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Bacillus thuringiensis Cry4Ba toxin is lethal to mosquito-larvae by forming ion-permeable pores in the target
midgut cell membrane. Previously, the polarity of Asn166 located within the α4–α5 loop composing the
Cry4Ba pore-forming domain was shown to be crucial for larvicidal activity. Here, structurally stable-mutant
toxins of both larvicidal-active (N166D) and inactive (N166A and N166I) mutants were FPLC-purified and char-
acterized for their relative activities in liposomal-membrane permeation and single-channel formation. Similar to
the 65-kDa trypsin-activated wild-type toxin, the N166D bio-active mutant toxin was still capable of releasing
entrapped calcein from lipid vesicles. Conversely, the two other bio-inactive mutants showed a dramatic
decrease in causingmembrane permeation.When the N166Dmutantwas incorporated into planar lipid bilayers
(under symmetrical conditions at 150 mM KCl, pH 8.5), it produced single-channel currents with a maximum
conductance of about 425 pS comparable to the wild-type toxin. However, maximum conductances for single
K+-channels formed by both bio-inactive mutants (N166I and N166A) were reduced to approximately 165–
205 pS. Structural dynamics of 60-ns simulations of a trimeric α4–α5 pore model in a fully hydrated-DMPC
system revealed that an open-pore structure could be observed only for the simulated pores of the wild type
and N166D. Additionally, the number of lipid molecules interacting with both wild-type and N166D pores is
relatively higher than those of N166A and N166I pores. Altogether, our results further signify that the polarity
at the α4–α5 loop residue—Asn166 is directly involved in ion permeation through the Cry4Ba toxin-induced
ionic pore and pore opening at the membrane–water interface.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Cry insecticidal proteins known as δ-endotoxins are produced in the
form of crystalline inclusions during sporulation by the Gram-positive
soil bacterium Bacillus thuringiensis (Bt). These crystal toxins are cyto-
lytic pore-forming toxins that are lethal to various insect larvae [1].
For example, Cry4Aa and Cry4Ba, two closely related δ-endotoxins
made by Bt subsp. Israelensis (Bti), are highly toxic to the larvae of
Aedes and Anophelesmosquitoes, vectors of dengue viruses andmalaria,
respectively [2–4]. Biochemically, the Cry inclusions are solubilized in
the midgut lumen of susceptible insect larvae at alkaline pH for both
dipterans and lepidopterans, and proteolytically activated by gut prote-
ases to yield the active toxins of ~65-kDa. Subsequently, the activated
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toxins bind specifically to a variety of receptors such as GPI
(glycosylphosphatidyl inositol)-anchored aminopeptidase-N and GPI-
anchored alkaline phosphatase that are found on the brush-border
membrane (BBM) ofmidgut epithelial cells [5,6]. This toxin-receptor in-
teraction could assist toxin penetration into the cell membrane, leading
to the formation of ion-permeable pores that eventually cause osmotic
lysis of the target cells. Although our understanding of toxic mecha-
nisms of Bt-Cry toxins has expanded dramatically over the last decade
[1,3,6], their exact mechanisms of action at the molecular level still
remain to be explored.

We now know the crystal structures of a number of Bt-Cry toxins
[7–11], including the Bti-Cry4Bamosquito-active toxin (Fig. 1A). Despite
their broad diversity in insecticidal spectra, all the known Cry structures
of the 65-kDa activated form reveal a high degree of overall structural
conservation, suggesting that they all employ a commonmode of action.
The structures display a distinct three-domain arrangement (an α-
helical bundle, a three-β-sheet assembly and a β-sandwich) which re-
sembles a wedge-shaped body with size of about 55 × 65 × 75 Å [3,9].
Of particular interest, it is structurally obvious that the helical domain
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Fig. 1. The Cry4Ba crystal structure and its Asn166 location. (A) Surface representation of the three-domain Cry4Ba toxin organization (domains I–III), illustrating the α4-loop-α5 hairpin
(schematic ribbon) within the pore-forming domain (domain I) with the location of Asn166 drawn as vdW (van der Waals) spheres. Inset, a zoom-in bottom view of the exposed Asn166

residue. The structurewas generatedbyusing PyMOLprogram. (B) Sequence alignments of theα4-loop-α5 hairpin of Cry4Ba [7]with those of four other knownCry structures, Cry4Aa [8],
Cry3Aa [9], Cry2Aa [10] and Cry1Aa [11]. Corresponding α4 and α5 of all known structures are illustrated as rectangular blocks connected by loop sequences. Note that the position of
Cry4Ba-Asn166 (denoted by *) corresponds most closely to that of Cry4Aa-Asn190 which was previously substituted with Ala, but showing no effect on the toxin activity [23].
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is likely to be a transmembrane pore-forming unit, given that at least
five helices, i.e. α3, α4, α5, α6 and α7, are of sufficient length (N30 Å)
to span the lipid membrane [3,9]. Additionally, this helical domain has
been experimentally proven capable ofmembrane-inserted pore forma-
tion, albeit in the absence of specific receptors [11–14].

Nonetheless, the precise structural feature of such a Cry toxin-
induced pore is not yet known. At present, it seems that the so-called
“umbrella-like” model is still the most well-known description for
depicting the membrane-insertion and pore-formation stages of the
three-domain Cry toxins [15,16]. This proposed model entails an inser-
tion of the two pore-lining helices, i.e. α4 and α5, into the lipid mem-
brane as a helical hairpin arrangement, and in so doing the remaining
helices spread over the membrane surface like the opening of an
umbrella [16]. Substantial evidence has preferentially supported this
mechanistic model by signifying the role of both α4 and α5 in the tox-
icity of different Cry toxins [17–20]. For instance, numerous studies of
Cry toxin-induced pore formation suggested that α4 lines the pore
lumen and plays a part in ion conduction [17,18], while α5 is rather
hydrophobic and could take part in toxin-pore oligomerization [19,20].

In our earlier study, we provided direct evidence for liposomal
membrane-permeating activity of the α4-loop-α5 fragment purified
from the engineered Cry4Ba toxin [21]. Similar studies by otherworkers
via the use of synthetic peptides corresponding to α4,α5 andα4-loop-
α5 of Cry1Ac clearly demonstrated that the loop linking α4 and α5 is
basically required for efficient penetration of these two transmembrane
helices into the lipid bilayers to induce membrane permeabilization
[22]. This notion was supported by our results that revealed a structural
requirement for larvicidal activity of one highly conserved aromatic res-
idue found within the α4–α5 loop of both Cry4Aa (Tyr202) and Cry4Ba
(Tyr170), conceivably for stabilizing the membrane-associated pore
complex [23,24]. Other workers showed that one Cry1Aa mutant,
Y153D, in which the conserved aromatic residue—Tyr153 in the α4–α5
loop region (corresponding to Cry4Aa-Tyr202 or Cry4Ba-Tyr170), exhibit-
ed a loss in larvicidal activity due to its inability to incorporate into
BBM vesicles [25]. Likewise, two other conserved aromatic residues
(i.e. Tyr249 and Phe264), which are oriented on the same side of
Cry4Ba-α7, were also found to be important for larvicidal activity [26].
The conserved helix 7may undergo a conformational change to convert
into amembrane-insertedβ-hairpinwhich acts as a lipid anchor needed
for membrane penetration by the pore-forming α4-loop-α5 [27].

We have also demonstrated that the polarity of Cry4Ba-Asn166

placed within the α4–α5 loop region (Fig. 1) is necessary for larvicidal
activity [24]. Herein, fluorescence dye-leakage assays as well as single-
channel analysis were employed to further characterize both larvicidal-
active and inactive Cry4Ba-Asn166 mutants for their potential activities
in liposomal-membrane permeabilization and ion-channel formation.
MD simulation trajectories for a trimeric α4-loop-α5 pore of Cry4Ba
and its mutants in a fully hydrated DMPC (1,2-dimyristoyl-sn-glycero-
3-phosphocholine) bilayer system were also generated to study their
structural stability and dynamics. As a whole, our present data clearly
signified for the first time that the polarity (not the side chain per se)
of theα4–α5 loop residue—Asn166 in the Cry4Ba pore-forming domain
has important implications for both ion permeation and pore opening at
the membrane–water interface.

2. Materials and methods

2.1. Toxin expression, solubilization, activation and purification

Cry4Bawild-type and its Asn166mutant toxins were over-expressed
in Escherichia coli JM109 upon induction with isopropyl-β-D-
thiogalactopyranoside (0.1 mM final concentration) as described
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previously [24]. Toxin inclusions (1–2 mg/mL), which were cen-
trifugally purified from French Press-disrupted lysates, were solu-
bilized by incubation at 37 °C for 1 h in carbonate buffer (50 mM
Na2CO3/NaHCO3, pH 9.0). Solubilized protoxins were then activated
with trypsin (tolylsulfonyl phenylalanyl chloromethyl ketone-treated;
Sigma) at a ratio of 1:20 enzyme/toxin (w/w) at 37 °C for 16 h. After
SDS-PAGE (sodiumdodecyl sulfate-polyacrylamide gel electrophoresis)
analysis, the trypsin-treated fractionwas concentrated by ultrafiltration
(30-kDa cutoff) and further purified by a size-exclusion FPLC system
(Superose™ 12 column; GE Healthcare Life Biosciences) eluted with
the carbonate buffer (pH 9.0) as described elsewhere [28]. Protein
concentrations were determined using the Bradford-based protein
microassay (Bio-Rad), with bovine serum albumin (BSA fraction V;
Sigma) as a standard protein.

2.2. Larvicidal activity assays

Bioassays for mosquito-larvicidal activity were done at room tem-
perature (~25 °C) for 24 h using 2 day-old Aedes aegypti larvae as
described previously [18]. The assays were carried out in a 48-well
polystyrene plate (11.3-mm well diameter) with 1 mL/well of toxin
inclusion suspension (5μg/mL suspended in distilled water). 100 larvae
(10 larvae/well × 10 wells) were used for treatment with each toxin
sample. Statistical analyses were carried out by using one-way analysis
of variance (ANOVA) tests via SigmaStat v2.0 for comparing all the
group means. The Tukey multiple comparison test among pairs of
group means [29] was performed as post tests to determine which
groups are significantly different from other groups. Probabilities
(p values) b0.05 were considered as being significant.

2.3. Circular dichroism (CD) measurements

CD spectra of the purified trypsin-treated toxins were measured
with a Jasco J-715 spectropolarimeter (calibrated with a solution of
camphorsulfonic acid), scanned in the far UV region (185–280 nm) at
25 °C using a rectangular quartz cuvette (0.2-mm path length) as
described previously [26]. Protein samples were prepared in sodium
phosphate buffer (50mM NaH2PO4/Na2HPO4, pH9.0), with concentra-
tions of 0.30–0.50 mg/mL, as determined by far UV absorbance. CD
measurements were recorded at a rate of 50 nm/min with a spectral
bandwidth of 2 nm. CD signals (mdeg), which were averaged from at
least five accumulations and then corrected for solvent baseline, were
finally converted to mean residue ellipticity ([θ], deg·cm2/dmole).

2.4. Lipid vesicle preparation and fluorescence dye-leakage assays

Large unilamellar vesicles (LUVs,mean diameter of about 100nm) en-
capsulated with calcein (C-481; Molecular Probes) at a self-quenching
concentration of 60mM in 50mM Na2CO3/NaHCO3, pH 9.0, were pre-
pared from a lipid mixture (Avanti Polar Lipid) of phosphatidylcholine
(PC), phosphatidylethanolamine (PE), and cholesterol (Ch) (10:10:1,
w/w) by the extrusion method according to standard procedures de-
scribed previously [21]. Suspension concentrations of calcein-loaded
LUVs (in 150mMNaCl, 50mMNa2CO3/NaHCO3, pH9.0)were estimated
by measuring the lipid phosphorus content [30], and a final concentra-
tion of 2.5 μM was used for calcein leakage assays [21].

Release of entrapped calcein was monitored as function of time t by
measuring an increase in fluorescence emission at 520 nm (excitation
495 nm) on a LS50 spectrofluorometer (Perkin-Elmer) at 25 °C. Efflux
curveswere normalized to percentage of release activity or fluorescence
recovery Ftwhich is defined as Ft=(It− I0)∕(Imax− I0)×100,where I0 is
the initial fluorescence intensity, Imax is the total fluorescence intensity
observed upon addition of Triton X-100 (causing 100% calcein leakage)
and It is the fluorescence intensity observed after adding the tested
toxins at time t. For the concentration–activity profile, the plot of frac-
tional release activity Y(PTL ∕ 1 − PTL) versus toxin concentration [T]
was fitted to the Hill equation, PTL ∕ 1− PTL= [T]n ∕ EC50, where PTL is
the probability of finding toxin–liposome complex TnL to give the Hill
coefficient n and the effective concentration EC50.

2.5. Planar lipid bilayers (PLBs) and single channel analysis

PLBs were formed at 25°C by painting a 7:2:1 (w/w) lipidmixture of
PE, PC, and Ch on a 200-μm aperture in a 1mL-Delrin cup, with mem-
brane capacitance values of 200–250 pF as described earlier [31].
Toxin incorporation (at amounts of ~20 μg/mL) was facilitated by stir-
ring the protein-containing buffer (150 mM KCl, 10 mM Tris–HCl,
pH 8.5) in the cis chamber while applying a 100-mV holding potential
across the lipid bilayer. Single-channel currents were recorded
with an Axopatch-1D amplifier (Axon Instruments). Signals, which
were low-pass filtered at 600 Hz, were digitized with a Digidata
1200 analog-to-digital converter using Axoscope 8.0 software (Axon
Instruments) at a 50-kHz sampling frequency. Channel conductances
were determined from the slope of current–voltage (I–V) relations
plotted between the observed current steps and the corresponding
applied voltage.

2.6. Pore modeling and molecular dynamics (MD) simulations

A 3D model of a trimeric pore consisting of α4-loop-α5 hairpins of
Cry4Ba extracted from the X-ray trimer structure (PDB ID 1W99) [7]
was initially constructed via protein docking between the two helices,
α4 and α5, using the Hex program [32]. The pore model was inserted
into a DMPC (1,2 dimyristoyl-sn-glycero-3-phosphocholine) bilayer
constructed by using themembrane buildermodule from the CHARMM
GUI server [33]. Two water layers and sodium and chloride ions were
added to the DMPC bilayer model using the VMD program [34]. The
final pore model in the water/lipid system consisted of three α4–α5
hairpins (34,575 atoms) in a bilayer of 114 DMPC lipids, 5991 water
molecules, 15Na+ ions and 18 Cl− ions. The system was energy mini-
mized for 10,000 steps, then heated from temperature 0 to 300 K for
100 ps, equilibrated at pressure of 1 atm for 5 ns and then ran as the
final production for 60 ns using the NAMD program [35] running on a
computer with 8 CPUs at 1ns/day.

The equilibrated coordinates of the 5-nswild-type pore systemwere
used as a template for MD simulations of the mutant systems. Asp, Ala
and Ile were substituted respectively for Asn166 in the pore model
using the VMD program. Three more sodium ions were added to
N166D pore model to neutralize the system. The three pore models of
Cry4Ba mutants were energy minimized for 1000 steps, then heated
to 300K for 20ps, equilibrated at 1 atm for 10ps, and finally ran as un-
restrained molecular dynamics simulations for 60 ns. Analyses of MD
trajectories were done via the VMD program.

3. Results and discussion

3.1. Larvicidal and biochemical characteristics of Cry4Ba-Asn166 mutant
toxins

One biologically critical residue, i.e. Asn166 which is located within
the loop connecting the transmembrane helices (α4 and α5) compos-
ing the pore-forming domain of the Cry4Ba toxin (Fig. 1)was previously
identified by PCR-based directed mutagenesis [24]. Specific substitu-
tions of Asn166 with polar uncharged or charged residues, i.e. Gln, Cys,
Asp or Arg, could retain high toxicity against A. aegypti mosquito-
larvae comparable to the wild type, whereas replacements with non-
polar amino acids, i.e. Ala or Ile, almost totally abolished the larvicidal
activity, suggestive of functional importance of the polarity of this
α4–α5 loop residue [24]. In the present study, toxin inclusions which
were purified from particularly selected mutants, i.e. N166A, N166I
and N166D (Fig. 2A, inset), were used instead to assess their relative
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toxicity. The data confirmed that the polarity of Cry4Ba-Asn166 placed
within the α4–α5 loop is necessary for larvicidal activity (Fig. 2A).

As previously verified, the 130-kDa Cry4Ba protoxins of the wild
type and the threemutants (N166A, N166I andN166D)were all cleaved
by trypsin into two protease-resistant polypeptides of ~47 and ~20kDa,
in addition to the removal of the ~65-kDa C-terminal half [24]. Herein,
upon purification by size-exclusion FPLC chromatography, the trypsin-
treated fragments (i.e. ~47 and ~20 kDa) of the three mutant toxins
(Fig 2B, inset) were found non-covalently associated with each other,
forming a 65-kDa protein complex similar to the wild type under non-
denaturing conditions used (50mM Na2CO3/NaHCO3, pH9.0) and elut-
ed from the column in a single peak corresponding to the retention time
of the 66-kDa BSA protein marker.

To further determine if each substitution would induce structural
changes in the Asn166 mutant proteins, the sum of the secondary struc-
ture components of the three FPLC-purified mutant toxins, N166A,
Fig. 2. Larvicidal and biochemical features of Cry4Ba-Asn166-mutants. (A) Comparison of larvi
N166I, and N166D) against A. aegypti mosquito-larvae using purified inclusions (5 μg/mL). pM
indicate standard errors of the mean (SEM) from at least three independent experiments. Uns
very significantly different (p values b 0.001) from that of the wild type and the bioactive m
(pMEx8). Inset, SDS-PAGE analysis of purified inclusions, showing 130-kDa wild-type and its m
purified Cry4Ba toxin in comparisonwith that of the threemutants, N166A, N166I andN166D. I
activation and FPLC-purification, showing two non-covalently associated fragments of ~47 and
N166I and N166D, was studied by far-UV CD spectroscopy in compari-
son with that of the purified wild-type toxin. As shown in Fig. 2B, all
the CD spectral profiles between 200 and 270 nm are typically similar,
indicating that no drastic changes in the secondary structure elements
had occurred in consequence of these three mutations. However, a
more positive peak at around 198nmwas observed for the N166Dmu-
tant in particular. Although this might imply some local adjustment in
the mutated region, the mutation did not seem to give rise to serious
structural consequences. This result is consistent with the data from
toxin solubilization and trypsin-digesting susceptibility assays as dem-
onstrated earlier, confirming that such mutations did not cause confor-
mational changes of the N166A, N166I and N166D mutant proteins.
These results verified that the loss in larvicidal activity observed for
both N166A and N166I mutants (Fig. 2A) is least likely to be due to pro-
teinmisfolding after substitutionswith either of these two hydrophobic
side-chains.
cidal activities between the Cry4Ba wild-type (Wt) and its Asn166 mutant toxins (N166A,
Ex8 represents a negative control: E. coli lysate containing the plasmid vector. Error bars
haded boxes represent the larvicidal activity of the mutants (N166A and N166I) that are
utant (N166D), but not statistically different (p values N 0.05) from the negative control
utant protoxins (5 μg/lane). M, molecular mass standards. (B) CD spectra of the 65-kDa

nset, SDS-PAGE analysis of the 65-kDa Cry4Bawild-type and itsmutant toxins after trypsin
~20 kDa.

image of Fig.�2
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3.2. Membrane permeability of dye-loaded LUVs induced by Cry4Ba and its
mutant toxins

To examine the effect of the Cry4Ba-Asn166 mutant toxins on mem-
brane permeability, encapsulated calcein-leakage assays were employed
to assess the toxin-induced permeabilization of LUVs whose composi-
tion used (PC/PE/Ch, 10:10:1, w/w) is similar to insect cell membranes
[36]. Release of the entrapped calcein by individual tested toxins was
semi-empirically quantified as the relative increase in fluorescence
de-quenching intensity (Fig. 3).

Release activity of the 65-kDa purified wild-type toxin against the
calcein-loaded LUVs was at first evaluated at different protein concen-
trations, and the concentration-versus-release activity profile was gen-
erated (Fig. 3A). The leakage of trapped calcein increased sigmoidally
with toxin concentration, i.e. only a small release was observed at
low concentrations, but then rather steeply at higher concentrations.
This indicates that LUVs were not permeabilized until a critical toxin
Fig. 3.Effect onmembranepermeability of calcein-loaded liposomes byCry4Ba and its Asn166-m
wild-type toxin. Inset, the plot of fractional release activity Y(PTL∕1−PTL) versus toxin concent
concentration was done in triplicate. (B–F) Traces represent fluorescence intensity as function
obtained by adding 0.1% triton X-100 (white arrows) after a 10min-incubation with individual
(F) the carbonate buffer (negative control).
monomer/vesicle ratio was accomplished. Kinetics of toxin-pore forma-
tion are reflected in the dependence of fractional activity (Y) on the
Cry4Ba toxin concentration as described in the logarithmic form of the
Hill equation, log Y= n log [T]− log EC50. The Hill coefficient (n) for
the tested toxin was determined by fitting the nonlinear concentra-
tion–activity profile into the Hill equation (Fig. 3A, inset). For the 65-
kDa Cry4Ba activated toxin in LUVs, at pH 9.0, the value of n was
found to be about 1.3. Thus, it would conceivably require more than
one molecule of the activated toxin to form a functional pore structure
in this insect mimetic liposome. It was observed previously that a
mixture of Cry4Ba toxin monomers, dimers and trimers is present in
liposomes, whereby trimeric species predominantly appear after pro-
longed incubation of toxin-lipid vesicle [20]. The present results are
also in agreementwith our previously reported electron crystallographic
data at a 17Å resolution, which demonstrated a horizontal arrangement
of three Cry4Ba molecules per membrane-associated pore complex in
2D (two-dimensional) crystals [37].
utants. (A) Dose response curve formembrane permeability induced by the 65-kDaCry4Ba
ration [T]. Error bars indicate SEM from two independent experiments inwhich each toxin
of time t after adding Cry4Ba or its Asn166 mutants (60 μg/mL). The maximum release was
tested toxins (black arrows); (B) Cry4Bawild type, (C) N166D, (D) N166I, (E) N166A, and

image of Fig.�3
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In addition, the effective toxin concentration required for 50% dye
release (EC50) was also obtained from the curve fitted to the Hill equa-
tion. The calculated EC50 value for the Cry4Ba wild-type toxin against
the calcein-loaded vesicleswas found to be ~0.95 μM,which is compara-
ble to that of the larvicidal-active N166Dmutant, as bothwere observed
within 10 min (Fig. 3B, C). However, both larvicidal-inactive mutants,
N166A and N166I (at concentrations of 0.95 μM or ~60 μg/mL) were
much less active in inducing the leakage of the calcein-loaded vesicles,
with a maximally observed release of only 20% (Fig. 3D, E), whereas
the control showed no effect on dye-leakage (Fig. 3F), indicating that
the leakage of calcein did not occur as a result of instability of the vesicle
membrane. Taken together, the results substantiate that the polarity of
thisα4–α5 loop residue—Asn166 is required formembrane-pore forma-
tion, and therefore a prerequisite for larvicidal activity (see Fig. 2A).

3.3. Ion-channel characteristics formed by Cry4Ba and its Asn166-mutant
toxins

Further attemptsweremade to determine if each single-mutation at
Asn166 causes an adverse effect on the toxin's ability to form ion chan-
nels on PLBs. After about 30-40min following the addition of individual
toxins under symmetrical ionic conditions (at 150mMKCl, 10mMTris–
HCl, pH 8.5), the Cry4Ba wild-type and all three mutants (at doses of
0.3 μM or ~20 μg/mL) were able to induce single channel currents at
voltages between −100 and +100 mV, as shown by representative
current traces in Fig. 4A. However, the capability to produce ion chan-
nels was found to be reduced in the two non-toxic mutant proteins,
i.e. N166A, and N166I, but not in the larvicidal-active N166D mutant,
as compared with the wild-type toxin. In agreement with previous
reports of ours on Cry4Ba and other workers on Cry toxins
[11,12,14,31,38], several distinct sub-conductance levels were fre-
quently detected for all tested toxins. These observations are suggestive
Fig. 4. Ion-channel properties of Cry4Ba and its Asn166-mutant toxins. (A) Current traces recor
N166D, N166A and N166I (20 μg/mL) into PLBs under symmetrical conditions (150:150 mM
stage level of the channel is denoted by the letter c. Vertical and horizontal bars indicate me
single-currents recorded under symmetric conditions.
of amultimericmanner of toxin incorporation into the lipid bilayer. Like
other ion channels [39,40], the Cry toxin-induced channels would per-
haps go through conformational rearrangements during channel gating.
Although at present a possible gating mechanism for the channels in-
duced by Cry toxins has not yet been unambiguously demonstrated,
PLB experiments suggest that, in analogy to known channel-forming
toxins [41], Cry toxin-induced channels could exhibit closed and open
functional states [11,12,14,31,38].

As shown in Fig. 4B, the current–voltage relations of all single chan-
nels formed by the wild-type and mutant toxins are linear revealing
maximum conductances ranging from ~150 to ~450 pS. Consistent
with the dye-leakage results, the maximum conductance of the bio-
active N166Dmutant (425.5±6.5pS, n=4) was found to be compara-
ble to that of thewild-type toxin (450.5±25.5pS, n=4). However, both
the non-toxic mutants, N166A and N166I, exhibited about a half lower
conductance (165.0±5.5pS, n=5 and 205.5±14.5pS, n=4, respec-
tively). These results suggest that the α4–α5 loop residue (Asn166) is
involved in regulating the passage of ions through the channel pore.
The data also imply that the polarity but not the type of amino acid
side-chain at position-166 is an important determinant for ion perme-
ation and conduction in the Cry4Ba-induced channels.

3.4. Structure and dynamics of Cry4Ba α4–α5-induced pore models in
bilayers

Currently, the number of toxinmonomers that constitute a function-
al pore complex within the lipid membrane is still under debate. Previ-
ous studies have reported the existence of trimeric aswell as tetrameric
complexes of toxin monomers [37,42–44]. A trimeric organization of
the 65-kDa activated Cry4Ba toxin in association with lipid membranes
as revealed by 2D crystallographic analysis was described recently [37].
Here we performedMD simulations of a trimericα4–α5 pore of Cry4Ba
ded after partition of the 65-kDa purified Cry4Ba wild-type (Wt) and its mutant toxins—
KCl cis:trans). Applied voltages are indicated on the right side of each trace. The close

asured current-time scales, respectively. (B) Current-voltage relations obtained from the

image of Fig.�4
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and its three Asn166 mutants (N166A, N166I and N166D) in a DMPC
bilayer for 60 ns to study their conformational dynamics. During the
simulation-time interval of 60 ns, the wild-type pore visibly opened
up as shown in Fig. 5A–D. By simple geometry, the pore diameter (D)
at time t = 60 ns could be estimated from the average separation
distance d ~25 Å, as D = d ∕ √3 ≈ 25 ∕ √3 ≈ 14.4 Å. The calculated
pore size is large enough for calcein with a hydrodynamic-Stokes
diameter of ~13 Å [45] to pass through as demonstrated above in the
dye-leakage experiments (see Fig. 3). The data are also in agreement
with a pore diameter of ~20 Å as estimated from polyethylene glycol-
blockage PLB experiments for Cry1Ca [14].

Initial size and dynamics of the trimeric pores formed by the wild
type and itsmutantswere obtained from their alterations in the average
separation distance d (Cα to Cα) between three Asn166 residues on each
individual pore (Fig. 5E). It can be seen that the trimeric pores of N166A
Fig. 5. Opening of the trimeric Cry4Ba pore during 60-ns MD simulations. Snapshots of the M
(C and D). Three α4–α5 hairpins are rendered as tubes. Three Asn166 residues and phosphoru
are shown as lines. (E) Average separation distance (Cα to Cα) between three Asn166 residues
and N166I mutants did not open up, while that of N166D opened more
but still less than that of the wild type. This open-pore structure could
possibly be prevented by unwanted hydrophobic interactions between
the three individual mutated residues (i.e. Ala or Ile). To explain what
caused the wild-type Cry4Ba pore to open, we examined molecules
that interact with the three Asn166 side-chains on the loops of individual
α4-loop-α5 hairpins. It was found that these three side-chains interact
with the polar head groups of DMPC lipids as well as water molecules.
The partial negative charge (negative dipole) of oxygen atoms (color
in red) on Asn166 could attract the positively charged choline moiety
of DMPC lipids (Fig. 6A, B). Such protein-lipid interactions could thus
trigger the opening of the pore.

Thenumber of lipidswithin 4Å of the three Asn166 residues and their
corresponding mutated side-chains were also analyzed (Fig. 6C). It can
be seen that both wild-type and N166D pores exhibit an increased
D trajectories (side and bottom views) at time t= 0 ns (A and B) and at time t= 60 ns
s atoms of DMPC lipids are drawn as vdW spheres. DMPC lipids (cyan) and water (red)
on the trimeric Cry4Ba pore and its mutants versus time during 60-ns MD simulations.

image of Fig.�5


Fig. 6. Interactions between Cry4Ba-166 side chains and DMPC-polar head groups. (A) DMPC lipids within 4 Å of one of Asn166 residues on Cry4Ba pore relative to phosphorus layers
(gold spheres) of DMPC membrane at time t = 60 ns. For clarity, lipids and water are not shown. (B) Magnified view of the DMPC lipid interacting with an Asn166 residue of the
Cry4Ba pore. Both Asn166 residues and the DMPC lipid are rendered as vdW spheres and colored by atom names. (C) Number of DMPC lipids within 4 Å of three Asn166 residues and
their mutants on the trimeric Cry4Ba pore versus time during 60-ns MD simulations.
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number of lipid molecules interacting with them (up to four and two
lipids, respectively), while pores containing N166A and N166I have
a lower number of lipid molecules around the mutated side-chains
(between zero and one). This would indicate that the polarity at the
α4–α5 loop position-166 plays an important role in protein–lipid inter-
actions and hence for Cry4Ba-pore opening at themembrane–water in-
terface. As can be also inferred from the Cry4Ba-pore model, Asn166

basically faces the pore lumen and the interfacial regions of the mem-
brane. Therefore, substitutions with a non-polar residue could directly
affect its interactions with surrounding water and lipids, thus having
an adverse effect on conformational changes.

In conclusion, our present results providemore insight into the func-
tional significance of theα4–α5 loop residue—Asn166 within the Cry4Ba
pore-forming domain. We have demonstrated that the polarity of
Cry4Ba-Asn166 is essentially involved in ion permeation through the
toxin-induced pore and likely promotes the toxin-pore opening. Simi-
larly, the presence of a polar side-chain in theα4–α5 loop might possi-
bly be a general requirement for pore formation of other Cry toxins. For
instance, either Glu151 or Asn152 located in this loop of the Cry1Aa toxin
(Fig. 1B) could be a candidate to represent the corresponding polar
residue in the Cry4Ba toxin with the conserved function of Asn166

(see Supplementary Fig. 1). Nevertheless, this notion still needs to be
elucidated. Further studies on toxin-induced pore architecture and
mechanism of ion passage through the channel pore would also be
of great interest. A detailed understanding of the structural basis for
ion permeable-pore formation by this mosquito-active toxin is very
imperative since this will bolster the development of engineered
biopesticides for the control of human-disease vectors.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2013.10.002.
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