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ABSTRACT: The Bacillus thuringiensis var. israelensis (Bti) cytolytic toxin is hypothesized to exert its toxic
activity via pore formation in the cell membrane as a result of the aggregation of several monomers. To
gain insight into the toxin’s mode of action, 2 putative hydrophobic 22 amino acid peptides were synthesized
and characterized spectroscopically and functionally. One peptide corresponded to the putative amphiphilic
a-helical region (amino acids 110-131, termed helix-2), and the other to amino acids 50-71 (termed
helix-1) [Ward, E. S., Ellar, D. J., & Chilcott, C. N. (1988) J. Mol. Biol. 202, 527~ 535] of the toxin.
Circular dichroism spectroscopy rcvealed that both segments adopt high a-helical content in a hydrophobic
environment, in agreement with previous models. To monitor peptide-lipid and peptide—peptide interactions,
the peptides were labeled selectively with either 7-nitro-2,1,3-benzoxadiazol- 4-yl (NBD) (toserve as donor)
or tetramethylrhodamine (to serve as an acceptor), at their N-terminal amino acids. Both segments bind
strongly tosmall unilamellar vesicles, composed of zwitterionic phospholipids, with surface partition coefficients
on the order of 10* M~!. The shape of the binding isotherms indicates that helix-2 forms large aggregates
within phospholipid membranes. Resonance energy transfer experiments demonstrated that the segments
self-associate and interact with each other, but do not associate with unrelated membrane-bound peptides.
Functional characterization demonstrated that helix-2 permeates phospholipid SUV with a potency similar
to that of naturally occurring pore-forming peptides. Thus, the results support a role for helices-1 and -2
in the assembly and in the pore formation by Bti toxin.

The Gram-positive, spore-forming bacteria Bacillus thu-
ringiensisvar. israelensis (Bti)! produce crystalline inclusions
that are highly toxic to the larvae of mosquitoes and blackflys
(Goldberg & Margalit, 1977). These inclusions contain
several polypeptides that are larvicidal and that are cytotoxic
for a wide range of cells (Thomas & Ellar, 1983). A 27-kDa
toxic protein (Bti toxin) and its corresponding gene have been
purified and cloned from Bti isolates (Waalwijk et al., 1985;
Ward & Ellar, 1986). Another closely related gene, which
differs by only one base pair substitution, was cloned from B.
thuringiensis var. morrisoni (Earp & Ellar, 1987). These
27-kDa proteins are not sequence-homologous to the Cry
family of B. thuringiensis 5-endotoxins, and therefore have
been classified as a unique group of é-endotoxins, the Cyt (an
abbreviation of cytolytic) group (Héfte & Whiteley, 1989).
The activated 27-kDa Bti protein is highly cytolytic in vitro
to a wide range of insects and mammalian cells (Thomas &
Ellar, 1983). Furthermore, experiments with lipid dispersions
and multilamellar liposomes showed that the toxin bound
preferentially to either zwitterionic or positively charged
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N’-2-ethanesulfonic acid; HOBT, 1-hydroxybenzotriazole; HF, hydrogen
fluoride; NBD-F, 4-fluoro-7-nitro-2,1,3-benzoxadiazole; Pam, (phenyl-
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phospholipids (Thomas & Ellar, 1983). Therefore, it is
assumed that the interaction between the activated Bti toxin
and cell membranes is a protein—lipid interaction, without the
assistance of receptors, as is the case with the Cry §-endotoxins
(Gill et al., 1992). Itis hypothesized that the Bti toxin exerts
itsactivity via pore formation, ultimately leading to the colloid
osmotic lysis of the cells (Thomas & Ellar, 1983; Gill et al.,
1987). This is supported by the observation that the toxin
caninteract with and permeate phospholipid vesicles (Thomas
& Ellar, 1983; Drobniewski et al., 1987) as well as form cation-
selective single channels in planar lipid membranes (Knowles
etal., 1989). Studies on the kinetics of the cellular disruption
function of insect Malpighian tubules suggest that the toxic
effect occurs as the result of aggregation of several toxin
molecules, which are assumed to form a pore (Maddrell et al.,
1989). The ion channel activity and the pore formation of the
protein might be explained by a model in which trans-
membrane amphiphilic a-helices form bundles in which their
hydrophobic surfaces interact either with other hydrophobic
transmembrane segments or with the lipid core of the
membrane, and their hydrophilic surfaces point inward,
producing a pore (Inouye, 1974; Greenblatt et al., 1985; Guy
& Seetrhamulu, 1986; Lear et al., 1988). Indeed, a hydro-
phobicity plot of the amino acid sequence of Bti revealed the
existence of several hydrophobicregions (Ward & Ellar, 1986).
Helical wheel analysis (Schiffer & Edmunson, 1967) indicated
the existence of a putative amphiphilic a-helical region [amino
acids 110-131, designated helix-2 (Ward & Ellar, 1986)]
within the major hydrophobic region of the Bti toxin (Ward
etal., 1988). Inanextensive,site-directed, mutagenesis study,
only a mutation within this amphiphilic segment increased
the toxicity of the protein in vitro (Ward et al., 1988).

Herein, we describe the synthesis, fluorescent labeling, and
spectroscopic and functional characterization of two Btitoxin

0006-2960/93/0432-12363804.00/0 © 1993 American Chemical Society



12364 Biochemistry, Vol. 32, No. 46, 1993

segments: one with a sequence identical to helix-2 (amino
acids 110-131) and the other with a sequence corresponding
to helix-1 (amino acids 50-71) (Ward et al., 1988). Circular
dichroism (CD) spectroscopy revealed that both peptides adopt
highly a-helical structures in a hydrophobic environment.
Functional characterization demonstrated that both segments
bind strongly to zwitterionic phospholipid small unilamellar
vesicles (SUV) and permeate them, with helix-2 being more
activethan helix-1. Resonance energy transfer measurements,
between membrane-bound donor/acceptor-labeled pairs of
peptides, demonstrated that the peptides self-associate and
interact with each other, but do not associate with unrelated,
membrane-bound peptides. Thus, our results are consistent
with the proposed role of hydrophobic segments of Bti toxin
in its toxic activity (Ward et al., 1986), and assign a possible
role for the two hydrophobic segments in the assembly of
several Bti toxin molecules to form a pore (Maddrell et al.,
1989).

EXPERIMENTAL PROCEDURES

Materials. t-Boc-Leu-Pam and ¢-Boc-Thr(Bzl)-Pam resins
and dimethylformamide (peptide synthesis grade) were pur-
chased from Applied Biosystems (Foster City, CA), and Boc
amino acids were obtained from Peninsula Laboratories
(Belmont, CA). Other reagents for peptide synthesisincluded
trifluoroacetic acid (TFA) (Sigma), N,N-diisopropylethyl-
amine (DIEA) (Aldrich, distilled over ninhydrin), dicyclo-
hexylcarbodiimide (DCC) (Fluka), and 1-hydroxybenzotri-
azole (HOBT) (Pierce). Egg phosphatidylcholine (PC) was
purchased from Lipid Products (South Nutfield, U.K.).
Cholesterol (extra pure) was supplied by Merck (Darmstadt,
Germany) and recrystallized twice from ethanol. 5- and
6-carboxytetramethylrhodamine succinimidyl ester and 3,3-
diethylthiodicarbocyanine iodide (diS-C,-5) were obtained
from Molecular Probes (Eugene, OR). NBD-F (4-fluoro-
7-nitro-2,1,3-benzoxadiazole) was obtained from Sigma. All
other reagents were of analytical grade. Buffers were prepared
in double glass-distilled water.

Peptide Synthesis and Purification. The peptides were
synthesized by a solid phase method on z-Boc-Leu or z-Boc-
Thr(Bzl) Pam resins (0.05 mequiv) (Merrifield et al., 1982).
The peptides were cleaved from the resins by HF and extracted
with dry ether after HF evaporation. The crude peptides
contained one major peak (as revealed by RP-HPLC), which
was shown to be >90% pure peptide by weight. The peptides
were then purified by RP-HPLC on a cyano (CN) reverse-
phase column (4 mm/250 mm, DuPont). The column was
eluted in 40 min, at a flow rate of 0.6 mL/min, using a linear
gradient of 25-80% acetonitrile in water in the presence of
0.1% TFA (v/v). The purified peptides were shown to be
homogeneous (~99%) by analytical HPLC, and their com-
positions were confirmed by amino acid analysis.

Fluorescent Labeling of Peptides. Labeling of the N-ter-
minus of the peptides with fluorescent probes was achieved
as previously described (Rapaport & Shai, 1992). Briefly, 10
mg of resin-bound peptides (3—4 umol) was treated with TFA
(50% v/v in methylene chloride) in order to remove the Boc
protecting group from the N-terminal amino groups of the
linked peptides. The resin-bound peptides were then reacted
with either (i) tetramethylrhodamine succinimidyl ester (Rho-
suc) (3—4 equiv) in dry dimethylformamide containing 5%
v/v diisopropylethylamine or (ii) NBD-F in dimethylforma-
mide. The peptides were then cleaved from the resins by HF,
and finally precipitated with ether. All peptides were purified
using RP-HPLC as described in the previous section.
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Preparation of Liposomes. Small unilamellar vesicles
(SUYV) were prepared by sonication of PC. Briefly, dry lipid
and cholesterol (10:1 w/w) were dissolved in a CHCl;/MeOH
mixture (2:1 v/v). The solvents were then evaporated under
a stream of nitrogen, and the lipids were put under vacuum
for 1 h and then resuspended in the appropriate buffer (at a
concentration of 7.2 mg/mL), via vortex mixing. Theresultant
lipid dispersion was then sonicated for 5-15 min in a bath-
type sonicator (G1125SP1 sonicator; Laboratory Supplies
Company Inc.,, New York, NY) until clear. The lipid
concentration of the supernatant was determined by phos-
phorus analysis (Bartlett etal., 1959). Vesicles werevisualized
by using a JEOL JEM 100B (Japan Electron Optics
Laboratory Co., Tokyo, Japan) electron microscope as
follows: A drop of vesicles was deposited on a carbon-coated
grid and negatively stained with uranyl acetate. The grids
were examined, and the vesicles were shown to be unilamellar
with an average diameter of 20-50 nm (Papahadjopoulos &
Miller, 1967).

CD Spectroscopy. The CD spectra of the peptides were
measured with a Jasco J-500A spectropolarimeter. The
spectra were scanned in a capped quartz optical cell with
0.5-mm path length, at 25 °C. Spectra were obtained at
wavelengths from 250 to 190-200 nm. A total of 8-12 scans
were taken at a scan rate of 20 nm/min. The peptides were
scanned at concentrations of 2.0 X 10~ M, in methanol, buffer
(50 mM Na,S04/25 mM HEPES-sulfate, pH 6.8), and in
the presence of SUV composed of zwitterionic phospholipids.
Fractional helicities (Wu et al., 1981) were calculated as

_ 6], 1015,
ST

where [0]22; is the experimentally observed mean residue
ellipticity at 222 nm and values for [0],, and [6];9%
corresponding to 0% and 100% helix content at 222 nm, were
estimated at 2000 and 30 000 deg-cm?/dmol, respectively
(Chen et al., 1974; Wu et al., 1981).

Spectrofluorometric Studies. (A) NBD Fluorescence
Measurements. NBD-labeled peptides (0.2 nmol) were added
to 2 mL of buffer (50 mM Na,S04/25 mM HEPES-sulfate,
pH 6.8) containing 815 ug of PC-SUV to establish a lipid:
peptide ratio (4000:1) at which all the peptides are bound to
lipids. After a 2-min incubation, the emission spectrum of
the NBD group was recorded (in three separate experiments)
using a Perkin-Elmer LS-50B spectrofiuorometer, with ex-
citation set at 467 nm (10-nm slit).

(B) Binding Experiments. Binding experiments were
conducted as previously described (Rapaport & Shai, 1991).
Briefly, PC SUV were added successively toa 0.1 uM sample
of labeled peptide at 25 °C. Fluorescence intensity was
measured as a function of the lipid:peptide molar ratio on a
Perkin-Elmer LS-50B spectrofluorometer, with excitation set
at 467 nm, using a 10-nm slit, and emission set at 530 nm,
using a 5-nm slit, in three separate experiments. In order to
account for the background signal contributed by the lipids
to any given signal, the readings observed when unlabeled
peptides were titrated with lipid vesicles were subtracted from
each recording of fluorescence intensity.

The binding isotherms were analyzed as a partition
equilibrium (Schwarz et al., 1987; Rizzo et al., 1987;
Beschiaschvili & Seelig, 1990; Rapaport & Shai, 1991), using
the equation:

X, =K,C
where X is defined as the molar ratio of bound peptide (Cp)
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per total lipid (CL), K;, corresponds to the partition coefficient,
and Crrepresents the equilibrium concentration of free peptide
in the solution. To calculate Xy, fy (the fraction of mem-
brane-bound peptide) was calculated using the equation:

So= (F-Fy)/(F,-Fy)

in which F.. (the fluorescence signal obtained when all the
peptide is bound to lipid) was extrapolated from a double-
reciprocal plot of F (total peptide fluorescence) versus Cr
(total concentration of lipids) (Schwarz et al., 1987), Fyis the
fluorescence intensity of unbound peptide, and F is the
fluorescent intensity of bound peptide.

Having calculated the value of f}, it was possible to calculate
Ci, as well as the extent of peptide binding, X,. In practice,
it was assumed that the peptides were initially partitioned
only over the outer leaflet of the SUV (60% of the total lipid),
as had been previously suggested (Beschiaschvili & Seelig,
1990). Therefore, values of X; were corrected as such:

and the partition equation became
Xp* =K *C;

The curve resulting from plotting X,* versus free peptide,
C, is referred to as the conventional binding isotherm.

Resonance Energy Transfer Measurements and Calcula-
tions. Fluorescence spectra were obtained at room temper-
aturein a Perkin-Elmer LS-50B spectrofluorometer, with the
excitation monochromator set at 467 nm (to minimize the
excitation of tetramethylrhodamine) with a 5-nm slit width.
Measurements were performed in a 1-cm path-length, quartz
cuvette in a final reaction volume of 2 mL. In a typical
experiment, donor peptide (final concentration 0.02 uM) was
added to a dispersion of PC SUYV in buffer (50 mM Na,-
S04/25 mM HEPES-sulfate, pH 6.8), followed by the
addition of acceptor peptide in several sequential doses.
Fluorescence spectra were obtained before and after addition
of the acceptor. Any changes in the fluorescence intensity of
the donor, due to processes other than energy transfer to the
acceptor, were determined by substituting unlabeled peptide
in place of the acceptor, and by measuring the emission
spectrum of the acceptor alone in the presence of vesicles.

The efficiency of energy transfer (E) was determined by
measuring the decrease in the quantum yield of the donor as
a result of the addition of acceptor. E was determined
experimentally from the ratio of the fluorescence intensities
of the donor in the presence (/4.) and in the absence (I3) of
the acceptor at the donor’s emission wavelength, after
correcting for membrane light scattering and the contribution
of the acceptor’s emission. The percentage of transfer
efficiency (E) is defined as

E=(1-1I,/1,)100

The correction for light scattering was made by subtracting
the signal obtained when unlabeled analogues were added to
vesicles containing the donor molecule. Correction for the
contribution of acceptor emission was made by subtracting
the signal produced by the acceptor-labeled analogue alone.

Thedistance (in angstroms) between the donor and acceptor
at which the transfer efficiency is 50% (Ro) was calculated
by the equation:

R, = (JQpn)'4(9.79 x 10%)

where Jis determined from the integral of the spectral overlap
of the donor emission and the acceptor absorption, «? is the
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dipole—dipole orientation factor, Qp is the quantum yield of
the donor in the absence of acceptor, and n is the refractive
index of the medium (Forster, 1959). In our calculations, the
refractive index of the medium is 1.5 (Fung & Strier, 1978),
the NBD quantum yield was taken to be 0.75 (Connor &
Schroit, 1987), and the orientation factor is taken to be 2/3,
assuming random orientation between donor and acceptor
dipoles.

Fluorometric Detection of Membrane Pores. Pore-medi-
ated diffusion potential assays (Sims et al., 1974; Loew et al.,
1683) were performed as previously described (Shai et al.,
1990, 1991). In a typical experiment, 4 uL (28.8 ug) of a
liposome suspension, prepared in K* buffer (50 mM K,SQ,/
25 mM HEPES-sulfate, pH 6.8), was diluted in 1 mL of
isotonic K*-free buffer (50 mM Na,S0,/25 mM HEPES-
sulfate, pH 6.8) in a glass tube, to which the fluorescent,
potential-sensitive dye diS-C,-5 was then added. A 1-uL
sample of a 10-7 M valinomycin solution was then added to
the suspension in order to slowly create a negative diffusion
potential inside the vesicles, which lead to a quenching of the
dye’s fluorescence. Oncethe fluorescence had stabilized, 3-10
min later, peptides were added. The subsequent dissipation
of the diffusion potential, which was reflected as an increase
in fluorescence, was monitored on a Perkin Elmer LS-50B
spectrofluorometer, with excitation set at 620 nm and emission
at 670 nm, with the gain adjusted to 100%. The percentage
of fluorescence recovery, F, was defined as

F, = [(I,- I)I;~ I,)] 100

where Iy = the initial fluorescence, Ir = the total fluorescence
observed before the addition of valinomycin, and I = the
fluorescence observed after adding the peptide, at time ¢.

RESULTS

To evaluate a functional role for specific segments of the
Bti toxin in its toxic activity, two 22 amino acid containing
peptides were synthesized by a solid phase method: one with
a sequence identical to the putative amphiphilic a-helix region
of the Bti 27-kDa cytolytic toxin (designated helix-2, and
comprised of amino acids 110-131), and the other with a
sequence corresponding to helix-1 of the protein (amino acids
50-71). Eachpeptide was labeled selectivelyatits N-terminal -
amino acid either with the environmentally sensitive NBD (to
serve as a donor) or with tetramethylrhodamine (Rho, to serve
as an energy acceptor). Table I shows the sequences of the
Bti peptides, their fluorescent derivatives, and their desig-
nations, including those of control membrane-permeating
peptides. The peptides were characterized by a variety of
biophysical methods in order to determine the following: (i)
their secondary structure in methanol, in solution, or in the
presence of phospholipid membranes; (ii) their binding
properties to zwitterionic phospholipid membranes; (iii) their
ability to self-associate and to form heteroaggregates in their
membrane-bound states; (iv) their ability to permeate phos-
pholipid SUV.

CD Spectroscopy. The extent of the a-helical secondary
structure of helix-2 and helix-1 was estimated from their CD
spectra (Wu et al., 1981) in three solutions: in a hydrophobic
environment (methanol), in aqueous buffer, and in buffer
containing SUV composed of zwitterionic phospholipids
(Figure 1). Helix-2 exhibited mean residual ellipticities, [6]222,
of 18 770, 12 360, and 15 330 deg-cm?/dmol, in methanol, in
buffer, and in the presence of phospholipids, respectively. These
values correspond to relatively high a-helicities of 55.9%,
34.5%, and 44.4% in the three solvent systems, respectively.
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Table I: Amino Acid Sequences of Bti and Its Fluorescent-Labeled
Segments, and of the Control Peptides

peptide peptide

no. designation sequence

1 helix-2 HN,-NQVSVMINKVLEVLKTVLGVAL-
COOH

2 NBD-helix-2 NBD-NQVSVMINKVLEVLKTVLGVAL-
COOH

3 Rho-helix-2  Rho-NQVSVMINKVLEVLKTVLGVAL-
COOH

4 helix-1 HN>-NYILQAIMLANAFQNALVPTST-
COOH

5 NBD-helix-1 NBD-NYILQAIMLANAFQNALVPTST-
COOH

6 Rho-helix-1 Rho-NYILQAIMLANAFQNALVPTST-
COOH

7 Rho-Na-S-4¢ Rho-RTFRVLRALKTITIFPGLKTIVRA-
COOH

8 Rho-pardaxin®? Rho-GFFALIPKIISSPLFKTLLSAVGSAL-
SSSGGQE-COOH

9 Taken from Rapaport et al. (1992). ® Taken from Rapaport and
Shai (1991).
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FIGURE 1;: CD spectra of helix-1 and helix-2 in different solvents.
Spectra were taken as described under Experimental procedures at
a peptide concentration of 2.0 X 10> M. Panel A, helix-2; panel B,
helix-1. Continuous line, in methanol; dashed—dotted line, in buffer;
dotted line, in the presence of vesicles.

On the other hand, helix-1 exhibited mean residual ellipticities,
[6]222, of 14 500, 4300, and 5430 deg-cm?/dmol, corresponding
to fractional helicity values of 41.7%, 7.7%, and 11.5% in
methanol, in buffer, and in the presence of vesicles, respectively.
It should be noted that the CD spectra of helix-2 and helix-1
in the presence of vesicles were obtained at the optimal peptide:
lipid molar ratio of 0.038, to avoid interference of light
scattering due to high concentrations of vesicles. Under these
conditions, the amounts of the peptides bound to the vesicles,
as calculated from their binding isotherms (Figures 2 and 3),
are 43% and 6% for helix-2 and helix-1, respectively.
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FIGURE 2: (A) Increase in the fluorescence of NBD-helix-2 upon
titration with PC vesicles. Peptide (0.1 uM) was titrated with PC
vesicles with excitation monitored at 467 nm and emission recorded
at 530 nm. The experiment was performed at 24 °C in 50 mM
Na,S04/25 mM HEPES-sulfate, pH 6.8. (B) Binding isotherm
derived from panel A by plotting Xp* (molar ratio of bound peptide
per 60% lipid) versus C; (equilibrium concentration of free peptide
in the solution). The inset shows the low concentration range of the
main figure.

Therefore, the marked difference in their CD spectra, in the
presence of vesicles, might reflect different levels of the
fractions bound.

Fluorescence Studies. (A) Location of the NBD Moiety
in Hydrophobic Environments. The environmentally sensitive
NBD fluorophore has been utilized previously in polarity and
binding studies (Kenner & Aboderin, 1971; Frey & Tamm,
1990; Rapaport & Shai, 1991). Herein, the intrinsic fluo-
rescence of NBD-helix-1, NBD-helix-2, and NBD-amino-
ethanol (a control) was monitored in aqueous solutions or in
the presence of zwitterionic PC SUYV vesicles. SUV were
used to minimize differential light-scattering effects (Mao &
Wallace, 1984), and zwitterionic vesicles were used to avoid
contributions of phospholipid head-group charges to binding
processes. Inthese experiments, the lipid:peptide molar ratios
were elevated (4000:1) so that spectral contributions of free
peptides would be negligible. Both NBD-helix-1 and NBD-
helix-2 exhibited fluorescence emission maxima at 547 % 1
nm in buffer, which reflect hydrophilic environments for the
NBD moieties (Kenner & Aboderin, 1971; Rajarathnam et
al., 1989; Rapaport & Shai, 1991). However, upon addition
of PC vesicles to aqueous solutions containing NBD-labeled
peptides, a blue shift in the emission maxima (toward 525-
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FIGURE 3: (A) Increase in the fluorescence of NBD-helix-1 upon
titration with PC vesicles. (A) Peptide (0.1 uM) was titrated with
PC vesicles with excitation monitored at 467 nm and emission recorded
at 530 nm. The experiment was performed at 24 °C in 50 mM
Na,S0,/25 mM HEPES-sulfate, pH 6.8. (B) Binding isotherm
derived from panel A by plotting Xy* (molar ratio of bound peptide
per 60% lipid) versus C; (equilibrium concentration of free peptide
in the solution). The inset shows the low concentration range of the
main figure.

526 nm, data not shown) and a marked increase in the
fluorescence intensities of the NBD groups were observed.
Both these changes reflect relocation of the NBD groups into
the hydrophobic environment of the lipid bilayer (Chatto-
padhyay & London, 1987; Frey & Tamm, 1990; Rapaport &
Shai, 1991). No shift in the emission maximum was detected
when the control, NBD-aminoethanol, was used under the
same conditions.

(B) Characterization of Binding Isotherms and Determi-
nation of Partition Coefficients. The fluorescent increase of
the NBD-labeled peptides, in the presence of PC vesicles,
enabled the generation of binding isotherms, from which
partition coefficients could be calculated as previously de-
scribed (Frey & Tamm, 1990; Rapaport & Shai, 1991). The
increases in the fluorescence intensities of the NBD-labeled
peptides (0.1 uM), as a function of lipid:peptide molar ratios,
were plotted and yielded conventional binding curves (Figures
2A and 3A, for NBD-helix-2 and NBD-helix 1, respectively).
When unlabeled helix-2 or helix-1 was titrated with lipids, up
to the maximal concentration used with the NBD-labeled
peptides, the fluorescence intensities of these solutions, after
subtracting the contribution of the vesicles, remained un-
changed.

The binding curves were analyzed as partition equilibria,
as described under Experimental Procedures. The resulting
binding isotherms were obtained by plotting Xy* (the molar
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FIGURE 4: Spectral overlap between the absorption spectrum of Rho-
helix-2 (0.05 pM) (continuous line) and the fluorescence emission
spectrum of NBD-helix-2 (0.05 xM) (dotted line) at an excitation
wavelength of 467 nm in phospholipid vesicles composed of egg PC
at a lipid:peptide molar ratio of 1400:1.

ratio of bound peptide per 60% of total lipid) versus C; (the
equilibrium concentration of free peptide in solution). The
experimental binding isotherms of the interactions of NBD-
helix-2 and NBD-helix-1 with PC SUYV are given in Figures
2B and 3B, respectively. The surface partition coefficients
were estimated by extrapolating the initial slopes of the curves
tozero Crvalues. The estimated surface partition coefficient,
Kp*, of NBD-helix-2 is 5.1 X 10* M1, and that of NBD-
helix-1 is 2.1 X 10* M-1. These K,* values are within the
range of those obtained for membrane-permeating bioactive
peptides, such as melittin and its derivatives (Stankowski &
Schwarz, 1990), Staphylococcus §-toxin (Thiaudiére et al.,
1991), the antibiotic dermaseptin (Pouny et al., 1992), and
pardaxin and its analogues (Rapaport & Shai, 1991).

The shapes of the binding isotherms of peptides have been
proposed to provide information about the organization of
peptides within membranes (Schwarzetal., 1987), Theshapes
of the binding isotherms of NBD-helix-2 and NBD-helix-1
aredifferent. The binding isotherm of NBD-helix-2 displays
an initial “lag”; i.e., the curve is initially flat but eventually
rises sharply upon crossing the threshold concentration
(corresponding to low Cr values). On the other hand, the
isotherm obtained with NBD-helix-1 is practically flat, but
rises only slightly at high C; values. The shape of the NBD-
helix-2 isotherm argues in favor of a process whereby peptides
first incorporate into the membrane and then once inside the
membrane aggregate to form a pore (Schwarz et al., 1987,
Rapaport & Shai, 1991). Similar behavior was observed with
alamethicin, although at much higher C;values (Rizzo et al.,
1987), pardaxin and some of its derivatives that are postulated
to form aggregation-derived pores in lipid bilayers (Rapaport
& Shai, 1991), the S-4 segment of the sodium channel in
acidic vesicles (Rapaport et al., 1992), and the a5 segment
of Bacillus thuringiensis 6-endotoxin (Gazit & Shai, 1993).
The binding isotherm of NBD-helix-1 suggests that an
aggregational state of the segments may occur within the
membrane only at high peptide:lipid molar ratios.

Resonance Energy Transfer (RET) Experiments. (A)
Suitability of the NBD/Rho Pair for Studies of RET between
Peptide Molecules. The emission spectrum of NBD-helix-2
(the donor) and the absorption spectrum of Rho-helix-2 (the
acceptor) are given in Figure 4. On the basis of the spectral
overlap of the NBD-helix-2 emission, and the Rho-helix-2
absorption spectra presented in Figure 4, the R, value for the
NBD-helix-2/Rho-helix-2 donor/acceptor pair was calculated
to be 51.1 A.
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FIGURE 5: Fluorescence energy transfer dependence on Rho-peptide
(acceptors) concentrations using PC vesicles. Thespectrum of NBD-
helix-2 (0.02 uM), the donor peptide, was determined in the presence
or absence of various concentrations of the acceptor peptide, Rho-
helix-2. Each spectrum was recorded in the presence of PC vesicles
(100 uM) in 50 mM Na,SO,/25 mM HEPES—sulfate, pH 6.8. The
excitation wavelength was set at 467 nm; emission was scanned from
500t0600nm. Thespectraof Rho-helix-2,in the presence of vesicles
and unlabeled helix-2, were subtracted from the corresponding spectra.
(—) 0.02 uM NBD-helix-2; () mixture of 0.02 uM NBD-helix-2
and 0.01 uM Rho-helix-2; (—-) mixture of 0.02 uM NBD-helix-2
and 0.02 uM Rho-helix-2; (- - =) mixture of 0.02 uM NBD-helix-2
and 0.04 uM Rho-helix-2.

In the RET experiments, either NBD-helix-2 or NBD-
helix-1 served as donor. Examples of profiles of the energy
transfer from NBD-helix-2 to Rho-helix 2, in the presence of
PC phospholipid vesicles, are depicted in Figure 5. Addition
of Rho-helix-2, Rho-helix-1, Rho-pardaxin, or Rho-Na-S-4
(final concentrations of 0.01-0.1 uM) to NBD-helix-2 (0.02
M) in the presence of PC phospholipid vesicles (100 pM)
quenched the donor’s emission and increased the acceptor’s
emission, which is consistent with energy transfer. These
emission changes were marked with Rho-helix-2 and Rho-
helix-1, but not with the other Rho-labeled peptides. Similar
experiments were performed with NBD-helix-1 as a donor
and Rho-helix-1, Rho-pardaxin, or Rho-Na-S-4 (final con-
centrations of 0.01-0.1 uM) as acceptors. In control exper-
iments, no change in the emission spectrum of NBD was
observed when the Rho-labeled peptides were replaced by
equal amounts of unlabeled peptides (data not shown). To
determine the actual percentage of energy transfer, the
amounts of lipid-bound acceptors, Cy (Rho-peptides, termed
“bound-acceptor”), at various Rho-peptide concentrations were
calculated from the binding isotherms of the corresponding
NBD-labeled peptides as follows. First, the fractions of bound
acceptor, fy, were calculated for the various peptide:lipid molar
ratios depicted and in Figures 2A and 3A, or from the binding
isotherms given in Rapaport and Shai (1991) and Rapaport
et al. (1992). Having calculated these values of f, it is then
possible to calculate the fraction bound, Cy, (Cy, = 0.111,). The
curves of the experimentally-derived percentage of energy
transfer versus the bound-acceptor:lipid molar ratios are
depicted in Figure 6. A curve corresponding to a random
distribution of monomers, assuming an Ry of 51.1 A as
calculated for the NBD/Rho donor/acceptor pair and as-
suming that the surface density of donors (donor/lipid) is
0.01 (Fung & Stryer, 1978), is also depicted. A high
percentage of energy transfer was obtained with NBD-helix-
2/Rho-helix-2, NBD-helix-1/Rho-helix-1, and NBD-helix-
2/Rho-helix-1 pairs (Figure 6). These values are markedly
higher than those obtained assuming a random distribution

Gazit and Shai
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FIGURE 6: Theoretically and experimentally derived percentage of
energy transfer versus bound acceptor:lipid molar ratio. The amount
of lipid-bound acceptor (Rho-peptides), Cy, at various acceptor
concentrations was calculated as described under Results. Filled
circles, NBD-helix-1/Rho-helix-1; filled squares, NBD-helix-2/Rho-
helix-2; filled triangles, NBD-helix-2/Rho-helix-1; open circles, NBD-
helix-2/Rho-Na-S-4; open triangles, NBD-helix-2/Rho-pardaxin
(NBD-helix-1/Rho-Na-S-4 or NBD-helix-1/Rho-pardaxin pairs
gavesimilar results and therefore were omitted to prevent clustering);
dashed line, random distribution of the monomers (Fung & Stryer,
1978), assuming an Ry of 51.1 A.

of monomers. High energy transfer between the NBD-helix-
1/Rho-helix-1 or NBD-helix-2/Rho-helix-1 pairs required
higher total peptide:lipid molar ratios than with the NBD-
helix-2/Rho-helix-2 pair (Figure 4). For example, 2-fold
higher peptide:lipid molar ratios were required to reach 25%
energy transfer. Efficiencies of energy transfer between NBD-
helix-2 and the unrelated membrane-interacting peptides, Rho-
pardaxin and Rho-Na-S-4, resemble those observed for random
distribution. Therefore, theseunrelated peptides donot appear
tointeract with NBD-helix-2. Thus, it can be concluded that
the donor NBD-helix-2 and the acceptor Rho-helix-2 and Rho-
helix-1 and that the donor NBD-helix-1 and the acceptor Rho-
helix-1 are specifically associated, rather than randomly
distributed throughout the membrane.

(B) Valinomycin-Mediated Diffusion Potential Assay. To
examine the efficacy of Bti peptides to perturb the lipid packing
of membranes and to cause leakage of vesicular contents, the
peptides’ ability to dissipate a diffusion potential of SUV was
examined. Increasing concentrations of the helix-2 or helix-1
segments or of their fluorescently-labeled analogues were
mixed with SUV composed of PC that had been pretreated
with the fluorescent, potential-sensitive dye diS-C,-5 and
valinomycin. Recovery of fluorescence was monitored with
time, with peptide:lipid molar ratios of 0.009:1 t0 0.9:1. The
maximal potential of the peptides to permeate the membranes
was elucidated by monitoring the fluorescence recovery until
a plateau was observed, usually 10-30 min (Figure 7). The
inset shows typical profiles of fluorescence recovery as a
function of time for helix-2 and helix-1, using PC vesicles, at
theindicated lipid:peptide molar ratios. Similar profiles were
obtained using fluorescently-labeled helix-2 or helix-1 ana-
logues. The results demonstrate that helix-2 has a higher
membrane-permeating activity compared to helix-1.

DISCUSSION

Bti toxin interacts with and permeates cell membranes (Gill
et al., 1992; Hofte & Whiteley, 1989). These properties are
characteristic of naturally-occurring, membrane-permeating,
short polypeptides (26—35 amino acids long), such as the bee
venom melittin, the shark repellent neurotoxin pardaxin, and
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FIGURE 7: Maximal dissipation of the diffusion potential in vesicles
induced by helix-1 and helix-2. The peptides were added to isotonic
K*-free buffer containing SUV composed. of zwitterionic phospho-
lipids, preequilibrated with the fluorescent dye diS-C,-5 and vali-
nomycin. Fluorescence recovery, measured 10 min after mixing the
peptides with the vesicles, is depicted. Filled triangles, helix-2; filled
squares, helix-1; open triangles, NBD-helix-2. Inset: Typical profiles
of the kinetics of dissipation of the diffusion potential in vesicles.
Peptide designation and peptide:lipid molar ratios are as follows:
continuous line, helix-2, 3.38 uM; dashed line, helix-2, 1.69 uM;
dotted line, helix-1, 3.38 uM.

the antimicrobial peptides magainin, cecropin, and dermasep-
tin. Some of these toxins are believed to exert their permeating
activity via pore formation, as is also hypothesized for Bti
toxin (Ward et al., 1988; Thomas & Ellar, 1983). A common
structural feature of this family of toxins is their potential to
form amphiphilic a-helix structures, as envisioned from their
wheel projections (Schiffer & Edmunson, 1967). The am-
phiphilic a-helical structure is considered to be an essential
secondary structure motif required for pore formation.
According to proposed models, pores are formed via the
aggregation of transmembrane, amphiphilic a-helices, such
that their hydrophobic surfaces interact either with other
hydrophobic transmembrane segments or with the lipid
constituents of the membrane, and their hydrophilic surfaces
point inward, producing a pore (Inouye, 1974; Greenblatt et
al., 1985; Guy & Seetrhamulu 1986; Lear etal., 1988). Indeed,
a hydrophobicity plot of the amino acid sequence of Bti toxin
revealed putative hydrophobic segments. Only one of them
(helix-2) has the potential to form an amphiphilic a-helical
structure, and only a mutation within this amphiphilic segment
increased the toxicity of the Bti toxin in vitro (Ward & Ellar,
1986; Ward et al.,, 1988). Kinetic measurements suggest that
the aggregation of several molecules of Bti toxin causes the
cellular disruption function of insect malpighian tubules
(Maddrell et al., 1989). This is in line with the hypothesis
that the Bti toxin pore is formed by a bundle of a-helices from
several toxin molecules.

We investigated the possible involvement of helix-2 (amino
acids 110-131) and of helix-1 (amino acids 50-71) in the
toxicity mechanism of Bti toxin by examining their structure—
function relationship utilizing a spectrofluorometric approach.
Zwitterionic PC phospholipids were used as a model system
to prevent the contribution of the phospholipid head-group
charges to the binding processes, and also since they pref-
erentially bind the entire Bti toxin (Thomas & Ellar, 1983),
When limited binding and membrane-permeating experiments
were performed with the negatively charged PS/PC vesicles,
similar results to those with PC vesicles were obtained (data
not shown).

Secondary structure determination, using CD spectroscopy,
revealed that both segments adopt high a-helix structures in
a hydrophobic environment (Figure 1), which agrees with a
proposed structural model of the toxin (Ward et al., 1988).
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However, in the presence of phospholipid vesicles, only helix-2
adopts high o-helix structure. This is probably due to the
high fraction (43%) of membrane-bound helix-2 as compared
to 6% with helix-1, calculated from their binding isotherms.
Similarly, highly a-helical contents in hydrophobic environ-
ments are present in various naturally-occurring, membrane-
permeating polypeptides. Examples arethe bee venom melittin
(Vogel, 1981), the shark repellent neurotoxin pardaxin (Shai
et al.,, 1990, 1991), bombinin-like peptides (Gibson et al.,
1991), and various antimicrobial peptides, such as alamethicin
(Rizzo et al., 1987), magainin (Chen et al., 1988), cecropins
(Andreu et al., 1985), and dermaseptin (Mor et al., 1991).

Fluorometric studies, based on the environmentally sensitive
fluorophore NBD selectively attached to the N-terminus of
the Bti helices, allowed determination of three important
properties of helix-1 and helix-2. (i) Both bind to zwitterionic
phospholipid vesicles with high affinity, comparable to those
of naturally-occurring, membrane-permeating peptides, such
as melittin and its derivatives (Stankowski & Schwarz, 1990),
the Staphylococcus é-toxin (Thiaudiére et al., 1991), the
antibiotics alamethicin (Rizo et al., 1987) and dermaseptin
(Pouny et al,, 1992), and the shark repellent neurotoxin
pardaxin and its analogues (Rapaport & Shai, 1991; Pouny
& Shai, 1992). (ii) The N-termini of both segments locate
within the lipidic environment of the vesicles, as demonstrated
by the findings that the maximum emission wavelengths (525-
526 nm) observed for both NBD-helix-2 and NBD-helix-1 in
the presence of vesicles are significantly lower than that (533
nm) observed for a NBD group located in a hydrophilic
environment or on the surface of vesicles (Chattopadhyay &
London, 1987). (iii) Helix-2 seems to form large aggregates
within the membrane at relatively low peptide: lipid molar
ratios, while helix-1 does not. This assumption is based on
the observation of an upward curvature of the binding isotherm
of NBD-helix-2 at low C; values (Figure 2) and the slight
curvature of NBD-helix-1 at higher Cyvalues (Figure 3). The
upper curvature of NBD-helix-2 is similar to those obtained
for the channel-forming peptides pardaxin (Rapaport & Shai,
1991) and alamethicin (Rizzo et al., 1987), which argues in
favor of a process whereby peptides first incorporate into the
membrane and then aggregate.

The self-assembly between fluorescently-labeled helix-1 or
helix-2 segments, or a coassembly between them, was implied
by RET experiments (Figures 5 and 6). However, other
membrane-embedded polypeptides, such as Rho-Na-S-4
(which is randomly distributed in its membrane-bound state;
Rapaportetal., 1992) or Rho-pardaxin (which self-aggregates
within membranes; Rapaport & Shai, 1992), do not assemble
with either helix-1 or helix-2 (Figure 6). This implies that
the helix-1 and helix-2 segments can specifically interact with
each other, but not with unrelated membrane-bound polypep-
tides. Due to the low ability of helix-1 to form aggregates at
low C; values (Figure 3), higher concentrations of helix-1
(than of helix-2) were required to detect significant energy
transfer. This might imply that the probability of Bti
monomers packing correctly to form a pore is governed
predominantly by helix-2. Since several Bti toxin monomers
are required to form the pore, the effect of the reduced
partitioning within the membrane of helix-1 on its probability
to assist in the assembly of monomers to form a functional
pore is even more pronounced.

The results reported here support accumulating data that
intramembranal a-helices of integral membrane proteins can
participate in specificinteractions that contribute to the specific
recognition, association, and oligomerization of those proteins
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within the lipid environment (Popot & Engelman, 1990). These
interactions are described by a “two stage” model for
membranal protein folding and oligomerization (Popot et al.,
1987; Popot & Engelman, 1990). In the first stage, inde-
pendent, thermodynamically-stable a-helices are formed
within the lipid bilayers, which leads to the second stage of
assembly and oligomerization of the segments within the
membranes. This model can explain the formation of anactive
molecule of bacteriorhodopsin by the assembly of two
enzymatically-cleaved, single, transmembrane a-helices, and
a third segment composed of five transmembrane a-helices
(Kahn & Engelman, 1992). Other examples of such par-
ticipation of intramembranal sequences of proteins in peptide—
peptide interactions are the dimerization of glycophorin A
(Bormann et al., 1989; Lemmon et al., 1992), the specific
association between transmembrane segments in the aspartate
sensory receptor of Escherichia coli (Lynch & Koshland,
1991), the dimerization of the T cell receptor complex
(Bonifacinoet al., 1990; Manolios et al., 1990) and the growth
factor receptors (Sternberg & Gullick, 1990), and the self-
association of the single transmembrane segment of the minK
potassium channel (Ben-Efraimetal., 1993). These examples
and others [see review by lemmon and Engelman (1992)]
suggest that protein sequences within the membranes can
contribute to the specific recognition and assembly of other
proteins as well. Accumulating data also suggest that synthetic
peptides, corresponding to the transmembrane segments of
various ion channels, might be involved in their channel
formation (Oiki et al., 1988; Tosteson et al,, 1989; Rapaport
et al., 1992; Grove et al,, 1991; Ghosh & Stroud, 1991;
Langosch et al., 1991; Ben-Efraim et al., 1993).

The fact that helix-2 can permeate phospholipid vesicles
better than helix-1 (Figure 7) may be due to its higher ability
to form aggregates within the membrane, as revealed from
their binding isotherms (Figures 2 and 3). Thus, atcomparable
peptide:lipid molar ratios, more molecules of helix-2 are bound
to the vesicles. It should be noted that the whole Bti toxin
bound better to zwitterionic phospholipids than to acidic ones
(Thomas & Ellar, 1983). Our studies with the synthetic
segments did not reveal any significant differences between
the binding properties and the permeating potencies of the
segments to PC or to acidic PS/PC phospholipids (data not
shown). These results might imply (although further studies
arerequired) that other parts of the toxin, which contain acidic
amino acids, are exposed on the surface of the protein, and
thus prevent it from reaching the surface of the vesicles, prior
tothe interaction of the transmembrane helices with the lipids.

In summary, the results herein support the involvement of
both helix-1 and helix-2 in the toxic mechanism of Bti toxin.
Both these hydrophobic helical segments may facilitate pore
formation by the toxin, with a predominant contribution by
helix-2. Two protein—protein interaction steps are probably
essential for Bti toxin activity: (i) the association between Bti
toxin molecules to form the intermolecular aggregate that
was described by Maddrell et al. (1989); (ii) the specific
assembly of a-helices from several monomers to form a pore.
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