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Abstract. After activation, Bacillus thuringiensis(Bt) al., 1997) and that, due to its presence in corn pollen, Bt
insecticidal toxin forms pores in larval midgut epithelial is potentially dangerous for the conservation of monarch
cell membranes, leading to host death. Although thebutterflies (Losey, Rayor & Carter, 1999). The toxicity
crystal structure of the soluble form of CrylAa has beenis thought to be induced by binding to specific target
determined, the conformation of the pores and thesites in the midgut brush border, creating pores that dis-
mechanism of toxin interaction with and insertion into rupt the ionic balance and thus kill the insect. Although
membranes are still not clear. Here we show thatvarious reports on Bt resistance have demonstrated al-
CrylAa spontaneously inserts into lipid mono- and bi-tered receptor binding patterns, numerous cases have
layer membranes of appropriate compositions. Fourieshown normal binding (Schnepf et al., 1998) thus impli-
Transform InfraRed spectroscopy (FTIR) indicates thatcating the involvement of post-binding events like pore
insertion is accompanied by conformational changegormation, the mechanisms of which are largely un-
characterized mainly by an unfolding of tResheet do-  known. Although the CrylAa toxin atomic structure
mains. Moreover, Atomic Force Microscopy (AFM) im- (Grochulski et al., 1995) has been delineated, models
aging strongly suggests that the pores are composed @fscribing membrane permeation by toxin and/or pore
four subunits surrounding a 1.5 nm diameter central desyyctures in lipid bilayers are still only based on indirect

pression. data derived from genetic, fluorescent and planar lipid
bilayer studies (Schwartz et al.,, 1993; Gazit & Shai,
Key words: Lipid monolayers — Protein insertion — 1995; Schwartz et al., 1997; Gazit et al., 1998; Masson et
CrylAa toxin — Amphipathic properties — Pore forma- al., 1999). These latter showed that the presence of re-
tion ceptor is not a prerequisite for pore formation and pro-

posed a model that is based on a tetrameric association of
the toxin leading to an aggregate so that the hydrophilic
faces of foura4 helices form the lumen of the pore.

To understand the mechanism by which the toxin
Bacillus thuringiensis(Bt) insecticidal toxins are cur- ¢gn spontaneously insert into certain membranes (Mas-
rently the focus of a worldwide debate on the agriculturalggp et g., 1999) leading the formation of an ion channel
impact of transgenic plants, including insect resistancgyen in the absence a receptor; we decided to study the
and nontarget effects. For example, it has been reporteglieractions of the toxin with lipids using the monolayer
that some insects evolve resistance to Bt (Tabashnik e&pproach (Brockman, 1999). Further, protein-containing
monolayers were transferred for AFM observations with
the aim of identification of the topological organization
of the protein and thus of the nature of the particle giving
rise to pore formation that will be analyzed in connection
* Both authors contributed equally to this work. with FTIR observations. We describe here the adsorp-
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tion properties of the CrylAa toxin at an air-water inter- a lipidic solution in a chloroform-methanol (3:1, v/v) volatile solvent
face |n the presence or absence Of ||p|dS, together WltHVere Spread on a OM sodium carbonate buffer (pH 934) contained in
the AFM imaging of the protein when engaged in ad teflon trough (dimensions 90 x 140 mm with a central 15 mm deep

monol r and a bil r Th n n fth h_ole for accommodation of the support). After complete solvent
onolayer a a biiayer. € consequences o e Corlavaporation, the lipid monolayer was compressed with a hydrophobic

formational changes detected by FTIR are discussed iBarrier to the selected surface pressure (24 mN/m). The toxin was

association with the AFM images obtained on mono- andnjected into the subphase (5 x ) and the transfer was performed

bilayers, respectively. after the surface tension had reached equilibrium (30 mN/m). This
transfer procedure was achieved by raising the solid support (freshly
cleaved mica) immersed in the liquid through the monolayer while

Materials and Methods surface pressure was kept constant by a feedback system (Van Mau et
al., 1999). To transfer bilayers, a monolayer of pure DPPC was first
transferred as described above. Another lipid film was then spread and

MATERIALS compressed to the surface pressure selected. The protein was allowed
to penetrate the lipid film and the second layer was obtained by pulling

Natural heart bovine phosphatidylethanolamine (PE) and phosphatidyldown the hydrophobic support through the mixed protein-lipid mono-

choline (PC), and synthetic dipalmitoylphosphatidylethanolaminelayer at constant surface pressure. The hydrophilic sample obtained

(DPPE), dipalmitoylphosphatidylcholine (DPPC), dioleoylphosphati- was maintained in the buffered solution until the AFM imaging has

dylethanolamine (DOPC) and dipalmitoylphosphatidylglycerol been performed.

(DPPG) were purchased from Avanti Polar Lipids (Alabaster, AL,

USA). Cholesterol (CH) was purchased from Sigma (St Louis, MO,

USA). Organic solvents were obtained from Merck (Darmstadt, Ger-ATOMIC FORCE MICROSCOPYIMAGING

many) and water was tridistilled (once on MgQ.
AFM imaging of LB films was performed with a Nanoscope Il atomic
force microscope from Digital Instruments (Santa Barbara, CA, USA)

TOXIN PREPARATION under ambient conditions, equipped with a 14 m scanner. Monolayers
) o ) o were imaged in air and bilayers were imaged in the buffer solution.
Production and purification of the recombinant Cry1Bathuringien- Topographic images were acquired in constant force mode, using sili-

sis toxin by trypsin activation was conducted as describedoelsewherecon nitride tips on integral cantilevers with a nominal spring constant
(Rang etal., 1999). Purified toxin was dialyzed for 48 hr at 4°C againstof 9 06 N/m (Le Grimellec et al., 1994). Applied force during scanning
20 ITM'TI’IS-HC| pH 8.6, quantified (Bradfor'd., 1976) and diluted to 260 liquid was maintained below 200 pN (Mer, Bildt & Engel, 1995;
ng/mlin 20 mu Tris-HCI pH 8.6, then lyophilized and stored at -80°C. | ¢ Grimellec et al., 1998). The scan rate varied from 2-5 Hz, accord-
Prior to the dilution process, we verified by dynamic light scattering ing to the scan range.
that the toxin was in a monomeric state in the parent solution (i.e, 0.26
mg/ml).

FTIR MEASUREMENTS
MEASUREMENTS AT THEAIR-WATER INTERFACE FTIR spectra were obtained on a Bruker IFS 28 (Wissembourg, France)

. . . o rophotometer. Th r n re recor n sampl
The toxin was allowed to adsorb at the air-water interface. VarlatlonssDeCt ophotomete e spet?t_ a (500 spa s) vv.e.e ecorded on samples
. - . . . Lo that were prepared by depositing solutions of lipids (DPPG or DPPC/
in surface tension upon increasing the protein concentration into th

subphase (pH 9.34, which corresponds to the pH of insectidal midgutsDOPE/C'_.| (5/4/1, mole/mole)) and of the protein .Onto fluorine plates
S ! b . . and allowing the solvents to evaporate under a nitrogen flux. Spectra
and which is required for protein activation) was measured with a. . : ’ )
n solution were recorded using a horizontal germanium ATR plate.

platinum plate by the Wilhelmy plate methods as previously describe )
(Van Mau et al., 1999), using a rectangular teflon trough (120 x 7(;JSpectra analyses were performed using the OPUS (Bruker) software.

mm), 5 mm depth, a Prolabo tensiometer (Paris, France) and a Kipp and
Zonen (Delft, The Netherlands) X-Y recorder, model BD 91.

The ability of the toxin to insert into lipids was determined by
measuring increases in surface pressure of spread lipid monolagers (
Results and Discussion and Table for compositions) at various initial
pressures upon injecting an aqueous toxin solution in the subphase
x 1078 m).

Protein-lipid interactions for various lipid compositions of the Lipid-free Air-Water Interface
monolayers gee Table) were achieved using an initial lipid surface

pressure close to that obtained for the pure protein at saturation (2 . . . .
mN/m) (Rafalski, Lear & DeGrado, 1990). The solution was gently is a prerequisite for the study of CrylAa insertion into

stirred with a magnetic stirrer and equilibrium was obtained after 3-sMembranes using the monolayer approach, we first ex-
hr depending on the components of the monolayer. All of the system@mined the adsorption of the protein at a lipid-free air-

was maintained under an argon atmosphere to avoid lipid oxidation. water interface, in order to define the experimental con-
ditions for penetration and evidence the amphipathic
properties of CrylAa in an anisotropic surface environ-

ment (Grochulski et al., 1995). Using a Qulcarbonate

Langmuir-Blodgett (LB) transfers of monolayers were achieved as prebUffe'r solution (pH 9.3, close to_the pH of insect midguts
viously described (Viet al., 1998; Van Mau et al., 1999). Aliquots of required to solubilize the protein) (Masson et al., 1999)

Results and Discussion

MPHIPATHIC CHARACTER OF CRY1AA

LANGMUIR-BLODGETT TRANSFERS
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Table. Increases of surface pressure (mN/m) for monolayers of
different compositions

20

DOPE DPPE DPPG DOPE/DPPE DOPE/DPPE
~ 15 (/1) (1/1) + Chol (20%)
£
% 1.2 6.6 3.0 8.2 9.2
= 10

The initial pressure of the monolayers was 23 mN/m with a CrylAa
concentration H5 x 1078 m.

il b b a gy

Increase of surface pressure

0 T T T T T T
2x10% 4x10% 6x10%

layers made of single phospholipid species, dipalmi-
toylphosphatidylethanolamine (DPPE) or dioleoylphos-
phatidyl-ethanolamine (DOPE), comparison of the
CrylAa-induced variations of surface pressures indi-
fcated that the protein-lipid interactions were favored
when the lipid is in the liquid condensed state (DPPE)
rather than in the liquid expanded state (DOPE) (Table).
This difference could have its origin in the hydrophobic

8x10°%
Cecry (moles/l)
Fig. 1. Variation of the surface pressure upon adsorption of Cry 1A

molecules at the air-water interface. Increasing concentrations o
CrylAa were injected into the aqueous phase.

as subphase, CrylAa was injected progressively in th

bulk and allowed to adsorb at the air-water interface. o . . Lo
éhat originate from packing defects in the liquid con-

The surface pressure at saturation was found to be rel
tively high (25 mN/m; Fig. 1) indicating that, in accor-
dance with the X-ray data, the toxin has a strong amphi
pathic character (Grochulski et al., 1995) with formation

of oligomers, as recently reported from size-exclusion

chromatography experiments (&eca & Bravo, 1999).

The formation of such a species requires at least a partiétI

unfolding of the protein facilitating hydrophobic interac-
tions leading to the oligomerization. Such an unfolding

ismatch between the protein and the lipids (Killian,
998) or more probably in the topographic instabilities

densed monolayers (Schief et al., 2000), where these
defects would allow better protein insertion. Replacing
the ethanolamine headgroup by glycerol (DPPG), with
negatively charged polar headgroups, resulted in a much
lower increase in the surface pressure indicating that the
|pid—protein interactions are favored for neutral phos-
pholipids. This is in line with the fact that the protein
bears an overall negative charge.

is a phenomenon that occurs when a protein is engage 1/1F°La m|r>1<ec|1_ r_r&onola)_/er Eu”t of DOPE anﬁ DPPfE
in an anisotropic interface as is the case for an air-watef-/1) Where the lipids are in phase separation, the surface

interface (Green, Hopkinson & Jones, 1999). In the lasPressure increase is higher than that observed for the two

highest concentration range, the balanced ratio betwee!r® com.poneljtss(se Tgble). This corresponds, as
hydrophobic and hydrophilic parts of adsorbed Oligo_usual, to insertion that_ls favored by the presence of
mers forms an orientated monolayer with the polar head‘ihase separated domains (Netz, Andelman & Orland,
anchored in the aqueous solution. Thus, the surfac&996; Dumas et al. 1997; Van Mau et al., 2000).
pressure that is measured results from both hydrophobic Smce.most natural mempranes terth?r with those
and electrostatic interactions. The amphipathic charactdfSed for single channel experiments, contain cholesterol

of the protein demonstrated in this work is an important CH) we also |nvest|gaFed the !nfluence of CH on the
property required for an adsorption at the lipid mono- penet'ratlon of the proteln. The increase of su_rface pres-
layer/aqueous solution interface. sure induced by the toxin uptake of an equimolecular

mixture of DOPE and DPPE was significantly enhanced
by the presence of 20% CH (Table). CrylAa also sig-
nificantly raised the surface pressure (from 6 to 14 mN/
m) of monomolecular layers made from complex lipid
To analyze the membrane insertion process we comparedixtures containing phosphatidylcholine (PC), phospha-
the interactions of CrylAa with pure lipids where the tidylethanolamine (PE) and CH (5/4/1, mole/mole) that
physical state and polar headgroups have been varietkere used to study the electrophysiological characteris-
On the basis of the experiments carried out in the lipid-tics of the pores in black lipid membranes (Schwartz et
free conditions, the initial pressure of the lipid monolayeral., 1993). To avoid these variations in the toxin-induced
was set at 23 mN/m for all experiments, a value thatchanges in the surface pressure observed with phospho-
approximates the maximum pressure obtained withoulipids of natural origin likely resulting from variations in
lipid. These conditions allowed us to assign the changethe acyl chain composition of PE and PC batches, mix-
of the surface pressure upon addition of the protein (5 xures of DPPC/DOPE/CH (5/4/1, mole/mole) were used
108 m) to the interactions between the protein and thefor the rest of the experiments.

lipid(s) (Rafalski, Lear & DeGrado, 1990). For mono- To assess whether the toxin can spontaneously insert

Lipid-containing Air-Water Interface
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25 ence of adhesion forces between the AFM tip and the
sample when scanning in air (Shao & Yang, 1995), finer
20 details about the aggregate structure were not obtained.

It is worth noting that in absence of toxin, scattered elon-
gated domains up to 400 nm in length protruding from
the matrix by[0.6 nm were imaged (Figs.B3and D).

Such domains were not observed when CrylAa was
added, indicating that the toxin interfered with their for-
mation. Considering the lipid composition, it seems rea-
sonable to assume that the domains correspond to either
liquid-condensed or liquid-ordered cholesterol- enriched
L regions of the monolayer (Silvius, del Guidice & Lafleur,

10 20 30 40 50 1996)

Lipid initial pressure (mN/m)

15

10

e bbby g b

Increase of surface pressure
(mN/m)

=

<

Bilayers
Fig. 2. Variations of the surface pressure of DPPE (continuous line)

and DPPC/DOPE/CH (5/4/1, mole/m_ole) (dashed line) monolayers inWe next examined the carbonate buffer-membrane inter-
the presence of CrylAa (concentratien5 x 1078 m). The extrapo- . . .
lated critical pressures of insertion are above 35 mN/m. The subphas ce of asymmemcal supported |Ip|d bl!ayers by AFM
was maintained at pH 9.34 with Ovisodium carbonate buffer for both  Where the leaflet accessible to the toxin was made of
cases. PC/PE/CH mixtures and the leaflet facing the mica was
composed of dipalmitoylphosphatidylcholine (DPPC).
This procedure of bilayer formation is similar to thép-
into bilayers, we determined the critical pressure of in-diptechnique that has been used to measure the elec-
sertion for two situations. The first one corresponds to arophysiological properties of active channels in lipid
pure phospholipid (DPPE) while the second correspondsbilayers (Mak & Webb, 1995; Henry et al., 1996;
to the DPPC/DOPE/CH (5/4/1) mixture. In both casesThrower, Lea & Dawson, 1998). The transfer surface
the critical pressure of insertion (Fig. 2) is higher than 35pressure of the second monolayer with the toxin inserted,
mN/m. This value is compatible with a spontaneous in-was close to 30 mN/m. It is known that the use of sur-
sertion of the toxin into bilayers of the above composi-face pressures above 15 mN/m prevents the unfolding of
tions, and thus also probably in biological membranesmembrane proteins at the interface and maintains their
whose lateral pressure corresponds to a value of approxactivity in monolayers (Pattus et al., 1981). AFM imag-
mately 30 mN/m (Demel et al., 1975). ing was conducted on the hydrophilic side of the external
leaflet which, with respect to biological membranes,
would correspond to the external leaflet of a cell mem-
brane. Low magnification images showed protein aggre-
gates of 30—100 nm in diameter rising up® nm from
the bilayer surface (Fig.A), which were absent at the
Monolayers surface of control bilayers in the absence of toxin (Fig.
4B). The width of the aggregates at the membrane-
The structure of the hydrophobic face of the (PC/PE/CH solution interface was in the range of that observed for
5/4/1) monolayers containing CrylAa was examined bythe hydrophobic face of the monolayers (Fig\)3 The
AFM after their transfer onto a mica plate using the well-defined phase-separated domains visualized on the
Langmuir-Blodgett technique. AFM analysis showed hydrophobic side of control monolayers (Fig3)3were
the presence of aggregates of an apparent width of 15rot seen when imaging the hydrophobic side of the con-
100 nm, protruding 1-3 nm from the lipid matrix (Figs. trol bilayer. This suggests that the longest aliphatic tails
3A andC). Since they are exposed to the air and owingof DPPC/DOPE/CH monolayers can intercalate the ali-
to the insertion described above, it is very likely that thephatic tails of the DPPC monolayer facing the mica;
protrusions essentially correspond to the most hydropho500-nm scans (Fig.@) revealed small structures show-
bic part of the protein. Their width suggests that theing a central depression, not observed in controls at iden-
toxin is not inserted as single molecules but rather as #éical magnification (Fig. ®). These structures were pri-
group of molecules. Their different heights also suggesmarily localized at the periphery of aggregates (black
that either aggregates can be of different heights or variarrows) but some appeared isolated (white arrows) in the
able degrees of toxin insertion in the monolayer reflect-lipid bilayer. Two successive scans of the same area at
ing a nonequilibrium state. However, due to the pres-the edge of an aggregate confirmed the reproducibility of

LANGMUIR-BLODGETT TRANSFERS AND
AFM OBSERVATIONS
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Fig. 3. Atomic force microscopy image of the air-exposed face of a Langmuir-Blodgett film with inserted CrylAa. The monolayer made of
DPPC/DOPE/CH (5/4/1, mole/mole) was compressed to 24 mN/m before the addition of Cry1Aa (8 ») i6to the subphase. The film was
transferred onto the mica once the surface pressure attained 30 mN/m, and its hydrophobic face examined in Air Thig.t8p view of the
surface shows the presence of aggregates protruding [pricn above the methyl end of phospholipids (Fig).3Controls transferred at the same
surface pressure, in the absence of toxin, show the presence of lipid domainsB)FmoBuding[0.5 nm from the matrix (Fig. B).

the imaging and are presented in Figk @dF. Iden- mation of the bilayer induced by the aggregates. This
tical porelike structures of an apparent diameter of 5 nimhigh level of lateral resolution, which was previously
and protruding 0.5-0.6 nm above the matrix are clearlyachieved only with 2-D crystals of membrane proteins,
visible on both images (FigsE4andF). At higher mag- was probably a consequence of aggregate formation ex-
nification (Fig. 45), the particles appear to possess fourerting a stabilizing influence on the pore and of the use
subunits of 1.4 nm diameter each, surrounding a depresf DPPC as the second membrane leaflet to limit lateral
sion of 1.5 nm in diameter (arrow). Similar structures diffusion of the protein in the bilayer (Migr, Blldt &
apparently protruding up to 2 nm above the lipid matrix Engel, 1995; Mou, Yang & Shao, 1995; Heymann et al.
were observed in the aggregates although less resolvei®97). Such a feature is in agreement with the pore
(Fig. 4G). They most likely resulted from local defor- model previously reported (Masson et al. 1999).
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Fig. 4. Atomic force microscopy imaging of lipid bilayers with inserted Cryl4q.C, E, Fand G correspond to bilayers containing inserted
CrylAa imaged under carbonate buffBrandD are images of control bilayers, without toxin, at magnifications identicAl amdC, respectively.
Bar sizes (white) are 1000, 100, 30 and 20 nm in size for pahels EandG, respectively. Size of the inset in par@lcontaining the single pore:
10 x 10 nm. The different height scales are shown beside each panel.

FTIR INVESTIGATIONS structure, we undertook FTIR investigations of CrylAa
in the absence, i.e., in solution, or in the presence of the
For a better understanding of the mechanism of insertiofipid mixture used for the Langmuir-Blodgett transfers.
of the protein in membranes and to examine possibldhis spectroscopic approach is more appropriate than
conformational changes suggested by the existence of &BD, for example, for investigating variations of the sec-
anisotropic interface, at least concerning the secondargndary structure of a protein when varying its environ-
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% 0,08
2 Fig. 5. FTIR spectrum of Cry |Aa solution in 0.1
§ 006 M sodium carbonate buffer. The heavy line
2 0.04 corresponds to the crude spectrum obtained by
’ subtracting the spectrum of the buffer from that of
0,02 the protein in solution in the buffer. The other
spectra are the results from the decomposition
ol vy . A process.

1600 1620 1640 1660 1680 1700 1720

Wavenumber (cm™)

ment, especially when going from a homogeneous one (€onclusion
solution) to a lipid-containing environment that is gen-
erally more heterogeneous. The spectra of the Amide
band region for both conditions are shown in Figs. 5 an
6, respectively. For the protein in the carbonate or Tri
buffer solution, the Amide | band was characterized by
broad band centered around 1640 ¢nwhich could be

decomposed into two major contributions of about the

same intensity, and which lie at 1627 and 1650 tm  the Jipid composition and/or physical state, implies
(Fig. 5). These two bands can be attributedype and  h4; the |arge reorganization required to evolve from a

a-helical structures, respectively (Arrondo et al., 1993;56|yple to a membrane-bound and finally to the inserted
Tamm & Tatulian, 1997). In addition, the presence of agtate is determined by the interfacial properties of the
shoulder at 1680 chf suggests an antiparallel arrange- external leaflet of the bilayer. The examination of the
ment of theB-strands (Dong, Huang & Caughey, 1990). hydrophobic side of the monolayer reveals large aggre-
This analySiS is consistent with the known atomic StrUC'gateS emerging in the air, i.e., a hydrophobic environ-
ture of CrylAa. Note that the same spectrum was obment, with a height that can exceed the thickness of a
tained for the protein in the solid state, i.e., when themembrane leaflet. This indicates that following the in-
water was allowed to evaporate. teraction with the solution-membrane interface, a large

The presence of lipid (DPPG or the DPPC/DOPE/part of the toxin reorganizes to expose a hydrophobic
CH; 5/4/1 mixture) induced drastic modifications of the surface to the environment. Considering the structure of
spectrum characterized by a shift of the Amide | band tothe soluble form of the toxin, this insertion must involve
1656 cn* (Fig. 6), indicating that upon insertion into large structural rearrangements, a view that is supported
lipid media, the protein undergoes important conforma-by earlier works (Schwartz et al., 1997; Masson at al.,
tional changes. Note that the band attributed to the phost999) and now by the FTIR data.

irhe present study establishes that spontaneous insertion
f CrylAa in receptor-free lipid bilayers results in the
ormation of porelike structures, most often aggregated.
SThe fact that CrylAa can insert into lipid bilayers in the
%bsence of receptor is in agreement with previous reports
based on electrophysiological studies. The observation
that insertion can occur in lipid monolayers depending

pholipids, which lies around 1735 ¢t remains almost The porelike structure exposed at the buffer-bilayer
unchanged (Fig.®). The curve-fitting procedure shows interface appears to be formed by the association of four
that the low wavenumber contribution at 1627 ¢ral-  subunits whose dimensions, as estimated by AFM, are

most disappears for the benefit of an Amide | band lyingconsistent with single-helical structures. Owing to the
around 1673 cm" while that lying around 1650 ¢  experimental conditions, especially with regard to the
remains almost unchanged with, however, a small shifprotein concentration used for the insertion before trans-
down to 1646 crit (Fig. 6B). This strongly suggests fer, it is likely that the pore formation results from a
that upon binding to lipids, an unfolding of thatype  tetrameric association of toxin molecules. Both the size
structures occurs, similar to that previously reported forand structure of the pore are in accordance with the re-
Cyt toxins. Further, the shift of the helical contribution cent model for CrylAa insertion in membrane. On the
could be indicative of helical associations (Heimburg etother hand, one can only speculate about the localization
al., 1996). of the remaining part of the toxin molecule with regard to
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