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Abstract Cry5Ba is a d-endotoxin produced by Bacillus
thuringiensis PS86A1 NRRL B-18900. It is active against
nematodes and has great potential for nematode control.
Here, we predict the first theoretical model of the three-
dimensional (3D) structure of a Cry5Ba toxin by homology
modeling on the structure of the CrylAa toxin, which is
specific to Lepidopteran insects. Cry5Ba resembles the
previously reported CrylAa toxin structure in that they
share a common 3D structure with three domains, but there are
some distinctions, with the main differences being located in
the loops of domain I. Cry5Ba exhibits a changeable
extending conformation structure, and this special structure
may also be involved in pore-forming and specificity
determination. A fuller understanding of the 3D structure will
be helpful in the design of mutagenesis experiments aimed at
improving toxicity, and lead to a deep understanding of the
mechanism of action of nematicidal toxins.
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Introduction

In 1911, the German scientist Ernst Berliner isolated a
bacteria that had killed a Mediterranean flour moth. He
named it Bacillus thuringiensis, after the German town
Thuringia where the moth was found. Cry toxins—
sometimes referred to as insecticidal crystal proteins
(ICP)—produced by the soil bacterium B. thuringiensis
(Bt) are selectively toxic to different species from several
invertebrate phyla: arthropods (mainly insects), nematodes,
flatworms and protozoa [1]. The mode of action of Cry toxins
is still a matter of investigation; generally, following ingestion
by insects, they are activated by gut proteases and by binding
to specific receptors on midgut epithelial cells [2]. Receptor
binding induces the conformational change in the toxin
necessary for membrane insertion, where it forms ion selective
channels via oligomerization of toxin monomers; insects die
from colloid osmotic lysis [3, 4].

Crystal structures of Cry toxins have been elucidated for
the Coleoptera-specific Cry3Aa [5] and Cry3Bbl[6],
Lepidoptera-specific CrylAa [7] and CrylAc [8], Lepidop-
tera/Diptera-specific Cry2Aa [9], and Diptera-specific
Cry4Ba [10] and Cry4Aa [11] toxins. Pablo Gutierrez and
co-workers predicted the structure of Cryl11Bb by homology
modeling on the structures of CrylAa and Cry3Aa [12]. The
three dimensional (3D) structures of these toxins are
remarkably similar in spite of their different insect specific-
ities, in that they are all composed of three structurally
conserved domains. The seven «-helices that form the N-
terminal domain I have been implicated in pore formation
[13]. Domain II consists of three antiparallel (3-sheets with
exposed loop regions, which vary significantly in length and
amino acid sequence in different toxins. These loops are
therefore thought to participate in receptor binding and hence
in determining the specificity of the toxin for insect larvae
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Fig. 1 Schematic representation
of the three domains present in
mature Cry5Ba, and amino acid
sequence alignment of Cry5Ba
with the template CrylAa.
Asterisks Identical residues, dots
conserved residues
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Fig. 2 Ribbon representations of Cry5Ba (a) and CrylAa (b), colored
in structure. ¢ Superimposition of the overall ribbon structures of
CrylAa (green) and Cry5Ba (purple). d Superimposition of «-carbon
traces of CrylAa (green) and Cry5Ba (purple)

[14], whereas domain III is a 3-sandwich. Domains II and III
are important in receptor recognition [15, 16].

Previously, the extent to which Cry toxins might also
target the invertebrate phylum Nematoda has been largely
ignored. Several B. thuringiensis strains with significant
activity in inhibiting larval development of several nema-
tode species have been identified [17, 18], and Cry toxins
from B. thuringiensis israelensis were lethal to eggs of the
nematodeTrichostrongylus colubriformis in vitro [19]. The
nematodes Caenorhabditis elegans and Pristionchus pacificus
were found to be very susceptible to Cry5B [20]. Recently,
purified Cry5B was found to be highly toxic in vitro and in
vivo to early stage larvae of the hookworm parasite
Ancylostoma ceylanicum, a blood-feeding gastrointestinal
nematode for which humans are permissive hosts [21]. Cry5B
thus warrants further clinical development for human and
veterinary use.

Nematicidal activity has been found in families Cryl,
Cry5, Cry6, Cryl2, Cry13, Cryl4 and Cry21. However, in
comparison with insecticidal Cry toxins, the structure and
mode of action of nematicidal Cry toxins is not fully
understood. In addition, almost all the nematicidal Cry
toxins registered in GenBank are protected by related
patents [22, 23]. Only sparse data have been presented [24].

Here we report a model for the structure of the Cry5Ba
d-endotoxin based on a hypotheses of structural similarity
with CrylAa toxin. A more complete understanding of the

3D structure of nematicidal Cry5Ba will be important in
addressing the question of how Cry toxins target nematodes.
Such insights will lead to a better understanding of the basis
of specificity and the practical application of improved
toxins in agriculture.

Methods

Homology modelling was performed as described previ-
ously [12]. An alignment of the amino acid sequences of
CrylAa (PDB entries 1ClY) and Cry5Ba was produced
with the ClustalW program (http://www.ebi.ac.uk/c-lustalw/
#), and then corrected manually with the structural
alignment tool of the program Swiss-PdbViewer until a
satisfactory placement of conserved blocks and amino acid
identities was obtained [25]. Cry5Ba contains four of the
five protein motifs conserved among the main family of
Cry toxins [1]. This alignment project file was submitted to
Swiss-Model via the Expasy server (http://www.expasy.ch/
spdbv/) and a preliminary model for Cry5Ba was retrieved.
The model was validated with Procheck [26] by submitting
the coordinates to the EMBL server (http://www.ebi.ac.uk).
Sequence identities were calculated with ClustalW. The
illustrations shown in the figures, and electrostatic potential
calculations were generated with VMD [27] and the Pymol
program [28]. The final model was submitted to the PMDB
database (http://www.caspur.it/PMDB/); the PMDB identi-
fier is PM0075036.

Results and discussion

Overall architecture

The sequence identity of Cry5Ba and CrylAa is 21.1%,
However, Cry5Ba has four of the five blocks of amino

Fig. 3 Surface representations of the electrostatic potential of Cry5Ba
(a) and CrylAa (b). Blue Positive electrostatic potential, red negative
electrostatic potential
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acids conserved among most Cry toxins. It is possible and
reasonable to build a theoretical model by manual align-
ment. The final model comprises 631 amino acid residues
spanning amino acids 65 to 695 (Fig. 1).

A Ramachandran plot (data not shown) indicated that
most (95%) residues have ¢ and 1 angles in the core and
allowed regions. Cry5Ba toxin is a rather compact molecule
composed of three distinct domains, and has approximate
overall dimensions of 85 x 65 x 45 A (Fig. 2a). Domain I is
composed of several « helices, domain II is of (-sheet.
This structure resembles the previously reported CrylAa
toxin structure but shows some distinctions (Fig. 2b—d);
Cry5Ba has several insertions in the three domains
compared to the CrylAa sequence. The surface electrostatic
potential distribution of Cry5Ba and CrylAa is also
different (Fig. 3).

Domain |

Domain I is composed of residues 65-330, and consists of
seven «-helices and four small (-strands. The most
hydrophobic helix, «5, is located centrally and is sur-
rounded by the six remaining helices. Two loops, «3—o4
and a4—«5, are much longer than those of CrylAa, and are
connected to the o helices by four small (3-strands. Helix
«2 is interrupted by two long insertions, leading to a
different surface electrostatic potential distribution from
that of CrylAa. The solvent-accessible surfaces of o-
helices a1, o6, and o7 show relatively higher potential and
clear charge separations from «-helices «3 and o4. In the
present water-soluble structure of Cry5Ba toxin, electro-
static charges exposed at the surface of «-helices «l, «6,
and o7 are largely neutralized by opposite charges located
at the surface of the interacting domain II, thus the overall
surface of the compact toxin is neutral. This has implica-

Fig. 4 a Cartoon representa- A
tions of domain I of Cry5Ba. b,
¢ Surface electrostatic potentials
of domain I of Cry5Ba (b) and
CrylAa (c). Blue Positive elec-
trostatic potential, red negative
electrostatic potential. High
positive potential at the top of
the insertion is suggested to
facilitate membrane contact.
This segment is thought to play
an important role in membrane
insertion and may be involved in
determining specificity (see text)
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tions for the way that domain I approaches the target cell
membrane.

An “umbrella model” has been proposed to account for
the toxicity of known Cry toxins [3]. In this model, helices
o4 and «5 are inserted into the membrane as a helical
hairpin structure, with the remaining helices lying at the
membrane surface. There are neutral regions in the middle
of a4 and «5, which probably indicates, if the umbrella
model is correct, that both helices cross the membrane, with
their polar sides exposed to the solvent. Cry5Ba has the
same most-conserved region as most Cry toxins. It is
reasonable to assume that domain I of Cry5Ba plays the
same pore-forming role as domain I of CrylAa (Fig. 4).

However, it was reported that Cry toxins were lethal to
the eggs of nematodes [19]. It is possible that different
mechanisms of action exist that we have overlooked
because it is highly unlikely that Cry toxins can penetrate
the impervious eggshell of nematodes. We can hypothesize
that those specific long loops, i.e. ®a3—a4 and ox4—«S5, have
unique roles in nematicidal activity. In addition to pore-
forming, Domain I may also participate in receptor binding
and hence in determining the specificity of the toxin
nematodes. Further investigation of the functional impor-
tance of those regions of domain I in Cry5Ba are necessary
and should prove very interesting.

Domain 11

Receptor binding domain II, comprising residues 331-529,
consists of three antiparallel 3-sheets packed via formation
of a central hydrophobic core as in CrylAa. Comparison of
the known Cry toxin crystal structures pointed out their
structural diversities and traced the most variable part of the
Cry toxin family to domain II, especially the apical loops in
domain II. Their surface accessibility, added to their




J Mol Model (2008) 14:843-848

847

( ‘E /'i‘
’J ! .__,'._l

\
o

v A/ U LW,
1 2 3 4 3
loop2
CrylAa 361 ~LSSPLYRRITLGSG-PNNQELFVLDG—-
Cry2Aa 375 ——RSWLDSGTDREG=VAIST\WQTESFQ
CrybAa 440 [SNNNYCHNSYTAP=TTLVNARHLYN

Cry4ha 422 FLENVISLDNKYLND=YNNJ SKMDF F——-
Cry3Aa 400 YRAVANTNLAVWESAVYSGVTKVEF ———

Fig. 5 Three-dimensional (3D) structure comparison and sequence
alignment of the apical loop2 of CrylAa(1), Cry2Aa(2), Cry3Aa(3),
Cry4Aa(4) and Cry5Ba(5). Loop2 of Cry5Ba is very hydrophobic,
with three tyrosines in and nearby it, and those loops share very low
sequence identity

variability, favours a receptor-recognition role for these
loops. Site-directed mutagenesis of the loop residues in
related toxins was reported to affect binding affinity and
toxicity [29, 30]. Among CrylAa, Cry2Aa, Cry3Aa and
Cry4Aa toxins, the apical loops of domain II are highly
variable in length and amino acid sequence. Domain II is
the most divergent domain and Cry2Aa is the most
divergent member. Interestingly, the apical loops of domain
IT of Cry5Ba and CrylAa can be superimposed very well
(Fig. 4a). The 11-residue loop2 of Cry5Ba is very
hydrophobic, with one aromatic amino acid (Tyr450) and
two aromatic amino acids (Tyr 445, Tyr463) nearby
(Fig. 5). Hydrophobic patches on protein surfaces are
generally determinants of protein—protein or protein—ligand
interactions [31]. A large number of hydrophobic residues

Fig. 6 View of the apical loop 2
(purple) in domain II of Cry5Ba.
This loop is thought to play an
important role in receptor rec-
ognition and binding. The right
panel shows an electron density
map of loop 2. The final elec-
tron density map is displayed at
a contour of 1o

exposed to solvent are also found in other pore-forming
toxins, including hemolysin E from Escherichia coli [32]
and aerolysin [33]. These residues were proposed to interact
with hydrophobic lipid tails. Aromatic Trp and Tyr residues
have been reported to tend to interact specifically with the
outer envelope of the lipid membrane, as was previously
shown structurally for the fusion loops of class II viral
envelope glycoproteins [34]. These three aromatic amino
acids form a potential binding site with dimensions that
could accommodate a short oligosaccharide [11]. The
architecture suggests that domain II probably binds to the
carbohydrate moiety of a glycoprotein receptor of the target
insect membrane (Fig. 6). This notion is further reinforced
by the finding that C. elegans resistance to Cry5B toxicity
is linked to the loss of a gene encoding a galactosyltrans-
ferase [35]. We can hypothesize that mutation in this
section may change the toxicity to nematodes and thus alter
specificity.

Domain IIT

The C-terminal domain III, extending from residues 530 to
695, contains two antiparallel (3-sheets that adopt a f3-
sandwich fold and show a jelly-roll-like topology.
Domain III stacks on top of domain II and against the side
of domain I. The outer sheet is composed of strands
exposed to the solvent. The inner sheet, containing seven
strands, faces the other two domains. Domains II and III are
associated via the intersheet connection through hydrogen
bonds and hydrophobic interactions. Superimposition of
domain IIT of Cry5Ba and domain III of CrylAa revealed
close structural similarity except for some loops of Cry5Ba
exposed to the solvent. Mutations in domain III of CrylAa
toxin had an effect on both ion channel activity and
membrane permeability [36]. Domain III could play a role
in protecting the toxin against further cleavage by gut
proteases [37]. Domain swapping experiments suggested
that domain III can function as a specificity determinant
[38].
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Conclusions

Based on the template of CrylAa, we have built a 3D
structural model for Cry5Ba and used the model to study
the possible binding mechanism responsible for nematicidal
activity. Despite the low amino acid homology between
Cry5Ba and CrylAa, the two toxins share a common 3D
structure. Compared with that of CrylAa, domain I of
Cry5Ba has two long loops and its «2 is interrupted by two
long insertions, which has implications for the way that
domain 1 approaches the target cell membrane. The
interrupted «2 may also be involved in pore-forming and
specificity determination. Apical loop2 of domain II of
Cry5ba is very hydrophobic, with three aromatic acids in
and nearby that may be crucial to specificity determination.
Domain IIT of both toxins superimposed very well. Some
loops in domains I and II of Cry5Ba are exposed to the
solvent and need to be investigated in depth. This is the first
model of a Cry5Ba toxin. The model provides valuable
structural information indicating the mechanism of nema-
ticidal activity. The accumulating knowledge of Cry5Ba
toxin structure has led, and will lead by experimentation, to
a better understanding of the structural basis for receptor
binding and pore formation, as well as to designing
efficient bio-nematicides.
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