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Abstract Atomic force microscopy was used to image

Bacillus thuringiensis (Bt) toxins interacting with their

natural targets, Manduca sexta midgut brush border

membranes (BBMs), as well as with dipalmitoylphospha-

tidylcholine-dioleoylphosphatidylcholine (DPPC-DOPC)

solid-supported lipid bilayers. In lipid bilayers, Cry1Aa

formed structures 30–60 nm wide and 3–7 nm high, mostly

at the interface of domains formed by the two different

lipids or at the edge of DOPC-enriched domains. BBM

vesicles, in the absence of toxin, formed flat membrane

fragments of up to 25 lm2 and 4.2 nm high, with irregular

embedded structures. After incubation with Cry1Aa,

Cry1Ac and Cry1C, which are active against M. sexta, new

structures, 35 nm wide and 5.1–6.7 nm high, were

observed in some membrane fragments, sometimes only in

particular regions. Their density, which reached a plateau

within 4 h, was toxin- and concentration-dependent. The

structures formed by Cry1Ac were often grouped into

dense, two-dimensional arrangements. No such specific

interactions were observed with Cry1Ba, which is inactive

against M. sexta. This study provides the first visual

demonstration of specific interactions of Bt toxins with

insect midgut BBMs at the nanometric scale. The observed

structures likely represent the protein complexes forming

functional Bt pores in target membranes.

Keywords Brush border membrane � Cry1Aa �
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Introduction

Delta endotoxins from Bacillus thuringiensis (Bt) are

presently the most widely used biological insecticides

(Schnepf et al. 1998; Whalon and Wingerd 2003). Fol-

lowing ingestion by the larvae, solubilization in the gut and

activation by intestinal proteases, the toxin binds to

receptors at the apical membrane of the midgut epithelium

and inserts into the membrane to form pores that abolish

transmembrane ionic and electrical gradients, leading to

cell death (Knowles and Ellar 1987). However, several

details of the mode of action of Bt toxins remain largely

unknown, in particular the oligomerization step that leads

to the formation of functional pores in the membrane.

Structural models have been proposed in which several

toxin molecules come together to form a pore (Hodgman

and Ellar 1990; Gill et al. 1992), and the first spatial

arrangement of domain-I helices of Cry1Aa toxin in lipid

bilayers was suggested (Schwartz et al. 1997a) and, sub-

sequently, refined (Masson et al. 1999). These oligomeric

models were based on X-ray crystallographic data of the

three-domain Cry3Aa and Cry1Aa toxins (Li, Carroll and

Ellar 1991; Grochulski et al. 1995). However, the actual

arrangement of the toxin molecules in artificial lipid

bilayers with or without receptors, in native apical mem-

branes or in vivo may be quite different. Furthermore,

recent studies suggest a two-step insertion process in which

an oligomeric prepore is formed first, when several toxins

bind to cadherin receptors anchored to the membrane by a

single transmembrane segment. In the second step, func-

tional membrane pores are formed in lipid rafts, following
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the binding of the prepore complexes to aminopeptidase N

(APN) receptors attached to the rafts by their glycosyl-

phosphatidylinositol (GPI) tails (Zhuang et al. 2002; Bravo

et al. 2004).

Atomic force microscopy (AFM) is a recent, powerful

tool that allows the imaging of various types of materials at

the nanometric scale, including soft biological samples

(reviewed in El Kirat et al. 2005). Indeed, lipid bilayers,

natural membranes as well as proteins have been imaged

by AFM. In addition, lateral resolution of up to 0.5 nm

could be obtained with proteins forming regular two-

dimensional arrays (Müller et al. 2000). Several experi-

mental approaches have been used, such as patch-clamp

pipette excision to isolate and image membranes and pro-

tein complexes (Danker et al. 1997), serial thin-sectioning

of single cells to reveal their inner ultrastructure (Chen

et al. 2005) and isolation of disc membranes by centrifu-

gation to investigate the organization of the G protein–

coupled rhodopsin receptor in the native membrane (Foti-

adis et al. 2004). Of particular interest to the area of Bt

toxin assembly characterization, Cry1Aa, a Bt toxin active

against caterpillars, and Cry4Ba, a Bt toxin that kills

mosquito larvae, have been visualized by AFM after being

inserted into supported purified or synthetic lipid mono-

layers or bilayers (Vié et al. 2001; Puntheeranurak et al.

2005). While there is presently no information on how

many toxin molecules form the pores and whether receptor

proteins participate in their architecture, the toxins

appeared to associate and form tetrameric structures (Vié

et al. 2001), supporting the four-subunit model proposed

earlier for the Bt pore (Schwartz et al. 1997a; Masson et al.

1999).

These previous AFM studies implicated nonspecific

interactions between Bt toxins and purified or synthetic

lipids. In order to address the specificity of these toxins to

their target membranes and to elucidate further the struc-

tures they form in these membranes in their aqueous

environment, AFM was used to image these proteins in the

presence of the midgut brush border membrane (BBM)

from tobacco hornworm larvae (Manduca sexta, Lepidop-

tera). Three related Cry1 toxins (Cry1Aa, Cry1Ac and

Cry1C), all active against M. sexta larvae and sharing at

least 67% amino acid identity (Höfte and Whiteley 1989),

were used for these studies, as well as Cry1Ba (55–58% or

more identity with the former) to which the larvae are not

sensitive (Höfte et al. 1988; Van Rie et al. 1989). For

comparison, the insertion of Cry1Aa into supported di-

palmitoylphosphatidylcholine-dioleoylphosphatidylcholine

(DPPC-DOPC) bilayers formed by liposome deposition on

mica was also investigated. This work provides the first

visual demonstration at the nanometric scale of the inter-

action between Bt toxins and their target native membranes

under pseudophysiological conditions. It shows that the

toxins form structures approximately 35 nm in diameter

and 5.1–6.7 nm in height and that the distribution and

organization of these structures vary depending on the

toxin. These differences are likely related to specific pro-

tein–protein interactions, whereas no such interactions

were observed with Cry1Ba, which is not toxic to the target

insect.

Materials and Methods

Chemicals

DPPC and DOPC were purchased from Avanti Polar Lipids

(Alabaster, AL) and phospholipase A2 (PLA2), from hon-

eybee venom (P9279), was obtained from Sigma-Aldrich

(Oakville, Canada).

Toxins

Cry1Aa, Cry1Ac, Cry1C and Cry1B toxins were obtained

from Bt strains producing the appropriate single recombi-

nant toxins. The toxins were solubilized, trypsin-activated

and purified by fast protein liquid chromatography as

described elsewhere (Masson et al. 1989, 1994). Stock

solutions were prepared in 25 mM Tris-HCl (pH 9.4) at a

concentration of 2 mg/ml and kept at 4�C. They were

diluted to the appropriate concentrations in 10 mM HEPES-

KOH, pH 7.5, the normal experimental solution (NES).

BBM Vesicles

Whole midguts were isolated from fifth-instar M. sexta

larvae (Department of Entomology Insectary, North Car-

olina State University, Raleigh, NC), freed of attached

malpighian tubules and cleared of their contents. They

were rinsed thoroughly with ice-cold 300 mM sucrose,

17 mM Tris-HCl (pH 7.5) and 5 mM EGTA and stored at

-80�C until use. BBM vesicles (BBMVs) were prepared

using a magnesium precipitation and differential centrifu-

gation technique (Wolfersberger et al. 1987). The final

membrane preparation was resuspended in NES at a final

stock suspension concentration of 0.5 mg/ml of protein and

stored at -80�C until use.

Formation of Supported DPPC/DOPC Bilayers

and Deposition of BBMs

Multilamellar liposomes were prepared from stock solu-

tions of DOPC and DPPC in chloroform (1 mg/ml). Two

milliliters of a 1:1 mixture (v/v) of DPPC/DOPC were
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dried under nitrogen and left under vacuum for at least

16 h. The lipids were reconstituted in 2 ml diluted phos-

phate-buffered saline (dPBS) containing 2.5 mM Na2HPO4,

16.7 mM NaCl (pH 7.4), to a final concentration of 1 mg/ml.

Small liposomes were prepared by sonication at 60�C for

12 min. For Cry1Aa toxin–enriched liposomes, 5–50

lg/ml of toxin was added to the liposome suspension

immediately after sonication, after which the suspension

was vortexed for 1 min and allowed to settle for 30 min.

Pure liposomes or toxin-enriched liposomes were then

deposited on freshly cleaved mica and incubated at 60�C

for 2 h to form, through liposome fusion, a supported

bilayer, which was then rinsed with dPBS to make it ready

for imaging.

For BBM deposition, a BBMV stock suspension was

diluted in NES to a final concentration of 25 lg/ml protein

(final volume 400 ll), incubated overnight on mica at room

temperature and rinsed with NES prior to imaging. Over-

night incubation significantly increased the probability of

finding membrane fragments on the mica surface and

proved practical given the long duration of the experiments

due to the time required to locate the membrane fragments

and image them first in the absence of toxin, and then, in its

presence, for as much as four hours.

AFM Imaging

AFM imaging was performed at room temperature in the

magnetic alternating current (MAC) mode using a Pico-

SPM microscope (Molecular Imaging, Tempe, AZ)

equipped with a 30-lm scanner and a fluid cell. AFM tips

(MAC levers T1, Molecular Imaging) with nominal spring

constants of either 0.95 or 0.6 N/m were used. The canti-

lever frequency was between 20 and 60 kHz and the

scanning rate between 1.15 and 2.0 Hz. Except for toxin-

enriched liposome preparations, imaging was always per-

formed before addition of the toxin, either with the

supported bilayer or with BBMs alone. After withdrawing

the AFM tip by 5 lm and turning off the drive of the MAC

mode controller, toxin (500 ll of either 8 or 40 lg/ml toxin

in NES) was added in the fluid cell through a solution

exchange system made of a small polyethylene tube

(0.86 mm inside diameter) and a 1-ml syringe, and the

same area of the BBM sample was imaged. Each sample

was incubated with either 8 or 40 lg/ml of toxin for 1 and

4 h and, in some experiments, for 2 h. After each incuba-

tion period, the preparation was rinsed with NES and the

same observation area was imaged in this solution for

variable periods of time (20–120 min). Each experimental

condition was repeated at least 10 times. Given the intrinsic

size overestimation by the AFM tip in the horizontal plane

(Markiewicz and Goh 1994), the diameter of the observed

structures was defined as their width at half-height.

Measurements are given as means ± standard error of the

mean (SEM).

Results and Discussion

Imaging of Cry1Aa Toxin on DPPC-DOPC Bilayers

The interaction of Cry1Aa toxin with a DPPC-DOPC

(1:1 v/v) bilayer deposited on mica by liposome fusion was

investigated (Milhiet et al. 2001). In the absence of toxin,

the substrate was almost completely covered by the bilayer.

Figure 1A shows a typical image where three height levels

are observed corresponding to bare mica (dark brown),

fluid-phase DOPC-enriched (light brown) and gel/solid-

phase DPPC-enriched (yellow-brown) domains. The

bilayer consisted, at room temperature, of DPPC-enriched

domains in the gel phase surrounded by DOPC-enriched

matrix in the fluid phase, as evidenced by the difference of

their measured thicknesses above the mica surface

(5.6 ± 0.3 nm [n = 8] vs. 4.2 ± 0.2 nm [n = 8], respec-

tively) (Fig. 1A). DPPC-enriched domains represented

about 22%, DOPC-enriched ones 72% and mica 6% of the

total surface, consistent with other observations of mixtures

of gel and fluid phase lipids (Milhiet et al. 2006; Rinia

et al. 2001). After a 2-h incubation of the DPPC-DOPC

bilayer with Cry1Aa, either at room temperature or at 55�C

to promote toxin incorporation, no structural changes were

observed. With toxin-enriched liposomes, bilayer coverage

of the mica surface was only partial (Fig. 1B) and appeared

to be inversely related to toxin concentration (not shown),

likely due to preferential interaction of the toxin with the

DOPC-enriched fluid phase and consequent interference

with the fusion process. Indeed, in the typical image shown

in Fig. 1B, at a toxin dose of 40 lg/ml, DPPC-enriched

domains covered about 33%, DOPC-enriched domains

27% and mica 40% of the total image area. However, in

this case, a few isolated structures of about 30 9 60 nm

with heights varying 3–7 nm were observed protruding

from the bilayer surface, mostly at the interface of the

DPPC-DOPC regions as well as at the periphery of DOPC

domains alone (Fig. 1B). As shown in Fig. 1C–E, these

structures appear to be composed of smaller substructures,

as demonstrated by the vertical profile lines shown below

the AFM images. These assemblies may represent oligo-

mers of several toxin molecules.

Previous studies (Schwartz et al. 1993; Peyronnet et al.

2002) have shown that Cry1 toxins insert into lipid bilayers

and form pores in the absence of Bt receptors. Of particular

interest to the present study is the first attempt to visualize

the architecture of the pores formed by Cry1Aa toxin in a

lipid bilayer environment using AFM imaging (Vié et al.

2001). The images showed toxin aggregates of 30–100 nm
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in diameter. In addition, substructures could be resolved,

primarily at the periphery of these aggregates, suggesting a

tetrameric arrangement with a central depression of 1.5 nm

in diameter and with a large part of the toxin molecules

likely embedded in the bilayer. In the latter study, the toxin

was first allowed to insert into a monolayer at the air/water

interface, followed by deposition of the latter onto a second

monolayer supported on mica. This insertion process was

different from the actual mechanism in which the toxin

partitions into a free-standing bilayer membrane directly

from the aqueous phase. In the only other AFM study with

Bt Cry toxins, Cry4Ba was found to form, in supported

Fig. 1 AFM imaging of a

typical DPPC-DOPC (1:1 v/v)

supported bilayer on mica

prepared by liposome fusion.

(A) In the absence of toxin,

DPPC domains occupy about

22%, DOPC 72% and mica 6%

of the total image area. (B) With

Cry1Aa toxin–preloaded

liposomes (40 lg/ml toxin),

DPPC covers about 33%, DOPC

27% and mica 40% of the total

image area. Imaging was

performed 2 h following toxin-

enriched liposome deposition on

the mica surface at 60�C.

Arrows point to structures

formed by Cry1Aa (these are

never observed in the absence of

toxin). (C–E) Similar structures

observed in independently

acquired images recorded under

identical conditions and

magnified further 920. These

structures measure

approximately 30 9 60 nm,

with heights varying 3–7 nm.

Horizontal bars below the

images represent the color-

coded heights on the images.

Vertical profiles along the green
lines are given below the images
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bilayers, structures of 20–30 nm in cross section and 2–

4 nm high that were preferentially localized along the

edges of membrane defects (Puntheeranurak et al. 2005).

In the latter study as well as the present one, substructures

at the nanometric scale resolution could not be observed.

This limited resolution may be linked to the particular

geometry of these protein molecules over and into the

lipids. Limited resolution may also be a characteristic of

imaging isolated proteins as inspection of the recent liter-

ature strongly suggests that extended two-dimensional

(2-D) arrays or closely packed arrangements are a pre-

requisite for high-resolution AFM imaging of membrane

proteins (Janovjak et al. 2006).

Imaging of BBMs from M. sexta Midgut

To mimic the biological situation, we imaged M. sexta

midgut BBMs. These membranes contain the receptors that

bind Bt toxins and promote pore formation (Schnepf et al.

1998). We used the same BBM preparation under the same

environmental conditions as used in our osmotic swelling

permeabilization assays (Fortier et al. 2007). After incu-

bation with the BBMV solution, the mica was mostly

covered by irregularly dispersed bumps of heights varying

from a few to hundreds of nanometers, which could pos-

sibly represent unfused vesicles (Wielert-Badt et al. 2002)

or protein aggregates after membrane remodeling, namely,

lateral segregation of lipids in a fluid phase (Fig. 2). From

time to time, larger flat areas were also seen (one to two

regions on a scanned surface of 250 lm2), with a surface

area ranging 1–25 lm2 and a height of 4.2 ± 0.1 nm

(n = 15) (Fig. 2). Moreover, thicker flat domains of

5.1 ± 0.1 nm in height (n = 8) and up to 1 lm2, indicative

of lipid phase separation, were also detected within these

flat areas (Fig. 3). Interestingly, this difference in thickness

of about 1 nm between thinner and thicker regions of the

bilayer is identical to that observed on synthetic lipid

mixtures of phosphatidylcholine with sphingolipids and

cholesterol, mimicking biological membrane lipid rafts

(Rinia et al. 2001; Zhuang et al. 2002). Furthermore, the

flat areas also contained higher and irregular regions of

various dimensions that sometimes appeared as ring-like

Fig. 2 Representative images

of membrane fragments from M.
sexta midgut BBMs. Most of the

mica surface is covered by

bumps (B) of various heights,

which could possibly be

unfused vesicles. The flat region

is a membrane fragment (F,

delimited in blue) with height of

4.2 ± 0.1 nm. Ring-like

domains (P, delimited in green)

were also observed, suggesting

the presence of aggregates of

membrane proteins

Fig. 3 Lipid domains in BBMs from M. sexta. Higher lipidic

domains (delimited in blue) were sometimes observed within the

membrane fragments. Their height is 5.1 ± 0.1 nm compared to that

of the fragment themselves, i.e., 4.2 ± 0.1 nm. Vertical profile along
the green line on the image is shown below
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domains containing more of these higher structures, which

may represent protein aggregates (Fig. 2). PLA2 was used

to confirm the lipidic nature of these flat areas. PLA2 is an

interfacially active, calcium-dependent enzyme which

catalyzes cleavage of the sn-2 ester linkage of glycero-

phospholipids, yielding fatty acid and lysophospholipid

(Six and Dennis 2000). Following the addition of PLA2

(5 lg/ml), gradual erosion of the flat areas was observed

(Fig. 4), in a way similar to that reported for phospholipid

bilayers (Moraille and Badia 2005), demonstrating the

essentially phospholipidic nature of the eroded areas. From

the above, it appears that the flat areas originate from

fragments of BBMV material deposited onto mica, with the

smooth domains being bilayers of native lipid, the higher

ones with longer chain lipids. These membrane fragments

likely result from the fusion of BBM patches or BBMVs.

On the other hand, the irregular regions are likely consti-

tuted by protein aggregates (Schillers et al. 2001; Fotiadis

et al. 2004).

Imaging of Cry1 Toxins on M. sexta Midgut BBM

Fragments

The presence of native membrane material and its receptors

was expected to promote Bt toxin interaction with the

membrane, thereby increasing the toxin density at the

surface of the membrane, which should favor the obser-

vation of toxin molecules by AFM. After incubation with

either 8 or 40 lg/ml of Cry1Aa, a toxin active against M.

sexta, new structures were observed that were limited

either to certain membrane fragments or to fragment

regions (Fig. 5), suggesting specific interactions with these

areas, likely through the toxin receptors or other specific

membrane proteins or lipids. Similar results were obtained

with two other toxins active against M. sexta, Cry1Ac and

Cry1C, at the same doses as above. Such structures were

never observed when identical protocols were conducted in

the absence of toxin (control conditions). For Cry1Aa,

Cry1Ac and Cry1C, the number of structures on the

membrane fragments increased with incubation time and

reached a plateau within 4 h (Figs. 6 and 7). In certain

cases, a few of these structures were closely grouped

together (Figs. 5B and 7, blue arrows), suggesting a clus-

ter-like organization as reported elsewhere (Peyronnet

et al. 2002). The heights of these structures over the

membrane surface were 5.4 ± 0.2 nm for Cry1Aa

(n = 70), 6.7 ± 0.2 nm for Cry1Ac (n = 37) and

5.1 ± 0.5 nm for Cry1C (n = 8) (Table 1). Their diame-

ters were estimated to be 36.2 ± 0.8 nm for Cry1Aa

(n = 70), 34.6 ± 1.5 nm for Cry1Ac (n = 37) and

39 ± 4 nm for Cry1C (n = 8) (Table 1). These dimen-

sions did not depend on toxin concentration. Interestingly,

these structures appear quite similar to those observed on

DPPC-DOPC bilayers. This result can be set in parallel

with the finding of similar pore sizes determined in func-

tional assays on planar receptor-free lipid bilayers and on

receptor-containing BBMVs (Peyronnet et al. 2002; Tran

et al. 2001). Similarly, previous single ion channel mea-

surements on planar lipid bilayers showed similar values of

conductance in the presence or absence of purified toxin

receptors (Schwartz et al. 1997b). Together, these findings

strongly suggest that the general features of the pore

architecture in the membrane are similar, whether the

receptors are present or not. The AFM-measured values,

when compared to X-ray crystallographic data of Cry1Aa

(Grochulski et al. 1995) indicating that a single toxin

molecule in solution measures 8.0 9 5.5 9 5.5 nm, sug-

gest that the observed structures contain most likely several

toxin molecules, possibly with a large portion of each

molecule lying on the membrane surface (Schwartz et al.

1997a; Masson et al. 1999). The oligomerization mecha-

nism of Cry1 toxins is still largely unknown, and several

schemes have been envisaged (Schwartz and Laprade

2000). For example, the toxin molecules could form an

Fig. 4 Effect of PLA2 on BBMs from M. sexta. Membrane fragments

were gradually eroded by PLA2 (5 lg/ml), demonstrating the

essentially lipidic nature of the fragments. (A) Membrane fragment

before addition of PLA2 (delimited in blue). (B) Image of the same

membrane fragment. PLA2 was added when half of the image was

scanned (scanning performed from bottom to top). The effect of PLA2

was immediate, showing at the same time the efficacy of the solution

exchange system. (C) Seven minutes after adding PLA2, most of the

membrane fragment was eroded
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oligomeric prepore either before or after docking onto a

particular receptor (e.g., a cadherin in the case of Cry1Ab;

Bravo et al. 2004). Alternatively, oligomerization may be a

progressive process that takes place in the membrane,

starting with a single toxin molecule binding to its receptor

and inserting into the membrane, followed by the sequen-

tial addition of other toxin molecules. Such a process may

well correspond to what is illustrated in Fig. 6, where the

observed structures increased in size, up to about 35 nm in

diameter, as a function of time.

In order to characterize the appearance of these struc-

tures on membrane fragments and attempt to identify and

quantify differences in the way these toxins interact with

their target membrane, our observations were divided into

four categories (Table 2): (1) fragments that show no

obvious structures; (2) fragments in which structures are

observed mostly at their edges, i.e., either at the periphery

of the fragments or at the edges of defects created by AFM

tip erosion; (3) fragments in which structures are observed

on both the surface and the borders of the fragments but

with a clear preponderance for the surface; and (4) frag-

ments in which structures form dense 2-D arrangements.

Each experiment consisted of observations of the same

fragments after 1 and 4 h of incubation with a single dose

(either 8 or 40 lg/ml) of each toxin. For each toxin and

each concentration, 10 membrane fragments were imaged.

With Cry1Aa, after an incubation time of 1 h, one of the 10

observed membrane fragments showed structures distrib-

uted over most of the area at 8 lg/ml and two of them at

40 lg/ml (Table 2). At 40 lg/ml, incubating the toxin for

4 h did not increase the surface coverage, suggesting a

saturating mechanism. On the other hand, larger toxin

Fig. 5 Interaction of Cry1Aa toxin with BBMs from M. sexta. After

incubation with Cry1Aa, structures were observed either on certain

membrane fragments or on certain regions of the fragments. (A)

Membrane fragment in the absence of toxin. (B) Same fragment after

1-h incubation with Cry1Aa at 40 lg/ml, showing toxin structures

(approximately 35 nm in diameter and 5–7 nm high), more or less

evenly distributed (40–60 toxin structures/lm2) over the surface of

the fragment. Arrows point to closely positioned structures. (C)

Magnification (approximately x7) of the structures shown in (B). (D)

Another membrane fragment showing a higher lipidic domain

(delimited in blue) in the absence of toxin. (E) Same as (D), after

4-h incubation with Cry1Aa at 8 lg/ml. Toxin structures appeared

mainly at the surface of the lower lipidic region. In the higher

domains, virtually no such structures were observed. (F) Magnifica-

tion (approximately 93) of an area containing the two lipidic domains

observed in (E). In addition, but very rarely, higher and larger

aggregates of toxins could be seen on these higher domains (blue
arrows)
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concentrations and longer incubation times increased the

probability of toxin insertion at the edges of the membrane

fragments. The number of membrane fragments (out of 10)

observed with the toxin mainly at their edges increased

from zero after 1 h to five after 4 h at 8 lg/ml and from

five after 1 h to eight after 4 h at 40 lg/ml. In situations

such as those of Figs. 5 and 6, where good coverage of the

fragment surface by the toxin structures was obtained

(category 3 above), 89% presented a density of 40–60

structures/lm2, which could represent an estimate of the

Fig. 6 Time course of Cry1Aa interaction with BBMs from M. sexta.

The same area was imaged before and after a total of 1-, 2- and 4-h

incubation with Cry1Aa (40 lg/ml). Blue Xs are reference markers.

Small structures appeared after 1 h of toxin exposure (yellow arrows)

that attained their maximum size of approximately 35 nm in diameter

and a height of 5–7 nm after 2 h (yellow circles). After 4 h, the

number of such structures reached a plateau and degradation of the

membrane by the AFM tip was clearly observed and revealed the

mica surface (dark areas)

Fig. 7 Time course of Cry1Ac

interaction with BBMs from

M. sexta. The same area was

imaged before and after a total

of 1-, 2- and 4-h incubation with

Cry1Ac (40 lg/ml). As shown

by the blue arrows, a few toxins

observed after 1 h in the defects

of the membrane fragment

generated pearl-like strings of

toxin structures after 2 h,

resulting in a dense 2-D

arrangement after 4 h. Such

arrangements were never

observed with Cry1Aa (see

Figs. 5 and 6)
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density of Cry1Aa Bt receptors in particular regions of the

M. sexta midgut apical membrane.

In contrast to Cry1Aa, Cry1Ac did not form evenly

distributed structures on the surface of the membrane

fragments (Table 2). However, like Cry1Aa, Cry1Ac

formed structures at the edges of the fragments, and its

density and distribution depended on toxin concentration

and incubation time (Table 2). Indeed, while at 8 lg/ml

and after 1 h incubation virtually no structures were

observed at the edges, three fragments out of 10 showed

such structures after 4 h. At 40 lg/ml, five fragments out of

10 showed toxin structures at the edges after 1 h, similar to

Cry1Aa. Also, in contrast to Cry1Aa, Cry1Ac at 40 lg/ml

formed dense 2-D arrangements on one fragment out of 10

after 1 h and on seven fragments out of 10 after 4 h

(Table 2, Figs. 7 and 8). The height of these 2-D

arrangements was 6.1 ± 0.3 nm (n = 5), similar to that of

the single structures formed by Cry1Ac (6.7 ± 0.2 nm,

n = 37) (Table 1). It appears that the formation of these

arrangements is initiated by a few isolated toxins, mostly

located at the edges of the fragments, in a time- and dose-

dependent manner, eventually reaching saturation (Fig. 7).

Indeed, addition of more Cry1Ac toxin after formation of

dense 2-D arrangements did not increase their size (not

shown), suggesting a limited number of specific binding

sites on the toxin structures and/or the membrane. Cry1Ac

thus demonstrates a much higher level of toxin–toxin

interaction than Cry1Aa.

With Cry1C, good surface coverage (category 3 above,

Table 2) was never observed after 1 h, either at 8 or at

40 lg/ml. However, after 4 h, good coverage was observed

on one out of 10 fragments with 8 lg/ml of the toxin and

on two fragments out of 10 at 40 lg/ml (Fig. 9 and

Table 2), similar to what was observed with Cry1Aa after

4 h (Figs. 5 and 6). Like Cry1Aa and Cry1Ac, Cry1C

interacted with the membrane fragments at the edges but to

a lesser extent. Indeed, the percentage of fragments

showing Cry1C structures at their edges did not change

(one out of 10) between 1 and 4 h of 8 lg/ml toxin

exposure and increased slightly (from two fragments to

three out of 10) between 1 and 4 h of exposure to 40 lg/ml

Cry1C.

Cry1Aa toxin distribution in particular regions of some

fragments (Fig. 5B, D–F) strongly suggests that its

receptors are localized in these regions, although the latter

could not be imaged in the absence of toxin, possibly

because of their flexibility over the BBM, like that of

Table 2 Toxin structures interacting with membrane fragments: each experiment was conducted on the same membrane fragment after 1 and

4 h of incubation with the toxin

Toxin type (Cry) Toxin doseb (lg/ml) Incubation time (h) Number of fragments with particular localization of structures

Nonea Edgesa Surfacea 2-D arrangementa

1Aa 8 1 9 0 1 0

4 3 5 2 0

40 1 3 5 2 0

4 0 8 2 0

1Ac 8 1 10 0 0 0

4 7 3 0 0

40 1 4 5 0 1

4 0 3 0 7

1C 8 1 9 1 0 0

4 8 1 1 0

40 1 8 2 0 0

4 5 3 2 0

a The appearance of these structures on membrane fragments was divided into four categories: (1) number of fragments without structures

(None), (2) number of fragments presenting structures mainly at edges (Edges), (3) Number of fragments presenting structures mainly on the

surface (Surface) and (4) number of fragments presenting dense 2-D arrangement of structures (2-D arrangement). Each experiment consisted of

observations of the same fragments after 1 and 4 h of incubation with a single dose (either 8 or 40 lg/ml) of each toxin
b For each toxin and each concentration, 10 membrane fragments were imaged

Table 1 Measured heights and diameters of Cry toxins interacting

with membrane fragments: mean ± SEM

Height (nm) Diameter (nm)

Cry1Aa (n = 70)a 5.4 ± 0.2 36.2 ± 0.8

Cry1Ac (n = 37)a 6.7 ± 0.2 34.6 ± 1.5

Cry1C (n = 8)a 5.1 ± 0.5 39 ± 4

Cry1Ac 2-D arr. (n = 5)a 6.1 ± 0.3 N A

a n, number of toxin structures or dense 2-D arrangements that have

been cross-sectioned
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GPI-anchored proteins (Ikezawa 2002). Indeed, most of

these receptors are members of the APN, alkaline phos-

phatase or cadherin families, the two former types being

attached to the membrane by a highly flexible GPI anchor

and the latter possessing a single membrane-crossing

region (Wheelock and Johnson 2003). On the other hand,

certain membrane fragments were devoid of toxins

(Table 2). It is possible that the imaged BBMs originated

from different regions of the midgut, which would

potentially affect the receptor type and density found in

AFM samples. Furthermore, BBMV deposition on mica,

followed by the formation of a single bilayer membrane,

may not always result in the outside–out configuration in

which receptors would be properly exposed to the bathing

solution and, thus, to the toxins. Therefore, the number

and availability of the receptors may be different under

our AFM conditions from those found either in binding or

light-scattering assays on BBMVs or in planar lipid

bilayer experiments in which BBMVs were reconstituted.

Nevertheless, our data clearly demonstrate that AFM

images of BBMs in the presence of Bt toxins are dra-

matically different from those of BBMs alone and that the

toxin interacts only with certain regions of the membrane

fragments. This provides the first AFM evidence for the

existence of specific interactions between Bt toxins and

target insect midgut membranes.

Fig. 8 Dense 2-D arrangements

formed by Cry1Ac toxin

interacting with BBMs from

M. sexta. (A) Large membrane

fragment before addition of

toxin. (B) Same area after 4-h

incubation with 40 lg/ml

Cry1Ac. Vertical profile along
the green line on the image is

shown below

Fig. 9 Interaction of Cry1C

toxin with BBMs from M. sexta.

(A) Membrane fragment in the

absence of toxin. (B) Same

fragment after 4-h incubation

with Cry1C at 8 lg/ml. Toxin

structures were observed on the

fragments, with similar

dimensions and distribution to

what was observed with Cry1Aa

(see Figs. 5 and 6). Degradation

of the membrane fragment by

the AFM tip is clearly observed

(dark areas)
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Detergent-resistant microdomains of plasma membrane,

or lipid rafts, have been proposed as a critical site in the

mode of action of the Bt toxin Cry1Ab, i.e., the site of toxin

preoligomer binding to APN and insertion into the gut

membrane (Bravo et al. 2004). Such lipid rafts have been

imaged by AFM in artificial lipid mixtures (Yuan et al.

2002; Milhiet et al. 2002; Giocondi et al. 2000), but their

biological existence or relevance is still a matter of debate

(Heerklotz 2002; Munro 2003). Detailed analysis of lipids

bound to APN from M. sexta BBM, which act as receptors

of Cry1Ac and Cry1C toxins, revealed that long, unsatured-

chain free fatty acids and diacylglycerol were involved

(Sangadala et al. 2001) while detergent-insoluble lipids

extracted from M. sexta and Heliothis virescens midgut

BBMV showed a large amount of cholesterol and sphin-

gomyelin (Zhuang et al. 2002). Such a mixture of lipids

may also be present in our AFM samples and explain the

different domains that were observed, some differing in

height by about 1 nm. In our experiments, however, the

higher lipidic domains seemed to be largely deprived of the

toxin structures (Fig. 5D–F), suggesting that the toxin

receptors are localized in the lower domains. The Bt toxin

molecules may actually be considered as reporters of the

presence on the BBM of the Bt receptors to which they

bind. Our data suggest therefore that these receptors are

localized in the lower areas of the lipid surface and that

their distribution depends on the receptor–toxin pair under

consideration.

Toxin Dose

Interestingly, while Cry1Aa, Cry1Ac, Cry1Ba and Cry1C

toxins have been shown to form ion channels in receptor-

free planar lipid bilayers at 5–10 lg/ml doses, much lower

toxin concentrations were required either when a Bt

receptor complex from M. sexta was reconstituted in the

membranes (20–100 ng/ml Cry1Ac; Schwartz et al. 1997b)

or when Lymantria dispar (gypsy moth, Lepidoptera)

BBMVs were fused to the bilayers (60–80 ng/ml Cry1Aa;

Peyronnet et al. 2001). In the former case, native lipids

were associated with the receptor (Sangadala et al. 2001);

and in the latter case, the planar lipid bilayers were enriched

with several Bt receptors and other membrane proteins in

addition to native lipids, including possibly some structural

proteins (Terra et al. 2006; Kirouac et al. 2006). In the

present AFM study, rather high doses (8 and 40 lg/ml, i.e.,

in the range of those used in receptor-free planar lipid

bilayer experiments) were required to observe the interac-

tion between Bt toxins and BBMs. In addition, the time

course of these interactions was considerably longer than

that needed for pore formation in membrane vesicles

(Fortier et al. 2005, 2007; Vachon et al. 2004). This may be

related to the difference in sensitivity of the methods.

Indeed, permeability measurements are very sensitive,

whereas in AFM a certain number of structures must be

present on a given surface to allow the observer to identify

their presence with a reasonable level of certainty. Alter-

natively, this may result from the fact that the fluidity of the

membrane was reduced due to the vicinity of the mica

substrate, thus reducing the probability of insertion of the

toxin (Stottrup et al. 2004). It could also be due to long-

range repulsive electrostatic forces exerted by the nega-

tively charged mica. These would be significant at the low

ionic strength used in the present experiments, which is that

used in permeability essays (Fortier et al. 2005; Müller

et al. 1999). The need for high doses may be related also to

a lower accessibility of the receptors at the sample surface.

Toxin Specificity

To verify the specificity of the interactions of Cry1Aa,

Cry1Ac and Cry1C with the membrane fragments, Cry1Ba,

a toxin that is inactive against M. sexta, was tested. At the

maximum concentration and incubation time used, no

structures were observed on nine of the 10 membrane

fragments. Moreover, when observed, the structures were

sparse and located at the edge of the lipid areas and in

defects of the membrane fragments (not shown). The fact

that Cry1Ba, for which there is no receptor in M. sexta

midgut (Höfte and Whiteley 1989), could only be observed

at edges and defect sites under maximum concentration and

incubation time seems to indicate that this protein inter-

acted directly with the lipids, similar to what has been

observed electrophysiologically in planar lipid bilayers

(Schwartz et al. 1997b).

The relation between the Bt toxin deposition patterns

observed on the AFM images and the localization of their

receptors on the midgut apical membrane may be relevant to

the in vivo specificity of Bt toxins. The fact that the Cry1Aa

and Cry1C receptors are likely to be more numerous in

BBMs than the Cry1Ac receptors (Höfte and Whiteley 1989;

Höfte et al. 1988; Van Rie et al. 1989, 1990) could explain

the evenly distributed patterns observed with the two former

toxins and their absence with the latter. Indeed, good surface

coverage was attained with Cry1Aa and Cry1C. Interest-

ingly, Cry1Ac was the only one of the three toxins that

formed dense 2-D surface arrangements, which may be

related to the higher toxicity of this protein (reviewed in Tran

et al. 2001). For this protein, favorable conformation chan-

ges may have promoted toxin–toxin interaction of free toxin

molecules, either with those inserted at the edges of mem-

brane fragments, which would explain the way these 2-D

arrangements developed from the fragment edges, or with

other toxin molecules bound to their receptors, resulting

in the dense 2-D arrangements observed. Finally, the

observation of the various toxins, including Cry1Ba, at the
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edges of the membrane fragments, is likely related to facil-

itated toxin–lipid interaction in membrane default areas.

These are known to promote protein–lipid interactions

(Puntheeranurak et al. 2005). Taken together, these obser-

vations strongly suggest that Cry1Aa, Cry1Ac and Cry1C

interactions with the membrane fragments are specific and

most likely mediated through membrane receptors and

toxin–toxin interactions. However, the different patterns of

interaction of these three toxins with the membrane suggest

that they associate with different receptor molecules or toxin

regions.

Conclusion

This study provides the first visualization of the interaction

between Bt toxins and BBMs derived from midgut cells of

M. sexta larvae. These membranes are the natural targets of

Bt toxins, which have been shown to bind to specific

receptors located on their surface and, in a subsequent step,

to form pores and permeabilize the membranes, leading to

cell swelling and lysis. AFM measurements established

that Cry1Aa, Cry1Ac and Cry1C proteins, three closely

related toxins active against M. sexta, formed structures

approximately 35 nm in diameter and 5.1–6.7 nm in height

after exposure of the BBMs to the toxins. The three toxins

did not interact in the same way with the BBM, in terms of

either kinetics or localization and assembly. In addition to

toxin–toxin and toxin–lipid interactions, these structures, in

regions where they are evenly distributed, appear to be

formed largely through toxin–receptor interactions, thus

possibly making the toxin molecules the reporters of their

receptors and therefore providing an indirect way to visu-

alize both the location and density of these receptors on the

BBM. Our data therefore suggest that these receptors are

localized in the thinner regions of the lipid surface

observed by AFM and that their distribution depends on the

receptor–toxin pair under consideration. Finally, the

dimensions and distribution of the toxins imaged by AFM

on natural midgut membrane may well reflect those of the

functional pores formed by Bt proteins in vivo.
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