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Abstract. The apical brush border membrane, the mainintroduction

target site ofBacillus thuringiensigoxins, was isolated

from gypsy moth lymantria dispay larval midguts and  Bacillus thuringiensiss used worldwide as an effective
fused to artificial planar lipid bilayer membranes. Under biological control agent for many species of insects in-
asymmetrical N-methyb-glucamine-HCI conditions  cluding agricultural and forest pests, and several vectors
(450 mm cig/150 mm trans, pH 9.0), which significantly  of human and animal diseases. The crystalbrendo-
reduce endogenous channel activity, trypsin-activatedoxins (also called Cry toxins) produced by this Gram-
CrylAa, aB. thuringiensisinsecticidal protein active positive bacterium are known to act on the luminal brush
against the gypsy moth in vivo, induced a large increaséyorder membrane of insect midgut epithelial cells by
in bilayer membrane conductance at much lower concendisrupting the permeability barrier after having been
trations (1.1-2.15m) than in receptor-free bilayer mem- solubilized and protease-activated in the insect gut. The
branes. At least 5 main single-channel transitions withactivated toxins first bind to specific, high-affinity recep-
conductances ranging from 85 to 420 pS were resolvedors at the surface of the brush border membrane of mid-
These CrylAa channels share similar ionic selectivitygut columnar cells and insert into the membrane to create
with P /Pyvpc permeability ratios ranging from 4 to 8. aqueous pores (Schnepf et al., 1998). Pore formation
They show no evidence of current rectification. Analysisdisrupts the ionic gradients and osmotic balance across
of the macroscopic current flowing through the compos-the luminal membrane and eventually causes the midgut
ite bilayer suggested voltage-dependence of severaipithelial cells to lyse (Knowles & Ellar, 1987).
channels. In comparison, the conductance of the pores Various activated Cry toxins, including CrylAa
formed by 100-500m CrylAa in receptor-free bilayer (Grochulski et al., 1995; Schwartz et al., 1997b), Cry1Ac
membranes was significantly smaller (about 8-fold) and(Slatin, Abrams & English, 1990; Smedley, Armstrong
their Pc/Pympe Permeability ratios were also reduced & Ellar; 1997; Schwartz et al., 1997a; Chandra et al.,
(2- to 4-fold). This study provides a detailed demonstra-1999), Cry1C (Schwartz et al., 1993; Racapal., 1997;
tion that the target insect midgut brush border membran@eyronnet et al., 2000a), Cry2Aa (English et al., 1994),
material promotes considerably pore formation b.a Cry3Aa (Slatin et al., 1990) and Cry3B2 (Von Tersch et
thuringiensisCry toxin and that this interaction results in al., 1994), have the ability to form ion-permeable chan-
altered channel properties. nels in receptor-free phospholipid vesicles and planar
lipid bilayer membranes. However, the toxin concentra-
tions needed to observe channel formation in artificial
bilayer membranes are 100 to 1000 times higher than
their in vivo insecticidal concentrations.

Epithelial midgut membrane receptors undoubtedly
play an important role in the mode of action Bf thu-
ringiensistoxins. Studies on the binding of many acti-
- vated toxins to larval midgut brush border membrane
Correspondence taR. Laprade; email: raynald.laprade@umontreal.ca Vesicles have demonstrated that the presence of recep-
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tor(s) for a specific toxin is essential for its toxicity (Hof- hydroxyethylpiperazine-N2-ethanesulfonic acid (HEPES) amd
mann et al., 1988a, b; Van Rie et al., 1989, 1990a). Irflecane were purchased from Sigma (St. Louis, MO).
addition, insect resistance to these toxins can, in many Planar lipid bilayer experiments were conducted under asym-
cases. be attributed to altered receptor binding I:)ropertie%etncal cgndltlons with buffered salt. solutions composed of (im)m
! o . . ! 0/150 ¢€is/trang N-methylb-glucamine-HCI (NMDG-CI), 5 CaG|
or reduced binding-site concentration (Van Rie et al.,g 5 epTa, 5 Tris-HCI (pH 9.0).
1990b; Ferteet al., 1991, 1995). In several lepidopteran
insect species, evidence has been reported for the pres-
ence of different glycosylphosphatidylinositol-anchored CRY1Aa TOXIN PREPARATION
aminopeptidases N and cadherin-like proteins that act as

receptors for various CrylA toxinséeSchnepf et al., C'Y1Aa toxin (fromB. thuringiensissubsp kurstakiHD-1) was tryp-
. sin-activated and purified by fast protein liquid chromatography as
1998 for a review).

. . . ... described elsewhere (Masson et al., 1989). The toxin was dialyzed
Toxins form channels far more efficiently in artifi- eytensively against water with continuous stirring until it precipitated.

cial lipid membranes into which midgut brush border The precipitate was centrifuged and solubilized in 26 Tiris-HCI pH

membrane vesicles (English, Readdy & Bastian, 19919.4 to prepare stock solutions (0.75-2 mg/ml). These were kept at

Lorence et al., 1995; Martin & Wolfersberger, 1995) or —20°C and diluted daily to the appropriate final toxin concentration.

a purified toxin receptor complex (Sangadala et a|_'Protein cpncentr.ations were detgrmined by the mgthod of Bradforgl

1994; Schwartz et al., 1997a) have been incorporated.l97.6) using bovine serum aIbl_Jmln asastandard. Prior to use, thetox_ln
.. . . . solution was vortexed and sonicated during 30 seconds as a precaution

Rlapar lipid b|Ia_1yer studies have y|eldgd somewhat conz, prevent possible toxin aggregation.

flicting conclusions, however, concerning the role of re-

ceptor proteins in the biophysical properties of toxin

channels. For instance, while very large channels witHNSECT AND BRUSH BORDER MEMBRANE

conductances in the nS range were observed in studi@éESICLE PREPARATION

using fused brush border membrane vesicles (Lorence et

al., 1995; Martin & Wolfersberger, 1995), CrylAc Second-instar larvae of the European gypsy nigtmantria disparL.

formed channels with similar conductances in the pre\,Q,_(Lepidoptera: Lymantriidae) were obtained from the insect-rearing fa-

b f it tituted 120-kD . cility of the Great Lakes Forestry Center (Natural Resources Canada,
ence or absence ot Its reconstiute -KDa aminopens, ¢ sie, Marie, Ontario, Canada) and reared at 18°C on a standard

tidase N receptor complex (Schwartz et al., 1997a).  synthetic diet. Brush border membrane vesicles were prepared from
Brush border membrane vesicles have the advantageolated midguts of last-instar larvae (Peyronnet et al., 2000b) accord-

of providing a full complement of toxin receptors and ing to the MgC}, precipitation method of Wolfersberger et al. (1987).

other proteins and lipids which could interact with the The vesicles were suspended in 1@ MEPES/KOH (pH 7.5) to a final

toxins and affect pore formation They also possess 5oncentration of 15-20 mg membrane protein/ml, stored at —80°C and
: d withi th. C d with the initial crude h te, th

large number of endogenous channels, most of them be=oo Wi & month. Lompared wih the infa: cruce flomogenare, fe

Vesicle preparations were enriched 6- to 8-fold in alkaline phosphatase

ing slightly selective for cations (Lorence et al., 1995; gpecific activity (Kelly & Hamilton, 1970).
Peyronnet et al., 2000b). Interestingly, the activity of
these endogenous channels can be significantly de-
creased by performing the experiments under N-methylPLANAR LIPID BILAYER EXPERIMENTS
D-glucamine-HCI conditions (Peyronnet et al., 2000b).
In the present study, we took advantage of this ob_The procedure used to fuse vesicles to planar lipid bilayers has been
servation to investigate ihe interaction of CrylAa toxin described in detail elsewhere (Peyronnet et al., 2000b). Briefly, planar

ith hb h bord b hanicall phospholipid bilayer membranes were formed with a 1:1 (wt:wt) mix-
with gypsy moth brush border membranes mechanica Yure of POPE and POPC at a lipid concentration of 25 mg/ml in 99%

fused with planar lipid bilayers. Our results show that . gecane. Membranes had a typical capacitance of about 250 pF and
toxin receptors or other components of the apical memremained stable for several hours. Before vesicle fusion, bilayers were
brane of insect midgut epithelial cells have a profoundmonitored under holding voltage conditions for more than 30 min to

influence on both protein insertion efficacy and channelensure that no contaminant-induced activity was present. Vesicles were

properties, including conductance and ionic selectivity. then f_used to th_eisside of the bilayer by gently touching it with a 150
pm-diameter “finger plugger” dental probe (SDS Kerr, Orange, CA)

previously dipped in the vesicle suspension (Denicourt et al., 1996).

Proper fusion was evidenced by an increase in membrane conductance.
Materials and Methods Vesicle fusion was also favored by applying a transbilayer holding
potential of =80 to =120 mV.

When the endogenous channel activity was sufficiently weak and
stable for at least 30 minutes, trypsin-activated Cry1Aa (0.6 to 61)5 n
was added directly to theis chamber buffer, which was stirred using
a small magnetic flea until toxin channel formation. If no change in this
The phospholipids 1-palmitoyl-2-oleoyrglycero-3-phospha- basal channel activity was observed within 30 minutes, more toxin was
tidylethanolamine (POPE) and 1-palmitoyl-2-ole@ylglycero-3- added to theis chamber. For experiments done in the absence of fused
phosphatidylcholine (POPC) were obtained from Avanti Polar Lipids vesicles, the toxin (2.15 to 50Qui was added 30 minutes following
(Alabaster, AL). Salts, ethylenediaminetetraacetic acid (EDTA), N-2-bilayer formation. If channels failed to appear within 15 to 30 minutes,

CHEMICALS AND SOLUTIONS
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the bilayer was ruptured and a new bilayer was immediately paintedet al., 1995; Peyronnet et al., 2000b) that may complicate
All experiments were performed at room temperature (22 to 25°C). the gbservation of toxin-induced channel activity. How-
ever, the endogenous activity was considerably reduced
DATA RECORDING AND ANALYSIS by performing the experiments in the presence of
_ _ _ _ NMDG-CI (Peyronnet et al., 2000b). Under these con-
Holding voltages were applied to tlés chamber relative to therans ditions, only small anionic channels were detected (Fig.
chamber, which was grounded. They were corrected for quuidjunctionlB trace ) and the macroscopic conductance of the
potentials. Under asymmetrical NMDG-CI conditions (450/150 m o b . P
cis/trang, the liquid junction potential, measured experimentally as bilayer was sufficiently low and stable to allow CrylAa-
described elsewhere (Laprade & Cardinal, 1983), was -13.8 mV (Peyinduced currents to be readily distinguished from those
ronnet et al., 2000b). Single-channel currents were recorded with aof these endogenous channels (Fig. dnd B). As il-
Axopatch-1D patch-clamp amplifier (Axon Instruments, Foster City, |ystrated in Fig. A, the macroscopic current of the pla-
CA). Currents were filtered at 500 Hz and digitized off-line at 4 kHz as 1 5¢ |ipid biIayer membranes into which brush border
described elsewhere (Peyronnet et al., 2000b). Analysis was performe embrane vesicles were incorporated increased sharply
on a personal computer using a Digidata 1200 series interface, an . . "
Axotape and pClamp version 6.02 software (Axon Instruments). after a delay of several minutes foII_ow'lng the addition of
Single-channel conductances were determined as follows. FolCTY1Aa to the agueous phase on theside of the mem-
each experiment, the current amplitude of the resolvable steps at eaddrane. Afterwards, the membrane current continued to
applied voltage was measured and averaged over 2-15 similar stepmicrease at a slower rate. Although no change in mem-
Corresponding values obtained in different experiments were then avhrane current was detected during 30 minutes of expo-
erageg 0\;]er the Inumtc)ller of expelrimegts in Whicr|1 they had been ObSure to 0.6 m CrylAa, channel activity, in the presence
served. The resulting data were plotted versus voltage to generate cur- : :
rent-voltage relations from which the conductanagsiere derived as 6f brush bqrder membrane, was readll_y detected at toxin
the slopes of the linear regressions on the data points. The zero-curref"rp_m:emrat'onS _as low as abou_t_lm (Fig. 2A) Above
reversal potential\() of each channel was therefore the voltage for this concentration, the probability of detecting channel
which the corresponding linear regression intersected the horizontafCtivity increased abruptly to a maximum of about 85—
axis of the current-voltage plots. Channel selectivity to ©ver 90%. The delay preceding the appearance of channel
NMDG" was derived from théc/Pywoe permeability ratios calcu- — gctivity decreased rapidly as the toxin concentration was
lated usingVg values and the Goldman-Hodgkin-Katz equation (Hille, ir;lcreased (Fig. B). In the absence of brush border mem-

1992). Voltage dependence of the channels, i.e., the dependence %rane channel activity also appeared after a delav of a
their activity upon applied voltage, was derived from the overall open ! Yy pp y

probability NPo calculated for each applied voltage as the ratio of the few minutes (F|g- B), but was Only detected in the pres-
total time during which all N channels were open to the total recording€nce of at least 100MmCrylAa (Fig. 2).
time. NPo was used rather than single-channel open probability be-
cause the total number of channels in the bilayer was generally not
known. CrY1Aa CHANNEL PROPERTIES IN THEABSENCE OF
For recordings in which there were no direct transitions from the BRusH BORDER M EMBRANE
closed state, single-channel conductances corresponding to resolvable

current steps, reversal potentials and permeability ratios were obtained . . .
as described above. In addition, the macroscopic current across tigepresentative recordings of CrylAa channel activity

membrane was evaluated for each applied voltage and in each expei@bserved in receptor-free bilayers are illustrated in Fig.
ment as the mean value of the overall current over the length of the3A. Channel activity could vary from one experiment to
record. This current corresponded to the sum of the products, for eacAnother, but recordings were frequently characterized by
type of channel present in the membrane during an experiment, of th?ong periods of silence interrupted by bursts of various
single-channel currents, the total number of channels of each type, angingle—channel events that could stay active for many

their probability to be open (Hille, 1992). Therefore, voltage depen- ds. | burst h terized by th
dence of the channels was simply related to the nonlinear nature of hg©conds. In some cases, bursts were characterized Dy the

macroscopic current plotted against voltage after correction for theSUP€rimposition of a few small channels as seen in the
macroscopic current resulting from brush border membrane endogtop trace of Fig. A. Some isolated and rapid single-
enous channel activity. channel events displaying different amplitudes could
Because of the multichannel nature of the recordings, kinetica|so be detected between bursts of channel activity. The
analys_is of the channels was _qc_)t attempted. Cond_uctances, reverset}.lanndS displayed a variety of behaviors including rapid
potentials, overall open probabilities and macroscopic currents are exﬂickering and slow gating as seen in the bottom trace of
pressed as meanssb. .
Fig. 3A.
Analysis of data collected from 4 representative ex-
Results periments led to the identification of at least 5 main
conductance levels. The current-voltage relationships
EFFECT OF THEBRUSH BORDER MEMBRANE ON CRY1Aa were linear with slope conductances varying from 11 to
CHANNEL FORMATION 52 pS (Fig. B and Table), indicating an ohmic behavior
of the pores. The larger conductances were approximate
The midgut brush border membrane of lepidopteran in-multiples (2- to 5-fold) of the smaller 11 pS conductance,
sects contains a variety of endogenous channels (Lorensiggesting the oligomerization of small channel units. In
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Fig. 1. Effect of CrylAa toxin on phospholipid bilayer membranes fused with gypsy moth brush border membrane vesicles. Bilayer membranes
were formed in 450/150 m NMDG-CI (cis/trang, 5 mm CaCl, 0.5 nm EDTA and 5 nm Tris-HCI (pH 9.0), and fused mechanically with brush

border membrane vesicles as described under Materials and MetApM¥adroscopic current flowing through the bilayer membrane held at —66.2

mV in a representative experiment. Error bars correspond tetiloé the macroscopic current measured over 60- to 90-sec typical recordi)gs. (
Current recordings in the absenck)(and presenceT() of Cryl Aa toxin.T, is a representative segment of the channel current of the most
commonly encountered endogenous channel in gypsy moth brush border membrane vesicles fused to a phospholipid bilayer, before CrylAa toxin
addition and 30 minutes after fusioseePeyronnet et al., 2000b for more detall). is a representative segment of a current recording obtained

70 minutes after addition of 140 ng of CrylAa (2.1%)rio thecis side of the bilayer membrane. The different levels of current transitions are shown

by the dashed lines. The letterand the solid line indicate the closed state of all channels for both traces.

one experiment, a higher conductance of about 100 p8irections relative to the plane of the membrane due to
was detected at a very low frequenaata not showh  the fact that the membranes were ruptured and repainted
A closer observation of the current traces by filtering theduring the experiments.
recordings below 300 Hz suggested the presence of a low
conductance (<10 pS) that was difficult to analyze in
detail. The number of discrete conductance levels varie@RY1Aa CHANNEL PROPERTIES IN THEPRESENCE OF
from one experiment to another. BrusH BORDERMEMBRANE

Zero-current reversal potentialgd) ranged from +8
to +10 mV, demonstrating a higher permeability for CI Channel activity induced by CrylAa in planar lipid bi-
than for NMDG' since the Nernst potential for Clun-  layers containing brush border membranes involved a
der the conditions used, was +28.2 mV (Fi®@ @ahd  macroscopic current with distinct large current levels in-
Table). For each conductance level, ig/Pyupc Per-  dicating the insertion of numerous channels. Direct tran-
meability ratio was calculated froidg using the Gold- sitions from the different conductance levels to the
man-Hodgkin-Katz equation (Hille, 1992). This ratio closed state (where all channels are closed) were never
was approximately 2, indicating a small selectivity for observed. The channels were often very noisy and un-
CI” over NMDG' (Table). The selectivity of the smaller stable due to their large number, making their character-
11-pS channel was not determined, as/tsvalue could ization difficult. However, in 3 experiments (out of a
not be precisely measured. total of 9), distinct single-channel events could be re-

The overall open probabilityNPo) of the CrylAa  solved. Current recordings representative of these experi-
channels varied from 0.4 to about 1 with a tendency forments are shown in Fig.BL(TraceT,) and Fig. A. At
a gradual decrease MPoas the amplitude of the voltage least 5 main single-channel transitions were resolved
was increased, suggesting that some of the channels mayith ohmic conductances ranging from 85 to 420 pS
be voltage-dependent (Fig. 3). It remains possible, how{Fig. 4B and Table). Each of them was observed in all
ever, that theNPo reduction observed at both polarities three experiments analyzed. Close examination of the
could result from the insertion of channels in oppositerecordings showed small transitions of less than 80 pS
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but, due to the current noise in these multi-channel re- 100
cordings, they were impossible to analyze in detail. In- ]
terestingly, the larger conductances, like those observeg
in receptor-free bilayers, were multiples of the smallestz
resolved conductance level (85 pS). In the course of oug ]
experiments, we have not observed any increase in thg 60
amplitude of these conductances, suggesting that th&

80 -

oligomeric state of the channels remained constant witl“‘é 40
time. S |
Zero-current reversal potential¥{) ranged from g ]

= 20

+15 to +20 mV, demonstrating a higher permeability for ;
CI™ than for NMDG'. Po/Pyupc Permeability ratios
ranged from 3.8 to 7.6, indicating that all channels have
a small and relatively similar selectivity for Clover
NMDG™" (Table).

Due to the complexity of the recordings, the voltage
dependence and kinetic properties of these channels
could not be analyzed directly. Therefore, voltage depen-
dence was evaluated from the macroscopic current-
voltage curves (Fig. @). The macroscopic conductance
levelled off at voltages below -10 and above +30 mV.
Since the single-channel conductances of the 5 mainE
CrylAa channels were constant over the entire range of &
voltages tested (Fig.B), it appeared that the open prob-

30 ® with BBM (n=9)
1 B O  without BBM (n=22)

20

De in)
=) o
NP
— e —
—o—

ability of at least some channels was affected by the

membrane voltage. s ] % %

Discussion N ;¥,
1 10 100 1000

The present study constitutes the first detailed compari- Cry1Aa (nM)

son of the properties of the pores formed by athu-

L . P . . _ Fig. 2. Effect of CrylAa concentrations on the percentage of bilayers
ringiensistoxin in |Ip|d bllayers in the presence and ab displaying toxin-induced channel activibh and on the delay preced-

sence ,Of fL,jsed,mldQUt br_USh border 'T‘,embra”es undeﬁgg the onset of channel activit). Data were collected from bilayers
otherwise identical experimental conditions. It clearly {5 which brush border membranes were fused (filled ciraies, 9) or
demonstrates that brush border membrane componenist (empty circlesn = 22). Other experimental conditions were iden-
not only greatly enhance the efficiency of CrylAa toxin tical to those described in the legend of Fig. 1. Cry1Aa (0.6 to 560 n
channel formation, but also modify significantly the con- was added directly to theis side of the bilayers. The delay corresponds

ductance and ionic selectivity of the channels to the time separating the addition of CrylAa and the appearance of
' channel activity.

ToxXIN INSERTION EFFICIENCY of receptors and correlated well with in vivo lethal con-
centrations of this toxin (van Frankenhuyzen et al., 1991,
CrylAa is among the most efficieBt thuringiensigox-  1993; Lee et al., 1996a). These results are consistent with
ins in killing gypsy moth larvae (van Frankenhuyzen etthose of earlier studies showing that nanomolar concen-
al., 1991, 1993; Lee et al., 1996a), in inhibiting transep-trations of toxin are sufficient to induce channel forma-
ithelial short-circuit current (Lee et al., 1996a) and de-tion in planar lipid bilayers (Lorence et al., 1995; Martin
polarizing the apical membrane (Peyronnet et al., 1997%& Wolfersberger, 1995; Schwartz et al., 1997a) or lipo-
of their isolated midgut, and in permeabilizing vesiclessomes (English et al., 1991; Sangadala et al., 1994) to
prepared from this membrane (Peyronnet et al., 1996)which midgut brush border membrane vesicles were
While channel formation was extremely inefficient in fused or into which a purified receptor was reconstituted.
receptor-free bilayers, as little as 1.kt €ry1Aa induced
large macroscopic conductance increases, within 10-2@oyn CHANNEL PROPERTIES
minutes, in bilayers to which brush border membrane
vesicles were fused. This concentration was at least 10@. thuringiensistoxin receptor function does not appear
fold less than that required to form pores in the absencéo be limited to binding the toxin and increasing its con-
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Fig. 3. CrylAa channels in receptor-free planar lipid bilayefy.Current traces at various holding voltages given at the left of the traces. The solid

lines and the lettec at the right indicate the current level at which all channels were closed. The different levels of current transitions are indicated

by dashed linesB) Current-voltage relationship of the main channels. For each experiment and for each voltage, current steps were measured and
averaged over a number of similar steps. Each data point is the average of at most the number of experiments given in parentheses and error bar:
were omitted for clarity. For each experiment, the curves were fitted to the data points by linear regression. Data are derived from 4 experiments
conducted at toxin concentrations in excess of 100 with the number of experiments in which a given conductance level was detected in
parenthesesQ) Overall open probability of the channeldPo, the ratio of the total time spent in the open stateNogistinct channels to the total

recording time, was obtained for 30 to 120 sec current records.

centration in the vicinity of the membrane. The channels(Schwartz et al., 1993; Racapeal., 1997; Peyronnet et
formed by CrylAa in brush border membrane-containingal., 2000a).

lipid bilayers had an 8-fold larger conductance and, for =~ These conductance values, as well as those previ-
most channels, a 2- to 4-fold highBg/Pymps Perme-  ously reported for CrylAa channels formed in receptor-
ability ratio than those formed in receptor-free bilayers.free bilayers (Grochulski et al., 1995; Schwartz et al.,
The results of previous studies (Lorence et al., 19951997a, b), are several fold higher than those measured in
Martin & Wolfersberger, 1995) also suggest that thethe present study. Although previous single-channel con-
channels formed b. thuringiensistoxins in lipid bi-  ductance measurements were carried out in the presence
layers containing fused brush border membrane vesiclesf KCI, a more highly conducting salt than NMDG-CI,
have a higher conductance than those formed in receptothe specific conductance of equimolar solutions of these
free bilayers. For instance, the conductance of CrylCsalts only differ by a factor of about 2rgsults not
induced channels ranged from 50 pS to 1.9 nS in bilayershowr). The conductance of CrylAa channels is there-
containing brush border membranes (Lorence et al.fore not proportional to the specific conductance of the
1995) and from 20 to 250 pS in the absence of receptoelectrolyte solutions bathing the lipid bilayer, indicating
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Table. Conductance and ionic selectivity of the most common CrylAa-induced current transitions observed
under asymmetrical NMDG-C1 conditions in the absence or presence of gypsy moth brush border membranes
(BBM)

Without BBM (n = 4) With BBM (n = 3)
CrylAa [100-500 m] CrylAa [1.1-2.15 m]

9:eem/9-gBM

J-sem (PS) Vg (MV) Pcy/Pauvos G.zem (PS) Vg (MV) Pcy/Pauvba

11+1 n.d.* n.d.* 85+2 20+1 7.6 7.7
18+1 8+3 1.9 158 +5 16+2 4.3 8.8
31+2 10+3 2.3 240+ 20 15+3 3.8 7.8
44 £ 1 10+4 1.9 3305 18+2 5.6 7.5
52+ 2 8+3 1.9 420+5 201 7.6 8.1

Conductanced) and reversal potentiaV/g) values are given as meanse. Conductance values correspond to
the slopes of the curent-voltage curves. Permeability r&io/Pywpc) Values were calculated from the reversal
potentials using the Goldman-Hodgkin-Katz equation (Hille, 1992ndicates the number of experiments.
* Not determined.

that these channels are not ideal aqueous pores. Henbinds to a 100-kDa aminopeptidase, CrylAa and CrylAb

the smaller single-channel conductances measured in threcognize a 210-kDa protein receptor (Valaitis et al.,

presence of NMDG probably result from a stronger in- 1995; Lee et al., 1996b). On the other hand, the present

teraction of this larger ion with the inner wall of the study shows a large increase in conductance most likely

channel. attributable to the presence of membrane receptor(s), but
The conductance values reported by Martin andno rectification of single-channel conductance. Taken to-

Wolferberger (1995) for the smallest current steps in-gether, these results indicate that the biophysical prop-

duced by CrylAc (2 and 13 nS, depending on pH) areerties of the channels formed 1By thuringiensistoxins

considerably higher than those observed Borthurin-  depend not only on the presence of receptor proteins and

giensistoxin channels in any other lipid bilayer study. possibly other brush border membrane components, but

The use by these authors of an osmotic swelling procealso on the specific receptors with which the toxins in-

dure to promote fusion of brush border membraneteract.

vesicles to the planar lipid bilayer suggests that these

very large conductance values could have resulted frorQ/OLTAGE_DEPENDENCE OFCRYLAA CHANNELS

the spontaneous fusion of vesicles, into which a large

number of toxin channels were already formed, rathe

than from the insertion of toxin channels directly into the

lipid bilayer. In contrast, the use of a mechanical fu5|onfree bilayers, although channel activity was often trig-

procedure (Denicourt et al.,, 1996; Peyronnet et al., :
2000b) reduces considerably the probability of such fu_gered by voltages above + 80 mV, a decrease in the

. i . ..~ overall open probability of the channels was also ob-
sion events by allowing measurements of toxin activity

to be performed in the presence of a minimal number o erved at voltage above + 60 mV (FigCB In brush
€ P >d Inthe p order membrane-containing bilayers, the observed rec-
vesicles remaining in the aqueous phase.

) tification of macroscopic current (FigG) also strongly
duc:lans?agtrgr\gggstztru?cl)&Sﬁngir;gir%lr.{ 13?(37?{'233;'361 suggests a decrease in the open state probability of the
lvcosviohos hgtid IinosiFt)ol—Iinked amigo entidase N CrylAa channels. In receptor-free lipid bilayers, a slight
glycosylphosp 1y PeEp 'voltage dependence has been previously reported for

previously identified as a receptor for CrylAc

. .~ CrylAa (Schwartz et al., 1997b) and Cry2Aa (English et
g;?g\gdgih\i}aglz"632?4)1’9392) Wﬁz;(;hreazzlzﬁs':ﬁt% %nilrffz)gl" 1994). Our results provide the first documented evi-
planar lipid bilayers Th(.a' conduc’Eance of the main chan-denCe of a voltage dependence for channels formed by a

' B. thuringiensigoxin in the presence of the midgut brush
nels formed by CrylAa was about 2-fold smaller (200 border membrane
pS) in the presence of this receptor complex than in '
receptor-free bilayers (450 pS). While channels formed
by Cry1lAc in the absence of the receptor displayed lineaif oxiN OLIGOMERIZATION
current-voltage relationships, those formed in the pres-
ence of the receptor complex rectified strongly the pasin this study, CrylAa induced at least 5 main single-
sage of cations (Schwartz et al., 1997a). It should behannel conductances, either in the presence or absence

pointed out, however, that in gypsy moth, while CrylAc of gypsy moth brush border membranes. In both cases,

The present study also shows that the channels formed
by CrylAa are slightly voltage-dependent. In receptor-
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Fig. 4. CrylAa channels in bilayers containihg dispar brush border membraneA) Representative segments of typical current traces recorded

at various holding voltages given at the left of each trace. The solid line and theclatténe right indicate the current level at which all channels

were closed. The different levels of current transitions are indicated by dashed Bh&ur¢ent-voltage relationship of the main channels. Each

data point was calculated as described in the legend of Fig. 3 and curves were fitted to the data points by linear regression. Results are derived from
3 experiments conducted at toxin concentrations of 1.1 to 24L§@) Macroscopic currents through the bilayers befdgg,;, empty diamonds)

and after CrylAa additionl {,.,.;, €mpty circles) at various holding voltages. The macroscopic current induced by the CrylAal gxiiil¢d

circles) was obtained by subtractifigs,, from | ,..- Results are derived from 2 experiments. kg, the SD values were smaller than the width

of the symbols.

the channels displayed conductance levels correspondirtgxin monomers. The nature of these multiple conduc-
to a multiple of the smallest observed current transitiontance levels remains unclear. They could result from the
Although it cannot totally be excluded that the lower formation of various multimeric pore structures differing
conductances represented subconductance states, th@sehannel diameter or from the synchronous gating of
findings suggest that the channels, like those formed bygeveral identical channel units forming clusters within
several other bacterial toxins (Lesieur et al., 1997), resulthe lipid bilayer, as was reported for various types of ion
from a multimeric assembly of a variable number of channels (Krasilnikov & Sabirov, 1992; Larsen et al.,
toxin molecules (Aronson, Geng & Wu, 1999; Schwartz 1996; Kaulin et al., 1998; Goudet et al., 1999). In agree-
& Laprade, 2000; Sobéroet al., 2000). The presence of ment with the latter possibility, the ionic selectivity of
brush border membrane components is not necessary ftie various CrylAa channels observed in artificial mem-
toxin channel formation, but the fact that the conduc-branes was about the same, and though higher, it was
tance of the channels in brush border membranealso similar for the channels formed by the toxin in the
containing lipid bilayers was about 8-fold larger may presence of brush border membranes. Further work is
indicate that native membrane material favored the forpresently being carried out to distinguish between these
mation of stable channels made of a larger number opossibilities.
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In summary, this study shows that native midgutHofmann, C., Vanderbruggen, H.,'fte, H., Van Rie, J., Van Mellaert,
brush border materlal aﬁects the Channels formed by H. 1988b. SpeC|f|C|ty oBacillus thuringiensié‘;-endotoxins is cor-
CrylAa toxins and provides a detailed description of related with the presence of high-affinity binding sites in the brush

S . . . border membrane of target insect midgu®soc. Natl. Acad. Sci.
their biophysical properties. More work is needed t0 as- ;5 g57844-7848

certain which midgut membrane components are resporkayiin, v.A., Shagina, L.V., Bezrukov, S.M., Malev, V.V., Feigin,
sible for these changes and what is the structural origin of A.M., Takemoto, J.Y., Teeter, J.H., Brand, J.G. 1998. Cluster or-

these functional alterations. ganization of ion channels formed by the antibiotic syringomycin E
in bilayer lipid membranesBiophys. J.74:2918-2925

We are grateful to Smstien Rivest for preparing brush border mem- Kelly: M-H., Hamilton, J.R., 1970. A micro method for the assay of
brane vesicles, to Marc Juteau for preparing the toxin and to Danica_ntestinal alkaline phosphatas@lin. Biochem.3:33-43

Baines and Ray Wilson of the Great Lakes Forestry Center, Natural<"oW!es, B.H., Ellar, D.J. 1987. Colloid-osmotic lysis is a general
Resources Canada, Sault Ste. Marie, Ontario, for providing the insects. eature of the mechanism of action Bacillus thuringiensis-en-
This work was supported by strategic grant RGPGP-0171373 from the dotoxins with different specificity.Biochim. Biophys. Acta

Natural Sciences and Engineering Research Council of Canada to R, 9?4_:509_518 . . .
Laprade and J.-L. Schwartz. Krasilnikov, O.V., Sabirov, R.Z. 1992. Comparative analysis of latro-

toxin channels of different conductance in planar lipid bilayers.
Evidence for cluster organizatiorBiochim. Biophys. Acta
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