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Synopsis

Many electrical properties of insect larval guts have been studied, but their importance for toxicity of the Cry-type toxins
has never been reported in the literature. In the present work, we observed potential-dependent permeabilization of
plasma membrane by several polycationic peptides derived from the Cry11Bb protoxin. The peptide BTM-P1d, all D-
type amino acid analogue of the earlier reported peptide BTM-P1, demonstrated high membrane-permeabilizing activity
in experiments with isolated rat liver mitochondria, RBC (red blood cells) and mitochondria in homogenates of Aedes
aegyptilarval guts. Two larger peptides, BTM-P2 and BTM-P3, as well as the Cry11Bb protoxin treated with the protease
extract of mosquito larval guts showed similar effects. Only protease-resistant BTM-P1d, in comparison with other
peptides, displayed A. aegypti larval toxicity. Taking into account the potential-dependent mechanism of membrane
permeabilization by studied fragments of the Cry11Bb protoxin and the literature data related to the distribution
of membrane and transepithelial potentials in the A. aegypti larval midgut, we suggest an electrical hypothesis of
toxicity of the Cry toxins for mosquito larvae. According to this hypothesis, the electrical field distribution is one of the
factors determining the midgut region most susceptible for insertion of activated toxins into the plasma membrane
to form pores. In addition, potential-dependent penetration of short active toxin fragments into the epithelial cells
could induce permeabilization of mitochondria and subsequent apoptosis or necrosis.
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INTRODUCTION

Insecticidal Cry toxins are the major components of crys-
talline protein inclusions produced by the bacterium Bacillus
thuringiensis during sporulation [1]. The use of proteins of this
type rather than conventional chemical pesticides has been con-
sidered preferable for insect control due to their high specificity
and environmental safety [2,3]. Creation of new toxin variants
with higher membrane permeabilizing activity has been con-
sidered as an important biotechnological perspective [4].

The mechanism of toxicity of the Cry-type proteins for in-
sect larvae has been attributed to their ability to permeabilize
the midgut epithelial cells [1,2,5,6]. It takes place after solu-
bilization of §-endotoxin crystals in larval guts and subsequent
partial proteolysis of the protoxins [1,7,8]. Binding to the specific
membrane receptors of midgut epithelial cells has been sugges-

ted to be an important determinant for insect specificity of the
8-endotoxins [2,6,9,10], although the mechanism(s) of their tox-
icity for different insects is not yet clear.

Some protoxins or their fragments are also able to directly,
without specific receptors, permeabilize lipid bilayers of artificial
planar lipid membrane [11-16], liposomes [17-21] or the plasma
membrane of RBC (red blood cells) [18,22,23]. Nevertheless,
the presence of receptors in some midgut epithelial cells seems
to decrease the effective concentrations of §-endotoxins to kill
insect larvae [12,13] and to increase the selectivity of their action
[9,10].

Regarding the precise mechanism of permeabilization of the
larval midgut epithelial cells with §-endotoxins, the ‘umbrella
model’ is widely recognized [4] suggesting that the helices a4
and a5 of the pore-forming domain I of B. thuringiensis Cry tox-
ins insert into the membrane, while the remaining helices form
the ribs of the umbrella on the membrane surface. Earlier, we

Abbreviations used: FCCP carbonyl cyanide p-trifluoromethoxyphenylhydrazone; RAMF, rotenone, antimycin A, myxothiazol, FCCP; RBC, red blood cell.
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have designed a new peptide, BTM-P1, composed of 26 amino
acid residues [24—28] with the sequence corresponding to a sig-
nificant part of the «2a helix of the Cryl11Bb protoxin [29], i.e.
to one of the ribs of the umbrella [4]. The peptide demonstrated
high ability to permeabilize mitochondrial [24-26,28] and RBC
membranes [27,28], as well as revealing high antimicrobial activ-
ity [25,26]. Taking into account these data, we have proposed
the ‘damaged umbrella’ model, according to which the BTM-P1
fragment of the ‘damaged rib’ is also inserted into the membrane
[27]. Interestingly, the retro-analogue of BTM-P1, retro-BTM-
P1, demonstrated significantly lower membrane-permeabilizing
effects [28].

The most important feature of the membrane permeabilization
by the polycationic peptide BTM-P1 is its strong dependence on
the membrane potential (minus inside) [24,27,28]. This allows us
to assume that not only specific receptors, but also the distribution
of electrical potentials in different parts of the insect midgut might
be an important factor influencing the cell susceptibility to pore-
forming domain I of the B. thuringiensis Cry toxins or even to
their shorter proteolytical fragments. It is known, for example,
that the electrical transepithelial potential (lumen negative) of
the anterior midgut in Aedes aegypti larvae is the opposite to that
of the posterior midgut (lumen positive) [30-33]. In addition,
the most powerful generator of the plasma membrane potentials
in the larval epithelial cells, the H* V-type proton ATPase, is
distributed asymmetrically: in the basal membrane of the anterior
midgut and in the apical membrane of the posterior midgut [34—
37].

In the present work, we demonstrate that the polycationic pep-
tide BTM-P1d, composed of all D-amino acids, has a membrane-
permeabilizing activity similar to that of BTM-P1 (all L-type
amino acid peptide) in experiments with isolated rat liver mito-
chondria, RBC and mitochondria in gut homogenates of A. ae-
gypti larvae. The mitochondria-permeabilizing activity was also
demonstrated for larger peptides, such as BTM-P2 (37 amino
acid residues) and BTM-P3 (60 amino acids residues), derived
from the Cry11Bb protoxin and containing BTM-P1 sequence as
their part at the C-terminus, as well as for the Cry11Bb protoxin
treated with the larval gut protease extract, but not for the native
protoxin. Only BTM-P1d, at low concentration, in comparison
with the protease-sensitive peptides BTM-P1, BTM-P2 or BTM-
P3, was highly toxic for A. aegypti larvae. As a result, we suggest
an electrical hypothesis of toxicity of the Cry toxins for mosquito
larvae, which is based on the potential-dependent mechanism
of membrane permeabilization by BTM-P1 [24,27,28] and by
other polycationic peptides derived from the Cry11Bb protoxin,
shown in this work. The hypothesis predicts that the electrical
field distribution within the midgut of insect larvae is crucial for
insertion of toxins and of their active proteolytic fragments into
the plasma membrane to form pores. High plasma membrane
potential should also favour penetration of some active peptides
into the epithelial cells of certain midgut regions with subsequent
permeabilization of mitochondria. This concept is supported by
the literature data related to the distribution of membrane and
transepithelial potentials in the anterior and posterior midguts of
A. aegypti larvae [30-33,38-40].

MATERIAL AND METHODS

Materials

The polycationic peptides were designed in our laboratory on
the basis of the natural sequence of the Cryl1Bb protoxin
and were synthesized by GenScript Corporation. The peptides
composed of all L-amino acids were the following: BTM-
P1 of 95.4% purity with the sequence of VAPIAKYLAT-
ALAKWALKQGFAKLKS, BTM-P2 of 94.2% purity with
the sequence of IEPSTAPALIAVAPIAKYLATALAKWALKQG-
FAKLKS and BTM-P3 of 92.4% purity with the sequence
of MENNSFNVLANNNMSSFPLENSKIEPSIAPALIAVAPIA-
KYLATALAKWALKQGFAKLKS. The peptide BTM-P1d of
94.1 % purity was composed of all D-amino acids with the se-
quence of vapiakylatalakwalkqgfaklks. The chemicals were pur-
chased from Sigma Chemical Co. and valinomycin from Merck.

Evaluation of A. aegypti larval viability

The A. aegypti colony was maintained on artificial diet at 30°C,
70-80 % relative humidity and 12:12 h light:dark photoperiod.
Ten of each 1st, 2nd or 3rd instar larvae were placed in 24-well
plates containing 1 ml of dechlorinated tap water. The peptides
dissolved in 100 mM HEPES-Tris buffer, pH 7,4, with 10 % (v/v)
DMSO were added to a final concentration of 5 and 10 uM. Each
treatment was performed with five replicates. Larval survival was
scored every hour until the 9th h and at 24 h after the treatment.
Buffer, at volumes 5 or 10 ul, was added to the control groups.

Preparation of homogenates of A. aegypti larval
guts

Guts excised from early 4th instar A. aegypti larvae (200 in 0.5 ml
of medium containing 100 mM sucrose, 75 mM KCl, 10 mM
inorganic phosphate, | mM EGTA, 5 mM HEPES-KOH, pH 7.2)
were homogenized in a Polytron homogenizer at 30 000 rev./min
at 04 C°.

Preparation of Cry11Bb protoxin and of its
hydrolysate in the natural protease extract of A.
aegypti larval guts

The Cryl1Bb protoxin was obtained from the acrystalliferous
recombinant strain SPL-407 of B. thuringiensis subsp. thuring-
iensis. It had been transformed with the plasmid pSOB con-
taining DNA insert encoding the protoxin [41]. The recombin-
ant cells were grown in M1 medium [42] supplemented with
25 pg/ml erythromycin for 72 h at 30 °C and sedimented by cent-
rifugation. To solubilize the crystals, the pellet was treated with
50 mM 3-(cyclohexylamino)-propane sulfonate, pH 10.6, con-
taining 0.05 % 2-mercaptoethanol. The insoluble material was
removed by centrifugation. Concentration of the obtained sol-
uble toxin was 21 mg/ml determined by the method of Bradford
[43], using BSA as standard.
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The mosquito larval protease extract was prepared from the
guts excised from early 4th instar A. aegypti larvae as de-
scribed in [44]. The soluble Cry11Bb protoxin was hydrolysed
for 2h at 37°C with this protease extract at an extract:toxin
ratio of 1:50 (w/w protein) that resulted in production of two
major fragments of approximately 30 and 35 kDa, as has been
shown earlier [44]. The possibility of formation of shorter frag-
ments, down to peptides, under such treatment has not been
studied.

Isolation of rat liver mitochondria

Mitochondria from liver of male Sprague-Dawley rats (starved
overnight) were isolated by the method of differential cent-
rifugation as described earlier [45], following the principles
outlined in the Guide for the Care and Use of Laboratory
Animals published by the USA National Institutes of Health
(NIH Publication No. 85-23, revised 1996) and approved by
the Local Ethics Committee of the National University of
Colombia, Medellin Branch. Previously cooled liver was ho-
mogenized in medium containing 210 mM mannitol, 70 mM
sucrose, 2.5 mM MgCl,, 1 mM EGTA-KOH, 0.3 mg/ml BSA
(fatty acid-free fraction V), 10 mM HEPES-KOH, pH 7.2, at
0-4°C. The first mitochondrial pellet was resuspended in the
medium containing 210 mM mannitol, 70 mM sucrose, 50 uM
EGTA-KOH, 0.3 mg/ml BSA and 10 mM Hepes—KOH, pH 7.2,
and mitochondria were sedimented again. This procedure of
mitochondria washing was repeated and finally mitochondria
were resuspended in 1 ml of the same medium, but without
BSA.

Isolation of RBC from white rats

RBC were isolated as described in [46] with slight modifica-
tions. Approximately 5 ml of rat blood were mixed with 20 ml of
the medium composed of 120 mM NaCl, 10 mM EDTA, 5 mM
sodium citrate and 5 mM Tris/HCI, pH 7.4, and centrifuged at
600 g for 10 min (Jouan centrifuge RM1812). The pellet was
washed three times by gentle resuspension of the cells in 20 ml
of 150 mM NaCl, 5 mM Tris/HCl, pH 7.4, and subsequent cent-
rifugation at 600 g for 10 min. The final pellet was resuspended
in the same medium supplemented with 10 mM glucose to the
final haematocrit of 20 %.

Monitoring of the inner membrane potential of
mitochondria

The inner membrane potential of rat liver mitochondria
was monitored with the potential-sensitive fluorescent probe
safranin O (520 nm excitation, 580 nm fluorescence) as de-
scribed in [47] using the Aminco-Bowman Series 2 spectro-
fluorimeter. Mitochondria, at the concentration of 0.5 mg pro-
tein/ml, were added to the incubation medium KNPE com-
posed of 150 mM KNOj;, 5 mM inorganic phosphate, 20 uM
EGTA, pH 7.2, supplemented with 2.5 mM succinate and 10 uM
safranin O.
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Monitoring of the redox state of mitochondrial
pyridine nucleotides

The level of reduced forms of endogenous pyridine nucleotides,
NAD(P)H, in isolated rat liver mitochondria and in larval midgut
homogenates was monitored by fluorescence at 450 nm using the
Aminco-Bowman Series 2 Luminescence Spectrometer. With the
aim to minimize the influence of turbidity of the suspension on
fluorescence measurements and to decrease the effect of the in-
ternal filter, the exciting and emitting light beams were focused
on the 1.5x1.5 mm corner of the cuvette as described in [48],
and the excitation wavelength of 365 nm was selected instead
of 340 nm. Mitochondria, at final concentration of 0.5 mg pro-
tein/ml, or larval midgut homogenates at the equivalent of 12
larval guts/ml, were added to the incubation medium composed
of 100 mM sucrose, 75 mM KCI, 10 mM potassium phosphate,
50 uM EGTA, 5 mM HEPES, pH 7.2 (the SKPH medium). The
drop of the inner membrane potential, as a result of mitochondria
permeabilization, was revealed by a decrease of the NAD(P)H
fluorescence due to an accelerated oxidation of pyridine nucle-
otides.

Evaluation of the outer membrane permeability of
mitochondria to cytochrome ¢

Rat liver mitochondria, 0.5 mg protein/ml, were incubated in
isotonic medium composed of 100 mM sucrose, 75 mM KCI,
20 uM EGTA, 5mM potassium phosphate, 5 mM HEPES-
KOH, pH 7.2, supplemented with 2.5 mM succinate. After
1 min of mitochondria preincubation, 0.7 uM BTM-P1 was
added and subsequent oxidation of endogenous NAD(P)H
was observed. After approximately 3 min, the respiratory
chain inhibitors (2.5 uM rotenone, 0.5 uM antimycin A,
0.5 uM myxothiazol) and 1 uM protonophoric uncoupler FCCP
(carbonyl cyanide p-trifluoromethoxyphenylhydrazone)
(RAMF) were added followed by the addition
of 20 uM NADH. Under these conditions, the rate of oxida-
tion of added NADH was limited by the outer membrane
permeability to endogenous cytochrome c, as shown earlier [49].

Monitoring of the plasma membrane potential of
RBC

The plasma membrane potential of RBC was monitored by
the potential-sensitive fluorescent probe DiSC;(5) [50]. Two
types of incubation media were used: (i) NaCl medium composed
of 150 mM NaCl, 0.1 mM KCI, 5 mM HEPES-NaOH, pH 7.2
and (ii) the NaCl-sucrose medium composed of 63 mM NaCl,
125 mM sucrose, 0.1 mM KCI, 5 mM HEPES-NaOH, pH 7.2.
RBC were added at the final haematocrit of 0.2 %. Both me-
dia were supplemented with DiSC5(5) at the final concentra-
tion of 2 uM. Potential-dependent capture of the cationic probe
DiSC;5(5) by RBC led to a decrease of its fluorescence intensity
(648 nm excitation, 668 nm fluorescence). Valinomycin was ad-
ded to the RBC suspension to the final concentration of 1 uM in
order to artificially generate a relatively high membrane potential.
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The peptides were added to the suspension of normal RBC, or of
RBC pre-incubated with valinomycin.

Observation of mitochondrial swelling and of
shrinkage-swelling of RBC
Mitochondrial swelling was monitored simultaneously with the
NAD(P)H or safranin O fluorescence using a modified cuvette
holder [48] for the Aminco-Bowman Series 2 spectrofluorimeter.
One of the two auxiliary channels of this equipment allows meas-
urement of 90°-dispersion of light emitted by an infra red light-
emitting diode (920 nm). The dispersed light was detected by
the additionally mounted photodiode and amplifier before it was
registered in an auxiliary channel [48]. In the same manner, an in-
crease or decrease in light dispersion in the RBC suspension was
monitored allowing observation of cell shrinkage or swelling,
respectively, as was shown previously [28]. Light dispersion of
RBC was monitored simultaneously with DiSC;(5) fluorescence
described above.

The samples were constantly stirred with the magnetic stirrer
and maintained at the temperature of 30 °C. The data are presented
as a means + S.E.M.

RESULTS

Earlier, we have designed the polycationic peptide BTM-P1 with
very high membrane permeabilizing activity [24,27,28]. This
peptide contains four hydrophobic amino acid residues at the
N-terminus and a fragment of 22 amino acid residues [24,26,27]
that belongs to the «2 helix of domain I of the B. thuringiensis
Cry11Bb protoxin [29].

In the present study, we also designed an all D-type amino acid
analogue of BTM-P1, the proteolysis-resistant peptide BTM-P1d
and two larger all L-type amino acid peptides, BTM-P2 and BTM-
P3, which include BTM-P1 as their C-terminus fragment. Both
of the larger peptides were derived from the Cry11Bb protoxin
sequence. To evaluate the membrane permeabilizing activities of
these new peptides, we first studied their influence on the inner
membrane potential (Figure 1; curves a,b) and swelling of rat liver
mitochondria (Figure 1; curves c,d) at the peptide concentrations
of 0.5 uM (Figure 1; curves a,c) and 1.0 uM (Figure 1; curves
b,d). According to the obtained data, very similar inner membrane
potential decrease and mitochondrial swelling were caused by
peptides BTM-P1 (Figure 1A) and BTM-P1d (Figure 1B), with
slightly higher activity for BTM-P1. The larger peptides, BTM-
P2 (Figure 1C) and BTM-P3 (Figure 1D), demonstrated effects
comparable with those of BTM-P1 (Figure 1A). At the concen-
tration of 0.5 M, the intermediate size peptide BTM-P2 showed
the lowest activity (Figure 1C; curves a,c).

The cationic probe safranin O, used in these experi-
ments to monitor the membrane potential (Figure 1), has
been found to decrease the efficiency of some polyca-
tionic peptides to permeabilize mitochondria [51]. That is
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Figure 1 Influence of the peptides derived from the Cry11Bb pro-
toxin on the inner membrane potential of rat liver mitochondria
monitored by safranin O fluorescence (a,b), and on mitochondrial
swelling monitored by light dispersion (c,d)

Mitochondria (0.5 mg/ml protein) were added to the KNPE medium sup-
plemented with 2.5 mM succinate and 10 uM safranin O; (a,c) 0.5 uM
peptide; (b,d) 1.0 uM peptide.

why the inner membrane potential was also monitored in-
directly, by measuring fluorescence intensity of mitochon-
drial endogenous NAD(P)H (Figure 2). The highly reduced
state of pyridine nucleotides of mitochondria, energized un-
der succinate oxidation (Figure 2), was maintained due to the
energy-dependent RET (reverse electron transport) through
complex I of the respiratory chain and after that, through the
proton-translocating energy-dependent THG (transhydrogenase)
of the inner membrane, as shown in Figure 3(A). It means that
the steady-state level of mitochondrial pyridine nucleotides de-
pends on the inner membrane proton electrochemical gradient
composed of the membrane electrical potential and delta pH.
The peptides BTM-P1 and BTM-P1d at 0.2 uM concentration
caused a rapid decrease in the intensity of NAD(P)H fluorescence
(Figure 2A; curves a,c) that was accompanied by a fast decrease
in light dispersion of the mitochondrial suspension (Figure 2A;
curves b,d). Slightly lower activities were observed for peptides
BTM-P2 (Figure 2B) and BTM-P3 (Figure 2C).

In contrast to the peptides BTM-P1, BTM-P2 and BTM-P3,
derived from the Cry11Bb protoxin, the soluble native protoxin
(C) did not cause any decrease in the mitochondrial NAD(P)H
fluorescence (Figure 2D; curve a) and did not induce swelling of
rat liver mitochondria (Figure 2D; curve b). To evaluate, whether
the natural hydrolysis of this protoxin by larval gut proteases
could generate fragments capable of mitochondria permeabiliz-
ation, the soluble Cryl1Bb protoxin was treated with the pro-
tease extract of A. aegypti larval gut. The hydrolysed Cryl11Bb

(© 2013 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.org/licenses/
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Figure 2 Influence of the peptides derived from the Cry11Bb pro-
toxin and of the solubilized (C) and hydrolysed (HC) Cryl1Bb
protoxin on the NAD(P)H fluorescence of rat liver mitochondria
(a,c) and on mitochondrial swelling monitored by light dispersion
(b,d)

Mc - mitochondria (0.5 mg/ml protein) added to SKPH medium.
Suc., 2.5 mM succinate; C, 57 ug/ml of the solubilized Cry11Bb; HC,
57 pg/ml of the Cry11Bb hydrolysed in the larval midgut extract; the
final peptide concentration was 0.2 uM.

protoxin (HC), added after the untreated soluble protoxin (C),
caused a marked decrease in the steady-state level of mitochon-
drial NAD(P)H (Figure 2D; curve a) and induced mitochondrial
swelling (Figure 2D; curve b). Even more pronounced effects,
similar to those caused by the studied peptides (Figures 2A-2C)
were observed when the hydrolysed Cry 11Bb protoxin (HC) was
added to the mitochondrial suspension in the absence of native
protoxin (Figure 2E).

The intensity of NAD(P)H fluorescence of larval gut homogen-
ates was also increased after the addition of succinate (Figure 3B),
presumably due to the energy-dependent RET mentioned above
(Figure 3A). This fluorescence intensity was sensitive to protono-
phoric uncoupler FCCP (Figure 3B), which is known to dissipate
proton electrochemical gradient of the inner membrane of mito-
chondria. After that, the addition of KCN, known to inhibit the
respiratory chain at the level of cytochrome a3, allowed fluores-
cence intensity recovery (Figure 3B), as a result of reduction of
mitochondrial pyridine nucleotides by endogenous substrates.

The effects similar to that caused by FCCP in larval midgut
homogenates (Figure 3B) were also observed after the addition
of the natural hydrolysate of Cry11Bb (HC), as well as after the
addition of 1 uM BTM-P1 or BTM-P1d (Figure 3B). A sim-
ilar decrease in the blue fluorescence, although slower, was also
caused by peptides BTM-P2 or BTM-P3 (Figure 3B). In all these
cases, the addition of KCN caused fluorescence recovery.
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Figure 3 The energy-dependent RET maintains the reduced state
of mitochondrial pyridine nucleotides (A) and the steady-state
level of NAD(P)H fluorescence of larval midgut homogenate
(LMH; B) affected by protonophoric uncoupler FCCP, by the nat-
ural hydrolysate of the Cryl1Bb protoxin (HC) and by the pep-
tides derived from the Cry11Bb protoxin

The LMH, in the equivalent of 12 guts, was added to 1 ml SKPH medium.
Energy-dependent THG; I, Il, lll, IV, respiratory chain complexes. Suc.,
2.5 mM succinate; FCCR 1 uM FCCP; CN, 0.5 mM KCN; HC, 57 ug/ml
of Cry11Bb hydrolysed in the larval gut extract. The final peptide con-
centration was 1 uM.

BTM-P1 influence on the rate of oxidation of external NADH
in rat liver mitochondria was studied (Figure 4) to evaluate its
ability to permeabilize the mitochondrial outer membrane. The
oxidation of external NADH is known to depend on cytochrome ¢
shuttling between the outer surface of damaged or permeabilized
outer membrane (cytochrome bs) and the cytochrome-c oxidase
of the inner membrane (see [49] and references therein). As
shown, 1 uM BTM-P1 increased the oxidation of external NADH
by more than one order of magnitude (Figure 4). It indicates that
BTM-P1 is capable of promoting cytochrome c release from
mitochondria. Epithelial cells of A. aegypti larvae are rich in
mitochondria to provide the energy necessary for transepithelial
ion transport [34,52]; therefore they might be very susceptible to
peptides such as BTM-P1.

The ability of the peptides to permeabilize plasma membrane
was evaluated using RBC with normally low membrane poten-
tial (Figures 5SA and 5C) and RBC with a high membrane po-
tential generated in the presence of valinomycin (Figures 5B and
5D). The peptides BTM-P1 (Figure 5A; curves a,b), BTM-P1d
(Figure 5A; curves c¢,d) and BTM-P2 (Figure 5C; curves c,d) at
concentrations up to 5 uM did not essentially change the plasma
membrane potential monitored by the potential-sensitive fluores-
cent probe DiSC3(5) (curves a,c) and did not affect light disper-
sion (curves b,d) in the suspension of normal cells (Figures SA
and 5C). Small decrease in RBC light dispersion was observed
in the presence of 2,5 uM BTM-P3, although its effect on the
membrane potential was negligible (Figure 5C; curves a,b). In
the presence of valinomycin (Figures 5B and 5D), these peptides
caused a drop of the initially high plasma membrane potential
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Figure 4 BTM-P1 increases the outer membrane permeability of
rat liver mitochondria to cytochrome c, according to a strong
activation of the external pathway of NADH oxidation

Rat liver mitochondria, 0.5 mg protein/ml, were incubated in the iso-
tonic medium composed of 100 mM sucrose, 75 mM KCI, 20 uM EGTA,
5 mM potassium phosphate, 5 mM HEPES-KOH, pH 7.2, 2.5 mM suc-
cinate. BTM-P1, 0.7 uM BTM-P1; RAMF, 2.5 uM rotenone, 0.5 uM an-
timycin A, 0.5 uM myxothiazol; and 1 ©M FCCP; NADH, 20 uM.

(Figures 5B and 5D; curves a,c) and induced a fast decrease in
light dispersion (Figure 5B and 5D; curves b,d). The largest pep-
tide, BTM-P3, showed the most significant effect even at lower
peptide concentration (Figure 5D; curves a,b). In these experi-
ments, the effect of BTM-P1 (Figure 5B; curves a,b) was slightly
higher than that of BTM-P1d (Figure 5B; curves c,d).

The biphasic response of light dispersion in the suspension
of RBC (preincubated with valinomycin) was observed after the
addition of 1 uM BTM-P1 (Figure 6A; curve b) or 1 uM BTM-
P1d (Figure 6B; curve b) when NaCl-sucrose medium (Figure 6)
was used instead of NaCl medium (Figure 5). The drop of the
initially high membrane potential (Figures 6A and 6B; traces a)
after the addition of the peptides coincided with the first phase
of light dispersion changes, i.e. with the cell shrinkage phase of
the biphasic response (Figures 6A and 6B; curve b). This is clear
from a comparison of the positive peaks of the corresponding
first derivates (c and d, respectively, in Figures 6A and 6B). The
negative peaks of the first derivatives (Figures 6A and 6B; curve
d) indicate that the second phase corresponds to a high amplitude
swelling (Figures 6A and 6B; curve b) of the depolarized cells
(Figures 6A and 6B; a). High degree of membrane permeabil-
ization was observed after the addition of BTM-P2 (Figure 6C;
curves a,b) or BTM-P3 (Figure 6D; curves a,b) at the same 1 uM
peptide concentration. No biphasic response was detected in both
of these cases, in contrast to the peptides BTM-P1 and BTM-P1d,
even at smaller peptide concentrations: at 0.5 uM BTM-P2 (Fig-
ure 6C; curves e,f), or at 0.25 uM BTM-P3 (Figure 6D; curves
g,h).

Next, we evaluated the peptide toxicity for A. aegypti larvae
(Figure 7), taking into account the ability of studied peptides to
permeabilize isolated rat liver mitochondria (Figures 1 and 2) and
to decrease the blue fluorescence intensity of larval gut homogen-
ates (Figure 3B), related to permeabilization of gut mitochondria,
as well as the potential-dependent permeabilization of the plasma
membrane (Figures 5 and 6). A very slight mortality was observed

A 5.0uM BTM-P1 (ab) (C 2.5 uM BTM-P3 (a,b) or
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Figure 5 Influence of the peptides derived from the Cry11Bb pro-
toxin on DiSC3(5) fluorescence (a,c) and on light dispersion (b,d)
in the suspension of RBC with normal (A,C) and artificially gen-
erated high membrane potential (B,D)

RBC (0.2% haematocrit) were added to the incubation medium com-
posed of 150 mM NaCl, 0.1 mM KCI, 5 mM Tris/HCI, pH 7.4 and 2 uM
DisC3(5). Val, 1 uM valinomycin.

for 1st instar larvae in the presence of 10 uM BTM-P1, and no
toxicity was detected for 2nd and 3rd instar larvae (Figure 7).
Peptides BTM-P2 and BTM-P3 had no measurable effect on the
larval survival at the same experimental conditions (results not
shown). On the other hand, 90 % of 1st instar larvae were dead
in 24 h even at 5 uM concentration of BTM-P1d. Significantly
higher toxicity was observed at 10 uM BTM-P1d for all studied
larval instars (Figure 7). The obtained data also showed a statist-
ically significant increase in the larval resistance to the peptide
BTM-P1d from 1st to 3rd instar larvae (Figure 7).

DISCUSSION

The electrical properties of A. aegypti larval gut have been stud-
ied by various scientific groups, focusing on the mechanisms
of generation of specific pH values in various gut regions, on
pH-dependent solubilization of protoxin crystals and amino acid
absorption, but not on toxicity of the Cry toxins. The values of the
membrane and transepithelial potentials of larval midgut varied
in a broad range, as summarized in Figure 8. The opposite signs
of transepithelial potentials in the anterior and posterior midguts
are the result of the asymmetric location of the H* V-ATPases
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Figure 6 Influence of the peptides derived from the Cry11Bb pro-
toxin on DiSC3(5) fluorescence (a,e,g) and on light dispersion
(b,f,h) in the suspension of RBC with artificially generated high
membrane potential in relatively low ionic strength medium

RBC (0.2% haematocrit) were added to isotonic NaCl-sucrose me-
dium composed of 63 mM NaCl, 125 mM sucrose, 0.1 mM KCI, 5 mM
Tris/HCI, pH 7.4, and 2 uM DisC3(5); Val, 1 uM valinomycin; (c,d) first
derivatives of the curves a and b, respectively. The final peptide con-
centrations were 1 uM (a,b,c,d), 0.5 uM (e,f) and 0.25 uM (g,h).

[34-37,53]: in the basal membrane of the anterior midgut and
in the apical membrane of the posterior midgut. The H* V-
ATPases are powerful generators of proton electrochemical gradi-
ents, which provide ion cycling through the midgut epithelium
and alkalinization of the anterior midgut of A. aegypti larvae
[32,33,54,55].

An equivalent electrical circuit for the anterior midgut epi-
thelium shown in Figure 8 is significantly simplified, because
two electrically distinct cell types have been reported [38]. Nev-
ertheless, the circuit allows demonstration that a high electrical
potential generated by the H* V-ATPase of the basal cell mem-
brane of the anterior midgut (Vy,), is applied to the junction
contacts (Vy, on the resistance R;,) and to the apical membrane
(V.. on the resistance R, ), according to the Ohm’s law.

High value of the luminal pH in the anterior midgut (Fig-
ure 9A), up to 11 or higher, is maintained due to the function-
ing of the apical membrane 2H " /Na™* (or 2H*/K*) antiporter
[54,56,57] in combination with nHCO; ~/Na* and CO;>~ /Na™*
simporters [31,32]. The electrogenic character of these transport-
ers allows the maintenance of a low value of the apical membrane
potential V,,. The cytoplasmic CO, (Figure 9A) is particularly
generated by the mitochondrial metabolism [31]. The concentra-
tion of sodium ions in the cytoplasm is recovered by the basal
Nat/H* antiporter [58] and by the apical Nat/K* P-ATPase
that has been reported for the anterior midgut of A. aegypti larvae
[36] (results not shown in Figure 9A for simplicity). This apical
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Figure 7 Survival of A. aegypti larvae (instars 1, 2 and 3) treated
with peptides BTM-P1 and BTM-P1d

Nat/K* P-ATPase would also provide additional counter ions
(Na™) for HCO;~ and CO;2~ flowing into the lumen for its
alkalinization [54].

In the posterior midgut, the H* V-ATPase of the apical mem-
brane generates high proton electrochemical gradient with rel-
atively low difference of pH across the membrane due to the
functioning of the ApH-dependent electrogenic 2H*/Na™ anti-
porter (Figure 9A). This ion transport allows maintenance of the
luminal pH<8 and of relatively high value of the apical mem-
brane potential (V,,) [53-55,59]. The voltage V,, is applied to
the junction contacts (Vy, on the resistance Ry,, Figure 8) and
to the basal membrane (Vy, on the resistance Ry, Figure 8),
and it is a driving force for the transport of amino acids (aa)
into the epithelial cells through the Na™ /aa simporter [60] (Fig-
ure 9A). The subsequent transport of amino acids through the
basal membrane of the posterior midgut into the haemolymph is
realized by the K /aa simporter [33,37,54,61] (Figure 9A) using
the energy of potassium gradient generated by the basal Na* /K *
P-ATPase [36,62], which in addition provides transepithelial so-
dium cycling (Figure 9A). The functioning of the Na* /H" non-
electrogenic antiporter in the basal membrane [58] and of a pos-
sible anion channel permeable to HCO; = [33], should lead to
activation of the basal Na®/K* P-ATPase. A decrease in the
basal membrane potential Vi, due to the presence of an anion
channel would provide an increase in the transepithelial potential
Vi (Figure 9A),

The C1~ flow through the junction contacts [31,33], which
are more permeable for anions than for cations [63,64], would
activate the cycling of Na™ counter-ions through the epithe-
lium and along the midgut and haemolymph [60] (Figure 9A).
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having the transepithelial potential opposite to that of the posterior midgut (see details in the Discussion

section)
(A) The distribution of some ion transporting systems provid
and allowing the maintenance of alkaline pH in the anterior

ing ion cycling through the anterior and posterior midguts
midgut. Membrane-active fragments of a Cry toxin appear

as a result of its initial hydrolysis and subsequently disappear due to further hydrolysis, arriving to the posterior midgut
with some probability, where they can permeabilize the apical plasma membrane in a potential-dependent manner or
penetrate into the cells causing mitochondria (Mc) permeabilization. (B) Schematic presentation of probability of the
plasma membrane permeabilization by Cry protoxins and/or by their active fragments, depending on the distribution
of their effective concentrations along the lumen and on the favourable membrane potential to insert them into the

membrane.

Relatively low value of V,, in the anterior midgut and high value
of V,, in the posterior midgut (Figure 8) might determine the most
sensitive regions of the midgut epithelium for the membrane per-
meabilization by the Cry toxins and by their membrane-active
fragments. It means that if some active fragments of the Cry pro-

toxins appear in the midgut lumen as a result of proteolysis, the
electrical fields might affect the insertion of such fragments into
the plasma membrane of the epithelial cells (Figure 9A). If these
fragments, like the studied potential-dependent peptides, have
access to the cytoplasm, they might permeabilize mitochondria
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(Mc) (Figure 9A) leading to subsequent release of cytochrome
c into the cytoplasm and apoptosis. A similar effect has been
described for some anticancer polycationic peptides ([65] and
references therein). The presence of apoptotic cells in the insect
epithelium treated with some Cry toxins has been recently re-
ported in the literature [66]. Mitochondria-mediated induction of
apoptosis by short peptides, originating from proteolysis of Cry
toxins, might represent a signalling mechanism of cell death (see
[67] for review), before a significant effect of pore formation in
the plasma membrane takes place.

As shown in this work, various peptides, BTM-P1, BTM-
P2 and BTM-P3, derived from domain I of the Cryl11Bb pro-
toxin, decreased the inner membrane potential and induced mi-
tochondrial swelling (Figure 1). These peptides also affected the
level of mitochondrial NAD(P)H (Figure 2) that strongly de-
pends on the inner membrane potential, as explained in Fig-
ure 3A. The obtained results demonstrated that not only the
studied peptides, but also the natural hydrolysate of Cryl1Bb
protoxin cause a strong decrease in NAD(P)H fluorescence of rat
liver mitochondria (Figure 2) and in the blue fluorescence of mi-
tochondria in larval midgut homogenates (Figure 3B). The native
non-hydrolysed protoxin did not show any permeabilizing effect
(Figure 2D).

Significant permeabilization of the outer membrane to cyto-
chrome ¢ by BTM-P1 was also detected, according to a strong
activation of the external pathway of NADH oxidation in rat liver
mitochondria (Figure 4). Similar results were obtained for other
studied peptides (results not shown). In this sense, the high dens-
ity of mitochondria in the posterior midgut in comparison to the
anterior midgut of A. aegypti larvae, reported in [52], allows one
to predict a higher susceptibility of the posterior midgut to the
damaging action of peptides such as BTM-P1.

To damage mitochondria in the epithelial cells, the peptides
should penetrate the plasma membrane. Earlier, we have shown
that the permeabilization of RBC plasma membrane by BTM-
P1 strongly depends on the membrane potential [24,27,28]. In
the present work, we observed that the peptide BTM-P1d, simil-
arly to BTM-P1, caused permeabilization of the RBC with artifi-
cially generated high membrane potential ( — 85 mV approxim-
ately [28]), whereas it did not permeabilize normal cells with
a very low membrane potential (— 10 mV approximately, see
[28] for references) (Figures SA and 5B). In addition, a strong
dependence of the plasma membrane permeabilization on mem-
brane potential was observed for larger peptides, BTM-P2 and
BTM-P3 (Figure 5C and 5D). In the NaCl-sucrose medium, with
a decreased ionic strength that might be similar to that of the
lumen of larvae incubated in fresh water, all studied peptides
demonstrated significantly stronger effects than observed in the
NaCl medium (compare the respective 1 uM peptide effects in
Figure 6 with those in Figure 5).

A very interesting biphasic, shrinkage—swelling response of
RBC to the peptides BTM-P1 and BTM-P1d, observed in NaCl-
sucrose medium (Figure 6), seems to reflect a time-dependent
change in ion selectivity of the plasma membrane during forma-
tion of peptide pores, as suggested earlier [28]. In this respect, it is
remarkable that the cell shrinkage phase coincided with electrical
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depolarization of the plasma membrane (Figure 6). These results
can be explained assuming that the permeability of the plasma
membrane to the internal chloride anions at the initial stage of
peptide pore formation is significantly higher than that to the ex-
ternal sodium cations. These data reflect the particular properties
of BTM-P1 and BTM-P1d, because the larger peptides BTM-P2
(Figure 6C) and BTM-P3 (Figure 6D) caused only monophasic
cell response (swelling without preceding contraction).

As the peptide BTM-P1d was able to kill A. aegypti larvae at
very low peptide concentrations (Figure 7), it might be related to
its capacity to permeabilize mitochondrial and/or plasma mem-
branes in the potential-dependent manner (Figure 5). The pep-
tide BTM-P1 was almost ineffective in killing mosquito larvae
(Figure 7), presumably due to its hydrolysis during the passage
through the relatively long and highly proteolytic anterior midgut,
which might prevent the appearance of significant peptide con-
centrations in the posterior midgut, where the apical membrane
potential is more favourable for the potential-dependent insertion
of the peptide into the membrane (Figure 9B).

A possible relationship between the proteolytic pathway
length, influencing the concentration of active Cry toxin frag-
ments, and the favourable membrane potential for the epithelium
permeabilization is schematically shown in Figure 9B. Accord-
ing to this concept, the probability of permeabilization of the
apical membrane is a product of the concentration of activated
protoxin or of its active fragments in a given region of the lumen
(Figure 9B, a) and of the value of favourable membrane poten-
tial (Figure 9B; curve b). It is consistent with the experimental
data indicating that the most significant damage of A. aegypti
larval epithelium under the action of Cry toxins is located in
the posterior midgut, in comparison with the anterior midgut
[68,69].

The observed increase with age in larval resistance to the toxic
effect of BTM-P1d (Figure 7), non-sensitive to proteolysis, allows
the assumption that possible changes in the electrical properties
of the larval midgut might contribute to the known age-dependent
larval susceptibility to the Cry toxins. This explanation is consist-
ent with the recently published data that the over-expression of
catalytical subunit 8 of mitochondrial F,F, ATP synthase induces
hypersensitivity of A. aegypti larvae to the Cry11Aa toxin [70]. It
might indicate that an increase in energy supply for transepithelial
ion cycling increases corresponding membrane potentials and
thus potential-dependent membrane permeabilization by the Cry
toxins and by their shorter fragments. Similarly, permeabiliza-
tion of mitochondrial membranes by BTM-P1 has been recently
shown to strongly depend on the respiration rate and ATP syn-
thase activity of mitochondria [28].

The precise mechanism of toxicity caused by B. thuringiensis
Cry toxins in the midgut epithelial cells of insect larvae is not yet
clear, although it has been established that it is due primarily to
their ability to form pores in the plasma membrane of the midgut
epithelial cells of susceptible insects [67]. It is widely accepted
that the presence of specific receptors [9,10,12,13] is crucial for
increasing the local concentrations of §-endotoxins. Beyond the
distribution of Cry toxin specific receptors, other factors might
be involved in the pore-forming activity of toxins. It has been

(© 2013 The Author(s) This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial Licence (http://creativecommons.org/licenses/
by-nc/2.5/) which permits unrestricted non-commercial use, distribution and reproduction in any medium, provided the original work is properly cited

133


http://creativecommons.org/licenses/by-nc/2.5/
http://creativecommons.org/licenses/by-nc/2.5/

134

V. V. Lemeshko and S. Orduz

shown for example that the membrane permeabilizing activity of
CrylAc protoxin is significantly higher for the posterior than for
the anterior regions of lepidopteran larvae; although no signific-
ant difference in the binding parameters for the protoxin were
detected [71]. Moreover, the capability of permeabilization of
artificial lipid membranes [11-21] and biomembranes [18,22,23]
without specific receptors has been reported in the literature for
some Cry-type toxins.

On the other hand, Cyt-type toxins are known to directly in-
sert into the membrane and to form pores (see references in
[72]). In addition, the binding of the Cyt1Aa protein to the brush
border membrane of A. aegypti larvae enhanced the binding of
Cry11Aa protoxin [6,72], synergistically increasing the toxic ef-
fect of CryllA, as well as that of Cry4 toxins. This effect of
CytlAa, inserted into the membrane before Cryl1Aa, has been
explained by its possible functioning as a membrane-bound re-
ceptor for Cryl1Aa [72].

The larval epithelial cell permeabilization by Cry toxins is ex-
plained by the widely accepted ‘umbrella model’ [4,5,73]. We
have slightly modified this model converting it into the model of
‘damaged umbrella’ [27], which was based on a high membrane
permeabilizing activity of the peptide BTM-P1 derived from the
a2 helix segment of domain I of the Cry11Bb protoxin. Accord-
ing to ‘damaged umbrella’ model, the «2a helix or its part in the
activated protoxin inserts into the membrane before or together
with the hairpin domain composed of the a4—a5 helices. The
membrane permeabilization by the polycationic peptide BTM-P1
[24,27,28], as well as by larger peptides BTM-P2 and BTM-P3
(Figure 6), strongly depends on membrane potential. It means that
the insertion of the «2a helix should also be potential-dependent,
and thus it might facilitate the insertion of the almost electrically
neutral o4—«a5 hairpin. The potential-dependent insertion of the
a2a helix rib of the ‘damaged umbrella’ might be the initial stage
of protoxin insertion into the membrane.

The results obtained in this work, the data published earlier
[24,27,28] and the literature data related to the distribution of
membrane potentials in the larval midgut (Figures 8 and 9), sug-
gest a working hypothesis that the epithelial cells of the pos-
terior midgut, in comparison with the anterior midgut, have the
most favourable plasma membrane potential for the potential-
dependent insertion of the «2a helix of the activated toxin into
the apical membrane, thus facilitating the insertion of the a4—
a5 hairpin. The electrical field distribution within the larval
midgut, in addition to the distribution of the Cry-toxin-specific
receptors, might be an important factor influencing the efficiency
of membrane permeabilization by the Cry toxins and by their
shorter fragments like the polycationic peptides studied in this
work. This electrical factor seems to be crucial in determina-
tion of the larval midgut regions most susceptible to the Cry
toxins.
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