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Abstract The pore-forming domain of Bacillus thuringi-
ensis insecticidal Cry toxins is formed of seven amphipathic
o-helices. Because pore formation is thought to involve
conformational changes within this domain, the possible
role of its interhelical loops in this crucial step was inves-
tigated with Cry9Ca double mutants, which all share the
previously characterized R164A mutation, using a combi-
nation of homology modeling, bioassays and electrophysi-
ological measurements. The mutations either introduced,
neutralized or reversed an electrical charge carried by a
single residue of one of the domain I loops. The ability of the
28 Cry9Ca double mutants to depolarize the apical mem-
brane of freshly isolated Manduca sexta larval midguts was
tested in the presence of either midgut juice or a cocktail of
protease inhibitors because these conditions had been shown
earlier to greatly enhance pore formation by Cry9Ca and its
R164A single-site mutant. Most mutants retained toxicity
toward neonate larvae and a pore-forming ability in the
electrophysiological assay, which were comparable to those
of their parental toxin. In contrast, mutants F130D, L186D
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and V189D were very poorly toxic and practically inactive
in vitro. On the other hand, mutant E129A depolarized the
midgut membrane efficiently despite a considerably reduced
toxicity, and mutant Q192E displayed a reduced depolar-
izing ability while conserving a near wild-type toxicity.
These results suggest that the conditions found in the insect
midgut, including high ionic strength, contribute to mini-
mizing the influence of surface charges on the ability of
Cry9Ca and probably other B. thuringiensis toxins to form
pores within their target membrane.

Keywords Insecticidal toxin - Homology modeling -
Pore formation - Membrane potential - Electrostatic
interaction - Bacillus thuringiensis - Manduca sexta

Introduction

Bacillus thuringiensis produces a variety of pore-forming
toxins that accumulate in the form of crystalline parasporal
inclusion bodies during sporulation. The most extensively
studied of these are insecticidal (Schnepf et al. 1998; de
Maagd et al. 2003; Bravo et al. 2007), but others, specifi-
cally toxic to other organisms, including in particular
nematodes (Wei et al. 2003; Griffitts and Aroian 2005) and
cancer cells (Ohba et al. 2009), have also attracted con-
siderable attention in recent years.

Among the insecticidal members of this protein family,
eight have so far had their crystal structure solved: CrylAa
(Grochulski et al. 1995), CrylAc (Li et al. 2001), Cry2Aa
(Morse et al. 2001), Cry3Aa (Li et al. 1991), Cry3Bb
(Galitsky et al. 2001), Cry4Aa (Boonserm et al. 2006),
Cry4Ba (Boonserm et al. 2005) and Cry8Ea (Guo et al. 2009).
Despite a relatively low degree of homology between their
amino acid sequences, these toxins all display a remarkably
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similar three-domain structure. Whereas domain I, a bundle
of seven amphipathic a-helices, is responsible for membrane
insertion and pore formation (Li et al. 1991; Grochulski et al.
1995), domain II, a region composed of three antiparallel
p-sheets with Greek key topology arranged in a f3-prism, and
domain III, two antiparallel f-sheets forming a ff-sandwich
with a jelly-roll topology, are involved in receptor binding,
prior to pore formation, and toxin specificity (Gomez et al.
2007; Pigott and Ellar 2007). Although the mechanism of
pore formation is still the subject of intensive research, it
probably involves conformational changes in the toxin mol-
ecule. These imply, in particular, rotations about the poly-
peptide backbone in domain I interhelical loops. Until
recently, however, these loops have received only limited
attention (Girard et al. 2009; Lebel et al. 2009).

Cry9Ca, a toxin which is active against a variety of
lepidopteran insects, is also known to be particularly sen-
sitive to proteolysis (Lambert et al. 1996). Although its main
proteolysis site has been removed by site-directed muta-
genesis in its R164A mutant (Lambert et al. 1996), recent
experiments have suggested that other proteolysis sites may
affect its activity, at least during in vitro experiments per-
formed in the presence of its target membrane, the brush
border membrane located on the apical side of insect larval
midgut epithelial columnar cells (Brunet et al. 2010b).
Osmotic swelling experiments with brush border membrane
vesicles have also indicated that the pore-forming ability of
Cry9Ca depends strongly on the pH of the solutions in which
they are performed (Brunet et al. 2010a). This observation
suggests that electrostatic interactions between surface-
exposed residues on the toxin and its receptor protein could
play a major role in pore formation.

In the present study, the three-dimensional structure of
Cry9Ca was modeled by homology and its mode of action
was further studied by examining the toxicity and pore-
forming properties of a variety of double mutants, all derived
from the single-site mutant R164A, in which an electrical
charge was either neutralized, introduced or reversed in
selected residues located within or very near surface-exposed
interhelical loops of domain I. The in vitro conditions used
for these experiments were those that had previously been
found to optimize the activity of wild-type Cry9Ca and its
R164A mutant at physiological pH. With few exceptions,
the toxicity and pore-forming ability of most of the mutants
were comparable to those of their parental toxin.

Materials and Methods
Homology Model

The three-dimensional structure of Cry9Ca was modeled
by homology with SWISS-MODEL software (http://swiss
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model.expasy.org) (Peitsch 1995, 1996; Guex and Peitsch
1997), using the known structures of CrylAa (PDB file
1CIY), Cry2Aa (PDB file 1I5PA) and Cry3Aa (PDB file
1DLC) as templates. The resulting model was analyzed
with Swiss PdbViewer (version 3.7b2; Glaxo Wellcome
Experimental Research, Plan-les-Ouates, Switzerland).

Site-Directed Mutagenesis

The R164A mutant of Cry9Ca (Lambert et al. 1996) was
the parental toxin from which all double mutants reported
in the present study were derived. Second mutations were
introduced by individually altering selected domain I loop
residues by site-directed mutagenesis, using a polymerase
chain reaction technique described by Ho et al. (1989).
The double mutants are referred to by simply stating the
second substitution which makes them unique. All
mutants analyzed in the present study and the positions of
their mutated residues within the toxin structure are listed
in Table 1.

Toxin Activation and Purification

All Cry9Ca mutants were prepared from Escherichia coli
W6K strains, producing the appropriate single recombinant
toxins as described previously (Lambert et al. 1996). Pro-
toxins were trypsin-activated in vitro, and the resulting
toxins were purified by fast protein liquid chromatography
using a mono-Q ion exchange column (Pharmacia Biotech,
Montreal, QC, Canada) as described elsewhere (Masson
et al. 1990, 1994).

Bioassays

Fertilized Manduca sexta eggs were purchased from the
insectary of the North Carolina State University Depart-
ment of Entomology (Raleigh, NC). Larvae were reared on
an artificial diet obtained from the same source. Toxicity
was evaluated with neonate larvae that were fed an artificial
diet contaminated with toxin as described earlier (Coux
et al. 2001). Activated toxins were applied as 100-pl sam-
ples that were layered onto 1.8-cm? wells and allowed to
absorb into the medium. Each mutant was tested on 10
different occasions with 25 larvae for each toxin concen-
tration. Mortality and, for surviving insects, weight gain
were recorded after 7 days. Data were adjusted for the
mortality of control larvae reared in the absence of toxin.
Tests were first carried out with 10 pg of toxin/ml, corre-
sponding to 555 ng of toxin/cm? a value slightly above
our experimental LCqy for Cry9Ca R164A (460 ng/cmz)
(Brunet et al. 2010a). When appreciable toxicity was
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Table 1 Toxicity of Cry9Ca

Mutation Mutation site % Mortality® at

mutants to M. sexta neonate

larvae 5 pg/ml 10 pg/ml 50 pg/ml
R164A® (parental toxin) o3—04 loop 58 (28-79)° 95 (77-99)° -
E121A o2b-helix 97 £ 2 100 £ 0 -
E121K o2b-helix 95+ 2 100 £ 0 -
N124D 02—0a3 loop 90 £ 2 99.4 £ 0.6 -
N124R o2-03 loop 92 +3 99 £ 1 -
QI125E o2-03 loop 79 £ 8 99.5 £ 0.5 -
Q126E o2-03 loop 90 + 4 100 £ 0 -
T128D o2-03 loop 66 + 6 92 +7 -
E129A o3-helix 8§+2 46 £9 -
E129K o3-helix 49+£5 88 £5 -
F130D o3-helix - 0+3 18+4
L186D od—a5 loop - 2+2 3+£2
F187D o4—05 loop 96 + 2 100 £ 0 -
V189D od—a5 loop - 5£3 30£7
N190C od—05 loop 52+ 10 97 £1 -
N190R od—05 loop 97 £ 1 100 £ 0 -

* Except for R164A, values are QI92E a4—u5 loop 36+ 4 85+ 3 -

means £ standard error of the QI193E o5-helix 66 + 8 90 + 3 -

mean (SEM) of 10 independent  r2p4g 25-a6 loop 70 £ 5 98.4 + 0.8 -

experiments .

b o o . D255K o6-helix 775 97 £ 2 -

This substitution is present in .

all mutants in addition to the R256D o6-helix 51+6 93+2 B

indicated second mutation R258D a6—07 loop 64 +7 98 +1 -

¢ Data for the single-site mutant ~ T260D a6-07 loop 54 +£7 99.0 £ 0.7 -

R164A were evaluated from the T260R a6—0.7 loop 62 + 7 97 + 2 _

dose-response curves used to

estimate the LCso and LCop N261D o6—0a7 loop 63 £ 10 100 £ 0

values reported by Brunet et al. N261R 6-o7 loop 46 + 10 97 + 1 -

(2010a). 95% Confidence E263K o7-helix 86 + 4 99.2 £ 0.5 -

mtemﬁs are shown in P295R «7-P1 loop 62+ 8 96 + 3 -

parentheses T296R fl-strand 81+ 5 97 + 1 -

d —, not tested

observed at this first concentration, a second series of tests
was carried out at 5 pg of toxin/ml (278 ng/cm?), a value
near our Cry9Ca R164A LCsq value (250 ng/cmz) (Brunet
et al. 2010a). Alternatively, when the mutants displayed
poor toxicity at the first concentration, they were tested at
50 pg/ml (2.78 pglem?).

Midgut Isolation and Midgut Juice Preparation

For membrane potential measurements, whole midguts
were isolated from third-instar larvae as described by
Peyronnet et al. (1997) and bathed in the 122 K solution
consisting of 122 mM KCl, 5 mM CaCl, and 5 mM
3-(cyclohexylamino)-1-propanesulfonic acid (CAPS)-
KOH (pH 10.5). Midgut juice was collected from whole
midguts isolated from fifth-instar larvae as described by
Fortier et al. (2007) and stored at —80°C in small aliquots.

Membrane Potential Measurements

Short segments of freshly isolated M. sexta midguts were
aspirated into a glass pipette from one end until the other
end curled around the pipette tip, thus exposing the apical
surface of the epithelial cells (Peyronnet et al. 1997). The
pipette was lowered near the bottom of a perfusion
chamber containing the 122 K solution, and midgut cells
were impaled with a glass microelectrode filled with 1 M
KCl (Peyronnet et al. 1997). Electrode resistance was
between 50 and 250 MQ. Impalements were considered
successful when they caused a sharp and sustained change
in the measured potential (negative inside). The bath was
perfused continuously with the 122 K solution until the
membrane potential was stable for 5 min. Perfusion was
then stopped, and the perfusion solution was replaced by
1.2 ml of the 122 K solution containing 5 pg/ml of the
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appropriate toxin with either 10% (v/v) midgut juice or 1%
(v/v) of a protease inhibitor cocktail (described below).
After 5 min, the preparation was rinsed with the 122 K
solution for an additional 10 min. Experiments were car-
ried out at room temperature. When midgut juice was
added, it was first diluted sufficiently in a solution com-
posed of 5 mM CaCl, and 5 mM CAPS-KOH (pH 10.5) to
reach a potassium concentration of 122 mM (Fortier et al.
2007). The final volume was then adjusted with the 122 K
solution. The protease inhibitor cocktail contained 50 mM
4-(aminoethyl)benzenesulfonyl fluoride (AEBSF), 1 mg/ml
antipain, 0.015 mM aprotinin, 0.1 mM trans-epoxysucci-
nyl-L-leucylamido-(4-guanidino)butane (E64) and 0.1 mM
leupeptin dissolved in water and used at a final 100-fold
dilution. All of these compounds were obtained from
Sigma-Aldrich (Oakville, ON, Canada).

Results
Overall Structure

The online SWISS-MODEL software (Peitsch 1995, 1996;
Guex and Peitsch 1997) returned a model of the three-
dimensional structure of Cry9Ca a few hours after its
sequence was submitted. The model covers the portion of
the protein extending from residue 65 (Ser) to residue 658
(Asn). The familiar three-domain structure of Cry toxins is
readily recognizable (Fig. 1a), with domain I and its seven
o-helices ranging from residue 65 to residue 292 (except
84-87), domain 1II in the form of a f-prism made up of
three f-sheets ranging from residue 303 to residue 504 and
domain III, a p-sandwich, including residues 84-87,
293-302 and 505-658.

The presence of a short segment between domains I and 11
in the linear sequence (residues 293-302, which include
f1a) but belonging to domain III has been described for the
corresponding portion of CrylAa (Grochulski et al. 1995).
However, residues 84-87, belonging to the a:1-x2a loop, are
also predicted to form a short f-strand that is strongly
connected to fla and, thus, to form an integral part of the
domain III f-sandwich (Fig. 1b). To our knowledge, this is
the first time a segment of the a1-22a loop has been sug-
gested to constitute part of domain III since this was not
reported for the above-mentioned toxins for which the
crystal structure has been elucidated or for those toxins
for which a structure has been proposed on the basis of
homology modeling (Alcantara et al. 2001; Gutierrez et al.
2001; Angsuthanasombat et al. 2004; Fernandez et al. 2005;
Lin et al. 2008; Xia et al. 2008; Yamaguchi et al. 2008;
Likitvivatanavong et al. 2009; Zhao et al. 2009).

Although the predicted structure of Cry9Ca appears
otherwise very similar to those of the toxins used as
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Fig. 1 Homology model of Cry9Ca. a This tentative three-dimen-
sional structure of Cry9Ca was established by homology modeling
using the SWISS-MODEL program on the basis of the published
structures of CrylAa, Cry2Aa and Cry3Aa. b The model predicts the
existence in Cry9Ca of a novel structural pattern in which a small
p-strand, located within the o1-a2 loop, contributes to the [-sheet
structure of domain III formed by the 13, 14, 15, f17, 20, 21
and 23 strands in addition to the fla-strand, which is located
between domains I and II in the linear sequence of the toxin and
interacts directly with the f13-strand

templates for the modeling, a few other noticeable differ-
ences were identified. In domain I, the most obvious dif-
ferences between Cry9Ca and CrylAa, Cry2Aa and
Cry3Aa are its longer a2a—o2b loop and its «3—o4 loop that
protrudes away from the domain core, making it more
accessible than in any of the other three toxins (Fig. 2a).
In domain II, the three usual f-sheets are found, but
Cry9Ca is predicted to form an unstructured coil in place of
the f9-strand, which is present in the other three toxins
(Fig. 2b). In domain III, one major difference is found
within the 19-£20 loop (Fig. 2¢). Not only is it longer
than in the other three toxins, but it is predicted to form a
short o-helix, which runs close to «6 of domain I.
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Fig. 2 Main features of the A
Cry9Ca model. a Domain I
displayed after a 90°
counterclockwise rotation with
respect to the orientation shown
in Fig. la to emphasize its
unusually long o2a—o2b loop
and its a3—o4 loop, which is
predicted by the model to
protrude away from the core of
the protein. b Domain II shown
in the same orientation as in
Fig. 1a. The most remarkable
prediction of the model, in this
region of the toxin, is the
absence of the f39-strand, which
is found in the structure of the
three toxins used as templates.
¢ Structure of domain III, also
reproduced in the same
orientation as in Fig. la, in
which a novel a-helix (29)

is predicted to lie within the
p19-20 loop of Cry9Ca

N-terminus -~ ¥4

o2-o3

Toxicity

The toxicity of most double mutants (Table 1) was com-
parable to that estimated for the parental toxin (R164A) on
the basis of dose-response curves that were used to evaluate,
by probit analysis, previously reported values of LCs, and
LCyy (Brunet et al. 2010a). When tested at 10 pg toxin/ml,
all mutants except E129A, F130D, L186D and V189D kil-
led at least 80% of the larvae, a level which falls within the
95% confidence interval estimated for the parental toxin.
When tested at 5 pg toxin/ml, mutants T128D, E129K,
N190C, Q192E, Q193E, T224R, D255K, R256D, R258D,
T260D, T260R, N261D, N261R and P295R killed 36-79%
of the larvae, within the 95% confidence interval estimated,
at this toxin concentration, for the parental toxin. Somewhat
higher percent mortality values were recorded for the other
mutants, E121A, E121K, N124D, N124R, Q126E, F187D,
NI190R, E263K and T296R. Among the four mutants with
reduced activity, three were practically inactive and dis-
played 30% mortality (V189D) or less (F130D and L186D)
when tested at 50 pg toxin/ml (Table 1), a concentration
which corresponds to more than 10 times the LCs, estimated
for the parental toxin (Brunet et al. 2010a).

Except for mutant L186D, those mutants with a reduced
ability to kill the larvae nevertheless retained some toxic-
ity, as evidenced from weight-gain measurements. While
control larvae, reared in the absence of toxin, gained
126 £ 10 mg during the time course of the experiments,
larvae which survived treatment with 10 pg/ml of mutants
E129A, F130D and V189D gained only 8 + 1, 81 £ 11
and 71 = 8 mg, respectively, during the same period.

Absence of
a 9 strand

Surviving larvae exposed to 5 pg of mutant E129A/ml
gained 64 £+ 8 mg, and those exposed to 50 pg of mutants
F130D and V189D gained 17 £5 and 12 £ 2 mg,
respectively. In contrast, at this higher dose, larvae exposed
to L186D gained 116 4+ 10 mg, a value comparable to that
measured in the absence of toxin.

Membrane Potential Assay

Wild-type Cry9Ca and its R164A mutant have recently
been studied, under a variety of experimental conditions,
using an osmotic swelling assay (Brunet et al. 2010a) and
membrane potential measurements (Brunet et al. 2010b).
Both toxins were most effective when tested at pH 10.5,
with the electrophysiological assay, in the presence of
either 10% (v/v) midgut juice or a cocktail of protease
inhibitors. For this reason and because the midgut content
of actively feeding lepidopteran insect larvae is highly
alkaline (Dow 1984, 1992), these conditions were chosen
to evaluate the pore-forming ability of the double mutants
described in the present study. In this assay, the electrical
potential difference was monitored across the luminal
membrane of the epithelial cells of freshly isolated midguts
(Peyronnet et al. 1997). After 5 min, during which the
midguts were perfused with bathing solution, the tissue was
exposed to toxin and either midgut juice (Fig. 3) or pro-
tease inhibitors (Fig. 4) for another 5 min, during which
perfusion was stopped. During this period, membrane
potential decreased somewhat; but in the absence of toxin,
it rapidly rose to a value approaching that measured at the
beginning of the experiment, as soon as the perfusion was
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<« Fig. 3 Effect of domain I interhelical loop mutants on the membrane

potential of midgut epithelial cells from M. sexta in the presence of
midgut juice. Freshly isolated midguts from third-instar larvae were
perfused for 5 min with the 122 K solution. The perfusion was
stopped, and 1.2 ml of perfusion solution containing 5 pg/ml of the
indicated mutant and 10% midgut juice was added directly to the
bath. After 5 min, midguts were rinsed with the 122 K solution by
resuming the perfusion. V is the membrane potential measured at the
indicated times, and V,, is the membrane potential measured
immediately preceding the addition of toxin. For these experiments,
Vo was (—57.2 £ 1.8) mV. Values are means &= SEM (standard error
of the mean) for the number of experiments indicated between
parentheses

resumed (Figs. 3a, 4a). However, membrane potential
remained low in the presence of an active toxin such as the
R164A mutant (Figs. 3a, 4a).

In agreement with the toxicity data, most mutants
depolarized the midgut epithelial cell membrane effi-
ciently, in the presence of either midgut juice (Fig. 3) or
protease inhibitors (Fig. 4). In addition, the three nonlethal
double mutants, F130D (Figs. 3h, 4h), L186D (Figs. 3i, 4i)
and V189D (Figs. 3k, 4k), were, at best, very poorly active
under both experimental conditions. However, mutant
QI192E, which was only marginally less toxic than the
parental toxin (Table 1), was rather poorly active in the
electrophysiological experiments under both sets of con-
ditions (Figs. 3m, 4m). Despite its lower toxicity (Table 1),
mutant E129A (Figs. 3g, 4g) was only slightly less active
than its parental toxin (Figs. 3a, 4a) and displayed a
depolarization rate that was comparable to those measured
for mutants E129K (Figs. 3g, 4g), Q193E (Figs. 3n, 4n),
T260D (Figs. 3s, 4s), P295R (Figs. 3v, 4v), and P296R
(Figs. 3w, 4w) under both experimental conditions. On the
other hand, mutants R256D (Fig. 3q) and R258D (Fig. 3r)
were slightly less active than their parental toxin in the
presence of midgut juice but equally active in the presence
of protease inhibitors (Fig. 4q, r). In contrast, mutant
N190C was slightly less active than its parental toxin in the
presence of protease inhibitors (Fig. 41) but equally active
in the presence of midgut juice (Fig. 31).

Discussion

The main objective of the present study was to evaluate the
influence of charged residues, within surface-exposed
loops of domain I, on the pore-forming activity of Cry9Ca.
Most mutated residues were located in or very near the
02—03, ad—a5 and a6—0o7 loops because these lie on the
same side of the toxin molecule as the domain II loops
(Fig. 1a), which are thought to participate directly in the
binding of B. thuringiensis toxins to their receptors (Gémez
et al. 2007; Pigott and Ellar 2007). Moreover, because the
pore-forming activity of Cry9Ca was recently found to be

particularly sensitive to the environmental pH (Brunet et al.
2010a), electrostatic interactions with its target membrane
could be expected to contribute significantly to its mech-
anism of action.

Most mutations analyzed in the present study, however,
had rather little effect on the activity of the toxin, as
evaluated from bioassays performed with insect larvae
(Table 1) or from their ability to depolarize the apical
membrane of epithelial cells in freshly isolated larval
midguts (Figs. 3, 4). Most domain I interhelical loop
mutants in CrylAa that were studied earlier also retained a
good pore-forming ability (Lebel et al. 2009). However,
many of these latter mutants, in which selected amino acid
residues were replaced individually by a cysteine, had a
reduced rate of pore formation at pH 10.5, at which the
thiol group of this residue is largely ionized. It should
nevertheless be pointed out that these experiments were
carried out using an osmotic swelling assay protocol in
which the brush border membrane vesicles are only
exposed to the toxins in solutions of relatively low ionic
strength (up to 75 mM KCl depending on the experiments).
In contrast, the experiments described in the present
communication were performed in a 122 K solution, in
which the ionic strength was sufficiently high to greatly
attenuate the inhibitory effect of increasing pH to 10.5 on
the activity of CrylCa (Fortier et al. 2005). As pointed out
above, the conditions used in the present study were chosen
because of the much poorer activity of Cry9Ca and its
single-site mutant R164A in osmotic swelling experiments
performed at pH 10.5. Similarly, about half of the mutants
described herein were tested in osmotic swelling experi-
ments. Most of them, like their parental toxin R164A
(Brunet et al. 2010a), permeabilized the vesicles efficiently
at pH 7.5 but displayed at most very modest activity at pH
10.5 (data not shown). These considerations could there-
fore suggest, in agreement with our earlier conclusion
(Fortier et al. 2005), that the influence of electrostatic
interactions between the toxin and membrane surface in the
process of pore formation diminishes as the ionic strength
of the solutions is increased.

Some of the mutations analyzed in the present study did
nevertheless affect greatly the activity of Cry9Ca. In par-
ticular, mutant F130D, altered near the N-terminal end of
its o3-helix, and mutants L186D and V189D, altered within
their a4—a5 loops, were almost completely inactive both in
vivo and in vitro. The F91S mutation, slightly more con-
servative than F130D but introduced at the equivalent
location in CrylAc, also led to reduced toxicity (10- to
100-fold) (Wu and Aronson 1992). Thus, the presence of
phenylalanine, or of another aromatic residue at this posi-
tion, appears to be important for the function of both tox-
ins. As for mutants L186D and V189D, the side chains
of both mutated residues extend toward the o3-helix.
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Fig. 4 Effect of domain I interhelical loop mutants on the membrane Fig. 3 except that midgut juice was replaced by a cocktail of protease
potential of midgut epithelial cells from M. sexta in the presence of protease inhibitors. The composition of this cocktail is given under Materials and
inhibitors. Experiments were carried out as described in the legend of Methods. For these experiments, V was (—48.8 £ 1.7) mV
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E129 @

Fig. 5 Possible salt bridge within domain I of the L186D mutant.
The orientation of R138 and D186 could allow the formation of a salt
bridge, which could prevent a conformational change in which helices
o3 and o4 move away from each other, thus contributing to the
inactivity of L186D. Only segments of o3, extending from residues
129-146; o4, from residues 176-185; and the od—o5 loop, from
residues 186-191, are displayed

The inactivity of these mutants could result from the for-
mation of a salt bridge between the introduced negative
charge and the positive charge of one of the arginine res-
idues of this latter helix (R132 and R138). The possibility
of a salt bridge between R138 and D186 is especially well
supported by our three-dimensional model of Cry9Ca,
which predicts that these two residues may be oriented
correctly for such an interaction to occur (Fig. 5). Such a
link between the «3-helix and the a4—a5 loop could prevent
the hairpin formed by helices a4 and «5 to insert into the
membrane as predicted, for example, by the umbrella
model (Schwartz et al. 1997; Gazit et al. 1998; Gerber and
Shai 2000; Aronson and Shai 2001). The formation of a
similar salt bridge appears less likely in the case of the
V189D mutant, however, since our model predicts that the
side chains of R132 and D189 could not face each other
unless the o4—a5 loop was rotated relative to helix o3 by
approximately 90° (data not shown). In CrylAa, mutant
V150C, altered at a location which is equivalent to V189 in
Cry9Ca, was not active (Lebel et al. 2009). In contrast,
however, the toxicity of a CrylAc mutant altered at this
same position, V150D, was comparable to that of its wild-
type toxin (Kumar and Aronson 1999).

On the other hand, mutant F187D (04—a5 loop) was
quite active both in vivo (Table 1) and in vitro (Figs. 3j,
4j), as was the CrylAc F1481 mutant, altered at the
equivalent position (Kumar and Aronson 1999). While the
Cry9Ca mutant N190C, also altered within the o4—a«5 loop,
retained a pore-forming activity that was comparable to
that of its parental toxin, the CrylAa mutant Q151C,

altered at the equivalent position, formed pores more
slowly than wild-type CrylAa (Lebel et al. 2009).
Although toxic to the larvae (Table 1), the Cry9Ca mutant
Q192E, altered within the same loop, was rather poorly
active in vitro (Figs. 3m, 4m). Mutants of CrylAa and
CrylAb with substitutions at the equivalent position have
also been reported to have a reduced activity. Thus, mutant
Y153C from CrylAa had a reduced rate of pore formation
(Lebel et al. 2009) and mutants Y153A, Y153D and Y153R
from Cryl Ab were less toxic than the wild-type toxin and
had a reduced ability to inhibit short circuit currents (Chen
et al. 1995). Interestingly, while this position is occupied
by a glutamine residue (Q192) in Cry9Ca, many other
toxins bear a tyrosine residue at the equivalent position.
Moreover, on the basis of the functional properties of
mutants Y153C from CrylAa (Girard et al. 2009) and
CrylAb (Nuiiez-Valdez et al. 2001), Y202A, Y202C and
Y202F from Cry4Aa (Pornwiroon et al. 2004) and Y170D,
Y170R and Y170L from Cry4Ba (Kanintronkul et al.
2003), it has been concluded that the presence of an aro-
matic residue at this location is important, or even neces-
sary, for the functioning of these toxins.

Overall, the results of the present study show a
remarkably good agreement, with only a few minor
exceptions, between the toxicity of the studied mutants and
their ability to depolarize the plasma membrane of midgut
epithelial cells in the presence of either midgut juice or a
cocktail of protease inhibitors. Because Cry9Ca and its
R164A mutant display only a rather modest activity at pH
10.5 in the absence of these additions (Brunet et al. 2010b),
this correlation lends further support to our hypothesis that
the functional properties of Cry9Ca, and probably other B.
thuringiensis toxins, are strongly influenced by the com-
bined effects of proteases and protease inhibitors present in
larval insect midgut juice (Brunet et al. 2010b).
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