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ABSTRACT: The δ-endotoxin family of toxic proteins represents the major component of the insecticidal
capability of the bacteriumBacillus thuringiensis. Domain I of the toxins, which is largelyR-helical, has
been proposed to unfold at protein entry into the membrane of a target insect, following models known
as the penknife and umbrella models. We extended the analysis of a previous work in which four disulfide
bridges were constructed in domain I of the Cry1Aaδ-endotoxin that putatively prevented unfolding
during membrane partitioning. Using bioassays and voltage clamping of whole insect midgut instead of
artificial lipid bilayers, it was found that, while toxicity and inhibition of the short-circuit current were
reduced, only one of the disulfide bridges eliminated the activity of the toxins in the insect midgut
membrane, and in that case, the loss of toxicity was due to the single amino acid substitution, R99C. It
is proposed that at leastR helices 4, 5, 6, and 7 and domain II partition in the midgut membranes of target
insects, in support of an insertion model in which the whole protein translocates into the midgut membrane.

The partition of water-soluble proteins into biological
membranes is an important step in the mode of action of
some bacterial pathogens. One of these pathogens,Bacillus
thuringiensis(Bt),1 produces protein toxins with insecticidal
capabilities that intoxicate by penetrating the midgut mem-
brane of susceptible insects, thus inducing ion pores that
disrupt the membrane potential. The Cry1A family ofBt
toxins (also known as Cry1Aδ-endotoxins) are released as
135 kDa protein molecules that become activated in the insect
midgut by the proteolytic action of trypsin-like proteases.
The 65 kDa activated toxins bind to specific receptors on
the insect midgut lining columnar cells and possibly undergo
conformational changes followed by membrane permeation
and ion-channel formation, eventually resulting in the death
of the insect (1).

The activated Cry1Aa toxin (2) [Protein Data Bank (PDB)
code 1CIY] is a cysteine-free protein composed of three
distinct structural domains (Figure 1). Domain I contains
sevenR helices that account for 85-90% of the secondary
structure of this domain. TheseR helices are numbered 1-7,
with the highly hydrophobicR helix 5 located in the center
and the other six surrounding it (Figure 1). As result of
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FIGURE 1: Three-dimensional structure of Cry1Aa displaying three
structural domains. Domain I is shown on the left in a ribbon-like
representation. The highly hydrophobicR helix 5 is shown in dark
gray. Disulfide bridge SS1 (C99-C144) producing a link between
R helices 3 and 4 is shown in red. SS2, in green, is designed such
that the externalR helix 6 is locked to the innerR helix 5 (162C-
207C). SS3, in yellow, holds togetherR helices 5 and 7 through a
linkage between C176 and C252. SS4, the only non-interhelical
link, forms a bridge betweenR helix 7 (C224) and domain II
(C279), shown in blue. Domains II and III are shown in a wire-
frame representation on the right. The inset shows a diagram
highlighting the disulfide linkages.
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extensive research for the past 10 years, it has been found
that the major functions of domain I are insertion into the
midgut membrane and ion-channel formation (2-4) and that
the major functions of domains II and III are involved in
receptor binding (5-9).

The mechanism ofδ-endotoxin partitioning into cell
membranes has been proposed as resulting from conforma-
tional changes induced by the binding process, either the
presence of the receptor, the cell membrane, or both; a
process not yet elucidated. Two main ideas have been used
to model the membrane-bound state of theδ-endotoxins in
the target membrane. These theories are known as the
“penknife” model (10) and the “umbrella” model (3). The
“penknife” model proposes thatR helices 5 and 6 flip out
of the domain and insert into the plasma membrane as a
helical hairpin. This model is derived from the distribution
of the hydrophobic faces of the helices and does not require
subsequent rearrangement of the other helices of domain I.
The second idea, the “umbrella” model, proposes thatR
helices 4 and 5 insert into the membrane as a helical hairpin
and the other helices flatten out on the membrane surface
with their hydrophobic faces facing the membrane. Both
models propose that domain II binds to the receptors and
triggers conformational changes needed for protein translo-
cation. Both theories were proposed mainly on the basis of
analogous properties with other membrane-translocating
proteins of similar structure. One such protein, colicin A,
was used in support for both the “penknife” (11) and
“umbrella” (12) models.

Two studies using artificial phospholipid vesicles con-
cluded thatR helices 4 and 5 are important in driving
insertion, thus giving support to the “umbrella” model. The
first of these discusses the introduction of disulfide bonds
into Cry1Aa to immobilize variousR helices of domain I
(4). The double-cysteine mutants under study were each
expected to form one disulfide bridge with the followingR
helices bound: 3-4, 5-6, 5-7, and 7-loop in domain II.
These mutations produced trypsin-resistant activated toxins,
whose formation of ion channels in artificial phospholipid
vesicles was prevented. After the addition ofâ-mercapto-
ethanol (â-ME), ion transport was recovered. The results of
this work are very interesting forBt studies on artificial
phospholipid vesicles. It follows from this work that studies
on real insect midgut membranes under physiological condi-
tions, including bioassays and ion-channel formation, might
be useful to gain a better understanding of the mode of action
of these important biopesticides. The second study used
artificial peptides emulating theR helices of domain I (13).
This study explored the ability of these individualR-helical
peptides to insert into artificial phospholipid vesicles by
themselves. The results support the insertion ofR helices 4
and 5 into the artificial membrane. Again, these results are
attractive and invite us to perform protein translocation
studies under physiological conditions on insect midguts.

In addition to the umbrella and penknife models, an
alternative model has gained support in recent years. This
model proposes that other regions of the protein and probably
the whole toxin insert into the target membrane. Adding to
previous studies on the insertion ofR helices 4 and 5, it was
established conclusively thatR helix 7 is buried in the
membrane and is involved in ion transport (14, 15). One
review introduced a revised model, stating that domain III,

as well as domain I, inserts into the target membrane (16).
Other studies suggest that the whole toxin inserts into the
cell membrane (17-20). This new hypothesis supports a
mechanism for protein-membrane interaction in which the
entire protein, with the possible exception ofR helix 1, inserts
into the membrane. This mechanism probably involves
multimeric protein conformations (18, 21). Even with the
extensive research that has been performed to uncover the
insertion mechanism of Cry1Aa, current models do not
account for all of the experimental observations.

For the present study, eight cysteine mutations identical
to those mutants produced previously by Schwartz et al. (4)
were constructed (see Table 1 and Figure 1). In total, six
different Cry1Aa mutant proteins were developed, four
containing a different double-cysteine mutation expected to
form a disulfide bridge and two single-mutant proteins. The
disulfide bridge mutant proteins were named SS1, SS2, SS3,
and SS4. SS1 (Arg99Cys-Ala144Cys) is expected to form
a disulfide bridge betweenR helices 3 and 4; SS2
(Val162Cys-Ala207Cys) is expected to form a disulfide
bridge betweenR helices 5 and 6; SS3 (Ser176Cys-
Ser252Cys) is expected to form a disulfide bridge between
R helices 5 and 7; and SS4 (Arg224Cys-Ser279Cys) is
expected to form a disulfide bridge betweenR helix 7 and
a loop at the beginning of domain II, respectively (Figure 1
and Table 1).

MATERIALS AND METHODS

Site-Directed Mutagenesis.Amino acid residues for site-
directed mutagenesis were selected as published by Schwartz
et al. (4) (Table 1). To construct Cry1Aa mutants, theBt
cry1Aa1gene from pOS4101 (5), which originally came from
pES1 (22), was subcloned into the pBluescript KS- plasmid,
to generate pBN-1Aa. To accommodate theNdeI fragment
containing thecry1Aacoding region, theEcoRV recognition
sequence in the multiple cloning site of the vector was
modified to anNdeI recognition sequence by site-directed
mutagenesis. The Cry1Aa mutant proteins were constructed
using single-stranded DNA of the wild-type Cry1Aa as a
template. Mutagenic oligonucleotide DNA primers were from
GeneMed Synthesis, Inc. (South San Francisco, CA). Site-
directed mutagenesis was performed according to the in-
structions of the manufacturer (Bio-Rad), with the single-
stranded DNA template prepared using the Bio-Rad muta-
genesis kit.

Bacterial cultures were grown overnight and screened by
plasmid extraction followed by double-stranded DNA se-
quencing. Sequencing was performed in the PTC-150 Mini-
cycler (MJ Research, Inc., MA) using the Perkin-Elmer

Table 1: Double-Cysteine Mutations Introduced in the Cry1Aa
δ-Endotoxina

mutant
protein

original
residues

expected
R-helices

bound
bond length,

CR (Å)
bond length,

Câ (Å)

SS1 Arg99-Ala144 3-4 5.777 4.057
SS2 Val162-Ala207 5-6 7.056 5.466
SS3 Ser176-Ser252 5-7 6.999 4.594
SS4 Arg224-Ser279 7-domain II 5.033 3.549
a The bond lengths given were determined with RasMol from the

crystal structure of the wild-type toxin (PDB code 1CIY).
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Applied Biosystems DNA sequencing kit following the
instructions of the manufacturer. The sequencing results were
analyzed using the ABI 373A DNA sequencer. Stock cultures
were established from cultures grown overnight in 5 mL of
LB liquid medium with 100µg/mL ampicillin.

Toxin Preparation.A single colony obtained from LB/
ampicillin agar plates ofEscherichia coliMV1190 contain-
ing the mutantcry1Aa1gene was grown in 500 mL of terrific
broth (TB) medium (23) (containing 100µg/mL ampi-
cillin) for 72 h at 37°C, while shaking at 250 rpm. Cultures
were centrifuged for 10 min at 8000 rpm. Pelleted cells were
resuspended in lysis buffer [50 mM Tris at pH 8.0, 50 mM
ethylenediaminetetraacetic acid (EDTA), 15% sucrose, and
10µg/mL lysozyme] and then incubated for 2 h withshaking
at 37 °C. Purification of inclusion bodies was performed
as described (17). The final pellet was solubilized in 50 mM
sodium carbonate buffer at pH 10.5 for 4 h, while
shaking at 37°C. Digestion of the protoxin was carried
out by the addition of trypsin in a trypsin/protoxin ratio of
1:20 (wt/wt) for 1 h at 37°C. An equivalent amount of
trypsin was added, and the digestion procedure was repeated.
Both protoxin and toxin were analyzed by 10% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE).

Toxicity Bioassays.High-performance liquid chromatog-
raphy (HPLC)-purified, trypsin-activated toxins were diluted
in 50 mM carbonate buffer at pH 9.5.Manduca sexta
bioassays were performed using the surface contamination
method of intoxication. Each concentration of toxin was
applied with a volume of 50µL to a 2 cm2 well containing
artificial diet in a 24-well tissue culture plate (Falcon). Two
neonate (2-4 days old) larvae were placed on each well,
and analysis of insect mortality was recorded after 5 days.
At least five concentrations for each toxin were used, and
the lethal concentration at which 50% insect mortality (LC50)
occurred was obtained.Bombyx moribioassays were carried
out using the force-feeding method of intoxication. A single
concentration of toxin was fed to fourth instar larvae in
varying dosages. The larvae were then isolated and fed, and
insect mortality was recorded after 24 h. At least five
different dosages were used, and the lethal dosage at which
50% insect mortality (LD50) occurred was obtained. The LC50

and LD50 were determined with the PROBIT method
included in the computer program SoftTox (WindowChem
Software, Inc.).

Secondary-Structure Analysis.Toxin was purified by size-
exclusion chromatography with an A¨ kta Explorer workstation
(Pharmacia, Sweden) with a HiLoad 16/60 Superdex200
column (Pharmacia). A 2 mL volume of toxin was eluted
with 1 mM KH2PO4/K2HPO4 buffer at pH 7.4, previously
filtered through 20µm filter paper (Millipore). Conforma-
tional changes in the secondary structure were determined
using circular dichroism (CD) spectroscopy. The spectra were
collected with an AVIV CD2 spectropolarimeter at 25°C
in a 1 cmpath-length quartz cuvette (Hellma). Each sample
contained 30µg of purified toxin diluted up to 3 mL with
Milli-Q water. Ellipticity was measured as a function of the
wavelength from 250 to 200 nm in 1 nm increments. Each
CD spectra is the average of 10 scans. These data were used
to calculate the contents of secondary structure (R helix, â
sheet, and random coils) with the computer program K2D
(24).

Thermal Denaturation Analysis.Toxin purification was
performed as described under secondary-structure analysis.
The stability of each toxin was determined by measuring
the percentage of native protein as a function of temperature.
CD spectral analysis was obtained at the single wavelength
of 223 nm from 30 to 90°C. Each sample contained 30µg
of toxin diluted up to 3 mL with Milli-Q water/1.5 M
guanidine hydrochloride. Data were normalized by regression
analysis to sigmoidal equations using SigmaPlot-2000 (Jandel
Scientific Co.).

Binding Experiments.Brush border membrane vesicles
(BBMV) were prepared from fifth instarM. sextamidguts
by the magnesium precipitation method (25). Vesicles were
resuspended in binding buffer (8 mM NaHPO4/2 mM KH2-
PO4/150 mM NaCl at pH 7.4) to a final protein concentration
of 1 mg/mL and stored in liquid nitrogen until further use.
Iodination of toxins for competition and dissociation assays
was carried out as described (14). The homologous competi-
tion assay was performed by competing 1 nM125I-labeled
toxin with an increasing concentration of the same unlabeled
toxin as described (26). For the dissociation experiments,
50µg of M. sextaBBMV was incubated with 2 nM of either
125I-labeled Cry1Aa or125I-labeled mutant proteins in 100
µL of binding buffer at room temperature. After 1.0 h of
incubation, 500-fold excess of unlabeled toxin was added
to the 125I-labeled toxin-BBMV suspension. The reaction
was stopped at various time intervals (0-60 min) by spinning
down the mixture. The pellets were washed twice with 300
µL of binding buffer to remove any unbound toxin. The
iodine content of the final pellets was determined in a gamma
counter (Beckman instruments). Nonspecific binding was
determined by adding together labeled toxin and 500-fold
excess of the corresponding unlabeled toxin to the BBMV.
Nonspecific binding was subtracted in the final data analysis.
Binding data were analyzed with Sigma Plot (Jandel
Scientific Co.).

Electrophysiology.Ion-channel formation was analyzed by
voltage clamping using the technique established by Harvey
et al. (27). Experimental conditions and procedures were as
described (17). Each experiment was carried out in the pres-
ence and absence of 500 mMâ-ME (Sigma). For each exper-
iment, a fourth instar larva was chilled in ice for 15 min.
Then, the peritrophic membrane and the gut contents were
removed, and the isolated membrane was attached to a holder
with an effective area of 0.1 cm2. The holder was placed
into the voltage-clamp chamber that was previously filled with
buffer (17) under continuous oxygen. When the signal was
stable for about 20 min, the voltage was clamped to 0 V.
After the current was stable for 10 min, 10µg of toxin was
applied into the lumen side and the inhibition of the short-
circuit current (Isc) was recorded. The inhibition ofIsc was
measured with a DVC-1000 voltage/current clamp (World
Precision Instruments, Sarasota, FL) connected to a Ma-
cLab-4 (AD Instruments, Mountain View, CA). Data analysis
was performed with SigmaPlot 2000 (Jandel Scientific Co.).
Recorded data was normalized to the percentage ofIsc remain-
ing. Each experiment was repeated at least 3 times. After
toxin application, the time required for theIsc to drop 10%
from its initial value was defined as the lag time,T0 (17,
28). The rate of ion transport was determined by the
normalized slope of the linear portion of theIsc inhibition
curve (inµA/min) as described by Liebig et al. (28).
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RESULTS

Production of Stable Toxins.The techniques described
previously were successful in the production of 130-kDa
protoxins with the desired mutations as determined by DNA
sequencing. The mutant protoxins were subsequently sub-
jected to trypsin digestion. Each of the four mutant protoxins
produced a stable trypsin-activated 66 kDa protein. The size
and presence of each toxin and corresponding protoxin were
determined by 10% SDS-PAGE (data not shown). As
described below, the SS1 double-cysteine mutant showed
the most dramatic changes in biological activity; thus, two
single-cysteine mutant proteins were created, Arg99Cys
(R99C) and Ala144Cys (A144C), that correspond to the
individual mutations introduced to create the SS1 mutant
protein. These two mutations also produced protoxins with
the same size as the wild-type protein. The corresponding
trypsin-activated toxins displayed the same size and stability
as the Cry1Aa wild type.

Toxicity Bioassays.The biological activity of the mutant
proteins was assessed using toxicity bioassays (Table 2). Two
species of insect larvae were used for the bioassays: the
silkworm and the tobacco hornworm.B. mori (silkworm)
larvae were intoxicated by the force-feeding method to obtain
the LD50. AgainstB. mori mutant toxins, SS2 (LD50 ≈ 45.65
ng/cm2), SS3 (LD50 ≈ 93.36 ng/cm2), and SS4 (LD50 ≈ 43.28
ng/cm2) have decreased their toxicity 4-, 9-, and 4-fold,
respectively, compared to the wild-type toxin (LD50 ≈ 10.45
ng/cm2). The biological activity of the SS1 mutant protein
was particularly affected by the mutations because the
toxicity was completely lost (LD50 > 4000 ng/cm2, where
4000 ng/cm2 was the maximum amount of toxin tested).
Bioassays were repeated in the presence of 20 mMâ-ME
(Table 2). It was expected that some of the disulfide bridges
would be broken; therefore, some toxicity would be recov-
ered. The overlapping confidence limits indicate that there
were no changes in toxicity levels in the presence ofâ-ME.
The toxicity of the SS1 mutant remained unchanged, because
there was no detectable recovery in toxicity levels up to the
maximum concentration tested.

M. sexta(tobacco hornworm) larvae were intoxicated by
the food-contamination method to obtain the LC50. The

toxicity effects are very similar in this insect as in the
silkworm. Mutant toxins SS2 (LC50 ≈ 13.57 ng/cm2), SS3
(LC50 ≈ 45.37 ng/cm2), and SS4 (LC50 ≈ 33.23 ng/cm2) have
decreased their toxicity with respect to the Cry1Aa wild-
type toxin (LC50 ≈ 3.23 ng/cm2) 4-, 14-, and 10-fold,
respectively. The biological activity of the SS1 mutant
protein was again drastically affected by the mutations
because the toxicity was completely lost (LC50 > 4000 ng/
cm2, maximum amount of toxin tested). Bioassays were
performed in the presence of 20 mMâ-ME (Table 2). The
confidence limits indicate that significant differences are not
detected. The SS1 mutant protein did not show any increase
in toxicity levels. Toxicity assays onM. sextawith the single-
cysteine mutant proteins making up the SS1 mutant protein
revealed that the first site, R99C, completely eliminates the
toxicity of the protein. The second site, A144C, showed an
11-fold decrease in toxicity compared to the Cry1Aa wild
type (Table 2).

Secondary-Structure Analysis.Conformational changes in
the secondary structure of the mutant proteins, relative to
the wild-type protein, determined by CD spectroscopy are
shown in Figure 2. The ratios of the n-π* transition, that is
responsive to theR-helical content atλ ) 223 nm, [θ]223,
and theπ-π* excitation band atλ ) 208 nm, [θ]208, for
each protein are shown in the first column of Table 3. Two
mutant proteins, SS1 ([θ]223/[θ]208 ) 1.10) and SS2 ([θ]223/
[θ]208 ) 1.09) are virtually identical to the wild-type Cry1Aa
([θ]223/[θ]208 ) 1.11). The other two mutant proteins SS3
([θ]223/[θ]208 ) 1.05) and SS4 ([θ]223/[θ]208 ) 1.02) display
a decrease in the ellipticity ratio. The calculation of second-
ary-structural contents with K2D (24) (Table 3) indicates
that SS1 is virtually identical to the wild-type toxin, with a
spectrum that almost overlaps with the spectrum of the wild-
type toxin (Figure 2). TheR-helical contents of SS2, SS3,
and SS4 increased by 23.3, 30.0, and 73.3%, respectively,
compared to theR-helical contents of the wild-type toxin.
In contrast, theâ-sheet contents of SS2, SS3, and SS4
decreased by 31.8, 68.20, and 27.3%, respectively (Table

Table 2: Toxicity Bioassaysa

B. mori LD50 (ng/cm2) M. sextaLC50 (ng/cm2)

protein (-) â-ME (+) â-ME (-) â-ME (+) â-ME

Cry1Aa 10.45
(7.10-14.10)

no change 3.23
(2.43-4.29)

no change

SS1 >4000 >4000 >4000 >4000
SS2 45.65

(25.92-61.24)
66.32
(32.08-98.53)

13.57
(7.00-28.03)

10.34
(5.42-21.11)

SS3 93.36
(44.39-169.69)

62.24
(35.58-291.45)

45.37
(24.87-110.80)

24.62
(8.30-55.96)

SS4 43.28
(31.94-56.26)

25.34
(18.48-42.57)

33.23
(16.31-215.22)

12.41
(2.34-23.88)

R99C >4000
A144C 37.31

(22.64-143.40)

a The bioassays were performed usingB. moriandM. sextawith or
without â-ME. B. mori insects were force-feed, andM. sextainsects
were intoxicated by the food-contamination method. Confidence limits
at the 95% confidence level appear in parentheses. Control bioassays
with â-ME in 50 mM carbonate buffer at pH 9.5 (no toxin) showed no
toxicity.

FIGURE 2: Structural analysis by CD. CD spectra for each toxin
were collected at room temperature between 190-260 nm as the
average of 10 scans. The secondary-structural contents for each
protein were calculated with K2D (24) using data between 200 and
250 nm, as shown in the figure. The symbols used are (O) for
Cry1Aa, (0) for SS1, (4) for SS2, (3) for SS3, and (]) for SS4.
Slight conformational changes at the secondary-structural level are
observed for mutant toxins SS3 and SS4 compared to the wild-
type toxin.
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3). The remaining secondary structure is classified as random
coils and other structures. It is decreased by 4.2% in SS1,
unchanged in SS2, increased by 12.5% in SS3, and decreased
by 31.2% in SS4, compared to the wild type. To assess the
accuracy of the K2D calculations, results obtained for the
wild-type protein were compared to the secondary-structural
contents obtained by X-ray diffraction (PDB code 1CIY).
These results are very close to the conformations predicted
by CD, as shown in the first row of Table 3. Although there
were slight structural changes in the secondary structure of
the SS2, SS3, and SS4 mutant proteins, none of them was
drastic enough to alter the resistance to protease digestion.

Thermal Denaturation Analysis.Protein stability was also
determined by thermal unfolding analysis monitored by CD
(Figure 3 and columns 6 and 7 in Table 3). It has been
observed that thermal unfolding of Cry toxins is an irrevers-
ible process (Alzate and Dean, unpublished observation;29);
however, thermal unfolding can be used to determine the
temperature at which approximately 50% of the protein
population reaches the unfolded state (Tm). This temperature
was found for each mutant protein by following the CD
spectrum of theR-helical signal atλ ) 223 nm as a function
of temperature. When no reducing agent was present (Figure
3A and column 6 in Table 3), essentially all mutant proteins
have the same melting temperature as the wild-type protein
(Tm ) 69.46( 0.98 °C). However, the unfolding behavior
displayed on temperatures aboveTm indicates that SS3 and
SS4 reach the unfolded state at almost the same rate as the
wild-type protein, while mutant proteins SS1 and SS2 need
about 4.0°C more than the wild type to reach the unfolded
state (Figure 3A). A partial unfolded state seems to have
been slightly stabilized in SS1 and SS2 that could result from
disulfide bridge formation.

The unfolding process in the presence of 20 mMâ-ME
(Figure 3B and column 7 in Table 3) indicates that SS1 and
SS2 have a similar melting temperature as the wild-type toxin
(Tm ) 69.55( 1.30 °C). Mutant toxins SS3 and SS4 have
decreased their melting temperatures by about 3.0°C with
respect to the wild type. In addition, SS3 and SS4 start
unfolding at lower temperatures (∼62 °C for SS3 and∼53
°C for SS4) than the wild type toxin, suggesting that SS3
and SS4 are less stable in the reduced state (Figure 3B).

Binding Experiments.Homologous competition binding
experiments were performed to determine the binding affinity
of the wild-type and mutant toxins onB. mori andM. sexta
BBMV. Analysis of competition binding experiments indi-
cates that the mutant proteins, both the toxic SS2, SS3, and
SS4 and the nontoxic SS1, do not display significant

differences inKd as compared to the wild-type Cry1Aa toxin
(Kd ) 0.2798( 0.037 nM). We tested the ability of the
toxins to remain membrane-bound by dissociation of proteins
preincubated with BBMV. Our results indicate that on either
B. mori or M. sextaBBMV, the proteins have the same
binding parameters as the wild-type toxin (data not shown).

Electrophysiology.The toxin-induced decrease in the short
circuit current,Isc, of voltage-clamped midgut membranes
has been used as a measure of the toxic activity of Cry
proteins, for which a close correlation between ion-channel
formation and toxic action has been shown (14). The ion-
channel activity induced by the Cry1Aa and SS mutant
proteins inM. sextamidgut membranes in the absence and
presence of the reducing agent is displayed in parts A and

Table 3: Structural Analysis by CDa

protein [θ]223/[θ]208 percentR helixb percentâ sheetb percent otherb
Tm

c (°C)
(-) â-ME

Tm
c (°C)

(+) â-ME

Cry1Aad 33.1d 19.75d 47.15d

Cry1Aa 1.11 30( 2.82 22( 2.25 48( 0.85 69.46( 0.98 69.55( 1.30
SS1 1.10 35( 3.29 19( 1.94 46( 0.08 69.46( 1.09 70.43( 1.45
SS2 1.09 37( 3.47 15( 1.53 48( 0.84 70.72( 1.45 68.91( 0.90
SS3 1.05 39( 3.66 7( 0.71 54( 0.95 68.73( 1.16 66.19( 1.09
SS4 1.02 52( 4.88 16( 1.63 33( 0.58 68.73( 1.34 66.73( 0.98
a The secondary-structure contents of each toxin were calculated with K2D using CD data. The crystallographic data and the values calculated

from CD spectra for the Cry1Aa wild-type toxin are virtually identical. The thermal denaturation analysis was used to calculate the stability of the
mutant proteins compared to the Cry1Aa wild type (columns 6 and 7).b Obtained with K2D from the CD spectra shown in Figure 2.c Tm, temperature
at which 50% of the protein population reaches the unfolded state.d Obtained from the crystallographic data (PDB code 1CIY).

FIGURE 3: Thermal unfolding of wild-type and mutant proteins.
(A) Protein unfolding in the absence ofâ-ME. (B) Protein thermal
unfolding in the presence ofâ-ME. Symbols are the same as in
Figure 2: (O) Cry1Aa, (0) SS1, (4) SS2, (3) SS3, and (]) SS4.
Dashed lines indicateTm, the temperature at which approximately
50% of the protein population is in the unfolded state.
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B of Figure 4, respectively. Table 4 shows the data calculated
from Figure 4. The lag time, taken as an indication of the
rate of protein partitioning into BBMV, indicates that the
ability of Cry1Aa to penetrate the membrane is the same
with or without â-ME (T0 with â-ME overlapsT0 without
â-ME; Figure 4B and Table 4). No lag time is detected for
the SS1 mutant protein. As shown in Table 2 and Figure 4,

the SS1 mutant protein did not display toxicityin ViVo
(bioassays) orin Vitro (T0 and slope). The other three mutant
proteins conserve their ability to penetrate into the membrane.
In the absence ofâ-ME, only SS4 is significantly slower
than the wild type to penetrate the membrane, as indicated
by a lag time of 1.5 min, compared to 0.9 min for the wild-
type toxin. In the presence ofâ-ME, SS4 displays a
detectable reduction in the lag time (∆T0 ) -1.12 min)
compared to itsT0 in the absence ofâ-ME. SS2 (∆T0 )
+0.40 min) and SS3 (∆T0 ) +0.52 min) showed slight
delays in membrane partitioning with the reducing agent.
What is critical from these lag-time observations is the
capacity of the mutant toxins to form ion channels, both in
the oxidized and in the reduced states, indicating the ability
of the toxin to form ion channels in a conformation in which
theR helices of domain I do not need to separate from each
other.

The slope obtained from voltage clamping is a measure
of the ion-transport activity. The addition of the reducing
agent has different effects on the ion-channel activity of the
proteins. In the first place, it is observed that the ion-channel
activity of Cry1Aa changes from-15.95 µA/min in the
absence ofâ-ME to -23.09µA/min in the presence ofâ-ME,
an increase of 45% (Table 4). Such an effect, which will
not be explored here, suggests that there are unknown
interactions between the reducing agent and membrane
components. This effect that is not observed on the lag time
indicates that the partitioning into the membrane is not
affected by theâ-ME. Second, there is no ion-channel
activity by the SS1 mutant protein, suggesting that either
the disulfide bridge was not formed or was not accessible to
the reducing agent or the mutations by themselves were
drastic enough to eliminate the biological activity of the
mutant. This last possibility was explored by creating the
R99C and A144C single-mutant proteins. As shown in Table
2, the biological activity of the R99C mutant protein is
eliminated and the activity by A144C is reduced 11.5-fold,
explaining why the reduction of the disulfide bridge did not
recover ion-channel formation by the SS1 mutant protein.

The ion-channel activity by the SS2 mutant protein is
decreased by about 37% in the presence ofâ-ME, showing
that these two residues have large effects in the ion channel,
because theâ-ME by itself increases this activity by 45%.
Contrary to SS2, SS3 displayed an increase in ion-channel
formation by about 62%, larger than the increase induced
by â-ME (45%). The SS4 mutant protein, which displays a
longer time for membrane partitioning (Table 4), shows a
decrease of∼22% in ion-channel activity.

DISCUSSION

The Bt protein toxins have the ability to incorporate into
specific biological membranes of target insects. The insertion
mechanism and the topological organization of the protein
in the membrane-bound state are currently unknown. It was
proposed that theBt δ-endotoxins organize into the mem-
brane following a mechanism proposed earlier for colicin
A1. Since then, it has been believed that theBt toxins follow
such organization steps. In an attempt to address these issues,
Schwartz et al. (4) introduced double-cysteine mutations in
the cry1Aa gene and performed physiological studies on
artificial phospholipid membranes.

FIGURE 4: Voltage-clamping analysis on insect midgut membranes.
(A) Ion-channel formation in the absence of the reducing agent.
All proteins but SS1 display ion-channel formation. (B) Ion-
transport activity in the presence ofâ-ME. The symbols used are
(O) for Cry1Aa, (0) for SS1, (4) for SS2, (3) for SS3, and (])
for SS4. The short-dashed line indicates the time at which the toxin
was added to the voltage-clamp chambers, and the long-dashed line
and triangle show how the slope was calculated.

Table 4: Voltage-Clamping Parameters Determined onM. sexta
Midgut Membranesa

T0
b (min) slopec (µA/min)

protein (-) â-ME (+) â-ME (-) â-ME (+) â-ME

Cry1Aa 0.90( 0.11 0.78( 0.09 -15.93( 1.33 -23.09( 2.19
SS1d

SS2 0.70( 0.08 1.10( 0.13 -28.78( 2.73 -18.05( 1.71
SS3 0.72( 0.09 1.24( 0.15 -17.66( 1.67 -28.63( 2.71
SS4 1.50( 0.18 0.38( 0.04 -29.83( 2.83 -23.27( 2.21

a Parameters shown are calculated from data displayed in Figure 4.
b ,cT0 and slope were calculated as described in Liebig et al. (28). The
slope of the fallingIsc is indicated by the triangle and the sloping line
shown in Figure 4A. The lag time,T0, is taken as the time needed for
the Isc current to drop 10% from its value in the absence of toxin (17,
28). d The SS1 mutant protein did not showIsc.
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Following similar approaches, we introduced the same
double-cysteine mutations described by Schwartz et al. into
the Cry1Aa toxin to form disulfide bridges (Figure 1 and
Table 1). The formation of such bridges would hold some
conformations but not permit the partition of the toxin into
the membrane as proposed by the umbrella model. The
effects of these mutations on the toxicity of the resulting
proteins, on their ability to form ion channels, and on the
structure of these proteins were assessed as a mechanistic
approach to test the validity of the models in biological
membranes of susceptible insects.

Toxicity assays reveal that the SS1 mutant protein (R99C-
A144C) did not show any toxic effect up to the maximum
concentration tested (4000 ng/cm2). The other three mutant
toxins have reduced toxicity compared to the wild-type toxin.
AgainstM. sexta, SS2, SS3, and SS4 are 4, 14, and 10 times
less toxic than the wild-type protein, respectively. Some
reasons could be argued to explain the drop in toxicity of
the mutant proteins, including (i) structural alterations
resulting from the mutations, (ii) the formation of the
disulfide bridges, (iii) the direct involvement of the mutated
residues in the protein-receptor binding interaction, and (iv)
the direct involvement of the altered residues in ion-channel
activity.

The possibility of the toxicity loss as a result of confor-
mational changes was examined by analyzing the secondary
structure of the proteins via CD (Figure 2 and Table 3). From
the information contained in the Protein Data Bank, it is
known that the Cry1Aa toxin has 33.10%R-helix, 19.75%
â-sheet, and 47.15% remaining secondary structure and
random-coil conformations. Our calculated secondary-
structural contents for the wild-type protein derived from
CD using K2D indicate that the contents ofR helix is 30(
2.82%, ofâ sheet is 22( 2.25%, and of other secondary-
structural contents is 48( 0.85%, in agreement with the
crystallographic data. On the basis of these results, it is clear
that there are no CD-detectable changes in the structure of
the SS1 mutant protein. On the other hand, SS2, SS3, and
SS4 have increased theirR-helical contents while decreasing
their amount ofâ-sheet conformations. These results suggest
that in SS2, SS3, and SS4 the disulfide bridges were formed,
because more rigidR-helical conformations will lead to a
higherR-helical CD signal. SS4 shows the highest increase
in R-helical contents, suggesting that a larger portion of
domain I has reduced mobility, as expected from domain I
being strongly linked to domain II. This is further supported
by the small change in the amount ofâ sheet and the
considerable decrease in the random-coil conformation
displayed by SS4. SS3 has a considerable increase in random
coil, suggesting a tendency toward more unfolded domains
II and/or III. The packing of domain I was also affected in
mutant toxins SS3 and SS4 as evidenced by the [θ]223/[θ]208

ratio (Table 3). Nonetheless, none of the mutations altered
the proteins to a level that would make them susceptible to
protease digestion as determined by 10% SDS-PAGE. It is
reasonable to conclude, on the basis of the CD data, that the
lack of toxicity in SS1 is not the result of changes in the
secondary structure of the protein and that disulfide bridges
were formed in SS2, SS3, and SS4.

We then tested whether the disulfide bridges had effects
on insecticidal activity. Toxic levels were determined in the
presence ofâ-ME to reduce the disulfide bridges. The

proteins were either mixed with 200 times molar excess of
â-ME or preincubated over a 12 h period previous to the
test. There were no significant changes in toxicity levels
compared to the results withoutâ-ME (Table 2). These
results could be explained by several possibilities. It could
be that the disulfide bridges were reduced in the insect
midgut; therefore, bioassays in the absence and presence of
â-ME will not make any difference. Another possibility
would be a protein inserting in the midgut membrane as a
whole molecule or at least domains I and II together;
therefore, the presence of disulfide bridges limiting the
separations of theR helices in domain I will not have
significant contributions to toxicity levels. It also could be
that the disulfide bridges are not affected by the reducing
agent and that the midgut environment is not strong enough
to reduce those disulfide bridges.

We tested whether the disulfide bridges were reduced by
â-ME using thermal denaturation analysis followed by CD.
On the basis of our experience with disulfide introduction
into Cry3Aa (30), we expected the melting curve of the SS
mutants in Cry1Aa to show an increase in theTm temperature.
As shown in Figure 3A, in the absence ofâ-ME, changes in
Tm were small and not easily attributable to disulfide bridge
formation. However, in the presence ofâ-ME, SS2, SS3,
and SS4 have decreased theirTm, suggesting that the disulfide
bridges were broken by the reducing agent (Figure 3B). The
decrease inTm is particularly large for SS3 and SS4,
indicating that these mutant proteins were readily affected
by the absence of the wild-type amino acid residues. SS3
shows a clear deviation from the wild-type stability by
starting to unfold at about 62°C, while the SS4 mutant
protein starts unfolding at about 53°C. These changes in
structural stability explain the decrease in toxicity levels
observed for SS3 and SS4 in the reduced state. It is also
seen that a partially folded conformation is stabilized in SS1
and SS2 that likely results from the presence of a disulfide
bridge, which is reduced byâ-ME, allowing the proteins to
recover their wild-type-like thermal stability. The data
presented up to this point are sufficient to conclude that SS1,
SS2, SS3, and SS4 have formed disulfide bridges, that these
disulfide bridges are reduced byâ-ME, and that the reduction
of toxicity displayed by SS3 and SS4 is likely to result from
structural alterations detected in the reduced state.

The possibility that the disulfide bridges are reduced by
the insect midgut and, therefore, that the addition ofâ-ME
will not have an effect on toxicity assays was further studied
by analyzing the ion-transport activity of these mutant
proteins in insect midgut membranes. As observed in Figure
4A, the SS2, SS3, and SS4 mutant proteins conserved their
ion-channel function in the absence of the reducing agent.
A detailed observation of the ion-transport parameters,T0

and slope, shed some light to the membrane-protein
interaction. The lag time for Cry1Aa in the absence and
presence ofâ-ME is the same, indicating that the reducing
agent has no effect on protein translocation into the midgut
membrane. The lag times for the intrahelical disulfide
bridges, SS2 and SS3, under reducing conditions are longer
than the lag times under nonreducing conditions. These
results suggest that a more rigid, more organizedR-helical
domain I has a better ability to translocate into the mem-
branes. These results are in agreement with previous studies,
proposing that someR helices were important for the
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initiation of the protein translocation process (13). The lag
time for SS4 shows that under nonreducing conditions this
protein is slower inserting into the membrane, a property
that is recovered by the reduction of the disulfide bridge.
This demonstrates that the disulfide bridges are not reduced
by the midgut alone and that a separation of domain I from
domain II is important for the initiation of the translocation
process. Analysis of the ion-transport activities, the slope,
is a little more complicated because individual amino acid
substitutions have an effect on toxicity and the presence of
â-ME has a substantial effect on this process as shown by
changes in the slope for Cry1Aa under reducing and
nonreducing conditions. However, it is important to realize
that, with the exception of SS1, the remaining mutant toxins
have ion-transport ability, suggesting that the disulfide
bridges did not impede protein translocation into the
membrane.

A particular situation is observed with the SS1 mutant
protein. There was not detectable toxicity against any of the
insects, under either oxidizing or reducing conditions.
Structural changes were not observed, and ion-transport
activity was undetected for this mutant protein. Before
concluding thatR helices 3 and 4 need to be free from each
other for the protein to form ion channels, we tested the
effects of the individual mutations. Both residues, Arg99 and
Ala144, have affected the toxicity levels of the protein (Table
2). The fact that Arg99Cys eliminated the toxic effect of
the protein suggests that Arg at position 99 is required for
toxicity. The lack of toxicity was the result of removing the
arginine residue from such a position and not the result of
the disulfide bridge formation; therefore, this mutant protein
does not offer functional information concerning the insertion
mechanism of Cry1A toxins in biological membranes.

The main goal for this research was to obtain information
about the insertion process of Cry1Aa into the midgut
membrane of two lepidopteran insects. The double-cysteine
mutations in the SS1, SS2, SS3, and SS4 Cry1Aa mutant
proteins were introduced to form disulfide bridges. It is
observed that SS2, SS3, and SS4 have reduced their toxicity
levels, but it has not been eliminated completely. The SS1
mutant toxin, designed to form a disulfide bridge between
R helices 3 and 4, lost all toxic activity that was neither the
result of conformational nor structural alterations. The
locking of R helices 5 and 6 by SS2,R helices 5 and 7 by
SS3, or domain I and domain II by SS4 was a factor that
neither prevented the toxins to partition into the membrane
nor eliminated ion-transport activity. However, eliminating
the disulfide bridge in SS4 reduced the partition time,
suggesting that some degree of freedom helps the penetration
of the toxin into the membrane.

We and others have demonstrated thatR helix 7 of Cry1A
also participates in ion transport (14, 15). We demonstrated
that the preincubation of Cry1Ab with BBMV protects the
whole toxin from proteolytic digestion by proteinase K (17).
In a more recent work, Tomimoto et al. (20) have proposed
a “buried dragon model” in which the whole protein
associates with the midgut membrane and is protected from
digestion by pronase. The data presented here indicate that
there is no need for theR helices to separate from each other
for the protein to partition in the midgut membrane and
therefore to be toxic. These results do not support protein
partition models in which individualR-helical hairpins are

required to penetrate the membrane by themselves. Rather,
an alternative model, in which the protein partitions as a
whole molecule in the lipid environment, will be in better
agreement with these data.
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