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The «-5 segment of Bacillus thuringiensis 6-endotoxin: in vitro activity, ion
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A peptide with a sequence corresponding to the highly conserved
a-5 segment of the Cry d-endotoxin family (amino acids 193-215
of Bacillus thuringiensis CryllIA [Gazit and Shai (1993) Bio-
chemistry 32, 3429-3436]), was investigated with respect to its
interaction with insect membranes, cytotoxicity in vitro towards
Spodoptera frugiperda (Sf-9) cells, and its propensity to form ion
channels in planar lipid membranes (PLMs). Selectively labelled
analogues of a-5 at either the N-terminal animo acid or the e-
amine of its lysine, were used to monitor the interaction of the
peptides with insect membranes. The fluorescent emission spectra
of the 7-nitrobenz-2-oxa-1,3-diazole-4-yl (NBD)-labelled -5
peptides displayed a blue shift upon binding to insect (Spodoptera
littoralis) mid-gut membranes, reflecting the relocation of the
fluorescent probes to an environment of increased apolarity, i.e.
within the lipidic constituent of the membrane. Moreover, mid-
gut membrane-bound NBD-labelled a-5 peptides were protected

from enzymic proteolysis. Functional characterization of a-5 has
revealed that it is cytotoxic to Sf-9 insect cells, and that it forms
ion channels in PLMs with conductances ranging from 30 to
1000 pS. A proline-substituted analogue of a-5 is less cytolytic
and slightly more exposed to enzymic digestion. Molecular
modelling utilizing simulated annealing via molecular dynamics
suggests that a transbilayer pore may be formed by a-5 monomers
that assemble to form a left-handed coiled coil of approximately
parallel helices. These findings further support a role for a-5 in
the toxic mechanism of d-endotoxins, and assign «-5 as one of the
transmembrane helices which form the toxic pore. The suggested
role is consistent with the recent finding that cleavage of CryIVB
d-endotoxin in a loop between a-5 and a-6 is highly important for
its larvicidal activity [Angsuthanasombat, Crickmore and Ellar
(1993) FEMS Microbiol. Lett. 111, 255-262].

INTRODUCTION

The Gram-positive bacterium Bacillus thuringiensis (Bt) produces
insecticidal crystalline protein inclusions during sporulation
(Hofte and Whiteley, 1989). The insecticidal activity of these
inclusions is attributed to their major components, the various 4-
endotoxins. It has been suggested that §-endotoxins are composed
of two major domains, one involved in receptor binding, which
might explain the high specificity of the various é-endotoxins to
specific species, and the other is responsible for their toxic effects
(Geetal., 1989; Van Rieet al., 1990; Lee et al., 1992). It has been
hypothesized that receptor binding causes conformational
changes, that lead to the exposing of the §-endotoxin’s cytotoxic
domain (Li et al, 1991; Aronson, 1993). The subsequent
interaction of the toxic domain with target cell membranes
facilitates pore formation in the mid-gut epithelium of insects.
This results in osmotic shock to the cells and ultimately causes the
insect’s death (Sacchi et al., 1986; Knowles and Ellar, 1987). It
has been shown that different d-endotoxins form single ion
channels in planar lipid bilayers (Slatin et al., 1990; Schwartz et
al., 1993) and that they change the ion flux of cultured insect cells
(Schwartz et al., 1991), reflecting the permeation properties of
the toxins. The channels exhibit several conductance levels
ranging from 100 pS to about 4000 pS. Although not yet proven,
the ion channel activity of §-endotoxin may be explained in terms
of a model in which some of the a-helices of the toxin domain

form transmembrane amphiphilic a-helices, which can assemble
in bundles in which outwardly-directed hydrophobic surfaces
interact either with other hydrophobic transmembrane segments
or with the lipid core of the membrane, while inwardly facing
hydrophilic surfaces produce an aqueous, ion-conducting pore
(Inouye,\l974; Greenblatt et al:, 1985; Guy and Seetharamulu,
1986; Lear et al, 1988; Sansom, 1991). Indeed, X-ray
crystallography of the crylIIA d-endotoxin has revealed that the
pore-forming domain contains seven a-helices, one of which, a
23 amino acid amphiphilic a-helix (amino acid residues 193-215,
termed a-5), is highly conserved within the §-endotoxin family
(Li et al., 1991). This a-5 region is thought to play a major role
in the toxic activity of é-endotoxin both because of its predicted
amphiphilic a-helical structure, which is characteristic of channel-
forming peptides, and because various mutations in this region
alter the toxic effect of the intact molecule (Ahmad and Ellar,
1990; Wu and Aronson, 1992). Furthermore, a cleavage site that is
important for the activity of CryIVB #-endotoxin has been found
in the predicted loop between a5 and a6 helices (Angsuthana-
sombat et al., 1993). The occurrence and the location of this
cleavage site, together with its role in larvicidal activity, further
strengthen the hypothesis that a5 plays a major role in the toxic
aetivity of d-endotoxins, presumably by helping «-5 to interact
with the insect membrane. We have shown that a synthetic
peptide with sequence identical to «-5 adopts 589, a-helix
structure in methanol, strongly interacts with model membranes,

Abbreviations used: Sf, Spodoptera frugiperda; PLM; planar lipid membrane; NBD-F, 4-fluoro-7-nitrobenz-2-oxa-1,3-diazole; Bt, Bacillus
thuringiensis; TFA, trifluoroacetic acid; IPA, isopropy! alcohol; TFE, trifluoroethanol; P-a-5, Pro®'-a-5; DMSO, dimethyl sulphoxide; SA/MD, simulated
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permeates acidic phospholipid vesicles better than zwitterionic
ones, and has lytic activity towards human erythrocytes (Gazit
and Shai, 1993). These properties might be attributed either to
membrane destruction, or to the ability of the peptide to penetrate
the membrane and to form channels via aggregation of helices.

To support a role for a-5 in the toxic mechanism of 4-
endotoxins, and as one of the transmembrane a-helices which
may form the pore, we show here that: (i) the -5 segment
interacts with the mid-gut membrane of insects, embedded within
them with its N-terminal part in a more hydrophobic environment
than its C-terminal part; (ii) «-5 is protected from proteolytic
digestion in its membrane-bound state slightly better than its
Pro?®!-substituted analogue; (iii) a-5 is cytotoxic to Spodoptera
frugiperda (Sf-9) insect cells more than its Pro®-substituted
analogue; (iv) a-5 can form ion channels in planar lipid
membranes (PLMs) with multiple conductance levels; and (v)
molecular modelling studies based on intramembraneous ag-
gregation of «-5 monomers suggest that a transbilayer pore may
be formed by a left-handed coiled coil bundle of helices.

MATERIALS AND METHODS
Materials

BOC-Gly-PAM resin was purchased from Applied Biosystems
(Foster City, CA, U.S.A.). BOC amino acids were obtained from
Peninsula Laboratories (Belmont, CA, U.S.A.). Other reagents
for peptide synthesis included trifluoroacetic acid (TFA) (Sigma),
N,N-di-isopropylethylamine (Aldrich; distilled over ninhydrin),
dicyclohexylcarbodiimide  (Fluka), 1-hydroxybenzotriazole
(Pierce) and dimethylformamide (peptide synthesis grade, Biolab,
Israel). L-a-Phosphatidylcholine (type 4 S) was obtained from
Sigma and further purified using the method of Kagawa and
Racker (1971). NBD-F (4-fluoro-7-nitrobenz-2-oxa-1,3-diazole)
and Trypan Blue were obtained from Sigma. Cholesterol (extra
pure) was purchased from Merck (Darmstadt, Germany) and
was recrystallized twice from ethanol. All other reagents were of
analytical grade. Buffers and salt solutions were prepared using
double glass-distilled water.

Peptide synthesis, fluorescent labelling and purification

The experimental procedure for the synthesis and fluorescent
labelling of the peptides at their N-terminal amino acids was
performed as described in detail elsewhere (Gazit and Shai,
1993). The labelling of the peptide with NBD at the e-amino
group of the lysine was performed under similar conditions.
However, in that case an N-terminal acetylated peptide, that has
been cleaved from the resin was used. The synthetic peptides
were purified by reversed-phase h.p.l.c. on a C4 reversed-phase
Vydac column (4.6 mm x 250 mm, 300 A pore size). The column
was eluted in 40 min, at a flow rate of 0.6 ml/min, using a linear
gradient of 25-80 9, acetonitrile in water, both containing 0.1 %,
TFA (v/v).

Preparation of insect mid-gut membranes

Mid-gut membranes were prepared from Spodoptera littoralis
larvae. Larvae were chilled on ice for 15 min, then, upon
dissection, the mid-guts were pulled gently from the larvae. Each
mid-gut was opened by a longitudinal dissection and was rinsed
free of the peritropic membrane and gut contents by several
washes with a ice-cold buffer (300 mM mannitol/5 mM
RGTA/17 mM Tris/HC], pH 7.5). The isolated mid-guts were
blotted and weighed, placed into a vial with a small amount of
the buffer and frozen quickly in liquid nitrogen. The membranes

were stored at — 70 °C until use. Prior to their use, the membranes
were slowly defrosted, vortexed, and homogenized.

Intrinsic fluorescence measurements

Changes in the fluorescence of NBD-labelled a-5 peptides were
measured upon their binding to S. /ittoralis membranes. NBD-
labelled peptides (0.2 nmol) were added to 2 ml of buffer (50 mM
Na,SO,/25 mM Hepes/SO,*", pH 6.8) and the emission spectra
were recorded with a Perkin Elmer LSSOB spectrofluorimeter,
with excitation set at 468 nm (4 nm slit). A suspension of 20 ul of
S. littoralis mid-gut homogenate (1.8 mg dry wt.) was added to
the peptide-containing solutions, and the emission spectra were
recorded after 2 min of incubation. The emission spectrum of the
membranes alone was subtracted from the observed spectra in
the presence of the peptides.

Enzymic digestion of membrane-bound peptide

NBD-labelled peptides (0.2 nmol) were dissolved in buffer (2 ml
of 50 mM Na,SO,/25 mM Hepes/SO,*>~, pH 6.8) and titrated
against a dispersion of membrane until a plateau was observed
(total amount of 1.8 mgdry wt.), thus ensuring that all the
peptides were bound to the membranes. A 20 xl solution of
proteinase-K (0.25 mg/ml) was then added and the fluorescence
intensity as a function of time was obtained before and after
addition of the enzyme. In a control experiment, NBD-a-5
(0.1 xM) was mixed with the enzyme prior to its addition to a
solution containing the membranes. Experiments were repeated
three times. Fluorescence intensities were recorded at room
temperature in Perkin Elmer LS-50B and LSS spectrofluori-
meters, with excitation set at 470 nm, using a 10 nm slit, and with
emission monitored at 530 nm, using a 5 nm slit. Measurements
were performed in a 1 cm path-length quartz cuvette in a final
reaction volume of 2 ml.

lon channel measurements on PLMs

Planar bilayers were formed on the tip of glass pipettes using the
method of Coronado and Latorre (1983). Micropipettes were
pulled from borosilicate glass capillaries (A-M Systems, Everett,
WA, US.A) on a Kopf model 700C puller (Tujunga, CA,
U.S.A)). The reference electrode was a calomel electrode in 3 M
KCl connected to the bath solution with a glass bridge containing
the same salt as in the dish. Bilayers were formed from a mixture
of soybean lecithin and cholesterol (209, w/w), dissolved in n-
hexane at a concentration of 1.0 mg/ml. Lipid solution (1-2 xl)
was introduced onto the surface (0.5 cm?) of 300 or 600 ul of a
salt solution (either 0.5 M NaCl or 0.5 M KCl, buffered with
5x 1072 M Hepes buffer, pH 7.4) in a glass dish with the micro-
pipette tip placed in the solution. After evaporation of the
organic solvent, the pipette was passed through the interface,
allowing formation of a bilayer. After formation of the bilayers
(electrical resistance was 5-20 GQ), their stability was monitored
for about 10 min at the highest potential chosen for single
channel recording experiments. When a satisfactory degree of
stability was achieved, i.e. no intrinsic conductance fluctuations
were observed, a few microlitres of the peptide solution [freshly
prepared in either isopropyl alcohol (IPA)/H,O or in trifluoro-
ethanol (TFE)/H,0 (1:1 v/v) at a concentration of about
500 xg/ml] were added to one side of the bilayer (virtual ground).
Experiments were repeated 9 times. Electrical measurements
were performed with an Axopatch-1D patch clamp apparatus
(Axon Instruments, Foster City, CA, U.S.A.). Current flowing
through the bilayers was recorded on an FM magnetic tape
Hewlett Packard, Model 3694A. The experimental data obtained
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were analysed off-line by replaying the recorded data from the
tape through a low-pass filter at 100 Hz (Frequency Devices,
Series 902, Haverhill, MA, U.S.A.) into an IBM PC AT computer
and analysed with the Axotape and pClamp (version 5.5.1)
programs (Axon Instruments).

Cell line and in vitro cytotoxic assay

Sf-9 cells were grown in TNM-FH medium (Hink, 1970; pur-
chased from Sigma) containing 10 %, fetal calf serum, at 28 °C.
The cells were spread over a 96-well dish (200 x1/well). Each well
contained approx. 6 x 10* cells. Increasing amounts of a-5 or
P-a-5 (Pro®'-a-5) (Gazit and Shai, 1993), dissolved in dimethyl
sulphoxide (DMSO) were added to the cells and the viability was
monitored. To perform toxicity kinetics measurements, 10 ug of
a-5, or P-a-5, dissolved in DMSO, were added to the cells and the
cytotoxic activity was monitored with time at room temperature.
Viability was measured by Trypan Blue (0.1 %, w/v) vital staining
assay. In control experiments the peptide solvent alone was
added to the cells.

Molecular modelling

Simulated annealing via restrained molecular dynamics (SA/
MD) was carried out using XPLOR v3.1 (parameter set
param19x.pro; Briinger, 1993) run on a DEC 3000 400 work-
station. Molecular modelling was performed using QUANTA
v3.2 (Molecular Simulations, Waltham, MA, U.S.A.) run on a
Silicon Graphics (Mountain View, CA, U.S.A.) Indigo R3000
workstation, and diagrams of structures drawn using MolScript
(Kraulis, 1991). Pore radii were estimated using HOLE (Smart et
al., 1993). All auxiliary programs were written in Fortran 77.
Single d-endotoxin a-5 helices were generated by SA/MD as
previously described (Nilges and Briinger, 1991; Kerr and
Sansom, 1993). Their amphiphilicity was analysed by exam-
ination of hydrophilic surface maps (Kerr and Sansom, 1993)
and molecular hydrophobicity potentials (Brasseur, 1991). This
analysis revealed that residues Q199 and D210 defined the centre
of the hydrophilic face of the a-5 helix. Hexameric (n = 6)
bundles of d-endotoxin a-5 helices were generated in a manner
similar to that described for parallel bundles of simple hydro-
phobic helices (Kerr et al., 1994). Briefly, Ca templates were
generated corresponding to the a-carbon atoms of bundles of
idealized a-helices packed such that the centres of the helices
were at the apices of a regular hexagon with a side length of
9.4 A. The helices were oriented within the bundle such that
hydrophilic surface defined by the Ca atoms of residues Q199
and D210 pointed towards the central (pore) axis. All other
main-chain and side-chain atoms were superimposed on the
corresponding Ca atoms. Two alternative Ca templates were
used: (a) a template with exactly parallel helices, i.e. Q p = 0°
(where Q is the helix crossing angle; Chothia et al., 1981); and (b)
a template with adjacent helices crossed at Q. = +18°, thus
forming a left-handed coiled coil. Studies of Ala-20 and Leu-20
bundles have suggested that the latter is a stable packing
arrangement for approximately parallel helices (Kerr et al.,
1994), corresponding to ‘ridges in grooves’ packing of the side
chains (Chothia et al., 1981). Each Ca template was used to
generate an ensemble of 16 structures by SA/MD. During the
final 5 ps burst of dynamics in the second stage of the SA/MD
procedure, inter-helical distance constraints were employed in
order to maintain approximate 6-fold symmetry about the bundle
(z) axis. Two classes of restraint were employed: (a) ‘1-2’
restraints between adjacent helices of the bundle; (b) ‘14’
restraints between opposite helices of the bundle. In both cases
restraints linked the centres of the two helices. The target

distances for the two classes of restraints were 9.4 A and 18.8 A
respectively. Studies on «-5 bundles generated without ‘1-4’
restraints (results not shown) have suggested that omission of
such restraints results in less symmetrical bundles of helices.

SA/MD calculations were performed in the absence of explicit
solvent or bilayers. However, the electrostatic term was adjusted
to allow for solvent screening within the pore (i.e. use of a
distance-dependent dielectric), and the inter-helix restraints
mimicked the effect of the bilayer in holding the helices in an
approximately parallel orientation. Thus, the simulations repre-
sented an objective and automated protocol for satisfying the
geometrical and steric requirements in packing together the
helices into a bundle. Comparable approaches to modelling
channel-forming peptides have been employed by, for example,
Oiki et al. (1988a,b) and Lear et al. (1988).

RESULTS

To evaluate a role for the -5 helix in d-endotoxin activity and as
a constituent of the pore formed by the toxin, a peptide whose
sequence is identical to that of the -5 helix segment of cryllIA
d-endotoxin (residues 193-215), its Pro?*! analogue (designated
P-a-5) and its fluorescent analogues labelled with NBD either at
its N-terminal amino acid or at Lys?*® (part of which have been
synthesized previously; Gazit and Shai, 1993), were synthesized
and investigated for their in vitro activities and for their ability to
form single channels in PLMs. That these channels may be
energetically favoured was then supported utilizing molecular
modelling. The sequences of the peptides are given in Table 1.

NBD fluorescence studies

The fluorophore NBD can be utilized for polarity and binding
studies as its fluorescence spectrum reflects the environment in
which it is located. Accordingly, the fluorescence emission spectra
of NBD-labelled a-5 peptides and of NBD-aminoethanol, serving
as a control, were monitored in aqueous solutions or in the
presence of S. littoralis mid-gut membranes. NBD-a-5, NBD-P-
a-5, NBD-Lys-a-5, and NBD-aminoethanol exhibited fluor-
escence emission maxima at 549 nm in buffer (Table 2), in
agreement with previously reported emission maxima wave-
lengths for NBD derivatives in hydrophilic environments
(Rajarathnam et al., 1989; Rapaport and Shai, 1992). However,
upon addition of the membranes to the solution of the NBD-
labelled peptides (pH 6.8), a blue shift in the fluorescence emission
maxima of all NBD-labelled peptides was observed (Table 2).
No such shift could be detected using the control molecule NBD-
aminoethanol. The change in its spectrum reflects the relocation
of the NBD group into a more hydrophobic environment, i.e.
within the lipidic environment of the membranes. For all of the
NBD-labelled peptides, the extent of the blue shift is typical for
relocalization of the probe into the hydrophobic core of the
membrane, and it is different from that expected for surface
localization (A,,,, = 533 nm; Chattopadhyay and London, 1987).
That the blue shift of NBD-a-5 (A,,,, = 524 nm) is larger than
that observed for NBD-Lys-a-5 (A,,,, = 527 nm) suggests that
the peptide is inserted into the lipidic core of the membranes with
its N-part in a more hydrophobic environment than its C-
terminal part.

Enzymic digestion of membrane-bound NBD-«-5 peptides

The susceptibility of membrane-bound NBD-labelled peptides to
proteolytic digestion by proteinase-K was investigated. When
NBD-a-5 and proteinase-K were co-incubated for 5-10 min,
followed by their addition to a solution containing mid-gut
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Table 1 Sequences of «-5 peptides and their fluorescently labelled analogues

Peptide
No. Modification designation Sequence
1 X=H Z=H ab X-HN-F® LTTYAQAANTHLFLLKDAQ!Y G¥5-COOH
2 X=NBD Z=H NBD-oc-5 I
3 X =Acetyy Z=NBD NBD-Lys-a-5 NH-Z
4 X=H P-a-5 X-HNFRLTTYAQAPNTHLFLLKDAQIY G¥°-COOH
5 X = NBD NBD-&-5

Table 2 Emission maxima and relative fluorescence increases of NBD-
labelled «-5 peptides upon interaction with mid-gut membranes

Emission
Emission maximum
maximum with
in buffer membranes
Peptide designation (nm) (nm) Fremoranes’ Foutter
NBD-a-5 54941 524 +1 6.8
NBD-Lys-a-5 549 +1 527 +1 5.3
NBD-P-a-5 54941 525+1 6.3
NBD-ethanolamine 549 +1 549 +1 1.0
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Figure 1 Digestion of NBD-x-5, NBD-Lys-«-5, and NBD-P-a-5 by
proteinase-K

Mid-gut membranes (1.8 mg dry wt.; 1), NBD-peptide (0.1 xM; 2), and proteinase-K (5 xg;
3) were mixed together (final vol. 2 mi) in buffer composed of 50 mM Na,SO,, 25 mM
Hepes/S0,*~, pH 6.8, and at room temperature, at the indicated times in the following order:
(@) Membranes (1) and then a mixture of peptide (2) plus enzyme (3) preincubated for 5 min.
(b) Membranes (1) then peptide (2) and finally enzyme (3). The excitation wavelength was set
at 470 nm and the emission wavelength was monitored at 530 nm. Designations: solid, NBD-
a-5; broken line, NBD-P-a-5. .

membranes, the fluorescence intensity remained low (Figure 1a).
Thus, once the NBD-a-5 was digested, addition of mid-gut
membranes did not cause an increase in the fluorescence intensity
of the NBD probe. This result indicated that enzymically cleaved
a-5 did not bind to the membranes. Similar results were obtained
with NBD-P-a-5 and NBD-Lys-a-5. In contrast, when NBD-a-
5 was mixed with membranes prior to addition of the enzyme

(Figure 1b), the fluorescence intensity of the NBD moiety
increased. Only a small decrease (11 9,) in fluorescence occurred
upon the addition of the enzyme, demonstrating that when
bound to insect membranes, the majority of NBD-a-5 peptide
was protected from digestion by proteinase-K. Similar results
were obtained when membrane-bound NBD-Lys-a-5 was reacted
with proteinase-K (10 9%, decrease). However with NBD-P-a-5, a
larger degree of enzymic cleavage occurred (269, decrease).
These results were consistent with those obtained with a model
membrane (Gazit and Shai, 1993), and may indicate that some
population is exposed to the surface. The binding of both NBD-
a-5 and NBD-P-«-5 seemed to be irreversible, since no additional
cleavage was observed over a longer period of time. The degree
of the enzymic cleavage observed therein was much lower than
that obtained with peptides assumed to lie on the surface of the
membrane such as the anti-bacterial dermaseptin (Pouny et al.,
1992).

Single channel formation by «-5 In planar bilayers (PLMs)

The ability of a-5 peptide to induce single channels in PLMs
composed of soybean lecithin+209%, (w/w) cholesterol, and at
pH 7.4, was assessed. Channel activity was induced by addition
of a-5 [dissolved either in IPA/H,O (1:1, v/v) or in TFE/H,0
(1:1, v/v)] on one side of preformed bilayers (virtual ground).
The salt solutions were either 0.5 M NaCl or 0.5 M KCl both in
5x 107 M Hepes, pH 7.4. Similar results have been obtained
independently of the solvents or salt composition used. The
process of channel formation is rather complex. Addition of «-
5 to the solution at various concentrations results in formation of
small, irregular current fluctuations of low amplitude (about
2-5 pS) which stay open for several tens of milliseconds. With
time, both the amplitude and the open time increase and the
channel traces become more regular, with characteristic rec-
tangular shapes. Figure 2 shows representative single channel
traces. The traces were obtained at a trans-negative potential of
—20 mV, and were filtered at 100 Hz. As seen in the Figure the
size of the conductance fluctuations and the open time of the
single channels were variable. Single channel traces of a con-
tinuous recording of 2 min duration were analysed and used for
the construction of histograms of current amplitudes (Figure 3).
A fit of the histogram data by three Gaussian distributions gave
the most probable values of the conductance as 170, 300 and
445 pS. As the computer programs employed enabled us to
discern the various current levels with better accuracy, this
technique was also used and gave an additional conductance
value of 30 pS (results not shown). It should be mentioned that
occasionally higher conductances were obtained, with the highest
value reaching 1000 pS. These conductance levels might be
multiples of a single, low conductance level indicating sim-
ultaneous opening of several channels. Alternatively, they might
be explained by the formation of aggregates composed of variable
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Figure 2 Single channel traces for «-5

Representative traces of single channels formed by a.-5 (16 zg/ml) in soybean lecithin bilayers
in 0.5 M NaCl buffered with 5 mM Hepes, pH 7.4. The applied potential was — 20 mV and
the traces were filtered at 100 Hz.

15
12
[ 2}
]
] re 2
°
-
Ll ©
<}
4
I3
L 0

-8.96 -6.72 -4.48 -2.24 0

Current amplitude (pA)

-11.20

Figure 3 Current amplitude histograms

Current amplitude histograms derived from a 2 min recording. The histograms were constructed
from traces similar to those in Figure 2, and fitted by three Gaussian distributions giving the
most probable values of the conductance as 170, 300, and 445 pS (259 points).

numbers of a-5 monomers, associating and dissociating at various
rates. The heterogeneity of the conductance values (2004000 pS
in 0.3 M KClI) was also reported by Slatin et al. (1990) for the
channels formed by Bt CryIIIA and CryIA, é-endotoxin proteins.

The aim of the single channel experiments was to give further
support to the hypothesis that a-5 monomers can form stable
aggregates within the membrane. Simple association of peptide
with the surface of the bilayer, leading to bilayer distortion and
‘detergent-like’ effects, would not be expected to produce rec-
tangular conductance traces such as those observed. However, it
is not claimed that «a-5 is the only channel-lining segment.
Therefore, selectivity experiments were not conducted, and were
beyond the scope of the present study.

Cytotoxic activity of «-5 and P-a-5

The in vitro toxicity of a-5 or P-a-5 to Sf-9 insect cells was
determined. The peptides at increasing concentrations were added
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Figure 4 Cytotoxic activity of «-5 and P-«-5 towards insect Sf-9 cells

Peptides dissolved in DMSO were added to cells (approx. 6 x 10* cells/well) at a concentration
of 50 xg/ml. Viability was monitored with time at room temperature and was measured by
Trypan Blue (0.1%, w/v) vital staining assay. Symbols: [, «-5; @, P-a-5; O, DMSO alone.

Table 3 Geometric and energetic analysis of «-5 helix bundie models

Comparison of parallel (€y; = 0°) and tilted (€,,; = +18°) helix models of hexameric
a-5 helix bundles. Inter-helix crossing angles (€2), separations (A), helix—helix interaction
energies (A£Y® and AF®S), and changes in accessible surface area upon bundle formation
(AA) are given as a mean =+ S.D. for each ensemble of 16 structures.

Model Q= 0° Qyr = +18°
Q) +7.2(2.5) +15.5 (1.6)
R (A 9.6 (0.3) 9.3 (0.4)
AE™ (kcal/mol) —134 (31) —181 (39)
AE® (kcal/mol) —309 (9) —332 (14)
AA (B 7670 (110) 7950 (170)

to the cells. A significant cytotoxic effect was observed at a
peptide concentration of 10 xg/well (50 ug/ml). Therefore, this
concentration was selected to follow the viability of the cells with
time. In control experiments the solvent alone was used. Moni-
toring of viability was performed using Trypan Blue staining.
Figure 4 shows the time-dependent viability of the cells in the
presence of the peptides (10 ug/well) or the solvent alone. As
seen in the Figure, a-5 is more cytotoxic to the cultured cells than
P-a-5. This is in agreement with the lower affinity of P-a-5 for
model phospholipid membranes, and with its lower a-helical
content in hydrophobic environments relative to «-5 (Gazit and
Shai, 1993). Similar cytotoxic effects and changes in the shape of
the cells have been reported previously using d-endotoxins at a
concentration of 25 ug/ml (Thomas and Ellar, 1983). Inter-
estingly, the lower cytotoxicity of P-a-5 as compared with that of
a-5 correlates with the low cytotoxic potency observed with site-
directed mutants of CryIA, (Wu and Aronson, 1992) and sotto
(Ahmad and Ellar, 1990) é-endotoxins, in which prolines sub-
stitute alanines at the same or nearby positions within their a-5
segments.

Molecular modelling

Hexameric bundles have been generated as described above.
Geometric and energetic analysis of the two classes of model are
summarized in Table 3. For both values of Q,,, the final helix
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Figure 5 - Model of an n = 6 bundle of «-5 helices, generated by SA/MD
using Q,,; = +18°

(@) Helices of the bundle in a 'ribbon’ representation, illustrating the left-handed coiled coil
formed by the helices. (b) All of the heavy atoms of the model. The side chains of residues
Q199, D210 and Y214 are highlighted. Note the possibility of alternative conformations of the
Y214 side chain. In this model, three of the six Y214 side chains form part of the pore lining.

crossing angle is positive, corresponding to left-handed coiled
coil structures (Cohen and Parry, 1990). Interestingly, the X-ray
structure of a tetrameric bundle of synthetic GCN4-derived
peptides exhibits a left-handed coiled coil (Harbury et al., 1993),
as do SA/MD-derived models of bundles formed by simple
hydrophobic and amphipathic transmembrane helices (Kerr et
al,, 1994). The final value of R is somewhat lower for the
Qe = +18° (i.e. tilted helix) model, suggesting closer packing
of the helices. This is supported by analysis of the potential
energy of interaction of the helices, AE = E(bundle)— E(con-
stituent helices). Evaluation of the surface area buried upon
formation of the bundles (A4) reveals that the buried areas per
monomer (1280 A% and 1325 AZ for the parallel and tilted bundle
models respectively) are comparable with that observed in the
crystal structure of tetrameric melittin (1040 A%; Janin et al.,
1988).

On this basis of the greater interaction energy and larger
buried surface area of the tilted helix model, this last ensemble
has been explored in more detail as a plausible model of n =6
a-5 channels. Two representations of a structure from the tilted
helix ensemble are shown in Figure 5. The left-handed coiled coil
(pitch 300 A) is evident in Figure 5(a). For some structures of the
ensemble the pore has been occluded by the side chains of one or
more Y214 residues. Comparison of the different structures
suggests that changes in the conformation of the Y214 side

(a)

Pore radius (A)
N

| ©

20 -10 0 10 20
Z(A)

Electrostatic potential energy (kcal/mol)

2 1 "
~20 -10 0 10 20
Z(A)

Figure 6 Analysis of the pore through the centre of the helix bundle shown
in Figure 5

(a) Pore radius as a function of distance along the z (i.e. pore) axis, calculated using HOLE. (b)
Electrostatic potential energy as a function of Z for points along the pore defined by HOLE. Two
potential profiles are shown, one corresponding to zero ionic strength (continuous line) and
the other corresponding to an ionic strength of 500 mM (broken line). Conversion factors:
1A=0.1nm; 1cal ~4.185J.

chains might open or close the channel. Inspection of Figure 5(b)
indicates multiple possible conformations for Y214. The side
chains of residues Q199, T203, D210 and Y214 provide a
hydrophilic lining to the pore. This is of some interest given
recent studies of possible cation— interactions in the pore region
of voltage-gated potassium channels (Gao et al., 1993; Kumpf
and Dougherty, 1993).

The pore radius as a function of distance along the z (i.e.
pore)-axis was evaluated for all members of the ensemble, using
HOLE (Smart et al., 1993; Kerr et al., 1994). Similar profiles
were seen for all members of the ensemble, differing mainly in
their exact radii in the vicinity of constrictions of the pore. The
structure shown in Figure 5 was selected as having the highest
minimum pore radius. The pore radius profile for this structure
is shown in Figure 6(a). The N-termini of the helices at z are
about —20 A and the C-termini at z are about + 15 A. The mean
radius of the pore is about 2.5A. Constrictions occur at
z = —10 A (where the closest contact is with atom Oel of residue
Q199), at z=+5 A (C81:L207) and at z = +10 A (O7:Y214).
The Y214 contact results in a minimum pore radius of 1.5 A.
This is greater than the radius of an isolated K* ion (1.33 A) but
somewhat less than the radius of a hydrated K* ion (1.7 A;
Moore, 1972), suggesting that this structure is a reasonable
representation of at least one of the conductance levels of the a-
5 channels.

Electrostatic properties of the pore were estimated using the
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UHBD program (Davis et al., 1991) to evaluate an electrostatic
potential energy for a + 1 probe charge at each point along the
pore defined by the HOLE trajectory (Figure 6b). Solvent and
protein dielectrics of 78 and 2 respectively were employed, and
the calculation was performed for ionic strengths of 0 and
500 mM (the latter corresponding to that employed in the ion
channel measurements). At 0 mM the potential profile was
dominated by the aligned helix dipoles of the bundle. At 500 mM
the helix dipole effect was screened, revealing the electrostatic
potential profile of the interior of the pore. The main feature
was a minimum at a z of about +8-10 A. This corresponded to
the D210 side chains at a z of about +9 A, and suggested that
these side chains might act as a selectivity filter for a-5 channels,
favouring permeation by cations. There was also a small dip in
the profile at a z of about —8 A corresponding to the Q199 side
chains.

DISCUSSION

The major toxic effect of d-endotoxins is proposed to be the
formation of pores in the mid-gut epithelium of insects, which
ultimately leads to their death. The a-5 helix of these proteins
was proposed to play a major role in their toxic mechanism,
probably by being a constituent of a bundle of trans-membrane
a-helices which are thought to form the pore (Ahmad and Ellar,
1990; Wu and Aronson, 1992). The existence of a cleavage site
between a-5 and a-6 further strengthens this proposal (Angsu-
thanasombat et al., 1993) We have shown recently that a peptide
with a sequence identical to that of a-5 has structural and
permeation properties (Gazit and Shai, 1993) similar to those of
toxins such as mellitin (Morgan et al., 1983; Murata et al., 1987)
the shark repellent neurotoxin pardaxin (Shai et al., 1990, 1991)
and various anti-microbial peptides (Steiner et al., 1988; Pouny
et al., 1992). Whether «-5 has in vitro activities and whether its
permeation properties result from membrane destabilization or
channel formation was further investigated herein.

The ability of a-5 to interact with insect mid-gut membranes
was demonstrated by utilizing NBD-a-5, labelled at two different
sites (Table 2). The existence of a difference in the environment
encountered by NBD located at the N-part versus the C-part of
a-5 argues in favour of «-5 existing in an organized manner
within the acyl-chain region of the membrane, rather than in a
random distribution. Furthermore, if we assume that «-5 forms
aggregates, as proposed by the shape of its binding isotherms
(Gazit and Shai, 1993), and by its ability to form single channels
(Figure 2), then this reflects the preferential organization of the
a-5 monomers within the aggregates in a parallel manner. The
aggregates are probably inserted into the membrane through
their N-terminal, since it has the ability to penetrate into the lipid
core of the membrane (A,,, = 524 nm) (Chattopadhyay and
London, 1987). Membrane-bound a-5 peptides are also protected
from proteolytic digestion by proteinase-K (Figure 1) which also
supports the assumption that membrane-associated a-5 is local-
ized within the lipid bilayers. However, although less favoured,
the resistance towards proteolysis could also be explained by a
conformational change of the peptide from a predominantly
random coil structure in aqueous solution to an a-helical structure
in a hydrophobic environment (Gazit and Shai, 1993). Indeed,
the c.d. spectra of a-5 in methanol have revealed high «-helical
content, while that of P-a-5 is a reduced one (Gazit and Shai,
1993). Various studies have shown a direct correlation between
the structure of amphipathic polypeptides in methanol and in the
presence of phospholipid membranes (Kelsh et al., 1992). The
binding isotherms of both «-5 and P-a-5 have revealed that the
lipid/peptide molar ratio required for having a high concen-

tration of bound peptide is high (> 3000:1) (Gazit and Shai,
1993). When c.d. experiments were conducted under such con-
ditions significant light scattering occurred even in the case of
small unilamellar vesicles, and the results could not be inter-
preted. In other studies, where c.d. studies could be conducted
also in the presence of vesicles, most peptides were bound at a
lipid/peptide molar ratio of 200-800:1. In these cases similar
results were obtained whether methanol, 40 %, TFE or phospho-
lipid vesicles were utilized (Shai et al., 1990; Pouny and Shai,
1992).

The cytotoxicity of a-5 to Sf-9 insect cells in vitro, and that P-
a-5 is less cytotoxic than a-5 (Figure 4), correlates with the in vivo
and in vitro marked decrease in the toxicity of site-directed
mutants of CryIAc (Wu and Aronson, 1992) and sotto (Ahmad
and Ellar, 1990) é-endotoxins, in which prolines substitute the
alanines at the same or nearby positions within their a-5 segments.
This further suggests a role for -5 in the toxic mechanism of ¢-
endotoxins.

It has been shown that Bt §-endotoxins form ion channels in
planar lipid bilayers (Slatin et al., 1990; Schwartz et al., 1993).
The channels have exhibited several conductance levels ranging
from 100 pS to about 4000 pS. The ability of -5 to form single
channels supports a role for «-5 as a transmembrane segment
which can form organized transmembrane bundles of amphiphilic
o-helices, with their outwardly directed hydrophobic surfaces
interacting with the lipidic constituents of the membrane, and
inwardly facing hydrophilic surfaces producing a pore; a model
proposed for other proteins as well (Inouye, 1974; Guy and
Seethharamulu, 1986; Oiki et al., 1988a,b; Tosteson et al., 1987;
Ghosh and Stroud, 1991; Grove et al., 1991; Langosch et al.,
1991; Sansom, 1991; Rapaport et al., 1992). A channel-like
bundle formed by a-5 has been further supported by molecular
modelling used to generate a plausible channel formed by
hexameric (n = 6) bundles of «-5 helices (Figure 5). Almost
certainly, channels with other values of »n are also formed. The
computational work is not offered as proof that «-5 can form a
helix bundle, but rather as a model of the structure of such a
bundle. The geometric and electrostatic properties of such models
are thus explored in the context of their possible involvement in
ion channel formation. Interestingly, the channels formed by
a-5 have similar kinetics and conductance properties as observed
for the whole protein (Figures 2 and 3). These results support our
previous hypothesis, based on the upper curvature of the binding
isotherms of «-5 (Gazit and Shai, 1993), that the peptide can
insert into phospholipid membranes and form aggregates therein.
The heterogeneity of the channel conductance observed with
a-5 (Figure 2) might be explained by the association of different
numbers of monomers in the peptide aggregates that form the
channels. Thus, the various conductances may reflect a difference
in the multimeric state of the peptide forming the channel. A
second possible source of conductance heterogeneity lies in
alternative conformations of channel-lining side chains (e.g.
Y214), as suggested by the modelling studies. The conductance
increases with time as more monomers diffuse from the solution
to the bundle of the «-helices, or reach the channel by lateral
diffusion in the plane bilayer. A heterogeneity of channel
conductance has also been observed with other channel-forming
peptides such as the d-toxin from Staphylococcus aureus (Mellor
et al.,, 1988), the M2-§ segment of the nicotinic cholinergic
receptor (Oiki et al., 1988a), the MA-p peptide corresponding to
a segment of the nicotinic acetylcholine receptor (Ghosh and
Stroud, 1991), and the transmembrane segment of the minK
potassium channel (Ben-Efraim et al., 1993). From the reported
properties of a-5 it is by no means aimed to claim that the
segment is the only pore-lining segment of the toxin, but rather
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that «-5 can be stabilized within the membrane by forming
bundles of helices. In the presence of the other helices of the
protein heteroaggregates might be favoured as well. Current
models explaining d-endotoxin’s toxicity (review by Gill et al.,
1992) assign two major domains in the toxin, one involved in
receptor binding and one responsible for their toxic effects.
Receptor binding probably causes conformational changes, thus
exposing d-endotoxin’s pore-forming domain, which contains
the a-5 helix. The subsequent interaction of the toxic domain
with target cell membranes probably involves two important
steps: (i) non-specific protein-lipid interaction; and (ii) protein—
protein interaction within the membrane to form an assembly of
a-helices which form a pore (see, for example, Parker and Pattus,
1993). Since «-5 fulfils these two criteria, i.e. interacts with
membranes and forms bundles therein, it may at least be one of
the helices which contributes to these processes.

Taken together, the results presented here provide further
support for the hypothesis that -5 is a structural component of
the pores formed by d-endotoxins via aggregation of amphiphilic
a-helices. These results also raise the possibility of local amino
acid substitution in a-5 as a means of increasing its potency. Such
altered a-5 sequences might then be inserted into a-endotoxins
via site-directed mutagenesis to form more active toxins.

Note added in proof (received 14 October 1994)

A homologous extended version of the a-5 segment from
CryIA(c) has recently been shown to form single channels
in planar lipid membranes, thus supporting our findings
(Cummings et al. 1994).
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