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Abstract

CrylAb18 is an d-endotoxin produced by Bacillus thuringiensis strain. Till date the detailed mechanism of this
toxin action is unclear. Therefore, solution of the three-dimensional structure of all Cry1 family members would
be desirable for a comprehensive understanding of the initial mechanisms that underlie the toxicity of this type
of toxin. Here, we predict a theoretical structural model of the newly reported CrylAbl8 &-endotoxin, using
a homology modeling technique with the structure of CrylAa toxin molecule (resolution 2.25A). Cry1Ab18 re-
sembles CrylAa toxin by sharing a common three-domain structure. Domain I is composed of nine o helixes and
one small B strand, domain II is composed of nine B strands and two a helixes and domain III consists of two
o helixes and eleven P strands. This model supports the existing hypotheses of receptor insertion and will further
provide the initiation point for the domain swapping experiments aimed towards improving protein toxicity, and
will help in the deeper understanding of the mechanism of action of common toxins.

Key words: three-dimensional structure, homology modeling, Cry1Ab18, 6-endotoxin, Bacillus thuringiensis, 3-D
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RESEARCH PAPER

Introduction

During the last few decades, worldwide use of syn-
thetic insecticides has caused problems of insect resi-
stance and environmental pollution (Roush, 1996).
The Insecticidal Crystal protein produced by the soil bac-
terium Bacillus thuringiensisbelongs to a large toxin fa-
mily with a target spectrum spanning agriculturally im-
portant insects, nematodes, protozoa and mammalian in-
festing flatworms (Schnepf et al., 1998; Roh et al.,
2007). This family of proteins is widely used in biopesti-
cide formulations and transgenic crops for insect con-
trol. Some of the factors that influence development
of marketable formulations is a lower shelf life, evolution
of insect resistance in targeted pests and a lower level of
control of specific target pest. The mode of action for
Cry1Ab toxins is a multistep process. First, the toxin must
be ingested by the larvae; thereafter, it is solubilized and
activated into an active form by the insect gut digestive
fluids. Next, the activated toxin binds to specific proteins
on the midgut miocrovilli. According to the most accepted

model (Hofmann et al. 1988), solubilized monomeric toxin
molecules bind to a receptor, further facilitating the ini-
tiation process necessary for toxin oligomerization. Toxin
oligomerization shows high affinity binding to proteins
attached to the cell membrane, mainly aminopeptidase
or alkaline phosphatases. The inserted toxin disturbs the
electrolyte balance by creating pores in the cell mem-
brane, leading to cell lysis and finally to larval death
(Knowles and Ellar, 1987). A detailed mechanism of
toxin oligomerization and toxin oligomer insertion is
difficult to establish. Therefore, solution of the three-
dimensional structure of all Cryl family members is
important for further investigations. So far, crystal struc-
tures of the active toxins in solutions have been analyzed
for Cry3A (Li et al., 1991), CrylAa (Grochulski et al.,
1995), Cry1Ac (Derbyshire et al., 2001), Cry3B (Galitsky
et al.,, 2001), Cry2A protoxin (Morse et al., 2001),
Cry4Ba (Boonserm et al., 2005), Cry4Aa (Boonserm et
al., 2006) by X-ray diffraction crystallography, and sub-
sequently CryllBb (Gutierrez et al., 2001), Cry5Ba
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Fig. 1. Depiction of the amino acid sequence alignment between CrylAa (upper row sequence) and CrylAb18 (lower row sequence)
molecules. The similarity (92.2%), gaps (1.0%) and identity (88.1%) between the sequences have been calculated with EBLOSUMG62 matrix
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(Xia et al., 2008), and CrybAa (Min et al., 2009) have
been predicted by the homology modeling method.
These reports have shown that these toxins have three
structural domains. Domain I is a-helical bundle made of
7 o helices. Domain II is composed of antiparallel beta
sheets, and domain III is made up of B sandwich. Here,
we report the first monomeric toxin structure model for
CrylAb18 toxin based on the hypothesis of its structural
similarity with Cry1A toxin. This model supports the exis-
ting hypotheses of receptor insertion and will further pro-
vide the initiation point for the domain swapping experi-
ments between Cry1 and other toxins thus elucidating the
possible intermediate steps in the mode of toxin action.

Methods

The amino acid sequence of the putative Cry1Abl8
protein of Bacillus thuringiensis was retrieved from
the GenBank using the sequence published earlier
(NCBI: AAQ88259) (Stobdan et al., 2004). The core
toxin protein was composed of 577 amino acids. A fur-
ther attempt was made to find suitable template, using
mGenTHREADER (http: cms.cs.ucl.sc.uk:3000/psipred),
which is an online tool for searching similar sequences,
based on the sequence and structure-wise similarity.
From this homology search, CrylAa (PDB: 1CIY) was
selected as a template protein. Finally, an amino acid
sequence alignment between the target (CrylAb18) and
the template protein was derived using MEGA4 software
(Tamura et al., 2007). The three-dimensional structure
of target protein was predicted by using the above align-
ment and running it with the python script file in MODE-
LLER software (Sali et al., 1995). The resulted theore-
tical model was subjected to a series of tests for evalua-
ting its consistency and reliability. Backbone confirmation
was evaluated by the inspection of the Psi/Phi Ramachan-
dran plot from RAMPAGE web server (http: mordred.
bioc.cam.ac.uk). The energy criterion was evaluated with
ProSA web server (http: prosa.services.came. shg.ac.at)
which compares the potential of mean forces derived from
a large set of NMR and X-ray crystallographically derived
protein structures of similar sizes. Potential deviations
were calculated with SUPERPOSE web server (http:
wishart.biology.ualberta.ca/cgi-bin/) for root mean square
deviation (RMSD) between target and template protein
structures. The visualization and refinement of the model
was performed on UCF Chimera software (http: www.

cgl.ucsf.edu/chimera) and PyMOL 0.99rc6 (http: pymol.
org/funding.html). Figures and electrostatic potentials
calculations were generated with PyMOL 0.99rc6.

Results and discussion

The Cry1Ab 6 endotoxin is one of the many insectici-
dal toxins expressed by Bacillus thuriengiensis. The theo-
retical model of Cry1Ab18 toxin that was obtained corres-
ponds to residues 70-647 of the primary structure (Fig. 1
and Fig. 2). The alignment of each domain was reliable
due to clear correspondence of amino acids at N-and C-
terminal sides, which can clearly define the end of the
toxin molecule. The structural model shown in Fig. 3 indi-
cates that it contains all the general features of Cry toxins
(a o + B structure with three domains). The pore-forming
domain I is composed of residues 72-327. It consists of 9
orhelices and two small B-strands. The identified helices
and strands are as follows: al (Pro”*Ser®); a2 (Ala’"-
Trp'™); a3 (Pro'”-Ile'™); a4 (Glu**"-Ala*®); a5 (Pro™-
Phe'®); a6 (GIn"'Trp”"); a7 (Ala”’Val’™); a8 (Ser”-
Tyr™"); poa (e -Thr’®); a9 (Pro**-Asn’?) and BOb
(Ser’-Ser®™"). However, all the helices in the Cryl1Ab18
model were slightly shorter than those in CrylAa. Ac-
cording to the amphiphilicity calculated with the Hoops
and Woods values, the most exposed helices are al, 0.2a,
a2b, a3 and a6, which corresponds well with the acces-
sibility calculated with SwissPDB (http://spdbv.vital-
it.ch/), except for a1, which is packed against domain II.
Segura et al. (2000) expressed an opinion that this helix
has some mobility and it has no apparent role in toxin
activity once the protoxin part is cleaved off.

The toxins are released as protoxins which are solu-
bilized in the midgut of insects and activated by gut
proteases. Thus helix al probably does not play an im-
portant role in toxin activity after cleavage of the pro-
toxin. It is assumed that the trigger for insertion of the
pore-forming domain of the toxins into the epithelial cell
membrane is a conformational change in the toxin,
which occurs when another domain of the toxin binds to
areceptor present on brush-border membranes (van Rie
et al., 1990; Ahmad and Ellar, 1990). The model so far
proposed for the organization of the pore-forming do-
main of the B. thuringiensisd-endotoxin within the mem-
brane, is the Umbrella model (Li et al., 1991; Knowles,
1994; Gazit and Sahi 1995) which has been proposed
previously for the colicin pore organization (Parker and
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Fig. 2. The two dimensional structure annotation showing sequential arrangement of helices and sheets in Cry1Ab18 toxin mole-
cule. The structures designated are: ™= helices; == E-beta-strand or bridge; == C-coils; and mmmm= shows Relative solvent
accessibility (RSA) in a scale of 0 (completely buried,0-9% RSA) to 9 (fully exposed, 90-100% RSA). The figure is generated using
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Fig. 3. Three-dimensional, three-domain structure of the Cry1Ab18 toxin oligomer. A complete molecular view from the top,
showing a helical poreforming domain and lower anti-parallel nature of sheets arrangement

Fig. 4. The localized charge-distribution pattern along (A) B4 and (B) f13 showing a negative patch (blue) at their ends.
The color scale is red (+10) and blue (-10)

Table 1. The RMSD values between the reference structure of CrylAal and the generated model of Cryl1Abl8

Global & Local RMSD Values

Alpha carbons Back bone Heavy All
RMSD 1.15 1.15 1.14 1.14
Atoms 574 | 2296 4428 1428
Structure Residues
CrylAa 46-361, 362-380, 381-386, 389-405, 407-452, 453-622
CrylAb18 70-385, 387-405, 407-412, 413-429, 430-475, 478-647

*The Global and local RMSD calculation was performed on SUPERPOSE server (average and pair wise) comparing the “per residue”. Result

values are in A
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Pattus 1993). As it can be derived from the hypothesis
that a pair of helices (04 and 05) joined on the side of
domain I closest to the membrane surface would drop
down into the membrane while the remaining helices
will be rearranged to be open on the membrane surface
like the ribs of an umbrella. Evidence based on voltage
clamping experiments suggests that o4 and o5 have
a structural role in the lining of the é-endotoxins pores
in an umbrella-like structure. They have the ability of
self-and co-assembling within the phospholipid membra-
nes with their transmembrane orientation for their inter-
actions between the membrane-bound helices (Gazit et
al., 1998). The pore-forming properties of the toxins have
also been demonstrated in studies in which activated
d-endotoxins form single ion channels in planar lipid bila-
yers and cultured insect cells (Slatin et al., 1990; Schwartz
etal., 1991).

The CrylAbl8 domain I model relates well with
the data from Gazzit et al. (1998), who suggested that o4
and o5 insert into the membrane in an antiparallel man-
ner as a helical hairpin, and is in agreement with
the hydrophobic hairpin hypothesis (Engelman and Steitz,

Fig. 5. Superpose backbone 3d structure of CrylAal (yellow)
and CrylAb18 (red) showing low structural deviations between
the reference and the generated model

1981). The insertion of the a4-a5 hairpin into the mem-
brane is also expected from theoretical considerations
that the C terminus of a4, the loop between 04 and a5,
and the N terminus of a5 form a hairpin that contains the
least polar segment of domain I (Grochulski et al., 1985),
and the helices are joined on the side of the pore-forming
domain proximal to the membrane. It is possible that
according to the surface electrostatic potential of helices
04 and a5 and the presence of a neutral region in the
middle of the helices, both helices cross the membrane
with their polar sides exposed to the solvent. This notion
has also been suggested by the results of mutagenesis
experiments of Kumar and Aronson (1999) with CrylAc
toxin. The structure of domain I of the toxin, the effect
of site-directed mutagenesis in this domain on toxin
activity, and studies with hybrid toxins (Ge et al., 1989;
Ahmad and Ellar, 1990; Wu and Aronson, 1992) all sug-
gest that domain I, or parts of it, inserts into the mem-
brane and forms a pore. This idea is further supported
by studies that show that truncated proteins correspon-
ding to domain I of CryIA(c) (Walter et al., 1993) d-endo-
toxin form ion channels in model lipid membranes simi-
lar to those formed by the intact toxins.

Extensive mutagenesis studies indicate that muta-
tions in ab, but not 0.2 or a6 helices result in synthesis
of a substantial number of inactive or low-activity toxins
(Wu and Aronson, 1992; Aronson et al., 1995). Studies
with synthetic peptides corresponding to a5 and a7,
the most conserved helices of the pore-forming domain
from CrylIIIA (Gazit and Shai, 1993; Gazit et al., 1994;
Gazit and Shai, 1995) and a5 of CryIA(c) (Cummings et
al., 1994) suggest that a5, but not a7, aggregates within
lipid membranes, permeates phospholipid vesicles, and
forms ion channels within planar lipid bilayers. Similar
to the results obtained with model membranes, it was
found that a5 binds insect midgut membranes, is pro-
tected from enzymatic proteolysis upon binding, and is
cytotoxic to insect cells (Parker and Pattus, 1993). This
region is also the most conserved among Cry toxins.
Kumar and Aronson (1999) also demonstrated that mu-
tations in the base of helix a3 and the loop between a3
and o4 that cause alterations on the balance of negative
charged residues may cause toxicity loss. Mutations in
helices 02, 06 and the surface residues of 0.3 have no
important effect on toxicity; meanwhile, helices a4 and
a5 seem to be very sensitive to mutations. It is possible
that mutations aimed to an increase in amphilicity in
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these helices will improve the pore-forming activity of
Cryl1Ab18 type of toxins. The other helices spread on
the surface of the membrane.

After receptor binding, the network of contacts
between a7, the helix in the interface between the pore-
forming domain and the receptor-binding domain, and
ab, a6 and, presumably, a4 helices may assist the inser-
tion of the a4-a5 hairpin into the membrane by the un-
packing of the helical bundle that exists in the non-mem-
brane-bound form of the toxin. This hypothesis might
account for the observation that o7 mutants are suscep-
tible to proteolysis by either trypsin or midgut juice
(Dean et al., 1996). Our model also supports the notion
that the a4-a5 hairpin is the major structural component
in the lining of the pores formed by d-endotoxin. There-
fore, it is possible to create toxin variants with better
membrane permeability potential by stabilizing the hair-
pin antiparallel structure by cross-linking a4 with a5.
This postulation is important because mutations within
transmembrane segments of proteins usually decrease
or have no effect on the biological activities of these
proteins. Thus, it is conceivable that the introduction of
several salt bridges or other bonds between 04-05 heli-
ces, or the stabilization of the a4-a5 hairpin by the cre-
ation of bridging interactions between the a3-a4 and a5-
06 loops may result in a significantly enhanced toxic
activity. Other studies also support the umbrella-like
model for domain I insertion into membranes (Gazit et
al., 1997; Masson et al., 1999; Schwartz et al., 1997b).

The charge distribution pattern in the CrylAbl8
theoretical model corresponds to a negatively charged
patch along B4 and f13 (Fig. 4a and 4b) of domains II
and III, respectively. This is the most variable domain
among Cry toxins, and it has been shown that it is in-
volved in receptor recognition and therefore considered
as the specificity determining region. As for other Cry
toxins, domain II, the receptor-binding domain, is com-
posed of three [-sheets with loops at the apex of
the B-hairpin extensions, while Cry1Ab18 toxin consists
of three Greek key beta sheets arranged in a beta prism
topology. It is comprised of residues 336-494, two helix
(010 Ser***-Glu**”’, a11 Pro**-Gly***) and 10 B-strands (B2
Ie***His*’, B3 Glu®’-Ser’™, p4 Arg***-Ala®*, B5 Tyr*"-
Tyr404, B6 Ser'™®.Leu*”, B7 Thr**®-Ala*®, B8 A1a443-Tyr445,
B9 His'*-Phe*”, 10 Ala**"-His**). Mutations in defined
regions of the CrylAa toxin have been identified as es-
sential for binding to the membrane of midgut cells of

Bombyx mori (Ge et al., 1989; Lu et al., 1994). In
the Cry1Ab18 model, this region is slightly longer than
its counterparts in CrylAa. The loop between 283 also
seems to be able to modulate the toxicity and specificity
(Smith and Ellar, 1994).

Domain III is comprised of residues 509-643, has
a two antiparallel-sheet sandwich structure and shows
highly conserved residues with the only important modi-
fication being a 3-residue deletion between 16 and f17.
The PB-strands in this domain are B12 (Thr**-Pro’?),
B13(Thr’"-Leu’"), B14 (Ser’**Val™™), B15 (Tle**-Arg™),
B16 (Gly**Asn®™), P17 (Tyr’*-Ser’®), p18 (Leu’*I1e”"®),
B19 (Arg’*"-Phe™), a12 (Ser™-Ser®™), B20 (Arg™“-Gly*"),
p21 (Ser”*His™®), p22 (Val® Pro®?). Several studies
indicate that site mutations in this domain reduce toxi-
city and alter channel properties (Li et al., 199; Chen et
al. 1993; Schwartz et al. 1997a). One consequence of the
umbrella-like model of insertion would be the approach
of the B17 strand. An increase or decrease in the num-
ber of positive charges near the pore mouth would pre-
sumably affect pore conductance. The structural alter-
ations in pore-forming region have an indirect affect on
the ion channel function in the case of toxin molecules
(Aronson et al. 1999). Collective results suggest that
the prime role of this conserved f17 strand region is
the structural stability of the toxin.

Finally, the recognition of artifacts and errors in ex-
perimental and theoretical structures remains a problem
in the field of structure modeling. A structural compari-
son of CrylAa, toxin with the theoretical model of
the Cry1Ab18 protein indicates correspondence with the
general model for a Cry protein (Fig. 5). The superimpo-
sed backbone traces show low RMS deviations (Table 1).
The Ramachandran plot indicates that most of the
residues (93.4%) have ¢ and ¥ angles in the favorable
core orientations and 5.1% are in allowed regions (Fig.
6a). Most bond lengths, bond angles and torsion angles
are in the range of the values expected for a naturally
folded protein. Web-based software tools like ProSA are
diagnostic tools that are based on the statistical analysis
of all available protein structures and are widely used for
analysing the 3D models of protein structures for po-
tential errors. Their range of application includes error
recognition in experimentally determined structures,
theoretical models and protein engineering (Wiederstein
and Sippl, 2007). The software evaluates the model by
parsing its coordinates and energy using a distance-
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based pair potential (Sippl, 1990; Sippl, 1995) and cap-
turing the solvent exposed protein residues (Sippl, 1990;
Sippl, 1995). The results are displayed in the form of
a Zscore and a plot of residues energy. The Zscore
shows the overall model quality and provides deviations
from the random conformation (Sippl, 1993; Sippl,
1995). The plot checks whether the Zscore of the pro-
tein is within the range of similar proteins (NMR and
Xray derived structures). Groups of structures from
different sources (X-ray, NMR) are distinguished by dif-
ferent colors as shown in Fig. 6b. The value of 8.92 is
among the native conformation and the overall residues
energy remains largely negative.

In conclusion, the evidence presented herein, based
on the identification of structural equivalent residues of
CrylAa in CrylAb18 toxin through homology modeling,
indicate that due to high homology between these two to-
xins, they share a common tridimensional structure.
CrylAb18 contains the most variable regions in the loops
of domain II, which determine the specificity of these to-
xins. Taken together, our results are consistent with the
umbrella-like model for the structure of the pores formed
by a toxin. This is the first model of a Cry1Ab18 protein
and its importance can be foreseen from a biotechnologi-
cal perspective since the mutations or changes that abo-
lish the pre-packing of the non-membrane-bound toxin
could lead to the design of improved and more potent
d-endotoxins.
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