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The effect of pH on the pore-forming ability of two Bacillus thuringiensis toxins, CrylAc and CrylC, was
examined with midgut brush border membrane vesicles isolated from the tobacco hornworm, Manduca sexta,
and a light-scattering assay. In the presence of CrylAc, membrane permeability remained high over the entire
pH range tested (6.5 to 10.5) for KCI and tetramethylammonium chloride, but was much lower at pH 6.5 than
at higher pHs for potassium gluconate, sucrose, and raffinose. On the other hand, the CrylC-induced perme-
ability to all substrates tested was much higher at pH 6.5, 7.5, and 8.5 than at pH 9.5 and 10.5. These results
indicate that the pores formed by CrylAc are significantly smaller at pH 6.5 than under alkaline conditions,
whereas the pore-forming ability of CrylC decreases sharply above pH 8.5. The reduced activity of CrylC at
high pH correlates well with the fact that its toxicity for M. sexta is considerably weaker than that of CrylAa,
CrylAb, and CrylAc. However, CrylE, despite having a toxicity comparable to that of CrylC, formed channels
as efficiently as the CrylA toxins at pH 10.5. These results strongly suggest that although pH can influence

toxin activity, additional factors also modulate toxin potency in the insect midgut.

The insecticidal crystal toxins produced by Bacillus thurin-
giensis act by forming pores in the midgut luminal membrane
of susceptible insects after proteolytic conversion of the crystal
proteins to their toxic form and binding to specific receptors
(19, 30, 31, 41). The pH of the lepidopteran midgut lumen
ranges from about 8 to above 12, depending on species and site
along the midgut (8, 9). The highly alkaline and reducing
conditions found in the midgut of lepidopteran insects clearly
constitute crucial factors in the solubilization of the crystals
and proteolytic activation of the toxins (1, 17). However, al-
though high pH is also thought to play a critical role in the
activity of the activated toxins (30, 31, 41), most studies on
different aspects of the mode of action of B. thuringiensis tox-
ins, including receptor binding and pore formation, have been
carried out at near neutral pH.

Insecticidal activity decreases rapidly following exposure of
protoxins to pHs below 2 or above 11 (28). In solution, differ-
ent toxins undergo conformational transitions in response to
changes in pH (5-7, 10, 40). The extent of the observed tran-
sitions varies considerably, however, apparently depending on
the experimental conditions used (10). Furthermore, it re-
mains to be established whether these conformational changes
translate into modified toxin activity.

Few studies have examined systematically the effects of pH
on the functional properties of the activated toxins. The sus-
ceptibility of Cfl cultured cells to CrylA toxins is greatly in-
creased as pH is raised from 8 to 10 (14). In contrast, the rate
at which CrylC dissipates an electrical potential generated
across the membrane of unilamellar liposomes, by valinomy-
cin-induced efflux of K™ ions, is very similar at pH 7.4 and 10.0,
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but increases greatly at pH 4.0 (2). In receptor-free planar lipid
bilayers, CrylC forms cation-selective channels at pH 9.5,
whereas both cation-selective and anion-selective channels are
detected at pH 6.0 (33). In planar lipid bilayers fused to intes-
tinal brush border membrane vesicles isolated from Manduca
sexta, the smallest conductance increment observed in the pres-
ence of CrylAc was 2 nS at pH 8.8 and 13 nS at pH 9.6,
suggesting the formation of substantially larger pores at the
higher pH (24). However, the internal diameter of the pores
formed by CrylAc, estimated from the permeability of M. sexta
brush border membrane vesicles to neutral solutes of increas-
ing size, only changed from 2.4 nm at pH 8.7 to 2.6 nm at pH
9.8 (4).

In the present study, the membrane-permeabilizing effects
of CrylAc and CrylC were examined in M. sexta brush border
membrane vesicles over a wide range of pHs (6.5 to 10.5). The
pore-forming properties of both toxins varied as a function of
pH but followed strikingly different patterns. The role of high
pH in toxin function was also investigated by comparing the in
vitro pore-forming ability of six B. thuringiensis toxins at pH
10.5 with their toxicities. The results of both assays correlated
well for all toxins except CrylE, which was among the most
active toxins in vitro despite its relatively low toxicity for M.
sexta larvae.

MATERIALS AND METHODS

Preparation of brush border membrane vesicles. M. sexta larvae were obtained
from the Carolina Biological Supply Company (Burlington, N.C.) and reared on
the artificial diet supplied with the insects. Whole midguts were isolated from
fifth-instar larvae, freed of attached Malpighian tubules, cut longitudinally to
remove the peritrophic membrane and gut contents, and rinsed thoroughly with
ice-cold 300 mM sucrose—17 mM Tris-HCI (pH 7.5)-5 mM EGTA. Brush border
membrane vesicles were prepared with the Mg?* precipitation and differential
centrifugation method described by Wolfersberger et al. (42).

Toxins. CrylAa, CrylAb, CrylAc, CrylB, CrylC, and CrylE toxins were
produced as insoluble inclusions in Escherichia coli, solubilized, and trypsin
activated as described elsewhere (26). Activated toxins were purified by fast
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protein liquid chromatography using a Mono Q ion-exchange column (Pharma-
cia Biotech, Montreal, Canada) and eluting bound toxin with a 50 to 500 mM
NaCl gradient in 40 mM carbonate buffer (pH 10.5) (26).

Light-scattering assay. The membrane-permeabilizing effects of B. thuringien-
sis toxins were analyzed with an osmotic swelling assay as described by Carroll
and Ellar (3). Brush border membranes were first resuspended to about 90% of
the desired final volume in 10 mM of either MES (morpholineethanesulfonic
acid)-KOH (pH 6.5), HEPES-KOH (pH 7.5), Tris-HCI (pH 8.5), 2-[N-cyclo-
hexylamino]ethanesulfonic acid-KOH (pH 9.5), or 3-[cyclohexylamino]-1-pro-
panesulfonic acid-KOH (pH 10.5) and incubated overnight at 4°C. At least 1 h
before the start of the osmotic swelling experiments, the suspension was further
diluted to a final concentration of 0.4 mg of membrane protein/ml with the
appropriate buffer supplemented with enough bovine serum albumin to achieve
a final concentration of 1 mg/ml.

In most experiments, the vesicles were preincubated at 23°C for 60 min with
the specified toxin concentration, ranging from 5 to 150 pmol of toxin/mg of
membrane protein (2 to 60 nM). The assay was initiated by rapidly mixing the
vesicles with an equal volume of 10 mM of the appropriate buffer, 1 mg of bovine
serum albumin per ml, and either 150 mM KCl, tetramethylammonium chloride,
or potassium gluconate or 300 mM sucrose or raffinose with a Hi-Tech Scientific
(Salisbury, England) stopped-flow rapid kinetics apparatus. Alternatively, in
experiments designed to monitor toxin-induced increases in membrane perme-
ability to KCl, toxin was added to the KCI solution before mixing with the
vesicles, without preincubation. Scattered light intensity was monitored at a
wavelength of 450 nm, with a photomultiplier tube at a 90° angle from the
incident light beam, at 23°C in a PTI spectrofluorometer (Photon Technology
International, South Brunswick, N.J.). Data were recorded every 0.1 s.

Data analysis. Percent volume recovery was defined as 100 (1 — 1), where I,
is the relative scattered light intensity measured at time . For pore formation
kinetic experiments, percent volume recovery was calculated for every experi-
mental point, and values obtained with control vesicles, assayed without added
toxin, were subtracted from the experimental values measured in the presence of
toxin. Experiments, each carried out in quintuplicate, were performed three
times with different vesicle preparations. Because variations were usually much
greater between experiments carried out with different batches of vesicles than
among replicate assays using the same vesicle preparation, each set of replicate
values was averaged, and data are reported as means * standard error of the
mean (SEM) of these average values, each taken as n = 1.

RESULTS

Toxin-induced permeability to KCIl. Brush border mem-
brane vesicles isolated from M. sexta midguts were preincu-
bated with either CrylAc or CrylC for 1 h and subjected to a
hypertonic shock by rapidly mixing them with an equal volume
of 150 mM KClI (Fig. 1). Their volume decreased rapidly, as
evidenced by a sharp rise in scattered light intensity. Depend-
ing on their permeability to KCI, the vesicles subsequently
recovered some of their original volume, as shown by a gradual
decrease in scattered light intensity. In the presence of CrylAc,
the extent of volume recovery after a given time increased
rapidly with increasing toxin concentration at both pH 7.5 and
10.5 (Fig. 1A and C). In contrast, in the presence of CrylC,
volume recovery increased much more rapidly as a function of
toxin concentration at pH 7.5 (Fig. 1B) than at pH 10.5 (Fig.
1D). Although at pH 7.5 the vesicles swelled to a similar extent
in the presence of high concentrations of both toxins, the
swelling rates were much higher for CrylAc (Fig. 1A) than for
CrylC (Fig. 1B). The results of similar experiments, carried
out over a wide range of pHs, are summarized in Fig. 2. pH had
very little effect on the activity of CrylAc between pH 7.5 and
10.5, but the rates at which the vesicles swelled were signifi-
cantly lower at pH 6.5 (Fig. 2A). In contrast, whereas the
permeability induced by CrylC was somewhat comparable to
that induced by CrylAc at pH 6.5, 7.5, and 8.5, it decreased
sharply as pH was raised to 9.5 and 10.5 (Fig. 2B).

A similar pattern was observed when the vesicles were ex-
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FIG. 1. Effect of pH on the osmotic swelling of M. sexta midgut
brush border membrane vesicles induced by CrylAc and CrylC. Ves-
icles (0.4 mg of membrane protein/ml), isolated from fifth-instar larvae
and equilibrated overnight in 10 mM HEPES-KOH (pH 7.5) (A and
B) or CAPS-KOH (pH 10.5) (C and D), were incubated for 60 min
with the indicated concentrations of CrylAc (A and C) or CrylC (B
and D). Vesicles were rapidly mixed with an equal volume of 150 mM
KCl, 1 mg of bovine serum albumin per ml, and 10 mM HEPES-KOH
(pH 7.5) (A and B) or CAPS-KOH (pH 10.5) (C and D) directly in a
cuvette using a stopped-flow apparatus. Scattered light intensity was
measured at an angle of 90° in a PTI spectrofluorometer. Each tracing
represents the average of five experiments.

posed to the toxin at the time that they were mixed with KCl,
without preincubation (Fig. 3). In the presence of CrylAc, the
vesicles swelled rapidly at every pH tested, although a slightly
longer delay before the onset of swelling and a slightly reduced
rate of swelling were observed at pH 10.5 (Fig. 3A). In con-
trast, in the presence of CrylC, both the delay preceding the
onset of swelling and the swelling rate decreased gradually with
increasing pH (Fig. 3B). This reduction in the permeabilizing
effect of the toxin was especially strong at pH 9.5 and 10.5.
Effect of pH on ionic selectivity of CrylC-induced channels.
Because, in the presence of a salt gradient, the rate at which
the vesicles swell depends on the rate of influx of the least-
permeant ionic species (3), the reduced activity observed for
CrylC at the higher pHs could be due to a pH-induced change
in the ionic selectivity of its pores. To test the possiblity that the
reduced rate of vesicle swelling was due to a lower permeability
of toxin channels to the anion, experiments were conducted in
which the anionic permeability of the vesicles was artificially
increased by replacing chloride with the more highly permeant
thiocyanate ion (SCN™) (Fig. 4A). This substitution had little
effect on the permeability observed in the presence of CrylC.
Rapid vesicle swelling was nevertheless observed when the
permeability to potassium ions was also increased, in the ab-
sence of toxin, by addition of valinomycin, confirming that
SCN™ ions are more permeant than Cl™ ions. Increasing the
permeability to potassium ions with valinomycin in the pres-
ence of KCl also had little effect on the rate of vesicle swelling
induced by CrylC, indicating that the reduced activity of this
toxin at high pH was also not due to a reduced permeability of
its pores to cations (Fig. 4B). This low membrane permeability
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FIG. 2. Effect of pH on the KCI permeability of the pores formed
by CrylAc and CrylC in midgut brush border membrane vesicles.
Vesicles were incubated for 60 min with the indicated concentrations
of CrylAc (A) or CrylC (B) in 1 mg of bovine serum albumin per ml
and 10 mM MES-KOH (pH 6.5) (@), HEPES-KOH (pH 7.5) (m),
Tris-HCI (pH 8.5) (A), CHES-KOH (pH 9.5) (V), or CAPS-KOH (pH
10.5) (®). Their permeability to KCI was then assayed by monitoring
scattered light intensity after rapid mixing with an equal volume of the
same buffer supplemented with 150 mM KCI. Percent volume recovery
was calculated as described in Materials and Methods.

to both cations and anions is therefore probably attributable to
a reduced number of functional pores formed at high pH.
Permeability of toxin channels to other solutes. The perme-
ability of the channels formed by CrylAc and CrylC for dif-
ferent charged and neutral solutes was also examined as a
function of pH (Fig. 5). In the absence of toxin, the vesicles
were very poorly permeable to all solutes tested. As was ob-
served for KCl (Fig. 2A), the permeability to tetramethylam-
monium chloride (Fig. 5A), potassium gluconate (Fig. 5B),
sucrose (Fig. 5C), and raffinose (Fig. SD) was lower at pH 6.5
than at higher pHs in the presence of CrylAc. A gradual
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increase in the extent of volume recovery after 3 s was also
observed as pH was increased from 7.5 to 10.5 in the presence
of sucrose (Fig. 5C) and raffinose (Fig. 5D), the largest solutes
tested. In contrast, the permeability to all four solutes was
significantly higher at pH 6.5, 7.5, and 8.5 than at pH 9.5 and
10.5 in the presence of CrylC.

Comparison of toxin pore-forming ability at pH 10.5 and
toxicity. The reduced activity of CrylC at high pH correlates
well with its weaker toxicity toward M. sexta larvae (16, 39).
The pore forming ability of six B. thuringiensis toxins was there-
fore assayed at pH 10.5 (Fig. 6) and compared with their
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FIG. 3. Effect of pH on the kinetics of pore formation by CrylAc
and CrylC. Permeability of the vesicles to KCI was assayed as de-
scribed in the legend to Fig. 2 except the vesicles were not preincu-
bated with the toxin. Instead, 150 pmol/mg of membrane protein of
either CrylAc (A) or CrylC (B) was added to the KCI solution before
mixing with the vesicles. Percent volume recovery was calculated for
each experimental point, and the values measured for control vesicles,
assayed in the absence of toxin, were subtracted from those obtained
in the presence of toxin. For clarity, error bars are shown for every 50th
experimental point.
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FIG. 4. Effect of thiocyanate ions and valinomycin on the CrylC-
induced permeability of M. sexta brush border membrane vesicles.
Membrane vesicles were incubated for 60 min in 1 mg of bovine serum
albumin per ml and 10 mM CAPS-KOH (pH 10.5), with or without
(Control) 150 pmol of CrylC per mg of membrane protein, 0.15%
(vol/vol) ethanol (EtOH), or 7.5 uM valinomycin (Val), as indicated
for each tracing. The vesicles were rapidly mixed with an equal volume
of 1 mg of bovine serum albumin per ml, 10 mM CAPS-KOH (pH
10.5), and 150 mM KSCN (A) or KCI (B). Scattered light intensity was
monitored as described in the legend to Fig. 1.

toxicities (Table 1). Whereas CrylAa, CrylAb, and CrylAc
were strongly active in light-scattering experiments and highly
toxic to the larvae, CrylB was unable to form pores in mem-
brane vesicles and nontoxic. In contrast, the in vitro pore-
forming activity of CrylE was comparable to that of the Cryl A
toxins (Fig. 6A) in spite of a much weaker toxicity, comparable
to that of CrylC (Table 1). A similar pattern was observed
when vesicles were exposed simultaneously to a KCI gradient
and toxin without preincubation. Under these conditions, the
vesicles began to swell after a delay which was considerably
longer for Cry1C than for the other toxins. The shortest delays
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preceding vesicle swelling and the fastest initial rates of swell-
ing were observed for CrylAc and CrylE (Fig. 6B).

DISCUSSION

This report presents the first evidence of differential effects
of pH on the functional properties of closely related, lepidopt-
eran-specific B. thuringiensis toxins. The use of brush border
membrane vesicles, in addition to ensuring the presence of a
full complement of membrane receptors for the toxins, is par-
ticularly well suited for the study of toxin activity over a wide
range of pHs. In the absence of toxin, vesicle permeability to
all five solutes studied was low over the entire range of pHs
tested. Problems associated with tissue damage that occur, for
example, when cultured insect cells are exposed to high pH
(14, 15; V. Vachon, unpublished observations) were thus
avoided.

Considerable differences were observed in the effects of pH
on pore-forming properties between CrylAc and Cry1C. In the
presence of CrylAc, membrane permeability was considerably
higher under alkaline conditions than at pH 6.5. Because this
lower permeability at pH 6.5 was more pronouced for potas-
sium gluconate, sucrose, and raffinose, the larger solutes
tested, than for KCl and tetramethylammonium chloride, these
results strongly suggest a reduction in both the number and the
size of the pores formed by CrylAc at acid pH. Membrane
permeability to the larger solutes also increased, although
much more gradually, as pH was increased from 7.5 to 10.5.
These results are consistent with a slight increase in pore
diameter, in agreement with earlier estimates based on os-
motic swelling measurements (4). They are difficult, however,
to reconcile with estimates based on the conductance of the
channels formed by CrylAc in planar lipid bilayers into which
brush border membrane vesicles were incorporated (24, 41).
The pore diameter estimated at pH 8.8 using this latter ap-
proach, 0.9 nm (41), is comparable to the effective hydrody-
namic diameter of sucrose (0.93 nm) (22) and smaller than that
of raffinose (1.2 nm) (32), two molecules that diffused readily
across the pores formed by CrylAc at alkaline pH. The com-
parison of pore size estimates based on single-channel conduc-
tance and those based on membrane permeability to un-
charged solutes may not be entirely justified, however, since
the former are based on the assumption that the pores are
filled with a solution having the same conductance as the ex-
ternal aqueous phase and that electrostatic interactions and
friction between the ions and the wall of the pore are negligi-
ble. Pore size estimates based on these two approaches can
indeed differ considerably, as was found for a bacterial porin
(37) and for spider a-latrotoxin (21).

In the presence of Cry1C, pH-induced changes in membrane
permeability followed a completely different pattern from that
observed for CrylAc. For all five solutes tested, membrane
permeability was substantially higher between pH 6.5 and 8.5
than at pH 9.5 and 10.5. These results strongly suggest that the
ability of CrylC to form channels in the midgut apical mem-
brane drops sharply above pH 8.5. This abrupt decrease in
toxin activity could clearly not be attributed to a pH-induced
change in the ion selectivity of the channels since, in the pres-
ence of CrylC, membrane permeability at high pH could not
be modified by artificially increasing the permeability of the
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FIG. 5. Effect of pH on the permeability of the pores formed by CrylAc and Cryl1C to various solutes. Membrane vesicles were incubated for
60 min with 150 pmol/mg of membrane protein of CrylAc (@) or CrylC (m) or without toxin (A) in 10 mM MES-KOH (pH 6.5), HEPES-KOH
(pH 7.5), Tris-HCI (pH 8.5), CHES-KOH (pH 9.5), or CAPS-KOH (pH 10.5). Their permeability was then assayed as described in the legend to
Fig. 2 except that 150 mM KCI was replaced with either 150 mM tetramethylammonium chloride (TMACI) (A) or potassium gluconate (B) or 300

mM sucrose (C) or raffinose (D).

membrane to the cation (with valinomycin) or to the anion (by
replacing CI~ by SCN™).

These findings do not exclude, however, that the channels
have a certain ionic selectivity that could be modulated by
changes in pH, as was suggested earlier (33). A detailed com-
parison with previous results is nevertheless made difficult by
the fact that individual channels were analyzed previously in
planar lipid bilayers (33), whereas osmotic swelling experi-
ments, such as those presented here, examine the overall ef-
fects of the toxins on membrane permeability. Planar lipid
bilayer studies have revealed that B. thuringiensis toxins can
form a variety of channels differing in conductance, ion selec-
tivity, and kinetic properties, at least in the absence of mem-
brane receptors (33, 36). The effects of pH on the properties
and relative proportion of these different channels could vary
considerably. Under the experimental conditions used in the

present study, such effects of pH on the ionic selectivity of the
pores may be masked by the strong effects on pore size, ob-
served for CrylAc, and on the number of pores formed, ob-
served for CrylC. In addition, it cannot at present be excluded
that the pores formed by B. thuringiensis toxins in the presence
of membrane receptors may differ from those formed in their
absence, as in planar lipid bilayer studies (20, 35, 41).

Our results confirm that the high pH of the midgut lumen
plays an important role in toxin potency against lepidopteran
insects. Previous studies have documented examples of toxins
with a strong in vitro pore-forming ability despite a modest in
vivo toxicity (23, 25, 29). The results obtained in the present
study for CrylC suggest that this discrepancy may be due, at
least in part, to the fact that the in vitro experiments were
carried out at pHs below those found in the insect midgut.
Experiments performed under mildly alkaline conditions do
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FIG. 6. Pore-forming ability and kinetics of pore formation of var-
ious toxins in M. sexta midgut brush border membrane vesicles at pH
10.5. To assay pore-forming ability (A), vesicles were incubated for 60
min with the indicated concentrations of either CrylAa (@), CrylAb
(w), CrylAc (A), CrylB (V), CrylC (®), or CrylE (%) in 1 mg of
bovine serum albumin per ml and 10 mM CAPS-KOH (pH 10.5).
Their permeability to KCI was assayed as described in the legend to
Fig. 2. Kinetics of pore formation (B) were assayed at pH 10.5 as
described in the legend to Fig. 3, with 150 pmol of the indicated toxins
per mg of membrane protein.

not necessarily overestimate toxin activity, however, as evi-
denced by the relatively small changes that were observed in
the properties of CrylAc between pH 7.5 and 10.5. Further-
more, the use of a high pH does not necessarily ensure full
agreement between a toxin’s pore-forming ability and its tox-
icity. Although pore formation at pH 10.5 correlated well with
toxicity for most toxins studied, CrylE had a pore-forming
ability comparable to that of CrylAc despite a toxicity similar
to that of CrylC. Additional factors such as ionic strength,
presence of proteases, and membrane potential could there-
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TABLE 1. Comparison of the activity of B. thuringiensis toxins
determined by in vivo bioassays on M. sexta larvae and
in vitro light-scattering assays at pH 10.5

Bioassay (LCsg [ng/em])” Light-scattering assay

foxin Protoxin Activated toxin (EDs, [pmol/mg])”
CrylAa 5.2 20 26
CrylAb 8.6 20 31
CrylAc 5.3 9 4
CrylB >625 — NA
CrylC 74 111 >150
CrylE 72 73 22

“The 50% lethal concentration (LCs,) values are those reported by Hofte et
al. (16) and Van Rie et al. (38, 39).

> The 50% effective dose (EDs,) values are the toxin concentrations required
to cause 50% volume recovery after 3 s and were obtained from the curves shown
in Fig. 6A. NA, not active.

¢ —, data not available.

fore possibly influence toxin activity in the midgut environ-
ment.

The present study also raises a number of questions con-
cerning the mechanism by which pH affects toxin pore-forming
properties. Pore formation is the result of a toxin’s binding to
a specific receptor, followed by insertion into the membrane
and assembly of a functional pore. Toxin activity could thus be
modified by titration of charged residues not only on the toxin
molecule, but also on its receptor. To our knowledge, few
studies have examined the effect of pH on the binding prop-
erties of B. thuringiensis toxin receptors (18, 38), and most
binding experiments were carried out at pH 7.4. Only minor
differences in the binding of CrylAb to M. sexta brush border
membrane vesicles were observed when pH was increased to
10.0 (38). Similarly, CrylAc bound to its receptor, purified
from Lymantria dispar, with the same affinity at pH 7.4 and 9.7
(18). Although these findings are consistent with the results of
the present study, it remains to be ascertained whether the
binding of other toxins such as Cry1C is also largely insensitive
to changes in pH.

The insertion of CrylC into the membrane could also be
rendered much less efficient at high pH by an increase in the
relative number of negative charges at the surface of the mem-
brane due to the titration of positively charged groups on
membrane phospholipids and proteins. Finally, assembly of a
functional pore probably involves the oligomerization of toxin
molecules (11-13, 27, 34). This step could also be affected by
changes in pH. Clearly, further work will be required to dis-
tinguish among these different possibilities. A detailed analysis
of pH effects on each of these steps should contribute to a
better understanding of the mechanisms by which pores are
formed by B. thuringiensis toxins.
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