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Bacillus thuringiensis (Bt) is an aerobic, spore-forming 
bacterium that produces, during the sporulation phase, 
crystalline inclusions composed of proteins known as 
δ-endotoxins (3). The δ-endotoxins form two multigenic 
families, Cry and Cyt toxins. Cry proteins are specifically 
toxic to several orders of insects: Lepidoptera, 
Coleoptera, Hymenoptera, Diptera, and to nematodes. 
In contrast, Cyt toxins are mostly found in Bt strains 
active against Diptera (3).

Cry and Cyt proteins are produced as protoxins that 
are activated by midgut proteases to release their toxin 
fragment (3). Cry and Cyt toxins exert their pathological 
effect by forming lytic pores in the membrane of midgut 
epithelial cells (3). Cry toxins are composed of three 
functional domains, an α-helical domain involved 
in membrane insertion (domain I) and two β-sheet 
domains (domains II and III) involved in receptor 
interaction (3). Cyt proteins, on the other hand, have a 
single α−β domain comprising of two outer layers of α-
helix hairpins wrapped around a β-sheet (3) (Fig. 1).

Cry toxins bind to specific protein receptors in the 
microvilli of midgut epithelial cells (3), in contrast to Cyt 
toxins that do not bind to protein receptors but interact 
directly with membrane lipids, resulting in insertion into 
the membrane and pore formation (32), or in membrane 
destruction by detergent-like interaction (6).

Important Interactions with Membrane Receptors in the Mode of Action of 
Bacillus thuringiensis Cry Toxins
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In this review we summarize recent findings on the Cry toxin-receptor interaction and its role in the mode of action of these toxins. Cry toxins interact 
with multiple receptor molecules leading to the formation of membrane pores in membranes of susceptible insects. In lepidopteran insects, Cry toxins 
interact with a cadherin receptor and with glycosyl-phosphatidyl-inositol (GPI)- anchored proteins (aminopeptidase N and alkaline phosphatase) 
leading to insertion of oligomeric toxin in membrane microdomains (or lipid rafts) and inducing cell swelling. Furthermore, recent data shows that in 
addition to protein receptors involved in Cry toxin interaction with the membrane of susceptible organisms, certain glycolipids also play a role in toxin 
action. These glycolipids are specific to invertebrate organisms like insects and nematodes. Recent progress in the characterization of mosquitocidal 
Cry toxin GPI-anchored protein receptors will also be reviewed. The conserved structure of Cry toxins and the characterized receptor molecules tend to 
suggest that similar receptor molecules may be involved in Cry toxin action on different insects.

Introduction

FIG. 1. Three-dimensional structures of insecticidal toxins produced 
by Bacillus thuringiensis. A. Structure of Cry1Aa toxin showing three 
domains: domain I in blue and domains II and III in magenta. The 
loop regions involved in receptor interaction are on the apex of the 
structure. B. Structure of Cyt2A toxin.
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Cry toxins are being used worldwide in transgenic plants 
for insect pest control. They are also used to control 
mosquitoes, the vectors of important human diseases 
(2, 3). The major threat to the use of Cry toxins is the 
appearance of insect resistance. The most frequent 
mechanism of resistance to Cry toxins is receptor-binding 
impairment (12). For Cry1A lepidopteran toxins, at least 
four different protein receptors have been characterized: 
a cadherin-like protein (CADP), a glycosylphosphatidyl-
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FIG. 2. Interaction of Cry1A toxins with cadherin receptors. The 
binding epitopes in the toxin and in the receptor are shown. Epitopes 
of loops α8 and 2 correspond to those mapped in M. sexta Bt-R1, 
while the loop 3 binding region is that found in the H. virescens 
cadherin. L1421 (depicted in red in one of the green binding 
epitopes) is the residue where single nucleotide changes led to the 
abolishment of Cry1Ac binding (36).

inositol (GPI)-anchored aminopeptidase N (APN), a GPI-
anchored alkaline phosphatase (ALP) and a 270-kDa 
glycoconjugate (23, 24, 29, 35, 36). In this review, we 
summarize the recent findings on receptor recognition 
and characterization, and discuss a possible general 
mechanism of Cry toxin interaction with the target cells 
of different susceptible organisms.

Receptor molecules associated with 
resistance to Cry toxins  

1. Cadherin receptor. A laboratory selected H. virescens 
Cry1Ac-resistant line YHD2 was shown to have a 
retrotransposon insertion mutation in the cadherin-
like gene (13). The characterization of CADP alleles 
in field-derived and laboratory selected strains of the 
cotton pest Pectinophora gossypiella (pink bollworm) 
revealed three mutated CADP alleles associated with 
resistance in this lepidopteran insect (26). Cadherins 
represent a large family of glycoproteins that are 
responsible for intercellular contacts. These proteins 
are transmembrane proteins with a cytoplasmic domain 
and an extracellular ectodomain with several cadherin 
repeats (CR,12 in the case of the M. sexta CADP Bt-
R1). In the case of Bt-R1, it was shown that the protein is 
located in the microvilli of midgut cells (8).

The interaction of Cry1A toxins with the CADP receptor 
is a complex process. Three cadherin regions have 
been shown to interact with three domain II loop 
regions. The Cry1Ab loop 2 interacts with the CR 7 
residues 865NITIHITDTNN875, while loops α-8 and loop 
2 interact with the CR 11 residues 1331IPLPASILTVTV1342 
(16, 17). A third Cry1A binding epitope was mapped 
to CR 12 of Bt-R1 (21). In the case of the Heliothis 
virescens cadherin, the CR 12 epitope was narrowed 
to residues 1423GVLTLNFQ1431 (37). It was shown that 
this epitope binds loop 3 of Cry1Ac domain II and that a 
single nucleotide change in this region results in loss of 
binding (38). Figure 2 shows the location of the binding 
epitopes of Cry1A toxins and CADP proteins.

2. Aminopeptidase N.  APN are GPI-anchored 
exopeptidases. Sequence analysis of various APN 
from lepidopteran insects suggests that APN enzymes 
group into at least four classes (30). Inhibition of APN1 
production on S. litura larvae by double-stranded RNA 
interference showed that insects with low APN levels 
became resistant to Cry1C toxin (33). Moreover, 
heterologous expression of M. sexta APN in midguts 

and mesodermal tissues of transgenic Drosophila  
melanogaster caused sensitivity to Cry1Ac toxin (14). 
Recently, it was reported that a laboratory-selected 
Spodoptera exigua resistant colony did not express 
APN1, suggesting that the lack of APN production 
correlated with resistance to Cry1C toxin (20).

With regard to the APN binding epitopes involved in Cry 
toxin interaction, a region of 63 residues (I135-P198) 
involved in Cry1Aa binding was identified in B. mori APN 
(28). Domain III residues of Cry1Aa 508STRLVN513 and 
582VFTLSAHV589 were shown to be involved in binding 
the I135-P198 APN fragment (1). Furthermore, the 
swapping of domain III between Cry1Ac and Cry1Ab 
toxins showed that Cry1Ac domain III was involved in 
APN recognition (9). The interaction of Cry1Ac domain 
III and APN is dependent on N-acetylgalactosamine 
(Gal-Nac) residues (5). Mutagenesis studies of Cry1Ac 
domain III identified residues 509QNR511, N506 and Y513 
as the epitopes for sugar recognition (5). In the case 
of Lymantria dispar APN, the interaction of domain III 
to an N-acetyl galactosamine moiety of the receptor 
precedes the binding of loop regions of domain II (22).
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FIG. 3. Structure of C. elegans glycolipid Cry-receptor. The arrows 
indicate the proposed steps catalyzed by the BRE glycosyltranferases 
gene products, 2 = BRE-2, 3 = BRE-3, 4 = BRE-4 and 5 = BRE-5.

3. Alkaline phosphatase.  ALP is also a GPI-anchored 
enzyme. In M. sexta, it was shown that Cry1Ac binds 
to a 65-kDa ALP protein (25). Furthermore, resistance 
of H. virescens YHD2 larvae to Cry1Ac toxin correlated 
with reduced levels of 65-kDa ALP (23). As mentioned 
previously, the YHD2 colony has a mutation in the 
cadherin gene that is responsible for 40 to 80% of Cry1Ac 
resistance levels, while the absence of ALP accounts for 
the rest of the resistance phenotype of the colony (23).

4. Glycolipids.  Using the nematode Caenorhabditis 
elegans as a model, genetic screening of resistance 
to Cry5B led to the identification of four genes, BRE-
2, BRE-3, BRE-4 and BRE-5 (18). BRE genes were 
shown to code for specific glycosyltransferases 
involved in the carbohydrate synthesis of a galactose-
rich 11-saccharide-linked lipid (19) (Fig. 3). This lipid is 
also found in insects and it was shown that M. sexta 
glycolipid bound to Cry1A toxins (19). Thus, it has been 
proposed that glycolipids are important Cry-receptor 
molecules in insects (19).

Lipid rafts and membrane interaction 
of Cry toxins

GPI-anchored proteins are proposed to be selectively 
located in lipid rafts that are spatially differentiated liquid-
ordered microdomains in cell membranes (27). Lipid 
rafts are enriched in glycosphingolipids, cholesterol and 
GPI-anchored proteins and are thought to be involved 
in signal transduction, sorting and trafficking of plasma 

membrane proteins (27). APN receptors in M. sexta 
and H. virescens, in contrast to CADP receptors, were 
shown to be located in lipid rafts (39). The interaction 
of pore-forming toxins with lipid rafts could result in 
additional cellular events, including toxin internalization, 
signal transduction and cellular response.

Multiple receptors involved in Cry toxins 
pore-formation

Previously, we provided evidence that, in M. sexta, 
binding of monomeric Cry1A toxin to the CADP receptor 
promotes complete proteolytic activation of the toxin, 
facilitating the formation of a pre-pore oligomeric 
structure that can insert into membranes and is active in 
bioassays against M. sexta (15). The pre-pore oligomer 
inserts more efficiently into membrane vesicles than 
monomeric Cry1Ab, forming stable channels with high 
open probability (34), which suggests that the oligomer 
is required for proper toxin insertion into membranes 
(34). The pre-pore oligomer then binds to a second 
receptor, a GPI-anchored APN, leading to toxin insertion 
into membrane lipid rafts (4). Based on this scheme, we 
proposed a model that involves the sequential interaction 
of Cry1A toxin with CADP and APN in M. sexta (4). 

In this model the role of neither glycolipids nor ALP was 
considered. For other pore-forming toxins, low affinity 
interactions with abundant surface molecules precedes 
interaction a high affinity receptor. It was reported that 
Cry5B binding affinity to pure glycolipids displays a Kd 
around 750 nM, in contrast to 1 nM for Cry1A toxins 
binding to Bt-R1 (19, 35). Therefore, it is possible that 
binding of Cry toxins to glycolipids is the first step in 
the interaction of the toxins with their target membrane, 
followed by interaction with CADP receptors (Fig. 4). 
However, it cannot be excluded that Cry-glycolipid 
interaction may be important in the late stages of pre-
pore membrane insertion (19). 

It has been proposed that, in H. virescens, the ALP may 
play the role of the APN in M. sexta, and that it binds the 
pre-pore oligomeric structure and drives it into lipid rafts 
where pore-formation takes place (Jurat-Fuentes and 
Adang, personal communication). Alternatively, it may 
be possible that several GPI-receptors may be involved 
in the interaction of Cry toxins with lipid rafts. This would 
explain that the toxicity to M. sexta of Cry1Ac domain-III 
mutants that abolish binding to APN is barely affected 
(5) (Fig. 5).
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FIG. 4. Proposed mode of action of Cry1A toxins in M. sexta. Cry1A toxins are solubilized and proteolitically activated to yield monomeric toxins. 
Monomers interact either with glycolipids first or with cadherin receptors. The interaction with cadherins (Kd = 1 nM in contrast to Kd = 100 nM of 
Cry monomer interaction with APN) promotes further cleavage of helix α-1 of the monomer and formation of a pre-pore structure. The pre-pore 
binds then to APN with enhanced affinity (Kd= 0.75 nM) and inserts afterwards in lipid rafts.
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FIG. 5. Comparison of the proposed mode of action of Cry toxins in M. sexta (A) and in H. virescens (B). Alternatively, several GPI-anchored 
co-receptors may be involved in the late stages of pre-pore oligomer insertion (C).

FIG. 6. Proposed mode of action of Cry11Aa in Aedes aegypti. A. Binding of Cry11Aa to a 200-kDa unidentified protein and subsequent 
interaction with a GPI-anchored alkaline phosphatase. B. Cyt1Aa is a membrane receptor of Cry11Aa. Cyt1Aa may be involved in the first 
interaction of Cry11Aa or in the late stages of membrane insertion of the pre-pore oligomer.??
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Receptor molecules and binding epitopes 
in mosquitoes  

Bacillus thuringiensis subsp. israelensis (Bti) is a Bt 
strain used to control these disease vectors since it 
shows toxicity to dipteran insects (2). Bti produces 
crystal inclusions during sporulation that are composed 
principally of six toxins: Cry4Aa, Cry4Ba, Cry10Aa, 
Cry11Aa, Cyt1Aa and Cyt2Ba. 

In the case of Cry11Aa and Cry4Ba toxins, a binding-
protein of 65 kDa was identified in brush border 
membrane vesicles (BBMVs) from Aedes aegypti larvae 
(7). Data from our laboratory showed that this 65-kDa 
protein is a GPI-anchored ALP that binds Cry11Aa and 
is important for toxicity (11). Besides the GPI-ALP, a 
membrane-anchored 200-kDa protein was also found 
to bind Cry11Aa in ligand blot experiments (Fig. 6). 

We identified specific regions in Cry11Aa toxin that 
are involved in the interaction with midgut microvilli 
membranes from A. aegypti (10). We isolated a peptide-
displaying phage (P5.tox ) that recognized the domain II 
loop α-8 region of Cry11Aa and inhibited the interaction 
of the toxin with its receptor. Finally, mutants in loop 
α-8 that impaired toxicity and receptor interaction were 
isolated (10).

Cyt1A is a membrane receptor of cry11Aa.  

Interestingly, no resistance in the field is observed 
for mosquito species controlled by Bti. The lack of 
resistance to Bti is due to the presence of the Cyt1Aa 
protein (37). Therefore, we explored the possibility 
that Cyt1Aa may function as a membrane-bound 
receptor of Cry11Aa. Our data shows that Cry11Aa 
binds membrane-bound Cyt1A and that this interaction 
enhances Cry11Aa insertion into the membrane. 
Furthermore, mapping the binding epitopes in both 
molecules revealed that Cry11Aa interacts with Cyt1A 
by means of the domain II loop regions involved in 
receptor interaction (31). Overall, this data points out that 
the interaction with Cyt1Aa may facilitate Cry11Aa toxin 
membrane insertion, suppressing resistance related 
to Cry receptor mutations. It is not known however 
whether Cyt1Aa interaction with Cry11Aa promotes the 
formation of oligomers or the insertion of the pre-pore 
oligomer in membrane lipid rafts. It is also possible that 
Cyt1Aa plays both roles. This is currently studied in our 
laboratory (Fig. 6).

Concluding remarks

The mode of action of Cry toxins is a multi-step 
process that involves the interaction of several receptor 
molecules leading to membrane insertion and cell 
lysis. The characterization of receptor molecules in 
other susceptible organisms will be important to fully 
understand the mode of action of Cry toxins. Moreover, 
the identification of receptor molecules and binding 
epitopes in the toxins and the receptors will help in the 
development of strategies to deal with insect resistance. 
This knowledge will be also critical for the development 
of novel toxins with novel specificities and for a better 
public perception of these safe toxins.
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