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aInstituto de Biotecnologı́a, Universidad Nacional Autónoma de México, Apdo. Postal 510-3, Cuernavaca 62250, Morelos, México
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Abstract

Bacillus thuringiensis Cry1A toxins, in contrast to other pore-forming toxins, bind two putative receptor molecules, aminopeptidase N

(APN) and cadherin-like proteins. Here we show that Cry1Ab toxin binding to these two receptors depends on the toxins’ oligomeric

structure. Toxin monomeric structure binds to Bt-R1, a cadherin-like protein, that induces proteolytic processing and oligomerization of the

toxin (Gómez, I., Sánchez, J., Miranda, R., Bravo A., Soberón, M., FEBS Lett. (2002) 513, 242–246), while the oligomeric structure binds

APN, which drives the toxin into the detergent-resistant membrane (DRM) microdomains causing pore formation. Cleavage of APN by

phospholipase C prevented the location of Cry1Ab oligomer and Bt-R1 in the DRM microdomains and also attenuates toxin insertion into

membranes despite the presence of Bt-R1. Immunoprecipitation experiments demonstrated that initial Cry1Ab toxin binding to Bt-R1 is

followed by binding to APN. Also, immunoprecipitation of Cry1Ab toxin-binding proteins using pure oligomeric or monomeric structures

showed that APN was more efficiently detected in samples immunoprecipitated with the oligomeric structure, while Bt-R1 was preferentially

detected in samples immunoprecipitated with the monomeric Cry1Ab. These data agrees with the 200-fold higher apparent affinity of the

oligomer than that of the monomer to an APN enriched protein extract. Our data suggest that the two receptors interact sequentially with

different structural species of the toxin leading to its efficient membrane insertion.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Bacillus thuringiensis (Bt) produces insecticidal proteins

(Cry protoxins) during sporulation as parasporal crystals. Bt
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toxins are widely used as bioinsecticides since they are

specific to their target insects, are safe to other animals and

plants, and are biodegradable [1]. As a result, insect-resistant

transgenic plants, which express Cry proteins, are now

extensively used for cotton and corn production [1]. How-

ever, despite the widespread use of Bt and transgenic crops,

the precise mechanism of action of Cry proteins is incom-

pletely understood. In particular, the role of two different

receptors, aminopeptidase N (APN) and cadherin-like pro-

teins (BT-R1 in Manduca sexta) remains to be determined.

The primary action of Cry toxins is to lyse midgut

epithelial cells in the target insect by forming lytic pores in

the apical membrane [1]. The three-dimensional structures

of some Cry toxins have been resolved [2–4] showing that
cta 1667 (2004) 38–46
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they are comprised of three domains. Domain I, a seven-a

helix bundle, is the pore-forming domain, while domains II

and III, composed of h-sheets, are apparently involved in

receptor binding [1–4]. The Cry1Aa, Cry1Ab and Cry1Ac

proteins, which share more than 85% amino acid sequence

identity as protoxins, are selectively toxic to some lep-

idopteran insect pests. These Cry1A toxins bind to the same

receptor molecules (APN and BT-R) suggesting they have a

similar mode of action [5–10]. Domain I in these toxins is

similar, but domains II and III show important sequence

differences. Because different lepidopteran insects show

varying sensitivity to these Cry1A toxins, it is likely that the

differences in domain II and III influence the receptor

binding affinity and activity of these toxins.

Cry protoxins must go through several structural changes

before reaching their functional pore-forming state: (1)

solubilization of crystal proteins and activation of the

protoxin by midgut proteases, resulting in the production

of monomeric toxin. In the case of the Cry1A toxins, the

130 kDa protoxin is cleaved to a ~60 kDa toxin. (2) Binding

of the toxin to specific membrane receptors on the apical

membrane of midgut cells [11,12]. In lepidopteran insects,

the Cry1A toxins bind to a 120 kDa APN [5–8], and to a

cadherin-like protein of 210 kDa (Bt-R1) in M. sexta [9] or

in the case of Bombyx mori to a 175 kDa protein (Bt-R175)

[10]. Differences in binding affinities between APN (100

nM) [7] and Bt-R1 (1 nM) [13] to Cry1Ab toxin suggest that

binding to Bt-R1 is likely the first event in Cry1Ab toxin

interaction with microvilli membranes. (3) Formation of a

pre-pore oligomeric structure, probably a tetramer, by

intermonomeric contacts and subsequent insertion into the

apical membrane to make active lytic pores [14–18].

Binding to BT-R cadherin-like receptors is an important

step in the mode of action of Cry1A toxins. Expression of the

Bt-R175 receptor in lepidopteran cells renders them sensitive

to the Cry1A toxin [10]. However, expression of Bt-R1 or Bt-

R175 in other cell types requires very high Cry1A toxin levels

to cause cell lysis in a small proportion of cells expressing

the receptor [19–21], suggesting that additional factors in the

larval midgut could contribute to toxicity [21]. Cry1Aa toxin

lyses midgut epithelial cells from B. mori larvae, and this

toxic effect was inhibited if the cells were preincubated with

anti-Bt-R175 antisera [22]. More importantly, disruption of

the cadherin-like gene by a retrotransposon-mediated inser-

tion contributed 40–80% of the Cry1Ac resistance levels in

H. virescens YHD2 larvae [23]. In addition, Cry1Ab toxin

binding to Bt-R1 induces the cleavage of helix a-1 and the

formation of a pre-pore oligomeric structure that is accom-

panied by exposure of hydrophobic surfaces [14]. This

cleavage would result in 3 kDa reduction in size of the toxin

[24]. We previously showed that this Cry1Ab oligomer is

active in bioassays against M. sexta [14], and that it inserts

more efficiently into membrane vesicles, in contrast to the

monomeric Cry1Ab, forming stable channels with high open

probability [15], suggesting that the oligomer is required for

proper toxin insertion into membranes [15].
The data above, therefore, suggests that APNs are not

critical for toxicity. However, recent evidence also supports

an important role for APNs in Cry1 toxicity. For example,

reduced expression of an APN, by gene silencing using

dsRNA in vivo, decreased the Cry1C toxicity to Spodoptera

litura [25]. In addition, heterologous expression of M. sexta

APN in the midgut and mesodermal tissues of transgenic

Drosophila melanogaster resulted in increased sensitivity to

Cry1Ac toxin [26]. Finally, APN incorporation into lipid

bilayers enhanced Cry1Aa pore-formation activity [27].

All Cry1A-APN receptors are anchored to the membrane

by a glycosylphosphatidylinositol (GPI) anchor [5–8].

Phosphatidylinositol phospholipase C (PI-PLC) treatment

of Trichoplusia ni brush border membrane vesicles

(BBMV), resulting in cleavage of GPI-anchored proteins

from membrane, drastically reducing the pore-formation

activity of Cry toxins [28]. These GPI-anchored proteins are

selectively included in lipid rafts that are conceived as

spatially differentiated liquid-ordered microdomains in cell

membranes [29]. Lipid rafts are detergent-resistant mem-

branes (DRM) enriched in glycosphingolipids, cholesterol

and GPI-anchored proteins and are involved in signal

transduction, sorting and trafficking of plasma membrane

proteins in mammalian cells [29]. Also, they function as

pathogen portals for different viruses, bacteria and toxins

[30,31]. Recently, we demonstrated that the APNs in M.

sexta and H. virescens, in contrast to the cadherin receptors,

are located in DRM, and that the integrity of these

microdomains is essential for Cry1Ab pore activity [32].

In this work we provide evidence that the cadherin-like

proteins and APNs are sequentially involved in Cry1A

toxicity. We also show that the oligomeric pre-pore structure

has increased affinity for APN, compared to that of the

monomer. This increased affinity for APN facilitates the

mobilization of the Cry1A pre-pore to the site of toxin

insertion in the apical membrane, the DRM microdomains.
2. Materials and methods

2.1. Cry1Ab toxin purification

Cry1Ab crystals were produced in the acrystalliferous Bt

strain 407 cry� transformed with pHT315 plasmid [33]

harbouring the cry1Ab gene (pHT315-1Ab). This Bt strain

was grown for 3 days at 29 8C in nutrient broth sporulation

medium supplemented with 10 Ag/ml erythromycin. After

sporulation, crystals were purified by sucrose gradients as

reported [14] and the crystals were solubilized in 50 mM

Na2CO3 pH 10.5, 0.2% h-mercaptoethanol. The resulting

protoxin was activated as described [14]. Briefly, the

protoxin was incubated for 1 h with scFv73 antibody in a

mass ratio 1:4 and digested with midgut juice (5%) for 1 h at

37 8C. Phenylmethanesulfonyl fluoride (PMSF, 1 mM) was

added to stop the reaction. The monomeric and oligomeric

forms of Cry1Ab were purified by size-exclusion chroma-
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tography in Superdex 200 HR 10/30 (Amersham Pharmacia

Biotech, Uppsala, Sweden) FPLC size-exclusion as pre-

viously reported [14,15].

2.2. Preparation of BBMV

M. sexta eggs were reared on artificial diet. BBMV from

fifth instar larvae were prepared as reported without

protease inhibitors [16] and the BBMV preparation was

finally suspended in TNE buffer (25 mM Tris–HCl, 150

mM NaCl, 5 mM EDTA pH 7.4).

2.3. Purification of DRM microdomains

BBMV (1 mg protein) were incubated for 1 h at 25 8C
with or without soluble Cry1Ab protoxin (100 Ag) in TNE.

Alternatively, BBMV were incubated with 10 U PI-PLC

during 1 h at 30 8C, centrifuged 10 min at 14,000 rpm, 4 8C
(Eppendorf 5804R) to remove the released GPI-anchored

proteins and PI-PLC, and then incubated for 1 h with

Cry1Ab protoxin (100 Ag) as described above. After

incubation with protoxin, 1 mM PMSF was added, and

the unbound Cry1Ab was washed out with TNE buffer by

centrifugation of the membranes 10 min at 14,000 rpm 4 8C.
The pellet membrane was suspended in 360 Al of cold TNE

buffer containing 1% Triton X-100 and protease inhibitors

(0.2 mM PMSF, 100 Ag/ml of leupeptin and pepstatin), and

incubated 30 min at 4 8C. The samples were adjusted to

40% iodixanol with 715 Al Optiprep (Sigma-Aldrich), and

overlaid with 3 ml of 30% iodixanol in TNE, followed by

0.2 ml of TNE. The gradients were centrifuged at

268,000�g for 2 h at 4 8C. Fractions of 0.5 ml were

collected. Under these conditions, the Triton X-100-soluble

fraction was found at the bottom of the tube, while the

insoluble DRM buoyant fraction was at the interphase

between 30% and 0% iodixanol.

2.4. Detection of APN, Cry1Ab and Bt-R1 by Western blot

The proteins from insoluble and soluble membrane

fractions of the iodixanol Optiprep flotation gradients were

separated by 9% SDS-PAGE and blotted onto polyvinyli-

dene difluoride (PVDF) Immobilon membranes (Amersham

Biosciences). The blots were blocked with 5% powdered

milk in phosphate-buffered saline (PBS; 50 mM potassium

phosphate buffer, pH 7.4, 0.1 M NaCl) and 0.05% Tween 20

and incubated with anti-APN antibody (1:10,000), kindly

supplied by Dr. Michael Adang (Athens, GA), or anti-H.

virescens BT-R1 antibody (1:1,000), or anti-Cry1Ab anti-

body (1:40,000) followed by incubation with anti-rabbit

horseradish peroxidase (HRP; 1:5000) secondary antibody

(goat anti-rabbit, Sigma). Blots were developed by

enhanced chemiluminescence (ECL, Amersham Bioscien-

ces). Molecular weight markers used in all SDS-PAGE were

precision plus standards, all blue (BioRad) or full range

rainbow (Amersham Biosciences). The advantage of using
these pre-stained proteins is that they are easily observed

even when blotted into PVDF membranes. Western blot

analysis of soluble and DRM membrane proteins were done

at least three times. Representative results are presented.

2.5. Immunoprecipitation of Cry1Ab or aminopeptidase

Three microliters of anti-Cry1Ab or 1.5 Al of anti-APN
polyclonal antibodies were incubated 1 h at 4 8C with 100 Al
of protein A-Sepharose CL-4B beads (Pharmacia) in PBS.

Then the protein-A-Sepharose beads were washed three

times with PBS by 10 min centrifugation at 14,000 rpm 4

8C. BBMV (1 mg protein) were incubated with soluble

Cry1Ab protoxin (100 Ag) for 0, 5 and 15 min, and after

incubation, 1 mM PMSF was added and membranes were

centrifuged 10 min at 14,000 rpm to remove unbound toxin.

The membrane pellets were solubilized 1 h at 25 8C in 100

Al of PBS, 1 mM PMSF, 40 mM CHAPS and 10 mM CaCl2.

The samples were again centrifuged 10 min at 14,000 rpm

and the supernatants containing the solubilized BBMV

proteins were added to 100 Al of protein A-Sepharose beads

previously linked to anti-Cry1Ab or to anti-APN antibodies.

The samples were incubated 12 h at 4 8C. Protein A-

Sepharose beads were pelleted and washed six times with

PBS. The bound-complex was dissociated from the beads

by boiling in SDS-solubilization Laemmli buffer and

separated by 9% SDS-PAGE, including molecular weight

markers as above and the associated proteins were

visualized by Western blot. The bands observed in the

Western blot were analyzed by scanning optical density.

Immunoprecipitation experiments were performed three

times.

2.6. Immunoprecipitation of Cry1Ab binding proteins

To immunoprecipitate the Cry1Ab binding proteins, Bt-

R1 and APN, 3 Al of anti-Cry1Ab polyclonal antibody were

incubated with protein A-Sepharose CL-4B in PBS as

above. After washing steps, pure monomeric or oligomeric

Cry1Ab structures (200 nM) that were purified by size

exclusion chromatography as described above were added.

The two mixtures were incubated 1 h at 4 8C and washed

again three times with PBS. BBMV proteins (1 mg protein)

were solubilized with CHAPS as described above and the

solubilized proteins were incubated 12 h at 4 8C with 100 Al
of the complex formed by protein A-Sepharose beads linked

to pure monomeric or oligomeric Cry1Ab. Finally, Sephar-

ose beads were pelleted and washed six times with PBS.

The binding-complex was dissociated from the beads by

boiling for 3 min in SDS-solubilization Laemmli buffer,

separated by 9% SDS-PAGE, including molecular weight

markers as above and the associated proteins were

visualized by Western blot using specific antibodies. The

APN and Bt-R1 bands obtained in the Western blot were

analyzed by scanning optical density. The error observed in

the different experiments duplications was less than 10%.



Fig. 1. Interaction of Cry1Ab toxin with its receptors. BBMV were

incubated 1 h with/without Cry1Ab protoxin (100 Ag/mg BBMV), unbound

toxin was washed and DRM purified. Panel A, control BBMV without

protoxin incubation. Panel B, BBMV treated with Cry1Ab protoxin. Panel

C, BBMV were preincubated 1 h with PIPLC (10 U/mg BBMV) washed by

centrifugation, then treated 1 h with protoxin, washed again and DRM

purified. Immunodetection was done with anti-BT-R1 (a-BT-R1), anti-APN

(a-APN) or anti-Cry1Ab (a-Cry1Ab) antibodies. DR, detergent-resistant

membranes purified by Optiprep flotation gradients; S, soluble membranes.

M, pre-stained molecular weight markers.
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2.7. Determination of Cry1Ab oligomer and monomer

affinities to APN-enriched protein extract by competition

ELISA

To measure the kinetics of association of monomeric and

oligomeric structures of Cry1Ab to APN, BBMV were

solubilized as described for Lymantria dispar APN purifi-

cation [34]. This procedure resulted in 50-fold increase in

APN-specific activity. Apparent dissociation constants (KD)

were determined by competitive enzyme-linked immuno-

sorbent assay (ELISA) as described [35,36]. Ten nanomoles

of Cry1Ab monomeric or oligomeric structures (equivalent

to the monomeric concentration) were equilibrated with

increasing concentrations of APN-enriched extract (from

0.25 nM to 1 AM estimated APN concentration, based on

APN molecular weight and protein concentration) in 100 Al
PBS for 1 h at 25 8C. For BBMV binding analysis similar

units of APN as the ones used for the APN-enriched extract

were equilibrated with the monomer. The incubation

mixtures were transferred to a 96-well ELISA plate

previously coated with 2.5 Ag APN-enriched extract to

determine the amount of unbound Cry1Ab structures. The

ELISA plates were washed three times and detected with

anti-Cry1Ab antibody (1:1000) followed by a secondary

goat-anti-rabbit-HRP antibody and detected by HRP enzy-

matic activity. The concentration of APN at which the half-

maximal ELISA signal is detected corresponds to the

dissociation constant [35,36]. Concentrated preparations of

pure Cry1Ab oligomeric structure could form aggregates in

a concentration-dependent manner [15]. For this reason, we

used a 10 nM concentration of oligomeric structure that

remains stable [15].
3. Results

3.1. Localization of APN, BT-R1 and Cry1Ab toxin in DRM

Recently we demonstrated that APN and Cry1A toxins

co-localized in DRM microdomains of M. sexta and H.

virescens [32]. The co-localization of Cry1A and APN in

DRM suggested that APN could drive the Cry1A toxins to

these membrane microdomains. To answer this question, M.

sexta BBMV were isolated and treated 1 h with PI-PLC that

cleaves out GPI-anchored proteins in the vesicles. After

washing the excess PI-PLC by centrifugation, BBMV were

incubated 1 h with soluble Cry1Ab protoxin (130 kDa) in

the absence of protease inhibitors. Then BBMV were

centrifuged and DRM purified as described in Purification

of DRM microdomains. The presence of Cry1Ab toxin, Bt-

R1 and APN in DRM membranes was determined by

Western blots. Control treatments without PI-PLC incuba-

tion included BBMV incubated with or without Cry1Ab

protoxin. Fig. 1A shows that in BBMV incubated without

Cry1Ab protoxin, the Bt-R1 receptor was associated with

the soluble membrane fraction in contrast to APN which
was enriched in the detergent-resistant fraction, as previ-

ously reported [32]. In contrast, in BBMV incubated with

protoxin, the distribution of the Bt-R1 receptor changed,

since most Bt-R1 is now associated with the insoluble DRM

membranes (Fig. 1B). We also observed the Cry1Ab

protoxin was processed by membrane-associated proteases

because most of the Cry1Ab detected in insoluble DRM had

either a 60 or 250 kDa molecular size, which corresponds to

the activated monomeric and oligomeric forms of the toxin,

respectively [14]. Finally, pretreatment of BBMV with PI-

PLC substantially reduced the amount of APN present in the

DRM. Bt-R1 and Cry1Ab were also reduced in the insoluble

DRM fractions after PI-PLC treatment (Fig. 1C). Surpris-

ingly, the total amount of Cry toxin bound to DRM or to

soluble membranes was severely reduced after APN

cleavage by PI-PLC, indicating that APN might also be

involved in toxin insertion into the membrane.

3.2. Interaction of APN and Bt-R1 with oligomeric and

monomeric structures of Cry1Ab toxin

The presence of APN and Bt-R1 receptors and the

Cry1Ab 250 kDa oligomer in DRM microdomains suggests

that these three proteins are, at some time, forming a

complex. To analyze the time course of this interaction of

Cry1Ab toxin with the two receptors, M. sexta BBMV were

incubated with soluble Cry1Ab protoxin for 0, 5 and 15
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min. Time 0 corresponds to the mixing of protoxin and

BBMV that were immediately processed by centrifugation

for the immunoprecipitation of Cry1Ab toxin as described

in Materials and methods. After removal of unbound toxin

by centrifugation, the membrane pellet was solubilized with

CHAPS and used to immunoprecipitate Cry1Ab toxin with

an anti-Cry1Ab polyclonal antibody linked to protein A-

Sepharose beads, and the co-precipitation of APN and Bt-R1

was analyzed by Western blot. Fig. 2A shows that the anti-

Cry1Ab antibody precipitated the Cry1Ab activated toxin at

all times tested, including time 0, suggesting that the

activation of the protoxin is very efficient, However, it is

important to note that time 0 implies a 10-min centrifugation

step and this time is long enough to activate the protoxin.

Two different bands of ~60 and 65 kDa were detected,

which corresponds to Cry1Ab toxin [24,37]. At time 15

min, we observed the presence of detectable amounts of

oligomeric structure. Fig. 2B depicts the co-precipitation of
Fig. 2. Immunoprecipitation of Cry1Ab and APN from BBMV incubated

with Cry1Ab protoxin. Immunoprecipitation of Cry1Ab or APN from

BBMV incubated 0, 5 or 15 min with Cry1Ab protoxin by adding protein

A-Sepharose-anti-Cry1Ab (panels A, B and C) or protein A-Sepharose-

anti-APN (panels D and E). The precipitates were dissociated in SDS-

PAGE and co-precipitated proteins detected by Western blot. Panel A,

samples of the Cry1Ab immunoprecipitated proteins analyzed with anti-

Cry1Ab antibody (a-Cry1Ab). Panel B, same samples analyzed with anti-

BT-R1 antibody (a-BT-R1). Panel C, same samples analyzed with anti-APN

antibody (a-APN). Panel D, samples of the APN immunoprecipitated

proteins analyzed with anti-APN antibody. Panel E, same samples analyzed

with anti-Cry1Ab antibody. Lane C, controls of BBMV without protoxin

incubation. M, pre-stained molecular weight markers. Numbers within the

images represent the percentage of Bt-R1 signal at time 0 or APN signal at

time 15 min as determined by scanning optical density of bands in the blots.
Bt-R1, detected with anti-Bt-R1 antibody, showing that Bt-

R1 was co-precipitated with Cry1Ab toxin and the amount

of Bt-R1 was comparable at all times tested. In contrast,

APN was preferentially co-precipitated only at 5 and 15 min

(Fig. 2C). Quantification of blot bands indicated that there

was a 4-fold progressive increase in the amount of APN

(Fig. 2C) and a slight decrease in the amount of Bt-R1 that

co-precipitated with the toxin (Fig. 2B). The deviation in the

obtained values of both receptors between different experi-

ment repetitions was 5%. Fig. 2A shows lower amounts of

IgG than Fig. 2B and C since the blot of Fig. 2A was

exposed to the film for a short time period (less than 1 min),

after treatment with enhanced chemiluminescence in order

to distinguish monomeric toxin from IgG molecule. Fig. 2

also shows that the polyclonal anti-Cry1Ab used does not

cross-react either with BT-R1 or with APN, since in control

lanes performed without Cry1Ab protoxin incubation

(labelled C), no signal of both receptors were detected after

immunoprecipitation. These data suggest that interaction of

the toxin with receptors is very fast with the first contact

occurring with Bt-R1, as observed at 0 time.

In order to gain additional evidence of possible inter-

action of Cry1Ab with APN receptor, APN was immuno-

precipitated from the same samples and toxin was detected.

Fig. 2D shows that APN was immunoprecipitated at all

times tested. However, the oligomeric Cry1Ab toxin co-

precipitated with APN only in longer incubation times in

contrast to the monomeric toxin that co-precipitated with

APN at short incubation times (Fig. 2E).

3.3. Differential interaction of monomeric and oligomeric

structures of Cry1Ab with the two receptors

In order to analyze the interaction of monomeric and

oligomeric Cry1Ab with both receptors, pure monomeric or

oligomeric structures (200 nM) were linked to protein A-

Sepharose beads and used to immunoprecipitate Cry1Ab

binding proteins from solubilized BBMV (1 mg). Previ-

ously we determined that 10 Ag of BBMV saturated the

binding of 10 nM Cry1Ab toxin. Therefore, we used 5-fold

higher BBMV concentration to insure that all toxin

molecules will interact with toxin receptors. The co-

precipitation of APN and Bt-R1 with pure oligomeric or

monomeric structures of Cry1Ab was analyzed by Western

blot using anti-APN- or anti-Bt-R1-specific antibodies. Fig.

3A is a control showing the detection of Cry1Ab toxin after

immunoprecipitation. In this figure, only monomeric and

oligomeric toxins were detected correspondingly, indicating

that only pure oligomeric or monomeric structures were

coupled to the protein A-Sepharose beads. The results in

Fig. 3B show that a greater amount of APN was detected

after immunoprecipitation with the oligomeric structure. In

contrast, the Bt-R1 receptor was primarily immunoprecipi-

tated with the monomeric form of the toxin (Fig. 3C). We

tried to have similar amounts of IgG in all cases in order to

support that the differences observed are likely due to



Fig. 4. Dissociation constants of APN-enriched protein extract to monomer

(o) or to oligomer (n). Different molar concentrations (0.25 nM–1 AM) of

APN-enriched extract were equilibrated with monomeric or oligomeric

Cry1Ab (10 nM) in solution. Unbound Cry1Ab toxin was estimated by

transferring the reaction mixtures to APN-coated ELISA plates by using an

anti-Cry1Ab antibody. Insert shows the monomeric Cry1Ab interaction

with BBMV.

Fig. 3. Immunoprecipitation of the Cry1Ab binding proteins. The Cry1Ab

binding proteins were precipitated by adding protein-A-sepharose-anti-

Cry1Ab antisera-coupled to pure oligomeric Cry1Ab (lanes O) or coupled

to pure monomeric Cry1Ab (lanes M). The precipitates were dissolved in

SDS-solubilization buffer and the dissociated proteins were analyzed by

SDS-PAGE. Panel A, the Cry1Ab monomeric or oligomeric toxins used in

the immunoprecipitation experiments were detected by Western blot with

anti-Cry1Ab antibody. The binding proteins present in the same samples

were detected by Western blot using anti-APN (panel B) or anti-BT-R1

(panel C) antibodies. Numbers within the images represent the percentage

of Bt-R1 or APN signal as determined by scanning optical density of bands

in the blots.
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differential interaction of the monomer and oligomer

structures of the toxin structures with the two receptors.

3.4. Determination of dissociation constants of oligomeric

and monomeric structures to enriched APN-membrane

preparations

To further characterize the interaction of oligomeric and

monomeric structures with APN, BBMV and protein

extracts enriched in APN were used to determine the

dissociation constant of Cry1Ab structures by competition

ELISA [35,36]. Protein extracts enriched in APN were

prepared as described [34]. After solubilization, APN-

specific activities revealed a 50-fold increase than in BBMV

and Cry1Ab ligand blot and Western blot analysis showed

that the BT-R1 protein was absent in this preparation (data

not shown). Cry1Ab monomeric or oligomeric structures

were equilibrated with increasing concentrations of APN-

enriched extracts or with BBMV. The incubation mixtures

were transferred to ELISA plates previously coated with an

excess of APN extract to quantify the Cry1Ab toxin that

remains in solution. Fig. 4 shows an apparent dissociation

constant (KD) of 165 nM for the monomer to the protein

extract containing only APN. In contrast, the oligomer

structure showed an apparent KD of 0.75 nM to the APN-

extract. Monomer binding to BBMV, showed in the insert of

Fig. 3, revealed an apparent dissociation constant of 1.25

nM very similar to the reported KD for BBMV [3].
4. Discussion

Pathogen interaction with target cells involves, in most

cases, binding to specific receptors that trigger either

membrane insertion or cell internalization through mem-

brane microdomains. With viruses, human immunodefi-

ciency virus [38], hepatitis C [39], and adenovirus [40] or

bacteria like Listeria [41], this interaction involves multiple

receptors, which could act together either to modulate each

other or to contribute complementary functions. Alterna-

tively, receptors might act sequentially. In the case of viruses,

sequential binding to receptors is triggered by conforma-

tional changes in the binding proteins [39,40]. In contrast,

single receptors seem to be a common feature for the

interaction of bacterial pore-forming toxins with their target

membranes. Nevertheless, for some toxins like anthrax,

protective antigen [42], aerolysin [43,44] or diphtheria [45],

more than one receptor molecule may participate. Anthrax

protective antigen interacts with two receptors that share

60% identity [42], and it is believed that both receptors are

interchangeable since cells expressing either one are

sensitive to the toxin [42]. For aerolysin, the first binding

event with cell surface carbohydrate moieties precedes

binding to the GPI anchor [43,44]. For diphtheria toxin,

CD9 enhances toxin binding to the diphtheria receptor [45].

Here we show for the first time the sequential involve-

ment of two receptor molecules in the interaction of Cry1Ab

toxin with its target cell membrane. Cry1Ab toxin first binds

to Bt-R1, thereby triggering toxin oligomerization resulting

in a change in toxin affinity to the GPI-anchored APN. This
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latter interaction promotes toxin migration and pore

formation in DRM.

Several data provided in this study suggest that APN

could be involved in toxin insertion into cell membranes by

concentrating Cry1Ab oligomeric structure in DRM micro-

domains:

(1) After BBMV exposure to Cry1Ab protoxin, the 250

kDa oligomeric structure of the toxin was detected in

insoluble DRM (Fig. 1B).

(2) Cleavage of APN by PI-PLC substantially decreased

the levels of Cry1Ab oligomer in insoluble DRM

(Fig. 1C).

(3) Immunoprecipitation of APN after exposure of BBMV

to Cry1Ab protoxin showed that Cry1Ab oligomeric

structure co-precipitates with APN after longer incu-

bation times (Fig. 2E) suggesting that the oligomeric

Cry1Ab is directly associated with APN.

(4) Immunoprecipitation of toxin-binding proteins (APN

and BT-R1) by pure monomeric or oligomeric struc-

tures of Cry1Ab toxin showed that APN was

preferentially observed after immunoprecipitation with

the pure oligomeric toxin structure (Fig. 3). In contrast,

Bt-R1 was preferentially detected when the experiment

was done with the monomeric Cry1Ab structure. The

binding preference of the oligomeric Cry1Ab to APN

receptor is explained by its lower apparent dissociation

constant, i.e. higher affinity, in comparison to that

shown by the monomer to APN (Fig. 4).

Based on these studies we propose that both receptors are

involved in insect toxicity by interacting sequentially with

different toxin structures. An updated model of Cry1A

toxicity is shown in Fig. 5. After Bt crystal ingestion, the

protoxin is solubilized and processed by midgut proteases.

In this work, we found that membrane-associated proteases

are able to fully activate the protoxin. The C-terminal half

and 29 residues of the N-terminus are cleaved at this stage
Fig. 5. Model of the mode of action of Cry toxins. (1) Crystal solubilization;

(2) protoxin proteolytic activation; (3) monomer binding to Bt-R1 and

cleavage of helix a-1; (4) pre-pore oligomeric structure formation; (5)

oligomer binding to APN and mobilization to DRM; (6) pore formation in

DRM.
[46], and the activated toxin then binds midgut cell

membrane receptors. Based on the different binding

affinities of monomeric Cry1A to Bt-R1 and APN (1 vs.

100 nM, respectively) [7,13], and on the data reported in

this study (Fig. 2B), binding to Bt-R1 is probably the first

event in the interaction with the microvilli membrane. This

initial binding promotes a conformational change in the

toxin facilitating proteolytic cleavage of helix a-1, by a

membrane-bound protease [14]. This cleavage results in the

formation of a tetrameric pre-pore structure that is insertion

competent [14]. The oligomeric toxin then binds APN,

which drives the pre-pore complex to DRM lipid rafts where

it inserts into the membrane.

Until now the insect populations selected for their

resistance to Cry1A toxins show mutations in the cadherin

genes [23,47]. These data indicate that cadherins are

important receptors for these Cry1A toxins. However, the

fact that in vivo disruption of APN in S. litura also

resulted in insect resistance to Cry1C toxin [25] supports

the idea that APN has an important role in toxin activity.

In addition, a resistant line of Spodoptera exigua to

Cry1Ca toxin did not express the APN gene suggesting

that APN could also be involved in toxicity, although the

linkage between the resistant phenotype and the lack of

APN remains to be determined (de Maagd, R. personal

communication). In addition, the expression of only the

cadherin-like receptor in mammalian and Drosophila cell

lines results in low sensitivity at very high toxin levels

([19–22]; Gill, S. unpublished), and only a small propor-

tion of the Bt-R1 expressing cells are sensitive to Cry1A

toxin at these toxin concentrations [21], suggesting that

other factor may be missing in these cells or that function

of the cadherin receptor is altered due to differences in

membrane environment. Moreover, Banks et al. [48]

reported that the heterologous production of H. virescens

APN in S2 Drosophila cells did not result in Cry1Ac

toxicity, when monomeric Cry1Ac structure was used in

the bioassay. It would be interesting to determine the

sensitivity of S2 cells producing APN to the oligomeric

form of Cry1A toxins.

The involvement of several receptor molecules and the

mechanism for sequential interaction could be a common

mechanism used by other toxins and viruses. For Cry toxins,

which are presently used in transgenic crops, identification

of these mechanisms is critical for management of potential

insect resistance in the field. Finally, binding of Cry1A

toxins to Bt-R1 and APN receptors are key steps in the mode

of action of these toxins. However, the participation of other

uncharacterized molecules during the process of membrane

insertion and pore formation cannot be excluded.
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