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Abstract
Cry46Ab from Bacillus thuringiensis TK-E6 is a new mosquitocidal toxin with aerolysin-type architecture, and has been 
shown that co-administration of Cry46Ab with other mosquitocidal Cry toxins results in synergistic toxicity against Culex 
pipiens Coquillett (Diptera: Culicidae) mosquito larvae. Cry46Ab, therefore, is expected to find use in improving the insec-
ticidal activity of B. thuringiensis-based bioinsecticides. In the present study, the mode of action of Cry46Ab was explored 
by single-channel measurements of Cry46Ab channel-pores. The single-channel conductances of channel-pores formed in 
planar lipid bilayers by Cry46Ab were determined to be 31.8 ± 2.7 pS in 150 mM NaCl and 24.2 ± 0.7 pS in 150 mM CaCl2. 
Ion-selectivity measurements revealed that the channel-pores formed by Cry46Ab were cation selective. The permeability 
ratio of K+ to Cl− was approximately 4, and the preferences for cations were K+ > Na+, K+ > Ca2+, and Ca2+ > Na+. A cal-
cein release assay using liposomes suggested that Cry46Ab influences the integrity of membrane vesicles. Formation of 
cation-selective channel-pores has been observed with other insecticidal Cry toxins that have structures distinct from those 
of Cry46Ab; the capability of forming such pores may be a property required of insecticidal toxins.
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Introduction

Mosquito control is a central means by which mosquito-
borne diseases such as malaria, viral hemorrhagic fever, and 
lymphatic filariasis can be prevented. Chemical insecticides 
have traditionally been used for mosquito control, but these 
agents have negative impacts on other organisms and the 
environment. These concerns, therefore, have prompted 
the development of alternative approaches such as biologi-
cal control. The gram-positive spore-forming bacterium 
Bacillus thuringiensis subsp. israelensis (Bti) shows strong 
toxicity against Anopheles, Aedes, and Culex mosquito lar-
vae, and is one of the most widespread and environmen-
tally friendly components used in materials employed for 

mosquito control. The mosquitocidal activity of Bti resides 
in three major Cry toxins (Cry4Aa, Cry4Ba, and Cry11Aa) 
and a Cyt toxin (Cyt1Aa). The structures of Bti Cry toxins 
have been shown to share a similar three-domain architec-
ture (domains I, II, and III) (Boonserm et al. 2005, 2006; 
de Maagd et al. 2001). On the other hand, Cyt1Aa has a 
single domain with a β-sheet in the center surrounded by two 
α-helical layers (Cohen et al. 2011). Cyt1Aa has a low mos-
quitocidal activity, but this Cyt toxin synergizes with the Cry 
toxins (Crickmore et al. 1995; Pérez et al. 2005; Wirth et al. 
1997, 2005; Wu et al. 1994). Surprisingly, although Bti-
based bioinsecticides have been used to control mosquitos 
for many years, resistance to the bioinsecticides has not yet 
been reported in field populations of mosquitoes (Ben-Dov 
2014). The lack of resistance to Bti-based bioinsecticides 
has been attributed primarily to the different modes of action 
of, and synergistic interactions among, Bti toxins (Crick-
more et al. 1995; Poncet et al. 1995; Wirth et al. 2005). How-
ever, application of insecticides is always accompanied by 
the risk of selecting insecticide resistance in larval mosquito 
populations; thus, it is possible that mosquitoes may develop 
resistance to Bti-based bioinsecticides in the future, as has 
been reported in field populations of lepidopteran insects 
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(Tabashnik et al. 1990). In fact, it has been shown in the lab-
oratory that heavy and continuous application of individual 
Bti-derived Cry toxins can induce resistance (Georghiou and 
Wirth 1997; Wirth et al. 2012). It is, therefore, desirable to 
find toxins with modes of action that differ from those of Bti 
toxins to prolong the useful life of Bti-based bioinsecticides.

Cry46Ab is a crystal protein derived from B. thuring-
iensis strain TK-E6. Upon activation by proteinase K, 
Cry46Ab shows high cytotoxicities to human leukemic T 
cells (MOLT-4 and Jurkat), but not to human embryonal 
kidney cells (HEK293) (Hayakawa et al. 2007). Cry46Ab 
is, therefore, named parasporin 2Ab exhibiting preferential 
cytotoxicity against human cancer cells by Committee of 
Parasporin Classification and Nomenclature (http://paras​
porin​.fitc.pref.fukuo​ka.jp/index​.html). On the other hand, 
it has recently been reported that Cry46Ab shows apparent 
toxicity against Culex pipiens Coquillett (Diptera: Culicidae) 
mosquito larvae (Hayakawa et al. 2017). Toxicity spectra of 
Cry46Ab other than human leukemic T cells and C. pipiens 
mosquito larvae remains to be elucidate.

Interestingly, co-administration of Cry46Ab with other 
mosquitocidal Cry toxins, especially the combination of 
Cry46Ab with Cry4Aa from Bti, results in significant syn-
ergistic toxicity against C. pipiens mosquito larvae (Hay-
akawa et al. 2017). Cry46Ab thus may be a good candidate 
to improve the activity of crystal toxin insecticides currently 
in use, and may prolong the life of Bti-based bioinsecti-
cides. Cry46Ab shows highest homology (84% identity at 
the amino acid sequence level) to Cry46Aa, a toxin that also 
is referred to as parasporin-2Aa, from B. thuringiensis strain 
A1547 (Ito et al. 2004). Cry46Ab also shows relatively high 
homology (approximately 40% identity at the amino acid 
sequence level) to hydralysin, a toxin produced by the green 
hydra Chlorohydra viridissima (Sher et al. 2005). Therefore, 
Cry46Ab is inferred to be a member of the aerolysin-type 
β pore-forming toxins, a family that includes parasporin-
2Aa and hydralysin. In general, aerolysin-type toxins are 
produced by a very diverse group of organisms, and this 
large family of toxins contains not only aerolysins from 
Aeromonas hydrophila and related Aeromonas species, but 
also epsilon toxin from Clostridium perfringens, alpha toxin 
from C. septicum, enterolobin from Enterolobium contortisi-
liquum (a Brazilian tree), and Mtx toxin from Lysinibacillus 
sphaericus (Knapp et al. 2010). Aerolysin-type toxins share 
structural similarities in their domains, and all act as cytol-
ysins via pore formation. On the other hand, Cry toxins can 
be divided into several distinct homology groups (Schnepf 
et al. 1998), and most of them (nearly 90%) belongs to the 
three-domain Cry toxin group (see http://www.lifes​ci.susse​
x.ac.uk/home/Neil_Crick​more/Bt/). The three-domain Cry 
toxin is a member of the α pore-forming toxin which employ 
α-helices to insert into the membrane, and are believed to 
form cation-selective channel-pores (Xu et al. 2014).

Cry46Ab is a functional pore-forming toxin with the sin-
gle-channel conductance of 103.3 ± 4.1 pS (mean ± standard 
deviation) in 150 mM KCl (Hayakawa et al. 2017), but other 
characteristics of Cry46Ab channel-pores remain unclear. 
In the present study, the mode of action of channel-pores 
formed by Cry46Ab was further analyzed using planar lipid 
bilayers and liposomes.

Materials and methods

Preparation of recombinant Cry46Ab toxin

Recombinant Cry46Ab fused with glutathione S-transferase 
(GST-Cry46Ab) was expressed in Escherichia coli BL21 
as described previously (Hayakawa et al. 2017). Briefly, E. 
coli cells harboring pGST-Cry46Ab-S1 (Hayakawa et al. 
2017) were cultured at 37 °C in TB medium containing 
ampicillin (100 μg/ml) until the optical density at 600 nm 
(OD600) reached 0.4–0.6, and then expression of recombi-
nant Cry46Ab was induced with 0.1 mM isopropyl β-d-1-
thiogalactopyranoside at 30 °C for 4 h. The GST-Cry46Ab 
was purified using glutathione-Sepharose 4B (GE Health-
care Bio-Sciences AB, Uppsala, Sweden) according to the 
manufacturer’s instructions. Protein concentration was esti-
mated using a protein assay kit (Bio-Rad Laboratories, Inc., 
Hercules, CA), with bovine serum albumin as the standard. 
The mosquito-larvicidal activity of the GST-Cry46Ab was 
analyzed by bioassay using C. pipiens larvae (3rd instar), as 
described previously (Hayakawa et al. 2017). Briefly, 40 μg 
of the GST-Cry46Ab was adsorbed onto 2 mg of latex beads 
(0.8 µm diameter, Sigma-Aldrich Corp., St. Louis, MO), 
and then administered to the mosquito larvae as a diet. In a 
preliminary experiment, latex beads adsorbed GST was not 
toxic against C. pipiens larvae at a working concentration of 
2 µg/ml (data not shown).

Purified GST-Cry46Ab was activated using a trypsin-
immobilized column as described previously (Hayakawa 
et al. 2017). The activation process was monitored by analy-
sis using sodium dodecyl sulfate—15% polyacrylamide gel 
electrophoresis (SDS-PAGE), and the activated Cry46Ab 
(a polypeptide of 29 kDa) was eluted as the flow-through. 
Activated Cry46Ab was concentrated using Vivaspin 20 
(10 kDa molecular weight cutoff) centrifugal filter devices 
(GE Healthcare Bio-Sciences AB).

Lipid bilayer experiments

Pore formation by activated Cry46Ab in planar lipid bilay-
ers was analyzed as described previously (Hayakawa et al. 
2017). Briefly, each instrument consisted of two chambers 
(upper, cis chamber; lower, trans chamber), and the bottom 
of the cis chamber was a thin sheet of polyvinyl chloride 
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with a small circular hole (approximately φ200 µm). A lipid 
bilayer was prepared by painting an asolectin (phospholip-
ids from soybean, Sigma-Aldrich Corp.) solution (40 mg/ml 
n-decane) across the small hole. The chambers were held at 
virtual ground, such that the voltage in the solution of the 
cis chamber was connected to a patch-clamp amplifier by 
an Ag/AgCl electrode-defined membrane potential. After 
injection of activated Cry46Ab (0.1 µg/ml) into the solution 
in the cis chamber, the toxin was incorporated into the lipid 
bilayer while applying a 70 mV holding potential across the 
lipid bilayer. Data were analyzed using pClamp software 
(ver 9.2, Axon Instruments, Foster City, CA).

Unless otherwise stated, the current amplitude of the 
resolvable steps was recorded for each experiment, and the 
resulting data were plotted versus the corresponding applied 
voltage to generate the current–voltage relationship. Chan-
nel conductance was determined from the slope of the lin-
ear regressions on similar data points. Corresponding values 
obtained in different experiments were subjected to descrip-
tive analysis by calculating (over the number of experiments 
in which the values had been observed) the arithmetic mean 
and standard deviation.

To assess ion selectivity of the pores formed by Cry46Ab, 
membrane currents through the channel-pore formed by 
Cry46Ab were recorded with a fourfold gradient of KCl 
across the lipid bilayer (600 mM KCl and 10 mM Tris–HCl 
(pH 8.0) in the cis chamber, 150 mM KCl and 10 mM 
Tris–HCl (pH 8.0) in the trans chamber). The zero-current 
reversal potential (VR) was obtained as X-intercept of the 
linear showing current–voltage relationship, and the PK/PCl 
permeability ratio was calculated using the Goldman–Hodg-
kin–Katz equation as follows (Benz et al. 1979).

In the formula, R is the molar gas constant, T is the abso-
lute temperature, and F is the Faraday constant.

Calcein release assay

Large unilamellar vesicles (LUVs) of liposome were pre-
pared as described previously (Shai et al. 1990) with some 
modifications. Briefly, 5 mg of asolectin (Sigma-Aldrich 
Corp.) was dissolved in 500 µl of chloroform. The chlo-
roform then was removed using a circulating aspirator to 
generate a thin film of asolectin. The film was suspended 
in 500 µl of calcein solution (100 mM calcein, 100 mM 
NaCl, and 50 mM Tris–HCl, pH 8.3) by sonication for 
10 min at intervals of 30 s on, 30 s off. The resulting sus-
pension was allowed to stand for 30 min at room tem-
perature to permit the formation of multilamellar vesicles, 
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leading in turn to the subsequent formation of small unila-
mellar vesicles of liposome. Liposomal LUVs were gener-
ated by subjecting the small unilamellar vesicle suspension 
to repeated freeze–thaw cycles using liquid nitrogen at 
room temperature. LUVs containing calcein were purified 
using discontinuous sucrose density gradient centrifuga-
tion. The sucrose gradient was generated by sequential lay-
ering of 35, 30, 25, 20, and 10% (w/w) sucrose solutions. 
The liposome suspension was mixed with two volumes of 
64% (w/w) sucrose to yield a suspension in a solution of 
approximately 40% (w/w) sucrose, and this mixture was 
placed at the bottom of sucrose gradient. After centrifuga-
tion at 200,000×g for 1.5 h at 4 °C, the thin orange-colored 
layer of the liposome fraction was collected; the orange 
color indicated the presence of self-quenched calcein. The 
liposomes then were subjected to a second round of puri-
fication using sucrose density gradient centrifugation (for 
two purifications total).

The ability of Cry46Ab to disrupt liposomes was evalu-
ated by a calcein release assay. Calcein is self-quenched 
at high concentration (100 mM), as in the liposome, but 
emits fluorescence when calcein is diluted by disrup-
tion of the liposome. The fluorescence intensity of cal-
cein released from the liposomes was measured using a 
spectrofluorophotometer (RF-5300pc, Shimadzu, Osaka, 
Japan) with excitation at 490 nm and emission at 520 nm. 
Fluorescence intensity was monitored every 20 s for 5 min 
after addition of the activated Cry46Ab to the liposome 
suspension. The amount of fluorescence released was 
expressed as a percentage of the maximum fluorescence 
intensity achieved by the addition of Triton X-100 at a 
final concentration of 1% which disrupts liposome com-
pletely (fluorescence recovery).

Results

Recombinant Cry46Ab

Recombinant Cry46Ab was successfully expressed as a 
GST fusion in E. coli, and the molecular mass of puri-
fied GST-Cry46Ab was approximately 60 kDa, similar to 
the expected mass (59.309 kDa) (Fig. 1a). After treatment 
using a trypsin-immobilized column, GST-Cry46Ab was 
processed into a polypeptide of 29 kDa (Fig. 1a), similar 
in size to that of the activated Cry46Ab that was shown 
to be toxic against human leukemic T cells (Hayakawa 
et al. 2007) and against C. pipiens larvae (Hayakawa et al. 
2017). GST-Cry46Ab exhibited apparent toxicity against 
C. pipiens larvae, with an LC50 value (95% confidence 
limits) of 1.01 (0.98–1.05) µg/ml (Fig. 1b).
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Single‑channel measurement

Pore formation by activated Cry46Ab in the planar lipid 
bilayer was assessed previously, when the single-channel 
conductance was determined to be 103.3 ± 4.1 pS in 150 mM 
KCl (Hayakawa et al. 2017). In the present study, to charac-
terize more precisely the channel-pores formed by Cry46Ab 
in a planar lipid bilayer, the ability of Cry46Ab to permeabi-
lize an artificial lipid bilayer was analyzed in salt solutions 
containing NaCl or CaCl2, salts distinct from the KCl used 
in the previous experiments.

In a symmetrical salt solution containing 150 mM NaCl 
and 10 mM Tris–HCl (pH 8.0), apparent channel currents 
were detected between − 100 and + 100 mV at approxi-
mately 30 min after the addition of activated Cry46Ab to the 
solution in the cis chamber (Fig. 2a). These channel currents 
were observed only in the presence of toxin. The record-
ings of membrane currents were similar to those observed 
previously in 150 mM KCl (Hayakawa et al. 2017), and 
were characterized as long periods of closure interrupted 
by bursts of current jumps and rapid flickering between open 
and closed states (Fig. 2a). The current–voltage relationship 
was linear at several conductance levels. Most frequently 
observed was a line indicating a channel conductance of 
31.8 ± 2.7 pS, followed (successively less frequently) by 
lines indicating conductances of 59.7 ± 1.1, 89.8 ± 0.7, 
119.4 ± 1.3 and 150.6 ± 2.8 pS (Fig. 2b, c). In fact, 639 sin-
gle events were recorded in total, consisting of 259, 127, 
82, 76, and 34 events at the respective channel conduct-
ances (Fig. 2b, c). As the channel conductances observed 
in this experiment occurred almost universally in multiples 

of approximately 30 pS, channel conductance higher than 
30 pS was considered to be the result of the synchronized 
opening and closing of multiple channels. The conductance 
of single channels formed by Cry46Ab on the planar lipid 
bilayer thus was determined to be 31.8 ± 2.7 pS in 150 mM 
NaCl.

Recordings of membrane currents in the solution contain-
ing 150 mM CaCl2 and 10 mM Tris–HCl (pH 8.0) yielded a 
profile similar to those observed in KCl and NaCl solutions 
(Fig. 3a). In the current–voltage relationship, the most fre-
quently observed line was one indicating a channel conduct-
ance of 24.2 ± 0.7 pS (Fig. 3b, c). Although the frequency 
was low, a line indicating a conductance of 52.6 ± 3.9 pS 
also was observed (Fig. 3b, c). Three hundred and sixty-four 
single events were recorded in total, and 230 and 71 of the 
events occurred on lines indicating channel conductances of 
24.2 ± 0.7 and 52.6 ± 3.9 pS, respectively (Fig. 3b, c). Thus, 
the conductance of single channels formed by Cry46Ab on 
the planar lipid bilayer was determined to be 24.2 ± 0.7 pS 
in 150 mM CaCl2.

Ion selectivity of the pores formed by Cry46Ab

Membrane currents through the channel-pore formed by 
Cry46Ab also were recorded with a fourfold gradient of 
KCl across the lipid bilayer. As a result, various channel 
currents with different levels were detected between − 50 
and + 50 mV upon addition of activated Cry46Ab to the 
solution in the cis chamber (data not shown). In this assay, 
the current amplitudes of the resolvable steps were recorded, 
pooled for eight independent experiments, and averaged over 

Fig. 1   The recombinant 
Cry46Ab toxin. a The recom-
binant Cry46Ab expressed as a 
GST fusion was purified using 
glutathione beads, and was 
activated using a trypsin-immo-
bilized column. Protein was 
analyzed by 15% SDS-PAGE. 
A total of 1 µg of protein was 
applied in each lane. b Mos-
quitocidal activities of GST-
Cry46Ab. The experiments 
were repeated independently six 
times. Mortality rates, observed 
at 48 h after administration, are 
presented as mean (standard 
deviation)
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Fig. 2   Single-channel analysis of activated Cry46Ab in symmetrical 
150  mM NaCl solutions. a Representative segments of typical cur-
rent traces. The current levels corresponding to the open state of the 
channels are indicated by dashed lines. b Representative current–
voltage relationship obtained from the Cry46Ab current steps. The 

experiment was repeated three times independently, and the mean and 
standard deviation is shown. c Frequency of conductance observed on 
the Cry46Ab current steps. Six hundred and thirty-nine single events 
were recorded in total
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150 mM CaCl2 solutions. a Representative segments of typical cur-
rent traces. The current levels corresponding to the open state of the 
channels are indicated by dashed lines. b Representative current–volt-
age relationship obtained from the Cry46Ab current steps. The exper-

iment was repeated more than three times independently, and the 
mean and standard deviation are shown. c Frequency of conductance 
observed on the Cry46Ab current steps. Three hundred and sixty-four 
single events were recorded in total
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the number of steps at each applied voltage (Fig. 4a). Con-
sidering the results of single-channel measurements in this 
study and in the previous report (Hayakawa et al. 2017), 
Cry46Ab is thought to form channel-pores with very similar 
conductances in planar lipid bilayers, and higher channel 
currents are thought to be caused by synchronized opening 
and closing of multiple channels. It was, therefore, reason-
able to speculate that all of the linear showing current–volt-
age relationship observed in the present experiment share 
the same X-intercept. In fact, the current–voltage relation-
ship constructed for this measurement approached linear-
ity, and the VR was determined to be − 18.38 mV (Fig. 4a). 
The PK/PCl permeability ratio calculated from this VR value 
(using the Goldman–Hodgkin–Katz equation (Benz et al. 
1979)) was 3.67, demonstrating a higher permeability for 
K+ than for Cl−.

In addition, the effect of pH on the channel-pore formed 
by Cry46Ab was assessed. The membrane currents were 
recorded under the same experimental conditions as above, 
but 10 mM Tris–HCl (pH 6.0) was used as the buffer instead 
of 10 mM Tris–HCl (pH 8.0). As a result, various chan-
nel currents were detected at voltages between − 50 and 
+ 50 mV, with these currents occurring at levels distinct 
from those observed in the measurement using a buffer 
of pH 8.0 (data not shown). The current amplitudes of the 
resolvable steps were recorded, pooled for seven independ-
ent experiments, and averaged over the number of steps 
at each applied voltage. The current–voltage relationship 
approached linearity, and the VR was determined to be 
− 20.04 mV; the PK/PCl permeability ratio calculated from 
this VR value was 4.25 (Fig. 4b). Thus, the channel-pores 
formed in the planar lipid bilayer by Cry46Ab appear to be 
cation selective.

Preferred cations

To determine the preferred cations (K+, Na+, or Ca2+) for 
the channel-pores formed by Cry46Ab, membrane currents 
were measured across the lipid bilayer when different salt 
solutions were present on the two sides of the chamber. In 
this experiment, KCl and NaCl were used at a concentra-
tion of 150 mM, and CaCl2 was used at a concentration 
of 75 mM to provide Cl− at a concentration equivalent to 
those in the KCl and NaCl solutions.

When 150 mM KCl was provided in the cis chamber 
and 150 mM NaCl was provided in the trans chamber, 
incorporation of Cry46Ab into the lipid bilayer yielded 
positive membrane current without holding potential 
(Fig. 5a). Similar preferential permeability was observed 
when the salt solutions were exchanged between the cis 
and trans chambers (150 mM NaCl in the cis chamber and 
150 mM KCl in the trans chamber) (Fig. 5b). This result 
demonstrated that the Cry46Ab channel-pore has a higher 
permeability for K+ than for Na+, and that the movement 
of K+ across the lipid bilayer occurs in both directions 
through this channel-pore. On the other hand, when the 
measurement was performed with 150 mM KCl in the cis 
chamber and 75 mM CaCl2 in the trans chamber, positive 
membrane current was observed (Fig. 5c), indicating pref-
erential permeability for K+ compared to Ca2+. When the 
measurement was performed with 150 mM NaCl in the cis 
chamber and 75 mM CaCl2 in the trans chamber, negative 
membrane current was observed (Fig. 5d), indicating pref-
erential permeability for Ca2+ compared to Na+. There-
fore, the cation preferences of the channel-pores formed 
by Cry46Ab were K+ > Na+, K+ > Ca2+, and Ca2+ > Na+.
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Fig. 4   Ion selectivity of the channel-pore formed by activated 
Cry46Ab. Anion–cation selectivity of the channel-pore was deter-
mined using fourfold gradients of KCl across the lipid bilayer. Cur-
rent amplitudes of the resolvable steps were recorded, pooled for 
eight independent experiments, and averaged over the number of 

steps at each applied voltage. The current–voltage relationship was 
constructed and the zero-current reversal potential (VR) was deter-
mined. The PK/PCl permeability ratios were calculated from this VR 
value using the Goldman–Hodgkin–Katz equation. a Measurement in 
pH 8.0 solution. b Measurement in pH 6.0 solution
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Calcein release assay

LUVs of asolectin were created with the self-quenched fluo-
rescent dye calcein entrapped in their interior cavities, and 
membrane perturbation was monitored by the increase in 
fluorescence due to the dilution of calcein in the surrounding 
solution. After addition of activated Cry46Ab to the LUV 
suspension, the fluorescence intensity increased in a rapid 
and dose-dependent manner (Fig. 6). The estimated fluores-
cence recoveries at 5 min after addition of Cry46Ab at 10.0, 
2.5, and 0.6 µg/ml (final concentration) were 59.2, 46.2, and 
15.9%, respectively (Fig. 6). These observations suggested 
that Cry46Ab (and presumably, the channel-pore formed by 
Cry46Ab) influences the integrity of membrane vesicles.

Discussion

We previously demonstrated that Cry46Ab is a functional 
pore-forming toxin with a single-channel conductance of 
103.3 ± 4.1 pS in 150 mM KCl (Hayakawa et al. 2017), 
but other characteristics of these channel-pores remained 
unclear. Therefore, to characterize the channel-pore more 
precisely, single-channel analyses were performed using 
NaCl or CaCl2 solution, that is, employing salts distinct from 
the previously tested KCl. The measurements of membrane 
currents in both 150 mM NaCl and 150 mM CaCl2 solutions 
revealed typical current transitions between open and closed 

states, and a result similar to that previously observed in 
the 150 mM KCl solution. Single-channel conductances of 
the channel-pores in 150 mM NaCl and in 150 mM CaCl2 
were 31.8 ± 2.7 and 24.2 ± 0.7 pS, respectively. However, the 
single-channel conductance of the channel-pore in 150 mM 
NaCl was apparently lower than that in 150 mM KCl; this 
observation may suggest some difference in characteristics 
of the Cry46Ab channel-pores compared to those formed by 

Fig. 5   Selectivity order of cations for the channel-pore formed by 
activated Cry46Ab. Selectivity order of cations for the channel-
pore formed by activated Cry46Ab was determined by membrane 
current measurement under asymmetrical buffer conditions using 
a 150  mM KCl/150  mM NaCl, b 150  mM NaCl/150  mM KCl, 

c 150  mM KCl/75  mM CaCl2, d 150  mM NaCl/75  mM CaCl2 (cis 
chamber/trans chamber), respectively. Membrane current was meas-
ured without holding potential upon incorporation of Cry46Ab into 
the lipid bilayer
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Fig. 6   Calcein release assay. LUVs of asolectin were created with 
the self-quenched fluorescent dye calcein entrapped in their interior 
cavities. After addition of activated Cry46Ab to the LUV suspension, 
the increase in fluorescence intensity was monitored every 20  s for 
5  min. Fluorescence recovery was expressed as a percentage of the 
maximum fluorescence intensity, achieved by the addition of Triton 
X-100. Open circles (○), filled circles (●) and squares indicate final 
concentration of Cry46Ab at 10.0, 2.5, and 0.6 µg/ml, respectively
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aerolysin. Notably, aerolysin from S. sobria has been shown 
to form channel-pores with similar single-channel conduct-
ance in both KCl and NaCl solutions (650 pS in 1 M KCl; 
600 pS in 1 M NaCl) (Chakraborty et al. 1990).

Measurement of membrane currents in a fourfold KCl 
gradient (600 mM in the cis chamber, 150 mM in the trans 
chamber) demonstrated that the channel-pores formed by 
Cry46Ab permeabilized K+ in preference to Cl−; the PK/PCl 
permeability ratios calculated at pH 6.0 and 8.0 were 3.67 
and 4.25, respectively. The cation preference of the Cry46Ab 
channel-pores were determined to be K+ > Na+, K+ > Ca2+, 
and Ca2+ > Na+. Formation of cation-selective channel-
pores in planar lipid bilayers has been observed with other 
insecticidal Cry toxins, including Cry1Aa (Grochulski et al. 
1995), Cry1Ac (Slatin et al. 1990), Cry1C (Schwartz et al. 
1993), Cry3Aa (Slatin et al. 1990), Cry3B2 (Von Tersch 
et al. 1994), and Cry4Ba (Puntheeranurak et al. 2004). Like 
Cry46Ab, these molecules are insecticidal Cry toxins, but 
unlike Cry46Ab, these other toxins are members of the α 
pore-forming toxin family and do not share structural simi-
larity with aerolysin-type toxins. It is believed that, after 
sequential interaction with specific receptors facilitating for-
mation of the toxin oligomer, insecticidal Cry toxins insert 
into the cell membrane of columnar cells in the midgut tis-
sue and create pores that allow cell uptake of cations. The 
uptake of cations causes the influx of excess water into the 
midgut cells, leading to swelling and bursting, a cell lysis 
process referred to as colloid-osmotic lysis (Knowles and 
Ellar 1987). Considering this previous work and the obser-
vations in the present work, the formation of cation-selective 
channel-pores by crystal proteins may be a property required 
of insecticidal toxins. In the present study, the effect of chan-
nel-pores formed by Cry46Ab on the integrity of membrane 
vesicles also was assessed by the calcein release assay. After 
addition of activated Cry46Ab to LUVs containing self-
quenched calcein, fluorescence intensity increased quickly 
in a dose-dependent manner. This observation suggested 
that Cry46Ab, and presumably the channel-pore formed by 
Cry46Ab, influences the integrity of membrane vesicles.

On the other hand, among aerolysin-type toxins, the 
enterotoxin from C. perfringens forms highly cation-selec-
tive channel-pores in planar lipid bilayers (Benz and Popoff 
2018), but other aerolysin-type toxins [including aeroly-
sin from A. sobria (Chakraborty et al. 1990)], alpha toxin 
from C. septicum (Ballard et al. 1993), and epsilon toxin 
from C. perfringens (Petit et al. 2001)) form slightly anion-
selective channel-pores in planar lipid bilayers. All these 
aerolysin-type toxins are classified as β pore-forming toxins 
that, upon binding to the receptor of the target cell, form 
toxin oligomers that can insert into the cell membrane and 
form channel-pores. Formation of channel-pores induces ion 
fluxes leading to membrane depolarization and ultimately 
cell death (Abrami et al. 2000). The amphipathic β-hairpin 

in the middle domain of these toxin molecules is thought 
to constitute the transmembrane β-barrel cylinder (Melton 
et al. 2004). The β-hairpin is composed of a striking pat-
tern of alternating charged and non-charged amino acids; 
the charged amino acids are thought to line the lumen of 
the β-barrel cylinder (Melton et al. 2004). It is believed that 
the composition and/or sequence of charged amino acids 
in the β-hairpin region is responsible for the ion selectiv-
ity of aerolysin-type toxins. The corresponding β-hairpin 
can be identified in the structure of Cry46Ab based on its 
sequence similarity with Cry46Aa (parasporin-2Aa, Akiba 
et al. 2009). Therefore, it will be of interest to determine 
the amino acid residues in the β-hairpin of Cry46Ab that 
affect the ion selectivity, as well as the effect of this domain 
on to Cry46Ab’s insecticidal activity. Currently, the resi-
dues that determine the ion selectivity of channel-pores 
remain unclear; Cry46Ab may be useful as a model for elu-
cidating the mechanism of ions permeation through such 
channel-pores.

Co-administration of Cry46Ab with other mosquitocidal 
Cry toxins (including Cry4Aa, Cry11Aa, and Cry11Ba) 
has been shown to result in synergistic toxicity against C. 
pipiens mosquito larvae (Hayakawa et al. 2017). Cry4Aa 
(Boonserm et al. 2006), Cry11Aa (Fernández et al. 2005), 
and Cry11Ba (Likitvivatanavong et al. 2009) are three-
domain Cry toxin, and are, therefore, hypothesized to form 
cation-selective channel-pores in a manner similar to that of 
other insecticidal Cry toxins. On the other hand, it is unclear 
whether this synergistic toxicity is generated in association 
with the cation-selective channel-pore formation. Specifi-
cally, it is possible that the mechanism of this synergistic 
toxicity depends on multiple other factors in addition to pore 
formation.

It is widely accepted that Cry toxin recognizes the spe-
cific receptors on midgut epithelial cells of susceptible 
insect larva. The specific receptors promote toxin-membrane 
interaction, and are believed to play a crucial role in the 
insecticidal spectra. Since Cry46Ab also exhibits speci-
ficity, a specific receptor should be present on the target 
cell membrane. On the other hand, formation of channel-
pores is probably a fundamental property of Cry toxins, it 
is believed that Cry toxins at high concentration is able to 
form channel-pores in a membrane even without specific 
receptors. In fact, it has been demonstrated that several Cry 
toxins form channel-pores in the planar lipid bilayer without 
specific receptors (Grochulski et al. 1995; Puntheeranurak 
et al. 2004; Schwartz et al. 1993; Slatin et al. 1990; Von 
Tersch et al. 1994). In the present study, we used 0.1 µg/
ml of Cry46Ab for single-channel measurements, and the 
concentration was demonstrated to be high enough to form 
channel-pores in planar lipid bilayer. On the other hand, cal-
cein release assay revealed that much higher concentration 
of Cry46Ab (> 0.6 µg/ml) required to influence the integrity 
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of membrane vesicles. It is speculated that if the membrane 
with specific receptors is available, amount of Cry46Ab 
required for measurements is reduced. It is plausible to con-
clude that the channel-pores observed in the present study 
are central to the toxicity of Cry46Ab.
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