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Abstract. Cry proteins, produced by Bacillus thurin-
giensis (Bt), are widely used for the control of insect
pests in agriculture as spray products or expressed in
transgenic crops, such as maize and cotton. Little was
known regarding the mechanism of action of these
toxins when the first commercial Bt product was
introduced fifty years ago. However, research on the
mechanism of action over the last two decades has
enhanced our knowledge of toxin interaction with

membrane receptors and their effects in insect midgut
cells. All this information allowed for the rational
design of improved toxins with higher toxicity or
toxins that overcome insect resistance, which could
compromise Bt use and effectiveness in the field. In
this review we discuss and evaluate the different
models of the mode of action of Cry toxins, including a
discussion about the role of various receptors in toxin
action.

Keywords. Cry toxins, Bacillus thuringiensis, pore formation, signal transduction, toxin receptors, oligomeriza-

tion, Cry toxin resistance.

Use of Bt toxins as bioinsecticides to control insect
pests

Bacillus thuringiensis (Bt) is a member of the Bacillus
cereus group of bacteria [1]. One important character-
istic of Bt strains is that they are entomophatogenic
because they produce insecticidal 8-endotoxin pro-
teins (named Cry and Cyt toxins) during the sporula-
tion phase. These proteins are highly specific to their
target insects, are innocuous to humans, other verte-
brates and plants, and are completely biodegradable.
Therefore, they represent a viable alternative for the
control of insect pests in agriculture and disease
vectors of importance in human public health [2].

* Corresponding author.

Cry and Cyt 6-endotoxins are defined as any para-
sporal inclusion protein produced by Bt bacteria that
is toxic to a target organism, or any protein that has
sequence similarity to known Cry or Cyt proteins.
Presently these proteins have been classified as Cryl
to Cry55; and Cytl and Cyt2 based on their primary
sequence identity [3]. The Cry toxins are organized in
three main groups that are not related phylogeneti-
cally (the three domain, the mosquitocidal-like and
the binary-like Cry toxins) and it is proposed that each
of these groups of Cry toxins may have a different
mechanism of action [4]. The mosquitocidal-like Cry
toxins (Mtx-like) and the binary-like Cry toxins (Bin-
like) have some similarity with the Mtx or Bin toxins
produced by B. sphaericus, although in the case of B.
sphaericus these toxins are toxic against mosquitoes
and in Bt they are toxic against coleopteran larvae [4].
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The three domain Cry toxins (3d-Cry) represent the
biggest group of Cry proteins. It is classified into more
than 40 different groups (Cryl, Cry2...) and many
subgroups (CrylAa, CrylAb, Cry2Aa, CrylBa,
CrylCa, Cry2Aa...) [3]. They are globular proteins
composed of three distinct domains connected by
single linkers. Domain I is a seven a-helix bundle
implicated in membrane channel formation. Domain
II consists of a B-prism of three anti-parallel B-sheets
packed around a hydrophobic core [2] and domain III
is a 3-sandwich of two antiparallel -sheets. Domains
II and III are implicated in insect specificity [2]. Figure
1 shows a representative structure of one member of
the 3d-Cry group, the Cry3Aa, which was the first
solved three-dimensional structure [5]. The structures
of other 3d-Cry members that have also been resolved
(CrylAa, Cry3B, Cry2Aa, Cry4Aa and Cry4Ba) are
highly similar to Cry3Aa and it was proposed that all
members in this group of Cry toxins might function by
a similar mode of action [6-10].

Cyt toxins comprise two highly related groups (Cytl
and Cyt2) [3]. Cyt toxins have a single a-p domain
consisting of two outer layers of a-helix hairpins
wrapped around a [(-sheet [11]. Cyt proteins are
almost exclusively found in dipteran-active Bt strains,
although a few exceptions have been found [12]. The
Cyt toxins synergize the toxic effect of some Cry
proteins active against mosquitoes and also that of the
Bin toxin produced by B. sphaericus [13, 14].

The number of different §-endotoxin proteins that
have been isolated and cloned is quite big: more than
168 different cry and nine cyt holotype sequences [3].
However, their application in agriculture and in
human health is still limited, since only a few Cry
and Cyt toxin variants have been developed as
commercial spray products or have been incorporated
into the plant genome to produce insect-resistant
transgenic crops [15].

The commercialized spray products formulated as
liquid concentrates, wettable powders, and ready-to-
use dusts and granules have been widely adopted by
growers in large-scale crop production. Most of these
products (Biobit, Condor, Cutlass, Dipel, Full-Bac,
Javelin, and M-Peril,) are composed of spore-crystal
preparations derived from wild-type strains such as B.
thuringiensis var. kurstaki (Btk) HD1 and HD73
strains that express some CrylA and Cry2A proteins.
These products are highly effective in controlling
many common leaf-feeding caterpillars, including
pests of vegetables, cereals and cotton [15]. Btk-
based products have been successfully used for the
control of lepidopteran defoliator pests of conifers,
such as bag worms, tent caterpillars and other forest
caterpillars [16]. Other products, including Certan,
Agree and Xentari are based on other Bt strains such
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as B. thuringiensis var. aizawai HD137 which produces
slightly different Cry toxins, CrylA, CrylB, CrylC
and CrylD. These products kill other lepidopterans,
including the Indian meal moth larvae in stored grain.
In addition, Bt formulations that are effective against
beetles seem to offer great promise. Products such as
M-Trak, Foil and Novodor are based on B. thurin-
giensis var. san diego and B. thuringiensis var. tene-
brionis, which produce Cry3 toxins active against
some coleopteran insects, including the Colorado
potato beetle, Leptinotarsa decemlineata [17]. Finally,
B. thuringiensis var. israelensis (Bti), containing Cry4,
Cry10, Cryll and Cyt toxins, is the base of several
commercial products (Vectobac, Teknar, Bactimos,
Skeetal, and Mosquito Attack) that have been devel-
oped for the control of disease vector mosquitoes such
as Aedes aegypti (vector of dengue fever), Simulium
damnosum (vector of onchocerciasis) and certain
Anopheles species (vectors of malaria) [18, 19]. The
high insecticidal activity, the lack of mosquito resist-
ance to this Bti subspecies due to the presence of Cyt
and Cry toxins, the lack of activity against other
organisms and the reported mosquito resistance to
chemical insecticides has made Bti an effective alter-
native control method of mosquitoes and black flies.
Bt products are highly selective. For example, those
that kill lepidopteran insects are not effective against
other types of pests such as coleopteran or dipteran
pests and vice versa. Because of this narrow selectivity
of Cry toxin action, Bt products usually kill only
certain lepidopteran pests while others are not
controlled at all, either because they show low
susceptibility or due to their feeding habits; those
insects that bore into plant tissues do not consume a
significant amount of the Bt applied to plant surfaces.
Insects that live in the soil or sucking insects are also
poorly controlled by spraying Bt formulations [20].
However, the creation of transgenic plants in which
the Cry toxin is produced continuously in the plant
tissues and is in this way protected from degradation
facilitates the control of insects that bore into plant
tissues and those that feed on plant roots. These
transgenic crops have caused a revolution in agricul-
ture by substituting an environmental friendly alter-
native for chemical insecticides. Consequently, Bt-
crops are now grown on over 162 million hectares
worldwide and have proven to be effective in control-
ling some insect pests and to help reduce the use of
chemical insecticides [20].

Proposed models of the mode of action of Cry toxins

Two models have been reported to describe the mode
of action of Cry toxins. For more than 20 years, the 3d-
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Figure 1. Ribbon representation of Cry3Aa toxin structure.
Cry3Aa is a member of the 3d-Cry family group. Domain I is
composed of seven o-helices, domain II and domain III are
composed of B-sheets. The helix alpha-1 is shown in black. This
figure was constructed using Swiss-PDB Viewer and coordinates of
Cry3Aa (PDB number 1DLC).

Cry toxins have been described as pore—forming
toxins that induce cell death by forming ionic pores
following insertion into the membrane, causing os-
motic lysis of midgut epithelial cells in their target
insect [2, 6, 21-23]. Since then, multiple publications
have provided evidence that supports this model.
However, an alternative model recently proposed that
3d-Cry toxins are not pore-forming toxins, but toxins
that activate a cascade signal pathway mediated only
by its interaction with a specific receptor named
cadherin [24, 25]. The initial steps in the mode of
action in both models are similar, from ingestion of the
toxin to the interaction with the primary cadherin
receptor (Fig. 2).

Pore formation model

The pore formation model of 3d-Cry toxin action
comprises several steps [23] (Fig. 2). Most of the 3d-
Cry proteins are produced as crystalline inclusions of
130 kDa protoxins while some others are 70 kDa
protoxins. The larvae ingest the crystalline inclusions
which are solubilized in the gut lumen due to its high
pH and reducing conditions. After solubilization the
protoxins are cleaved by midgut proteases at the N-
and C-terminal ends to yield activated monomeric 60
kDa toxins with a three domain structure [2] (Fig. 1).
The activated toxins bind to primary receptors that are
present in the larval midgut cells. In the case of the
CrylA toxins that are active against several lepidop-
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teran pests, the cadherin-like proteins function as the
primary receptors [26, 27, 28, 29]. Recently cadherin
was also recognized as a functional receptor in the
dipteran insect An. gambiae [30]. Binding with
cadherin facilitates additional protease cleavages of
the N-terminal end of the toxins, eliminating helix a-1
of domain I[31,32]. This cleavage induces assembly of
oligomeric forms of the toxin. The oligomers have
increased binding affinity to the secondary receptors,
which are glycosylphosphatidyl-inositol (GPI)-anch-
ored proteins, such as aminopeptidase N (APN) in
Manduca sexta and alkaline phosphatase (ALP) in the
lepidopteran Heliothis virescens or in the dipteran Ae.
aegypti [23, 33, 34]. After the oligomers bind to
secondary receptors, they insert into membrane
microdomains where GPI-anchored receptors are
localized, and create pores in the apical membrane
of midgut cells causing osmotic shock, bursting of the
midgut cells and finally ending in the insect’s death [2,
4, 23] (Fig. 2).

Signal transduction model

Recently, an alternative model proposed that the
toxicity of Cry proteins is due to the activation of a
Mg *-dependent signal cascade pathway that is trig-
gered by the interaction of the monomeric 3d-Cry
toxin with the primary receptor, the cadherin protein.
This interaction activates a guanine nucleotide-bind-
ing protein (G protein), which in turn activates an
adenylyl cyclase promoting the production of intra-
cellular camp. The increased camp levels activate
protein kinase A which activates an intracellular
pathway resulting in cell death [24]. This model states
that insect cell death occurs without the participation
of oligomeric structures that form lytic pores of Cry
toxin or the participation of other receptors as GPI-
anchored proteins [24, 25] (Fig. 2).

Role of receptors in mode of action of Cry toxins

As mentioned previously, Cry toxins are highly
selective and kill only a limited number of insect
species. This selectivity is mainly due to the interaction
of Cry toxins with larval proteins located in the midgut
epithelium cells. A major research effort has taken
place in the identification of insect proteins that bind
Cry toxins and mediate toxicity. Among these, two
major types of receptors have been identified: trans-
membrane proteins, such as cadherins, and proteins
anchored to the membrane such as the GPI-anchored
proteins that have been proposed to be involved in the
action of Cry toxins.
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Figure 2. Mechanism of action of the 3d-Cry toxins. The pore formation model and the signal transduction model. Both models include
identical initial steps. In these steps, the protoxin is solubilized in the insect gut lumen, then the soluble protoxin is activated by midgut
proteases resulting in the 3-d Cry monomeric toxin and finally the toxin binds to the cadherin receptor. In the pore forming model, the
interaction with cadherin initiates the cleavage of helix a-1, leading to toxin oligomerization. The oligomeric Cry toxin binds to GPI-
anchored receptors which help in toxin insertion into the membrane. The formed pore is important for cell death. In the signal transduction
model, toxin interaction with cadherin activates a G protein that increases activity of adenylyl cyclase (AC), resulting in increased cAMP
levels which in turn activate protein kinase A (PKA) that is responsible for the activation of an intracellular pathway resulting in cell death.
Only the structure of the monomeric Cry toxin was modelled using Swiss-PDB Viewer and coordinates of Cryl Aa (PDB number 1CIY).

The rest of the proteins depicted in the figure are hypothetical structures.

Cadherin receptors

Cadherin proteins were first identified as CrylA
toxin-binding proteins in the lepidopteran insect M.
sexta [26, 35] and later shown to be involved in Cry
toxin binding and toxicity in several other lepidopter-
an species such as Bombyx mori [36], H. virescens
[37], Helicoverpa armigera [38], Pectinophora gossy-
piella [39], Ostrinia nubilalis [40] and more recently in
the dipteran An. gambiae [30]. Insect cadherins are
modular proteins composed of three domains, the
ectodomain formed by 11 to 12 cadherin repeats (CR),
the transmembrane domain and the intracellular
domain [35]. In contrast to vertebrate cadherins that
are involved in inter-cellular contacts and are located
in the basolateral membrane, in M. sexta and An.
gambiae larvae the cadherin proteins were shown to
be located in the microvilli of midgut epithelium cells,
the site of action of Cry toxins [30, 41].

Different experimental evidence indicates that cad-
herin proteins are involved in the toxic effect of Cry
toxins in different insect species.

Expression of cadherin receptors in cell lines

The M. sexta cadherin (Bt-R,) and the B. mori
cadherin protein (Bt-R;,s) have been expressed in
different cell lines and shown to mediate toxicity to
CrylA toxins in these cell lines, although the Cry
toxin-induced toxicity levels were variable. In the case
of Bt-R,, its transient expression in mammalian cell
lines COS7 or HEK193 induced susceptibility of these
cell lines to CrylAb toxin [42]. Bt-R, has also been
expressed in insect cell lines such as the Drosophila
melanogaster Schneider 2 (S2) cell line [43] and the
Trichoplusia ni High Five cell line and was found to
render cells susceptible to Cryl Ab toxin in both cases
[25]. Also, the cadherin protein from H. virescens
(HevCaLP) was expressed in S2 cells conferring
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susceptibility to CrylA toxin [44]. Interestingly, a
fragment of a truncated cadherin Bt-R; protein
containing the cadherin repeat 12 (CR12) expressed
in the surface of S2 cells also induced susceptibility to
Cryl Ab toxin, suggesting that this protein fragment is
important in mediating Cryl Ab-induced cytotoxicity
[45]. In H. virescens cadherin CR11, that corresponds
to the M. sexta CR12, was shown to be a CrylAc
binding site [29]. In the case of Bt-R,;s, this protein
was expressed in the SF9 insect cell line [36] and also in
the mammalian HEK193 cell line [46] and in both
cases it induced susceptibility to CrylAa toxin.

Blocking toxin binding to the cadherin receptor
Another approach to determine the role of receptor
molecules in the toxicity of Cry toxins has been the use
of binding molecules such as antibodies that bind
specific epitopes in the toxin or in the protein
receptors and block the toxin-receptor interaction,
hence showing an effect on Cry toxicity when fed
together with the toxin in bioassays. In the case of
cadherin receptors, single chain variable Fragments
(scFv’s) antibodies that bind to loop 2 or loop 3 of
domain II of CrylAb toxin and inhibit binding of
CrylAb to Bt-R, but not to the APN receptor were
shown to lower the toxicity of CrylAb toxin to M.
sexta larvae [27, 47]. Also, certain cadherin protein
fragments that contain CrylA binding regions inhib-
ited the toxicity of Cryl Ab protein to M. sexta larvae
or to the COS7 cell line expressing Bt-R, [28, 42]. In
the case of H. virescens, an anti-cadherin antibody and
a cadherin fragment containing a Cryl A binding site
lowered CrylAb and CrylAc toxicity [29]. Finally, an
anti-Bt-R,;5 antibody protected detached B. mori
midgut cells from CrylAa toxin, as judged by the
analysis of the release of lactate dehydrogenase
activity after exposure of the cells to CrylAa toxin
[48,49]. Nevertheless, a Cryl Aa mutant (F328A) that
showed 23-fold reduced binding to Bt-R,;5 was shown
to have only a 4-fold reduction in the toxicity to B.
mori larvae, suggesting that an additional protein in
the larval gut could in part fulfill the role of Bt-R,;5 in
this insect species [50].

Synergism of Cry toxin action by fragments of the
cadherin protein

As mentioned previously, when a cadherin fragment
of Bt-R; named CR12- MPED (membrane proximal
ectodomain) which contains a Cryl A toxin-binding
site was expressed in S2 cells, the susceptibility to
CrylAb toxin was induced [45]. Interestingly, this
CR12-MPED fragment produced in E. coli cells
enhanced the activity of CrylAb toxin in different
lepidopteran insect larvae when fed in bioassays [51].
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It was suggested that the CR12-MPED fragment
increases the toxin concentration in the microvilli
membrane of the larvae, since this fragment is
localized in the microvilli of the CR12-MPED fed
larvae. The Cry toxin would then be able to interact
with GPI-anchored CrylA secondary-receptors [51].
A similar effect was observed with the corresponding
fragment CR12 of the An. gambiae cadherin, suggest-
ing that a cadherin receptor also mediates toxicity of
Cry4Ba toxin in dipteran insects [30].

Mutations and silencing of the cadherin receptor
Toxin receptor interaction is a limiting step in the
mode of action of Cry toxins, but theoretically the
resistance to Cry toxins can occur by different
mechanisms affecting any step of the mode of action
of Cry toxins (Fig 2). However, the most common
mechanism of resistance observed so far involves
mutations that affect the assembly of cadherin recep-
tor molecules [52]. The resistance to CrylA toxins in
three resistant colonies of different lepidopteran
insect species, pests of cotton, was shown to be
genetically linked to mutations in the cadherin gene.
The first example was the resistance of the laboratory
selected YHD2 H. virescens population that con-
tained a retrotransposon insertion in the cadherin
gene [37]. In the case of P. gossypiella, a resistant
population (AZP-R) to CrylAc toxin was obtained
after crossing individuals collected from ten different
locations in Arizona cotton fields. It was shown that
resistance in the AZP-R population was linked to
three different cadherin deletion alleles [39]. In H.
armigera, both a laboratory-selected population and a
population obtained after screening of field individ-
uals by crossing and selection of offspring in toxin,
resistance was linked to three cadherin alleles, two
retrotransposon insertions and one stop codon muta-
tion [38, 53]. Finally, in the case of M. sexta, silencing
of the Bt-R; transcript by dsRNA resulted in high
tolerance to Cryl Ab toxin [54]. These data show that
presence of the cadherin protein in the insect midgut is
necessary for CrylA toxicity.

Role of the cadherin receptor in inducing toxin
oligomerization

As mentioned above, binding of CrylA toxins to
cadherin protein is an important step in mediating
toxicity. Binding of CrylAb protoxin to cadherin in
the presence of M. sexta midgut proteases induces the
cleavage of helix a-1 of domain I of the toxin and
oligomerization of the toxin, forming a 250 kDa
structure [31] (Fig.2). Figure 1B shows the local-
ization of helix a-1 in the crystal structure of 3d-Cry
toxins. An important observation was that scFv73
antibody binds to loop 2 of domain II of Cryl Ab toxin
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and blocks binding to Bt-R ;. The scFv73 antibody also
facilitates the formation of a CrylAb 250 kDa
oligomeric structure [31]. Formation of the oligomeric
structure was also observed when CrylAb protoxin
was proteolytically activated in the presence of
cadherin fragments containing CrylA binding sites,
including CR12 [28, 54] or in the presence of brush
border membrane vesicles (BBMV) that contain the
complete cadherin protein [31]. Further character-
ization of the oligomeric structure of CrylAb toxins
showed that the oligomer structure is competent in
membrane insertion and also induces stable pores
with high open probability in contrast to monomers,
indicating that the oligomer is the membrane inser-
tion-competent structure [55] (Fig. 2).

Role of the cadherin receptor in mediating signal
transduction in an H5 cell line

The role of Bt-R, cadherin mediating cell death by
Cryl Ab was studied in a stable 7. ni HS insect cell line
expressing Bt-R, (named S5 cells) [25]. The S5 cell
line was susceptible to activated CrylAb toxin in a
dose-dependent manner and toxicity was inhibited in
the presence of a cadherin fragment (TBR1) that
contains a Cryl Ab toxin-binding site. Cry1Ab toxicity
mediated by Bt-R; was dependent on the presence of
Mg ™ ions in the medium and it was speculated that a
Mg**-dependent cellular signal was responsible for
triggering cell death [24]. Further characterization of
this signal transduction pathway by using some
inhibitors revealed the participation of a G protein
which activated an adenylyl cyclase, causing increased
levels of camp that activated a protein kinase A
(PKA). Activation of this PKA correlated with cell
death [24] (Fig. 2).

GPI-anchored receptors

The first CrylA toxin-binding protein that was
described was an APN protein in the lepidopteran
M. sexta [56]. This protein was glycosilated and
anchored to the membrane by a GPI anchor. Since
then, other GPI-anchored APNs have been recog-
nized as Cry toxin receptors in different lepidopteran
species such as H. virescens [S7-60], Spodoptera litura
[61], H. armigera [62], B. mori [63], Lymantria dispar
[64], Plutella xylostella [65], and in the dipteran An.
quadrimaculatus [66]. Phylogenetic analyses suggest
that in lepidopteran insects there are at least five
different APN families and at least three of them have
been shown to bind Cryl toxins in different insect
species [67, 68]. A GPI-anchored ALP that binds Cry
toxins has also been described in the lepidopterans M.
sexta [69] and H. virescens [33] and in the dipteran Ae.
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aegypti [34]. In the coleopteran Leptinotarsa decemli-
neata, a GPI-anchored ADAM metalloprotease was
shown to bind Cry3A toxin [70]. GPI-anchored
proteins are preferentially partitioned to membrane
microdomains or lipid rafts, and lipid raft integrity has
been shown to be important for CrylA toxin insertion
and pore formation in M. sexta and H. virescens [71].
In the case of M. sexta, the APN and ALP proteins that
bind CrylA toxins were shown to be located in the
microvilli of epithelial cells that is the site of action of
CrylA toxins [41].

Different types of evidence suggest that GPI-anch-
ored proteins are involved in Cry toxicity in different
insect orders:

Blocking toxin binding to GPI- anchored receptors

As with cadherin proteins, blocking the interaction of
Cry toxins with GPI-anchored receptors has been
useful in some cases to show the role of these proteins
in Cry insecticidal activity. In the case of M. sexta, a
scFv-phage that bound CrylAb toxin through f16-322
of domain III blocked binding of CrylAb with APN
but not with Bt-R, and inhibited the toxicity of
CrylAb in bioassays [47]. Nevertheless, in B. mori
detached midgut cells, an anti-APN antibody did not
affect toxicity of CrylAa in contrast to an anti-
cadherin antibody that inhibited toxicity, suggesting
either that this APN may not be involved in toxicity or
that other additional GPI-anchored proteins or lipids
could substitute APN function [48,49]. In Ae. aegypti,
a peptide-phage that bound the 65 kDa ALP com-
peted binding of the Cryl1Aa to BBMV of mosquito
and inhibited Cry11Aa toxicity in bioassays, suggest-
ing that GPI-anchored ALP is a functional receptor of
Cryl1Aa [34]. Finally, in the coleopteran L. decemli-
neata a synthetic peptide corresponding to domain II
loop 1 of Cry3Aa could bind the GPI-anchored
ADAM metalloprotease and inhibit Cry3Aa-induced
pore formation in BBMV isolated from L. decemli-
neata larvae, suggesting that the GPI-anchored metal-
loprotease is a functional receptor of Cry3Aa [70].

In the case of Cryl Ac toxin it has been shown that the
toxin binds APN through a domain III binding pocket
that recognizes an N-acetyl galactosamine (GalNAc)
moiety in the receptor [72, 73]. Mutagenesis studies of
CrylAc domain III identified the residues *?QNR’",
N°% and Y" as the sugar-binding epitope [74, 75].
Interestingly, these mutants which had altered M.
sexta APN-binding were barely affected in toxicity
[74, 75], suggesting that either APN is not an
important receptor determining toxicity or that addi-
tional receptor molecules can fulfill the role of APN.
As mentioned previously, Cryl Ac toxin binds to both
APN and ALP molecules in M. sexta [56,69] and ALP
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also contains the GalNAc moiety [33]. Thus, the role
of ALP in toxin action cannot be discarded.

Mutations and silencing of GPI-anchored receptors
As mentioned previously, an H. virescens laboratory
selected population, YHD2, contained a retrotrans-
poson insertion in the cadherin gene [37]. However,
the mutation in the cadherin gene only accounted for
40-80% of the resistance phenotype. Additional
mutations were responsible for the rest of the resistant
phenotype in YHD?2. These additional mutations were
shown to affect GPI-ALP production, indicating that
ALP is likely a functional receptor of Cryl Ac toxin in
H. virescens [33].

A resistant S. exigua population that is resistant to
Cry1Ca toxin was shown to lack the RNA transcript of
APN-1, suggesting that this APN is involved in CrylC
toxicity to this insect species [67]. Finally, in the case of
S. litura, silencing an APN with dsRNA resulted in a
lower susceptibility to Cry1Ca toxin, also indicating a
role of APN in CrylC toxicity in this insect species
[76].

Role of GPI-anchored APN in facilitating membrane
insertion and pore formation

The APN has been implicated in toxin insertion, since
cleavage of APN by phosphatidyl-inositol specific
phospholipase C treatment which cleaves out the GPI
anchored proteins substantially decreased the levels
of CrylAb incorporation into insoluble lipid raft
membranes [23, 71] and drastically reduced the pore-
formation activity of the toxin assayed in BBMV from
Trichoplusia ni [77]. In addition, the incorporation of
APN into the lipid bilayer enhanced CrylAa pore-
formation activity [78].

The sugar GalNAc in the APN receptor is an
important epitope in the interaction with CrylAc
toxin [72, 73]. In the case of the lepidopteran
Lymantria dispar, it was proposed that the monomeric
CrylAc toxin interacts with APN following a sequen-
tial binding model [79]. In this model, APN is first
recognized by domain III of CrylAc through the
GalNAc moiety, followed by a protein-protein contact
of the domain II loop region of CrylAc. The first
contact is fast and reversible, and mutations close to a
domain III cavity affect this initial binding, while
mutations in domain II affect the rate constants of the
second interaction step which is slower and tighter
[79]. Liet al. [80] reported that the binding of GalNAc
to monomeric Cryl Ac correlates with an increase of
temperature factors in the pore-forming domain I.
However, there was no indication of a clear conforma-
tional change in the monomeric-CrylAc toxin [80]. In
contrast, the fluorescence spectroscopy studies of
CrylAc in its oligomeric state showed that GalNAc
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induces a conformational change in domain III of the
oligomeric structure of CrylAc in the vicinity of the
sugar pocket [81]. The interaction of Cryl A-oligomer
with GalNAc enhanced membrane insertion of the
soluble pre-pore oligomeric structure [81], supporting
the model that interaction of the Cryl A pre-pore with
GPI-anchored receptors facilitates membrane inser-
tion and pore-formation. The APN-oligomer inter-
action may be especially critical when low toxin
protein concentrations reach the midgut epithelium,
conditions that may occur in vivo in the larvae gut
where the Cry toxins are exposed to high concen-
trations of proteases.

Participation of oligomer structures in larvae
intoxication

Other Cry toxins besides Cryl A toxins are also able to
form oligomeric structures when they are activated in
the presence of their natural receptor. This is the case
for several Cryl toxins such as CrylAa, CrylAb,
CrylCa, CrylDa, CrylEa and CrylFa that are active
against M. sexta and result in the formation of an
oligomeric structure after activation in the presence of
M. sexta BBMV midgut membranes [31, 55, 82-85].
Oligomeric structures of Cry1C were also found when
this toxin was activated in the presence of BBMV from
a target insect, S. exigua [85], and oligomeric struc-
tures of CrylAa were also observed when this toxin
was activated in the presence of BBMV from Bombyx
mori larvae [86]. The presence of oligomeric struc-
tures in these toxin preparations correlated with
higher K* permeability than in samples containing
only monomeric toxins [31, 55, 82], supporting the
hypothesis that the oligomeric structure of Cry toxins
is the intermediate responsible for its insertion into
the membrane. The Cry3Aa, Cry3Ba and Cry3Ca
toxins, which are specific against coleopteran insects,
also formed oligomeric structures after activation in
the presence of BBMV membranes from the suscep-
tible insect L. decemlineata and correlated with higher
pore formation [87].

Regarding dipteran-specific toxins, it was reported
that Cryll1Aa was able to form oligomeric 250 kDa
structures after activation in the presence of BBMV of
the mosquito Ae. aegypti [88]. The Cry4Ba also
formed oligomeric structures after activation [89]. In
fact, the membrane-associated structure of the
Cry4Ba toxin was further analyzed by atomic force
microscopy (AFM) [90] and by electron crystallog-
raphy [91]. The AFM studies indicated that the toxin
preferentially inserts into the membrane in a self-
assembled structure, showing a pore-like structure
with a four-fold symmetry, suggesting that tetramers
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are the preferred oligomerization state of this toxin
[90]. However the calculated projection structures
from 2D crystal patches analyzed by electron crystal-
lography at 17 A resolution showed a trimeric
organization [91]. The AFM was also used to analyze
the structure of CrylAa toxin inserted into monolayer
membranes. These studies suggested that the pores
are composed of four subunits surrounding a 1.5 nm
diameter central depression [92].

Finally it was reported that CytlAa synergizes the
toxic activity of Cryll1Aa by functioning as a mem-
brane-bound receptor of Cryl1Aa [93]. The proposed
mechanism is that CytlAa inserts into the midgut
epithelium membrane and exposes protein regions
that are recognized by Cryl1Aa. It was demonstrated
that this interaction facilitates the oligomerization of
CryllAa and its pore formation activity [88, 93].
Cryl1Aa binds Cytl1Aa using the loop a-8 that is also
involved in interaction with its ALP receptor [34].
Mutations in the binding regions of CryllAa or
CytlAa affected the specific interaction between
these proteins, reduced their synergism [93] and
reduced the formation of a CryllAa oligomeric
structure [88].

Modified Cry toxins that kill insects resistant to CrylA
toxins

According to the pore formation model, the cadherin
receptor binds the monomeric toxin and induces toxin
oligomerization after further cleavage of helix a-1.
Recently, modified toxins lacking helix a-1 (named
CryMod toxins) were constructed. These Cryl AMod
toxins form oligomers of 250 kDa when treated with
trypsin in the absence of the cadherin receptor [54].
The oligomeric structures formed by CryMod toxins
are active in pore formation and are toxic against M.
sexta and P. gossypiella larvae. The most important
characteristic of CrylAMod toxins is that they are
able to kill insects that are resistant to native Bt toxins
due to mutations in the cadherin receptor or that have
reduced susceptibility due to silencing of cadherin
protein expression by using RNAI [54] (Fig. 3). The
CrylAMod toxins were tested against CrylAc-sus-
ceptible and -resistant P. gossypiella larvae. The
CrylAc-resistant P. gossypiella AZP-R strain has
deletion mutations in the cadherin gene [39] and was
able to survive on Bt cotton producing Cryl Ac[39, 94]
but was highly sensitive to Cryl AMod toxins [54]. The
Cryl AMod toxins were also toxic to the susceptible P,
gossypiella APHIS-S strain, but the modified toxins
were slightly less potent than the wild type toxins.

Moreover, silencing of cadherin expression in M. sexta
larvae using RNAIi resulted in inhibition of the

Mechanism of insecticidal Cry toxins

expression of the cadherin protein and a decreased
larval susceptibility to Cryl Ab. However the M. sexta
larvae with cadherin silenced by RNAi were still
highly susceptible to Cryl AbMod toxins [54].

CrylA mutants in oligomerization

Oligomeric structures in some other proteins are
stabilized by a-helical coiled-coil structures which
constitute an important protein-folding motif formed
in the interaction between two to five a-helices [95,
96]. The primary structure of coiled-coil structures is
characterized by heptads of residues, (abcdefg),, with
a unique pattern of internal @ and d positions occupied
mostly by apolar residues forming a hydrophobic core
and positions g and e occupied by charged residues.
The four positions a, d, e and g are important to
maintain the coiled-coil interaction. Prediction of
coiled-coil formation in Cry toxins showed that within
the 60 kDa Cry toxin, helix a-3 of domain I has the
highest provability score [32]. The role of helix a-3 in
Cry toxin oligomerization was supported by the fact
that a synthetic peptide corresponding to CrylAb
helix a-3 inhibited formation of the CrylAb 250 kDa
oligomer. In contrast, synthetic peptides correspond-
ing to other helices did not affect oligomer formation
[32]. Some residues of helix o-3, located in the
important positions of coiled-coils, were mutagenized
in CrylAa and CrylAb toxins, resulting in proteins
affected in the rate of pore-formation but not in the
pore characteristics and they showed extremely low
toxicity to M. sexta larvae [32, 97]. The phenotype in
these mutants could be explained if they were affected
in oligomer formation, since this is an important step
for channel formation. The substitutions R99E and
Y107E of CrylAb (positions g and d of the putative
coiled coil, respectively) were further analyzed. Both
were non-toxic to M. sexta and unable to form ionic
channels when analyzed in black lipid bilayers [32].
The low response in pore formation of these mutants
correlated with their inability to form the 250 kDa
oligomeric structure [32]. One mutant, L100E,
showed increased pore formation and higher toxicity,
suggesting that helix a-3 is important for the rate of
pore formation in vivo. One important characteristic
of these mutants (L100E, Y107E and R99E) was that
their binding characteristics were similar to the wild
type toxin [32]. Firstly, the binding competition of
biotinylated-Cryl Ab toxin with unlabelled mutant
proteins was identical to that of the unlabelled wild
type toxin [32]. Secondly, binding affinity to a Bt-R,
protein fragment that contains all the Cryl A binding
sites was also similar to the wild type CrylAb toxin
[32], suggesting that the nontoxic phenotype observed
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Figure 3. Model for the mechanism of action of the CryMod toxins. CryMod toxins that lack helix a-1 do not require interaction with
cadherin to induce oligomerization, binding to GPI-anchored receptors and pore formation. Thus, CryMod toxins are able to kill insects
which lack the cadherin receptor and are resistant to wild type Cry toxins.
Only the structure of the monomeric Cry toxin was modelled using Swiss-PDB Viewer and coordinates of CrylAa (PDB number 1CIY).
The rest of the proteins depicted in the figure are hypothetical structures.

in the mutants affected in oligomerization, as well as
the higher toxicity observed in the mutant that was
able to oligomerize, were not linked to cadherin
binding. Also, binding to cadherin was not enough to
kill the larvae.

Other mutations performed in helix a-3 of CrylAc
toxin are those introduced in residues R93 and A92.
Most of the mutated proteins were severely affected in
toxicity, and only the conservative change R93K was
fully active [98, 99]. In mutants A92E and A92D, the
loss of toxicity correlated with the loss of pore
formation [98]. Residue R93 is located in position a
of the predicted coiled-coil structure of helix a-3. In
other coiled-coil structures the presence of polar
residues in the apolar interface correlates with proper
alignment, orientation and selectivity of the coiled-
coil interaction and contributes considerably to their
stability [95, 96]. Thus, it is possible that residue R93
plays an important role in coiled-coil conformation
and stability.

It was also suggested that helix a-5, located in the
central position of domain I, could be involved in
CrylAc toxin oligomerization, since several point
mutations in this helix disrupted oligomerization and
the mutated toxin became severely affected in toxicity
against M. sexta [83]. The only exception was mutant
H168R which showed high insecticidal activity but
could not form the 200 kDa oligomeric structure
observed with wild type CrylAc in SDS-PAGE.
However, these authors also showed that mutant

H168R as well as the wild type Cryl Ac form oligomers
of >200 kDa [83].

Finally, there are examples of mutants outside the
domain I that affect oligomerization. The CrylC
mutants Q374 A and T440A, located in loops 2 and 3 of
domain II respectively, showed a major decrease in
toxicity against S. exigua larvae and were also severely
affected in oligomer formation when activated in the
presence of S. exigua BBMV. Apparently the affinity
of this mutant to the BBM Vs was two-fold lower when
compared with the wild type, suggesting that changes
in domain II loops affect the interaction with mem-
brane receptors which is necessary for oligomer
formation of CrylCa in S. exigua [85]

Signal transduction induced by pore formation?

Other pore-forming toxins produced by other bacteria
cells, such as the a-toxin from Staphylococcus aureus
and aerolysin produced by Aeromonas hydrophila kill
their target cells by forming pores, but they also induce
cell death by triggering an apoptotic signal cascade
pathway [100, 101]. The mechanism of cell death,
pore-formation or apoptosis depends on the cell type
and on the dose of toxin. Higher doses induce death by
pore formation and subnanomolar doses trigger the
apoptotic pathway. Over-expression of anti-apoptotic
protein could block aerolysin-induced apoptosis, al-
though this effect was overcome if higher toxin
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concentrations were used, in which case cells died
quickly due to pore formation. The apoptotic pathway
was not observed [101]. In the case of aerolysin it was
demonstrated that apoptosis was neither directly
triggered by binding of the toxin to its receptor nor
by oligomerization of the toxin, but rather that it was
caused by the production of a small number of
channels in the membrane [101], indicating that the
intracellular downstream effects were triggered by
membrane depolarization induced by pore formation.
In the case of Cry toxins, intracellular signaling related
to cell death has only been determined in one insect
cell line. So far there are no published data showing
that signal transduction is involved in cell death in
whole larvae. This remains to be determined.

Concluding remarks

In the case of Cry toxins, we cannot exclude the
possibility that intracellular responses also play a role
in insect death or in synergizing the effect of the toxin.
The fact that CryMod toxins are able to kill larvae that
lack the cadherin receptor clearly indicates that this
receptor is not the only responsible for triggering
insect death. The CryMod toxin supported the pore
formation model as the mechanism of action of these
toxins. In this case, if any type of intracellular response
is involved in Cry toxin intoxication in vivo, this may
be triggered by other events that occur after toxin
binding to cadherin, such as oligomerization, binding
to GPI-anchored receptors or pore formation. The
oligomerization process could result in simultaneous
clustering of receptors on the cell surface, and this
could lead to an intracellular signal. Alternatively,
toxin binding to GPI-anchored receptors could also be
important since they are located in lipid rafts which
are directly involved in signal transduction, sorting
and trafficking of plasma membrane proteins in
mammalian cells [102] and functions such as pathogen
portals for different viruses, bacteria and toxins [102,
103]. Finally, the formation of a small number of
channels may be essential for triggering a putative
intracellular response as shown for aerolysin and a-
toxin in mammalian cells. It is still necessary to
determine if other events besides pore formation are
involved in insect death. Nonetheless, we can spec-
ulate that toxin concentration may play an important
role, in which case the intracellular response is
triggered by low concentration of Cry toxins and cell
death by pore formation occurs only when the larvae
ingest high concentrations of the toxin. Thus it is
attractive to propose that intracellular responses will
most often be triggered in vivo where low toxin
concentrations are most probably encountered.

Mechanism of insecticidal Cry toxins
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