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Abstract

The pores formed by Bacillus thuringiensis insecticidal toxins have been shown to allow the diffusion of a variety of
monovalent cations and anions and neutral solutes. To further characterize their ion selectivity, membrane permeability
induced by CrylAa and CrylAc to amino acids (Asp, Glu, Ser, Leu, His, Lys and Arg) and to divalent cations (Mg>*,
Ca’t and Ba’") and anions (SO~ and phosphate) was analyzed at pH 7.5 and 10.5 with midgut brush border membrane
vesicles isolated from Manduca sexta and an osmotic swelling assay. Shifting pH from 7.5 to 10.5 increases the proportion
of the more negatively charged species of amino acids and phosphate ions. All amino acids diffused well across the toxin-
induced pores, but, except for aspartate and glutamate, amino acid permeability was lower at the higher pH. In the
presence of either toxin, membrane permeability was higher for the chloride salts of divalent cations than for the potassium
salts of divalent anions. These results clearly indicate that the pores are cation-selective. © 2002 Elsevier Science B.V. All
rights reserved.
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1. Introduction receptors have been identified from a variety of lep-

idopteran species. Among these, various toxin-bind-

Bacillus thuringiensis insecticidal toxins act specif-
ically at the level of the luminal brush border mem-
brane of midgut epithelial cells where they bind to
specific receptors and form lethal transmembrane
permeability channels [1,2]. Several putative toxin
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ing glycosylphosphatidylinositol-anchored amino-
peptidase N isoforms from Manduca sexta [3-8],
Heliothis virescens [9,10], Lymantria dispar [11,12],
Bombyx mori [13-15] and Plutella xylostella [7,16]
and cadherin-like proteins from M. sexta [17,18]
and B. mori [19] have been purified, cloned and se-
quenced. More recently, an anionic glycoconjugate
that binds CrylAa, CrylAb and CrylAc was isolated
from the brush border membrane of L. dispar [20].
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Further evidence that some of these proteins act as
toxin receptors was provided by experiments in
which the 120 kDa aminopeptidase from M. sexta
[4] and the 170 kDa aminopeptidase from H. vires-
cens [10] were shown to enhance CrylAc-induced
86Rb* efflux from liposomes. The former protein
was also shown to stimulate ion channel formation
by this toxin when reconstituted in planar lipid bi-
layers [21]. In addition, Sf9 cells expressing the 175
kDa cadherin-like protein from B. mori acquired sen-
sitivity to CrylAa [22]. Finally, detailed analyses of
toxin-mediated inhibition of amino acid transport
into insect midgut brush border membrane vesicles
has provided evidence suggesting that certain potas-
sium-dependent amino acid symporters could also
act as B. thuringiensis toxin receptors [23-26].

The pores formed by B. thuringiensis toxins in the
plasma membrane of cultured insect cells [27-29] and
in brush border membrane vesicles [30-34] allow the
diffusion of a variety of monovalent cations and
anions and relatively large neutral solutes such as
sucrose, raffinose, alanine and polyethylene glycols.
On the other hand, the formation of cation-selective
pores has been clearly demonstrated in planar lipid
bilayer experiments, both in the presence [21,35] and
absence [21,36-38] of reconstituted membrane recep-
tors, although ion selectivity of the pores can be
modified by the incorporation of brush border mem-
branes in the lipid bilayer [39]. The fact that anion-
selective pores have also been observed with CrylC
at pH 6.0 [37] has suggested that the apparent lack of
selectivity in cultured cells and brush border mem-
brane vesicles could have resulted from the use of a
near neutral pH [1,2], appropriate for the culture of
insect cells, but much lower than what is normally
found in the lepidopteran midgut lumen [40,41].
Nevertheless, experiments conducted at pH 7.5 with
a membrane potential-sensitive fluorescent probe
also suggested the formation of cation-selective pores
in brush border membrane vesicles [35,42]. In addi-
tion, the pore-forming properties of CrylAa and
CrylAc, in contrast with those of CrylC, were re-
cently found to be remarkably similar at pH 7.5 and
10.5 [33,34].

In the present study, we took advantage of the
possibility of modifying the charge of amino acids,
without significantly altering their size nor the prop-
erties of the toxin channels, by changes in pH to

investigate the ion selectivity of the pores formed
by CrylAa and CrylAc in brush border membrane
vesicles isolated from the midgut of M. sexta. Toxin-
induced permeability to salts of divalent cations and
anions was also examined at pH 7.5 and 10.5. The
results demonstrate that the pores are cation-selec-
tive.

2. Materials and methods

2.1. Preparation of toxins and brush border membrane
vesicles

CrylAa and CrylAc toxins were produced as in-
soluble inclusions in Escherichia coli, solubilized,
trypsin-activated and purified by fast protein liquid
chromatography as described earlier [43]. Whole
midguts from Sth-instar M. sexta larvae (Carolina
Biological Supply Co., Burlington, NC) were freed
of attached Malpighian tubules, cut longitudinally
to remove the peritrophic membrane and gut con-
tents and rinsed thoroughly with ice-cold 300 mM
sucrose, 17 mM Tris—=HCI (pH 7.5) and 5 mM
EGTA. Brush border membrane vesicles were pre-
pared with a magnesium precipitation and differen-
tial centrifugation technique [44].

2.2. Light-scattering assay

Membrane permeability was analyzed using an os-
motic swelling technique based on light-scattering
measurements [31]. In preparation for the experi-
ments, vesicles were resuspended to about 90% of
the desired final volume in 10 mM HEPES-KOH
(pH 7.5) or CAPS-KOH (pH 10.5) and allowed to
equilibrate overnight at 4°C. At least 1 h before the
start of the experiments, they were diluted to a final
concentration of 0.4 mg of membrane protein/ml
with the appropriate buffer and enough bovine se-
rum albumin to achieve a final concentration of
1 mg/ml. Vesicles were then incubated with the speci-
fied concentration of toxin for 60 min at 23°C and
rapidly mixed with an equal volume of a solution
composed of 10 mM HEPES-KOH (pH 7.5) or
CAPS-KOH (pH 10.5), 1 mg/ml bovine serum albu-
min and 100 mM vr-aspartic acid, L-glutamic acid,
L-serine, L-leucine, L-histidine, L-lysine, L-arginine,
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MgCl,, CaCl,, BaCl,, K,SO4 or potassium phos-
phate using a stopped-flow apparatus (Hi-Tech Sci-
entific Co., Salisbury, UK). Because Mg>* and Ba’*
form insoluble hydroxides at high pH, MgCl, and
BaCl, were only tested at pH 7.5. Scattered light
intensity was monitored at a wavelength of 450 nm
and a frequency of 10 Hz in a PTI spectrofluorom-
eter (Photon Technology International, South Bruns-
wick, NJ) with a photomultiplier tube located at 90°
from the incident light beam. Percent volume recov-
ery was defined as 100(1—1;), where I, is the scattered
light intensity measured at a given time ¢ relative to
the maximum attained in the absence of toxin. Un-
less specified otherwise, data are mean+S.E.M. of
three experiments, each performed in quintuplicate
with a different vesicle preparation. The proportion
of the different amino acid and phosphate species at
pH 7.5 and 10.5 were calculated from published pK,
values with the Henderson—Hasselbalch equation
[45].

3. Results and discussion
3.1. Membrane permeability to amino acids

Vesicles preincubated with CrylAc for 60 min
were subjected to a hypertonic shock by rapid mixing
with an equal volume of 100 mM aspartate or leu-
cine at pH 7.5 (Fig. 1). During the first second, water
exit from the vesicles and vesicle shrinking were evi-
denced by a rapid increase in scattered light intensity.
Subsequently, the amino acids, along with water, dif-
fused through the membrane and caused the vesicles
to swell as indicated by a decrease in scattered light
intensity. The rate and magnitude of vesicle swelling,
which depend on substrate permeability, increased
with toxin concentration. The initial swelling rates
were considerably higher for leucine than for aspar-
tate. In fact, leucine diffused so quickly through the
pores that vesicles never shrank to the same extent as
in control experiments done without toxin. Perme-
ability to aspartate was nevertheless substantial since
scattered light intensity reached comparable levels
for both amino acids after approximately 30 s.

Membrane permeability, measured as percent vol-
ume recovery after 3 s, to aspartate, glutamate, ser-
ine, leucine, histidine, lysine and arginine was ana-
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Fig. 1. Osmotic swelling of M. sexta midgut brush border
membrane vesicles induced by CrylAc in the presence of aspar-
tate and leucine. Vesicles preincubated for 60 min with the indi-
cated concentrations of toxin (in pmol toxin/mg membrane pro-
tein) in 10 mM HEPES-KOH (pH 7.5) and 1 mg/ml bovine
serum albumin were rapidly mixed, using a stopped-flow appa-
ratus, with an equal volume of 100 mM vL-aspartic acid (A) or
L-leucine (B), 10 mM HEPES-KOH (pH 7.5) and 1 mg/ml bo-
vine serum albumin. Scattered light intensity was monitored at
an angle of 90° in a PTI spectrofluorometer. Each trace repre-
sents the average of five experiments.

lyzed at pH 7.5 and 10.5 as a function of toxin
concentration (Fig. 2). All tested amino acids dif-
fused readily across the pores formed by CrylAa
and CrylAc at both pH values. Toxin-induced per-
meability was nevertheless much smaller for aspar-
tate and glutamate than for the other amino acids.
Osmotic swelling rates were significantly smaller for
glutamate (Fig. 2B) than for aspartate (Fig. 2A), in
agreement with the presence of an extra methylene
group on the side group of glutamate. Nevertheless,
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Fig. 2. Permeability of the pores formed by CrylAa and CrylAc to amino acids. Vesicles were preincubated for 60 min with the indi-
cated concentrations of CrylAa (O, @) or CrylAc (O, m) in 10 mM HEPES-KOH (pH 7.5) (@, m) or CAPS-KOH (pH 10.5) (O, 0O)
and 1 mg/ml bovine serum albumin and mixed with a solution containing the same buffer supplemented with 100 mM L-aspartic acid
(A), L-glutamic acid (B), rL-serine (C), L-leucine (D), r-histidine (E), L-lysine (F) or L-arginine (G). Scattered light intensity was moni-
tored as illustrated in Fig. 1 and percent volume recovery after 3 s was calculated as described in Section 2.

both amino acids diffused well across the toxin chan- (100-150 pmol toxin/mg membrane protein), for
nels, percent volume recovery reaching values of both toxins and pH values. Also in contrast with
about 73-84% for aspartate and 27-48% for gluta- aspartate and glutamate, the other five amino acids

mate after 30 s, at the higher toxin concentrations diffused significantly less rapidly at pH 10.5 than at
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pH 7.5. Among those tested, aspartate and glutamate
are the only amino acids which bear a net negative
charge at pH 7.5. The second net negative charge
carried by about 76% of aspartate molecules and
78% of glutamate molecules at pH 10.5 did not fur-
ther decrease their rate of diffusion (Fig. 2A,B). Ser-
ine, leucine and histidine are neutral at pH 7.5, but at
least 85% of their molecules bear a net negative
charge at pH 10.5. The introduction of this negative
charge caused a strong decrease in the rate of diffu-
sion of these amino acids (Fig. 2C-E). Lysine and
arginine bear a net positive charge at pH 7.5. At the
higher pH, lysine become either neutral or negatively
charged, in the proportion of about 2/3 and 1/3, and
arginine becomes neutral. Thus, removal of a net
positive charge also decreased the rate of diffusion
of these amino acids (Fig. 2F,G), but its effect was
less pronounced than that of adding a negative
charge on a neutral molecule such as the previous
three amino acids. The above-mentioned light-scat-
tering results thus correlate well with the charge car-
ried by the different amino acids at each pH value
and are therefore consistent with the pores formed
by the toxins being cation-selective.

Earlier studies dealing with the amino acid perme-
ability of the pores formed by B. thuringiensis toxins
have yielded somewhat conflicting results. While ala-
nine was concluded to be permeant [30,46], diffusion
of histidine [24] and leucine [25] across toxin pores
could not be demonstrated. Our finding that the lat-
ter two amino acids diffuse readily across the mem-
brane in the presence of CrylAa and CrylAc was
probably facilitated by the fact that much stronger
amino acid gradients were used in the light-scattering
experiments than in previous measurements of radio-
labeled amino acid efflux from vesicles or liposomes.

3.2. Are amino acid symporters toxin receptors?

Amino acid symporters, in particular those for
leucine [23-26] and histidine [24], have been sug-
gested as possible receptors for CrylAa [24-26] and
CrylAc [23] in the midgut brush border membrane.
This hypothesis was first put forward by Reuveni
and Dunn [23] to explain why CrylAc inhibits
more efficiently the uptake of leucine into brush bor-
der membrane vesicles than that of aspartic acid.
Further evidence in favor of this hypothesis was pro-
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Fig. 3. Permeability of the pores formed by CrylAa and
CrylAc to divalent cations. Vesicles were preincubated for 60
min with the indicated concentrations of CrylAa (@, O) or
CrylAc (m, 0) in 10 mM HEPES-KOH (pH 7.5) (@, m) or
CAPS-KOH (pH 10.5) (O, 0) and 1 mg/ml bovine serum albu-
min and mixed with a solution containing the same buffer sup-
plemented with 100 mM MgCl, (A), CaCl, (B) or BaCl, (C).
Scattered light intensity was monitored as illustrated in Fig. 1
and percent volume recovery after 3 s was calculated as de-
scribed in Section 2.

vided by experiments demonstrating an inhibitory
effect of CrylAa on amino acid transport measured
both in the presence and in the absence of a potas-
sium transmembrane gradient [24-26]. This observa-
tion was taken as evidence that the toxins could not
inhibit amino acid transport by simply abolishing the
potassium gradient and therefore suggested a direct
interaction of the toxins with amino acid transport-
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ers. Our finding that leucine diffuses more rapidly
than aspartate across the pores formed by CrylAa
and CrylAc and that these pores are permeable to a
variety of amino acids, however, suggests that earlier
results could be explained by a significant amino acid
efflux from the vesicles during the filtration and
washing steps of the transport experiments.
Although our results cannot exclude the possibility
that B. thuringiensis toxins may interact with amino
acid transporters, they suggest a different interpreta-
tion of the results on which this hypothesis is based.

3.3. Membrane permeability to divalent cations and
anions

The properties of the pores formed by CrylAa and
CrylAc were further analyzed by comparing their
effects on membrane permeability to the chloride
salts of divalent cations (Fig. 3) and the potassium
salts of divalent anions (Fig. 4). MgCl,, CaCl, and
BaCl, diffused readily across the pores formed by
both toxins (Fig. 3), at rates comparable to those
previously reported for the chloride salts of the small
monovalent cations K*, Na™, tetramethylammonium
and tetracthylammonium [31,33,34]. Osmotic swell-
ing caused by a dissociated salt depends on the
movement of both ion species and is limited by the
rate of diffusion of the least permeable ion [31,34]. In
the presence of these chloride salts, vesicle swelling
rates thus appear to be limited by the rate of diffu-
sion of chloride ion. In agreement with the anion
being the rate limiting species, much slower diffusion
rates were observed for K,SO4 and potassium phos-
phate at both pH values (Fig. 4) than for the chloride
salts of divalent cations (Fig. 3) and the potassium
salts of the small monovalent anions CI~ and SCN™
[31,33,34]. The slow rates of diffusion of potassium
phosphate and the fact that they were not influenced
by pH (Fig. 4B) are probably mostly due to the pre-
dominance of the divalent phosphate species at both
pH values since H,PO, accounts for only about 1/3
of the phosphate ions at pH 7.5 and is absent at pH
10.5. These results indicate that the pores are much
more permeable to small monovalent anions than to
divalent anions and, in agreement with the results on
amino acid permeability, they provide further evi-
dence that the pores formed by CrylAa and CrylAc
are cation-selective.
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Fig. 4. Permeability of the pores formed by CrylAa and
CrylAc to divalent anions. Vesicles were preincubated for 60
min with the indicated concentrations of CrylAa (@, O) or
CrylAc (m, 0) in 10 mM HEPES-KOH (pH 7.5) (@, m) or
CAPS-KOH (pH 10.5) (O, O) and 1 mg/ml bovine serum albu-
min and mixed with a solution containing the same buffer sup-
plemented with 100 mM K,SO, (A) or potassium phosphate
(B). Scattered light intensity was monitored as illustrated in
Fig. 1 and percent volume recovery after 3 s was calculated as
described in Section 2.

In the presence of either toxin, pH had little effect
on membrane permeability to CaCl, (Fig. 3B) and
K»SO4 (Fig. 4A). Because these two salts are always
completely dissociated, regardless of pH, these re-
sults confirm the validity of our assumption, based
on earlier studies [33,34], that the properties of the
pores formed by CrylAa and CrylAc are not influ-
enced to any great extent by changes in pH, at least
between pH 7.5 and 10.5. Both CrylAa [33] and
CrylAc [34] nevertheless allowed sucrose and raffi-
nose to diffuse faster across the brush border mem-
brane at pH 10.5 than at pH 7.5 in agreement with a
slightly larger pore diameter at the higher pH [32].
This increased pore size cannot account for the pH
effects observed in the present study. On the con-
trary, a larger pore size should have allowed the
tested solutes to diffuse more readily across the mem-
brane at the higher pH and, in this way, attenuated
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the differences in swelling rates observed at both pH
values.

In contrast with earlier suggestions [35,47] and in
agreement with other experiments using brush border
membrane vesicles [30,48], calcium (Fig. 3B) and ba-
rium (Fig. 3C) diffused very efficiently across the
membrane in the presence of CrylAa and CrylAc
and therefore had no detectable inhibiting effect on
the pores formed by these toxins. This is in agreement
with previous results that have documented calcium
permeability of the pores formed by CrylAc in cul-
tured insect cells and in planar lipid bilayers [49].

3.4. Ion selectivity of the pores

The results of the present study all concur to in-
dicate that B. thuringiensis toxins form cation-selec-
tive pores that allow the passage of a variety of
charged and uncharged solutes. This conclusion is
consistent with the findings of practically all studies
dealing with the properties of the pores formed by
these toxins. Several planar lipid bilayer studies have
reported reversal potential estimates indicative of
cation selectivity [35-38]. None of these estimates
reached the Nernst potential for the cation, however,
a strong indication that the anion permeability of the
pores is not negligible as demonstrated by a variety
of osmotic swelling experiments [27,29,31,33,34].
CrylC appears to be somewhat exceptional in this
respect in being the only toxin for which anion-selec-
tive pores have been described, in addition to cation-
selective pores [37], and being very active at acidic
pH, at least in comparison with CrylAc [34]. The
pores it forms in Sf9 cells were also found to have
a very poor ion selectivity [29].
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