0.44-um filter
(Millipore) to remove any remaining insoluble material. The
supernatant was loaded onto a HisTrap (GE Healthcare)
5-mL column and eluted with a stepwise gradient of
imidazole [4%, 8% and finally a gradient up to 100% of
500 mM in a buffer also containing 20 mM Tris—HCI
(pH 7.5) and 500 mM NaCl]. The fractions containing CPE
were pooled and dialysed overnight at 4 °C in 20 mM Tris—
HCI (pH 7.5), 150 mM NaCl and 2 mM B-mercaptoethanol.
AN37CPE was also dialysed in the presence of rTEV to
remove the Hisg-tag in a weight ratio of 25:1 (AN37CPE:
rTEV). The resultant solution was passed through a HisTrap
(GE Healthcare) 5-mL column and the flowthrough was
collected. The flowthrough was concentrated using a
10-kDa molecular mass cutoff concentrator (Millipore) and
loaded onto a Superdex S200 size-exclusion column. The
gel-filtration column was washed with a buffer containing
20 mM Tris—HCI (pH 7.5), 150 mM NaCl and 1 mM DTT.
Fractions containing CPE were pooled and concentrated to
20 mg/mL, and their purity was verified by native gel and the
protein was then stored at —80 °C.
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Crystallization

AN37CPE, AN37CPE-D48A and CPE-CLD2 were
screened for crystallization conditions using Hampton
Research Crystal Screen | and Il, JCSG and PACT,
promising conditions were optimized using the hanging-
drop technique with 2 pL of 20 mg/mL protein and 1 pL
mother liquor, the well-contained 100 pL mother liquor.
Crystals of AN37CPE and AN37CPE-D48A grew at 16 °C
from mother liquor containing 25% (w/v) PEG, with an
average molecular mass of 1500 Da (PEG 1500) buffered
by 100 mM SPG buffer (succinic acid, sodium dihydrogen
phosphate and glycine in the ratio 2:7:7) at pH 6.0. For
CPE-CLD2, protein was incubated overnight at 4 °C with
1 mM peptide (sequence: HGILRDFYNPLVPDAMKEFEI)
supplied by Biosynthesis (Lewisville, TX, USA) before
setting up crystallization trials as described above with
mother liquor containing 22% (v/v) 2-methyl-2,4-pentanediol
and 200 mM ammonium acetate buffered by 100 mM
sodium citrate (pH 5.7). Prior to freezing, we cryoprotected
crystals by soaking them in mother liquor supplemented
by 15% (v/v) PEG 400. The peptide was taken from ECL2
of mouse Claudin-2 141-168, which does not bind CPE;
however, two serines were replaced by an asparagine and
an alanine (underlined in the sequence mentioned above)
recreating the CPE-binding fingerprint from Claudin-3 [25].

Data collection, phasing and refinement

All datasets were collected at the European Synchrotron
Radiation Facility (Grenoble, France) on beamlines 1D23-2
(AN37CPE) and 1D29 (AN37CPE-D48A and CPE-CLD2)
and indexed, integrated and scaled with XDS software
suite [42]. Both AN37CPE and AN37CPE-D48A belonged
to the same crystal symmetry and diffracted to 1.9 A. The
space group was C2 and the cell dimensions were a =
191.7 A, b=1283 A, ¢=1372A and B =133.8° for
AN37CPE and a=190.6 A, b=128.0A, c=136.4 A
and B = 133.8° for AN37CPE-D48A. AN37CPE was
solved by molecular replacement with Phaser [43 using a
monomer from our original CPE structure [32] (PDB
ID 2XH6) as a model. It revealed that there were six
molecules in the asymmetrlc unit, corresponding to a
Matthew's volume of 2.9 A%/Da and a solvent content of
58% (v/v). The mutant AN37CPE-D48A data are isomor-
phous with the AN37CPE data; thus, the refined AN37CPE
coordinates were subjected to rigid-body refinement
against the AN37CPE-D48A data with Buster version
1.10.0 [44] resulting in both R-factor and Riee Of 27.6%.
Data processing statistics are listed in Table 2.

The CPE-CLD2 complex crystallized in a different form,
also space group C2, but with cell dimensions a = 369.6 A,
b=100.3 A, c=265.4 A and B = 119.7°. The data were
integrated and scaled with XDS [42] to resolution of 3.4 A.
The CPE-CLD2 complex structure was solved by molecular
replacement with Phaser [43] and a trimer of the refined
AN37CPE coordinates and gave 15 CPE monomers in
the asymmetric unit with a Matthew's volume of 4 A%/Da
and a solvent content of 70%. Statistics are listed in
Table 2.

Following structure solution, we refined all three models
with Buster [44] with NCS restraints [45] and rebuilt them
in Coot [46]. In the case of the lower-resolution CPE-CLD2,
we also dataset restraints to the higher-resolution native

structure, AN37CPE, employed [45]. The final R/Riee Was
17.6/19.7% for AN37CPE, was 17.5/19.6% for AN37CPE-
D48A and was 20.4/24.0% for CPE-CLD2. Further refine-
ment statistics are provided in Table 2.

Accession numbers

The structures described in this paper have been
submitted to the Protein Data Bank with the following
IDs: AN37CPE, 3ZIX; AN37CPE-D48A, 3ZIW; and CPE-
CLD2, 4P5H.

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jmb.2014.07.001.
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