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Binary enterotoxin of Clostridium perfringens (BEC), consisting of the components BECa and BECb, was
recently identified as a novel enterotoxin produced by C. perfringens that causes acute gastroenteritis in
humans. Although the detailed mechanism of cell intoxication by BEC remains to be defined, BECa shows
both NADþ-glycohydrolase and actin ADP-ribosyltransferase activities in the presence of NADþ. In this
study, we determined the first crystal structure of BECa in its apo-state and in complex with NADH. The
structure of BECa shows striking resemblance with other binary actin ADP-ribosylating toxins (ADPRTs),
especially in terms of its overall protein fold and mechanisms of substrate recognition. We present a
detailed picture of interactions between BECa and NADH, including bound water molecules located near
the C10-N glycosidic bond of NADH and the catalytically important ADP-ribosylating turn-turn (ARTT)
loop. We observed that the conformational rearrangement of the ARTT loop, possibly triggered by a
conformational change involving a conserved tyrosine residue coupled with substrate binding, plays a
crucial role in catalysis by properly positioning a catalytic glutamate residue in the E-X-E motif of the
ARTT loop in contact with the nucleophile. Our results for BECa provide insight into the common cat-
alytic mechanism of the family of binary actin ADPRTs.
© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Clostridium perfringens is a well-known causative agent of
various animal and human diseases, such as histotoxic and enteric
infections, resulting from an ability of the organism to produce at
least 17 different toxins reported to date [1,2]. The types and
combinations of expressed toxins discovered are still increasing
and expanding the known pathogenic consequences of
C. perfringens infection [3e5]. The four major classical toxins, alpha,
beta, epsilon, and iota toxins, classify C. perfringens isolates into five
toxin types (A to E) [6,7]. C. perfringens enterotoxin (CPE) pre-
dominantly produced by C. perfringens type A isolates in
crobial Diseases, Osaka Uni-
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sporulation is not included in the classification scheme, but is
known as a main cause of human gastrointestinal illnesses,
including food-borne gastroenteritis, antibiotic-associated diar-
rhea, and sporadic diarrhea [1e3]. In outbreaks of food-borne
gastroenteritis due to C. perfringens, it is therefore important to
detect CPE in patient fecal specimens and examine CPE production
of C. perfringens isolates.

Recently, two food-borne gastroenteritis outbreaks occurred in
Japan, which were caused by CPE-negative C. perfringens type-A
isolates [5]. A novel enterotoxin, designated as binary enterotoxin
of C. perfringens (BEC), distinct from CPE, was identified as the
causative agent [5]. High-throughput genome sequencing revealed
that BEC is composed of two proteins, BECa (~47 kDa) and BECb
(~80 kDa), and has meaningful sequence homology with members
of the binary ADP-ribosylating toxin (ADPRT)-family proteins, such
as iota toxin from C. perfringens type E, C2 toxin from C. botulinum,
Clostridium difficile toxin (CDT) from C. difficile, Clostridium spi-
roforme toxin (CST) from C. spiroforme, and vegetative insecticidal
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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protein (VIP) from Bacillus cereus [5,8e12]. More recently, from
another outbreak in Japan [13], the C. perfringens iota-like entero-
toxin (CPILE), whose DNA sequence perfectly matched to BEC, was
also identified as a possible source of CPE-negative C. perfringens
type-A isolates, signifying the importance of understanding this
novel enterotoxin in more detail.

Each binary ADPRT is composed of two separate components
(an enzymatic A component and a cell-binding B component) [8,9],
and mono-ADP-ribosylates globular actin during the cell-
intoxication process, when both components work together
[8e12]. Similar to cases observed with other binary ADPRTs,
recombinantly expressed BEC has cytotoxic activity towards Vero
cells, but only when both BECa and BECb are simultaneously
administered [5]. Cytotoxicity resulting in cell rounding followed
by cell lysis is primarily attributed to the actin ADP-ribosylating
activity of BEC, which is clearly demonstrated by in vitro assays
showing BECa has an actin ADP-ribosyltransferase activity in the
presence of NADþ [5,8,12,13]. A sequence comparison showed that
BECa possesses an aromatic residue-R/H, an E-X-Emotif in the ADP-
ribosylating turn-turn (ARTT) loop, and an S-T-S motif (second
serine is threonine in BECa), which are highly conserved in the actin
ADPRT family [14e18]. Based on these results, we concluded that
the newly identified enterotoxin, BEC, is a binary enterotoxin that
belongs to the actin ADPRT family.

In the present study, we determined the first crystal structure
of BECa in its apo-state and in complex with NADH. The crystal
structure of BECa showed remarkable similarity with other binary
actin ADPRT-family members and reveals details of the substrate-
binding mechanism of BECa, including implications for the
mechanism underlying the molecular recognition of actin.
Furthermore, we observed intriguing conformational variations of
the catalytically important ARTT loop and several water molecules
surrounding the substrate-binding pocket, both of which provide
further insight into the precise functions and catalytic mecha-
nisms of BECa.
Table 1
Data collection and refinement statistics for the BECa and BECa-NADH struc

BECa

Data collection
Wavelength (Å) 1.5418
Space group I222
Unit cell dimensions
a, b, c (Å) 69.85, 9
a, b, g (�) 90.0

Resolution range (Å)a 37.12e
No. of unique reflections 31,752
Completeness (%) 98.4 (8
Redundancy 9.5 (6.1
I/s〈I〉 13.0 (4
Overall B-factor from Wilson plot (Å2) 23.5
Rmerge

b 0.095 (
Refinement
Rwork/Rfreec 0.207/0
RMSD from ideal values
Bond length (Å) 0.009
Bond angles (�) 1.034

Overall B-factors (Å2) 30.0
Ramachandran plot statistics (%)
Most favored 97.3
Allowed 2.7
Disallowed 0.0

a The values shown in parentheses are for the highest resolution shell.
b Rmerge ¼

P
hkl

P
ijIi (hkl)e〈I(hkl)〉j/Phkl

P
i Ii (hkl), where Ii (hkl) is the inte

the mean intensity for multiply recorded reflections.
c Rwork ¼

PjjFojejFcjj/
PjFoj, where Fo and Fc are the calculated protein st

randomly selected reflections not included in the calculation of the Rwork.
2. Materials and methods

2.1. Crystallization

Expression and purification of BECa were performed as
described previously [5]. Initial crystallization conditions were
screened by sitting-drop vapor diffusion at 293 K, using the Crystal
Screen 1 & 2 Formulation (Hampton Research). Crystallization
drops were prepared by mixing 0.8 mL of protein solution (7.5 or
15 mg mL�1) and 0.8 mL of reservoir solution and were equilibrated
against 35 mL reservoir solutions. After several rounds of optimi-
zation, hexagonal crystals were obtained after 2 days from a
mixture of 3 mL protein solution (7.5 mg mL�1) and 2 mL reservoir
solution consisting of 100 mM Tris-HCl (pH 8.8), 400 mM
MgCl2$6H2O, and 24% (w/v) polyethylene glycol 4000 at 293 K. A
BECa-NADH crystal was grown by the co-crystallization method.
The protein stock solution was diluted to 7.5 mg mL�1 and pre-
incubated with the ligand NADH (10 mM) on ice. Using this solu-
tion, BECa-NADH was co-crystallized using the same conditions
used for the BECa crystals. After optimization, hexagonal-shaped
crystal of BECa-NADH was obtained in reservoir solution consist-
ing of 100mM Tris-HCl (pH 8.8), 450 mMMgCl2$6H2O, and 23% (w/
v) polyethylene glycol 4000 at 293 K.
2.2. Data collection and structure determination

Diffraction data from the BECa crystal were collected on an R-
axis IVþþ imaging plate detector using Cu-Ka X-rays from a Rigaku
MicroMax-007 X-ray generator. The crystals were cryoprotected
using reservoir solution and flash-cooled in a liquid nitrogen gas
stream at 100 K. Data for the BECa crystal were processed with
Crystal Clear software, version 1.3.5 (Rigaku) [19]. Diffraction data
for the BECa-NADH complex crystal were collected at SPring-8 on
beamline BL26B1 using a SaturnA200 CCD detector at 100 K. The
data from the BECa-NADH crystal were processed with the
tures.

BECa-NADH

1.0000
I222

4.00, 121.06 70.34, 102.81, 125.03
90.0

1.89 (1.96e1.89) 50.00e1.82 (1.85e1.82)
40,199

8.1) 99.8 (100.0)
) 7.0 (7.3)
.2) 53.3 (10.8)

22.7
0.426) 0.073 (0.377)

.257 0.179/0.218

0.007
0.827
31.0

97.8
2.2
0.0

nsity of the i th measurement of an equivalent reflection and 〈I(hkl)〉 is

ructure factors from the atomic model. Rfree is calculated based on 10%
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HKL2000 package [20]. The BECa structure was determined by the
molecular replacement method using the Phaser program from the
PHENIX suite [21]. As a search model, the iota toxin Ia structure in
complex with NADPH (PDB code: 1gir) was used. The final model
building was performed using the COOT program and refined with
the phenix.refine program from PHENIX suite [21,22]. The structure
of the BECa-NADH complex was determined by the molecular
replacement method using the structure of apo-BECa, and was
refined using the same protocol that was used for BECa. The ge-
ometries of the final models were analyzed with MolProbity [23].
All data-collection and refinement statistics are given in Table 1.
The atomic coordinates and structural factors (code 5h03 for BECa
and 5h04 for BECa-NADH) have been deposited in the Worldwide
Protein Data Bank.

3. Results and discussion

3.1. Overall structure of BECa

We determined the crystal structure of BECa by a molecular
replacement method utilizing the reported structure (PDB code:
1gir) of an enzymatic component of iota toxin (Ia) of C. perfringens
(Table 1). The crystal structure of BECa showed structurally
Fig. 1. Overall structure of BECa from C. perfringens. (A) The crystal structure of BECa represe
and green, respectively. (B) Structural comparison between BECa and other actin ADPRTs.
ADPRTs, including CDTa (PDB code: 2wn8) from C. difficile (light blue), Ia (PDB code: 1giq)
(PDB code: 2j3z) from C. botulinum (green). (C) Molecular surface representation of BECa col
to the degree of conservation using the color-coding bar. Sequence-alignment results for the
from C. perfringens, Sa from B. spiroforme, Isp2b from B. laterosporus, VIP2 from B. cereus, and
white letters. The residues critical for substrate recognition of BECa-NADH complex (Fig. 2) i
reader is referred to the web version of this article.)
homologous N- and C-terminal domains, comprising residues
3e209 and residues 217e419, respectively (Fig. 1A). Both domains
were linked by a short loop consisting of residues 210e216. Each
core domain adopted a mixed a/b protein fold, formed mainly by
perpendicular packing of a 5-stranded mixed b-sheet against a 3-
stranded antiparallel b-sheet. The b-sheet was surrounded by
four consecutive a-helices and one additional a-helix, forming a
central cleft characteristic of all members of the actin ADPRT family
[9,17,24].

Sequence alignment revealed that BECa shares sequence ho-
mology with an enzymatic component of binary actin ADPRTs, such
as Ia from C. perfringens (44% identity), CDTa from C. difficile (43%
identity), Sa from C. spiroforme (42% identity), Isp2b from
B. laterosporus (34% identity), VIP2 from B. thuringiensis (28%
identity), and C2-I from C. botulinum (29% identity) [5]. Despite the
low-to-moderate sequence identity (28%e44%), structural super-
impositions among these toxins showed remarkable similarity in
their overall protein folds, indicating structural conservation of the
ADPRT family (Fig. 1B) [14,15,24,25]. When we mapped the
sequence conservation onto the molecular surface (Fig. 1C), how-
ever, most surface residues were not well conserved, except for one
region at the central cleft of the C-terminal domain. At the cleft,
several residues, known to be critical for substrate (NADþ)
nted by cartoon model. The homologous N- and C-terminal domains are colored in blue
The structure of BECa (pink) is superimposed with other reported structures of actin
from C. perfringens (magenta), VIP2 (PDB code: 1qs1) from B. cereus (yellow), and C2-I
ored by Consurf sequence conservation [30]. Each residue position is colored according
substrate-binding site of actin ADPRTs (BECa from C. perfringens, CDTa from C. difficile, Ia
C2-I from C. botulinum) are also shown. Strictly conserved residues are highlighted as

s colored in red. (For interpretation of the references to colour in this figure legend, the
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recognition and catalytic behavior, were outstandingly conserved
(Fig. 1C) [17]. While the residues at the central cleft of the C-ter-
minal domain were highly conserved, those at the N-terminal
domain were not, showing some asymmetry in their molecular
surface characteristics. It has been reported that the N-terminal
domain is not only responsible for the interaction with the cell-
binding component of the binary ADPRTs, but also critical for the
actin recognition, showing amultimodal function of the N-terminal
domain [5,8,17]. These structural and sequence comparisons thus
suggested that the enzymatic component of binary ADPRTs may
have initially arisen as a consequence of duplication of an ancestral
ADP-ribosyltransferase gene, but could have evolved differentially
to obtain additional functions, including substrate recognition and
translocation into target cells.

3.2. Substrate-recognition mechanisms of BECa

We recently demonstrated that BECa ADP-ribosylates globular
actin by catalyzing the transfer of the ADP-ribosemoiety of NADþ to
actin [5]. Concomitantly the enzymatic component of binary actin
ADPRTs has an NADase activity that typically renders structural
determination of ADPRT-NADþ complexes difficult [13,15]. There-
fore, in this study, we determined the structure of BECa in complex
with NADH by co-crystallization method (Fig. 2).
Fig. 2. Overall structure of BECa in complex with NADH. (A) Superimposition of the BECa-N
onto the apo-state of BECa (white). (B) Stereo-view of the 2mFo-DFc electron density map fo
binding site of the BECa-NADH complex (green) and BECa in the apo-state (white). Key resid
NADH recognition; E380 and Y377, belonging to the ARTT loop of BECa. N410 of BECa from t
the water molecules (W1, W2, and W3) contoured at 1.0 s is also shown. Right panel, detaile
(PDB code: 4h03). Key residues: R295, R296, Q300, E301, N335, M346, F349, R352, and E376,
actin is colored light blue. (For interpretation of the references to colour in this figure lege
In the complex, the NADHmolecule bound at the central cleft of
the C-terminal domain of BECa without forcing a significant
conformational change (Fig. 2A). The NADH molecule adopted a
highly folded conformation (Fig. 2B), potentially important for
oxocarbenium ion formation [26], with its nicotinamide moiety
deeply embedded into the hydrophobic pocket surrounded by the
residues, Phe351 and Ile348 (Fig. 2C). The carboxamide group of the
nicotinamide moiety formed hydrogen bonds with the carbonyl
and amide groups of Arg298, which further stabilized the nicotin-
amide conformation. At the molecular surface, the ADP-ribose
moiety of NADH was tightly associated with BECa through direct
or water-mediated hydrogen bonding interactions, as observed for
other binary ADPRTs. These interactions involved residues Arg297,
Asn302, Glu303, Thr337, Arg354, and Glu382 of BECa, which
correspond to residues Arg295, Gln300, Glu301, Asn335, Arg352,
and Glu380 of its closest homologue Ia from C. perfringens in the
recently reported structure of the Ia-NADþ-actin ternary complex
[18]. Additional interactions between Asn256 and the NADH as well
as between S340 and the NADH were also observed for BECa, but
not for Ia, although the corresponding residues Asn255 and Ser338,
respectively of Ia was located a considerable distance away
(Fig. 2C). The sequence comparison indicated that the manner of
substrate recognition observed here (and hence the catalytic
mechanism) is widely conserved among the family of binary actin
ADH complex (green for the C-terminal domain and blue for the N-terminal domain)
r NADH molecule contoured at 1.5 s. (C) Left panel, superposed view of the substrate-
ues: N256, R297, R298, N302, E303, T337, S340, I348, F351, R354, and E382, involved in
he symmetry-related molecule is colored light blue. The 2mFo-DFc electron density for
d view of the substrate-binding site of Ia (orange) of the Ia-NADþ-actin ternary complex
involved in NADþ recognition; E378 and Y375, belonging to the ARTT loop of Ia. L110 of
nd, the reader is referred to the web version of this article.)
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ADPRTs (Fig. 1C).
To date, several water molecules have been found in the NADþ-

binding pocket in the reported structures of actin ADPRT-substrate
complex; however, to our knowledge, no water molecule or
possible nucleophile have been observed near the catalytic center
(C1D) or around the nicotinamide mononucleotide (NMN) ring of
NADþ. Intriguingly, we observed electron densities for at least three
water molecules (W1, W2, and W3) in close proximity ( <5.1 Å ) to
the C10-N glycosidic bond of the NADH molecule, one of which
(W1) was located at a distance of 3.3 Å away from the C1D atom of
NADH (Fig. 2C). This location might enable the water molecule to
initiate a nucleophilic attack on the catalytic center of NADþ,
resulting in NADase reaction. Despite the substantial structural
similarity, no water molecule was modelled at the corresponding
region of the Ia-NADþ-actin ternary complex. Instead, it is note-
worthy that ethylene glycol (EDO) molecules, which could poten-
tially interfere with water molecules in the crystal, were found at
the NADþ-binding site [18].

Despite the tremendous efforts, the precise mechanisms facili-
tating the NADase and ADP-ribosyltransferase activities of actin
ADPRTs are still debated [24,27]. Previous mutational studies of
several of the actin ADPRT family toxins showed that the well
conserved E-X-E motif (Glu380-Y381-Glu382 in BECa) in the ARTT
loop plays important roles in substrate recognition and enzymatic
activities [28]. Of the two glutamate residues, the latter glutamate
(Glu382 in BECa) forms hydrogen bondwith the O20 hydroxyl of the
Fig. 3. Structural model of the BECa-NADH-actin complex. (A) Structural superimposition o
(PDB code: 4h03). In the BECa-NADH complex, the N- and C-terminal domains are colored
colored in orange and light blue. Key residues involved in the interaction between actin and
actin ternary complex. Key residues responsible for the interaction are shown in a stick mo
actin ternary complex (left panel) and the BECa-NADH complex (right panel). (For interpret
version of this article.)
nicotinamide ribose, which may stabilize the oxocarbenium ion
that is presumably produced when nicotinamide is cleaved off from
NADþ [24]. Mutational studies for ADPRTs also showed that the
former glutamate residue (Glu380 in BECa) acts in deprotonation of
Arg177 of actin and/or water molecules to promote nucleophilic
attack on the catalytic center of NADþ [18]. In our BECa-NADH
complex, although it located close to the NMN ring, the Glu380
residue is located 4.9 Å, 7.0 Å and 6.9 Å away from the above-
mentionedwatermoleculesW1,W2, andW3, respectively (Fig. 2C).
Nevertheless, as demonstrated by the superposition between the
apo-BECa and BECa-NADH structures (Fig. 2C), Glu380 could be
positioned 3.7 Å and 2.2 Å away fromwater molecules W1 andW2,
respectively. The overall structures of both the apo and complex
form of BECa were essentially similar with RMSD value of 0.55 Å;
however, ARTT loop conformation was quite different, especially at
Tyr377. The tyrosine residue interacted with the backbone carbonyl
of Asn245 in its apo-state, but protruded toward the solvent region
in the BECa-NADH complex, interacting with Asn410 of the
symmetry-related BECa molecule (Fig. 2C). This suggests its
intrinsically flexible nature of the ARTT loop, facilitating protein-
protein interactions, in this case molecular packing interactions in
the crystal. The difference (~15 Å) in position of the tyrosine residue
plausibly affected the conformational state of the ARTT loop, by
which the spatial positioning of Glu380 was apparently affected.
Remarkably, the corresponding tyrosine residue also protruded
outward to interact with the actin molecule in the Ia-NADþ-actin
f the BECa-NADH complex onto the Ia subunit of the Ia-NADþ-actin ternary complex
in green and blue, respectively. In the Ia-NADþ-actin ternary complex, Ia and actin are
Ia are shown in a stick model. (B) Detailed view of binding interface of the Ia-NADþ-

del. (C) The electrostatic surface potentials of the Ia-NADþ complex from the Ia-NADþ-
ation of the references to colour in this figure legend, the reader is referred to the web
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ternary complex [18], indicating that actin binding could promote
significant conformational changes in the ARTT loop, further rein-
forcing its critical role in protein-protein interactions (Fig. 2C).
Together with the fact that the aromatic residue (Tyr377 in BECa) in
the ARTT loop is widely conserved among binary actin ADPRTs,
these observations indicated the possibility of the tyrosine residue
playing a pivotal role in the conformational rearrangement of the
ARTT loop, which is prerequisite for proper positioning of the
conserved glutamate residues in the E-X-E motif for catalytic
activity.

3.3. Implication for the BECa-actin interaction

To gain structural insight into actin recognition of BECa, we built
a model of the BECa-NADH-actin ternary complex by superposing
the BECa-NADH complex onto the Ia subunit of Ia-NADþ-actin
ternary complex (Fig. 3). In the Ia-NADþ-actin ternary complex,
amino acid residues Ile76, Leu110, Glu270, Ala272, Glu276, Asn280,
Lys284 of actin were recognized by Ia (Fig. 3B). Of the seven
interacting residues in actin, the structural superposition demon-
strated that almost all of these residues, except for Ile76, potentially
interacted with BECa with almost the same set of interacting resi-
dues (Asp62, Tyr313, Ser349, Lys353, and Tyr377 of BECa corre-
spond to Asp61, Tyr311, Ser347, Lys351, and Tyr375 of Ia),
suggesting the mechanistic similarity between BECa and Ia in actin
recognition. However, it should be pointed out that Arg248 of Ia,
which interactedwith the backbone carbonyl of Ile76 of actin, is not
conserved and is substituted to glycine in BECa, and two tyrosine
residues in Ia (Tyr60 and Tyr62) that stabilize the Ia-actin Glu276
interaction, were substituted to Leu61 and Asn63, respectively, in
BECa. These differences in amino acid conservation indicated the
lower affinity of BECa than Ia for actin binding, due to the fact that
previous mutational studies showed that the three residues
(Arg248, Tyr60, and Tyr62) play important roles for its ADP-
ribosyltransferase activity [16]. However, it is interesting to note
that the sequence alignment showed that Arg248, Tyr60, and
Tyr62, which are important for actin recognition by Ia, are not
strictly conserved among the actin ADPRT family members [16],
indicating the possibility for some variations in protein-substrate
recognition among the family toxins. In this context, we found
that BECa Arg242 (located close to Ia Arg248) potentially contacts
actin Ile76, and BECa residues Asn63 and Tyr64 (positioned closely
to Ia residues Tyr60 and Tyr62, respectively) likely interact with
actin Glu276 (Fig. 3B). Furthermore, as shown in Fig. 3C, BECa and Ia
show similar electrostatic surface potential charge distribution at
the proposed enzyme-actin interface, which is also critical in
ADPRT recognition of protein substrates [29]. These results support
the existence of similar substrate-recognition mechanisms. Our
structural-modeling analysis also suggested that Arg177 of actin is
located near the NMN ring of NADH and therefore might be tar-
geted by BECa, as occurs with other actin ADPRTs.

In conclusion, we determined an enzymatic component of the
newly found BECa protein, both in its apo-state and in complex
with NADH. Despite its limited sequence identity with that of other
binary actin ADPRT family toxins, the structure and substrate-
recognition mechanisms of BECa are almost the same as other
ADPRT family toxins. While the strict conservation of residues at
the substrate-binding pocket in the C-terminal domain is critical for
its catalytic activity, conservation of the amino acid residues
spanning the molecular surface, especially within the N-terminal
domain, is relatively low. These findings suggest that differences in
affinity and selectivity occur within the binary actin ADPRT family,
which facilitates interactions between its enzymatic and cell-
binding component as well as with various cognate host cell mol-
ecules enabling internalization and subsequent pathogenesis, the
mechanism of which is still not fully understood and thus awaits
future investigations.
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