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To examine the binding of Bacillus thuringiensis d-en-
dotoxins, CryIAa, CryIAb, and CryIAc, to Lymantria dis-
par (gypsy moth) brush border membrane vesicles
(BBMV), saturation kinetic analyses were conducted ac-
cording to a two-step interaction scheme
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for d-endotoxin binding to BBMV, rather than the one-
step reversible binding presented in prior reports.
The order of toxicity of the d-endotoxins, as measured

by the dose required for a 50% inhibition of weight gain
(ID50), was CryIAa (77.3 ng) > CryIAb (157 ng) > CryIAc
(187 ng). While both the maximum extent of binding,
Bmax, and the half-maximum insertion rate concentra-
tion, K1⁄2, was observed to be indirectly related to toxic-
ity, the rate constant of irreversible binding, k2, was
found to be directly correlated to toxicity.

Bacillus thuringiensis synthesizes insecticidal crystalline in-
clusions containing various d-endotoxins during sporulation.
Due to the high specificity of the d-endotoxins against target
insects and its low persistence, B. thuringiensis has been an
environmentally sound alternative in pest control for decades.
The mode of action of the d-endotoxin has now been elucidated
in considerable detail by extensive studies in histopathology
and biochemistry. Upon ingestion, the crystalline inclusions of
d-endotoxins are solubilized by the high pH environment of the
midgut of the insect. The solubilized protoxins are converted to
toxin by proteinases in midgut lumen. The toxins then bind to
specific binding proteins in the microvilli of columnar cells and
insert into the membrane of the microvilli. Pore formation by
the toxins in the membrane causes the leakage of ions
and probably other contents of the cell and finally lyses the cell
(1, 2).
Binding of toxin to the microvillar membrane is one of the

most intensively studied steps in its mode of action. An in vitro
system with brush border membrane vesicles (BBMV)1 estab-

lished by Wolfersberger et al. (3) has made it possible to study
binding at the molecular level. Hofmann et al. (4) were the first
to identify specific binding sites of toxins in the BBMV of
susceptible insects by binding assays. Now the binding assay
has become a standard tool in studies of mechanism of speci-
ficity of wild type toxins and their mutants (5–13), as well as
the mechanism of resistance development in insects (14–16).
Gypsy moth (Lymantria dispar) is a major forest pest in the

United States, as well as in other parts of the world. Members
of the CryIA class of B. thuringiensis d-endotoxins show differ-
ent toxicities against gypsy moth. Interestingly, an inverse
relationship between toxicities against gypsy moth larvae and
binding properties to BBMV from the larvae has been observed
with CryIAb and CryIAc (13). While CryIAb, a stronger toxin,
showed lower affinity in the binding assay, CryIAc, a weaker
toxin, showed higher affinity (13). As with other published
binding studies, the binding properties of the toxins in this
assay was analyzed by modified Scatchard equations (17).
So far, all published binding studies known to us have used

the Scatchard equation or the Hill equation (18), which ana-
lyzes binding parameters assuming a one-step reversible inter-
action (Reaction 1).

BS 1 T7 BS*T

REACTION 1

Here BS is the binding site on the membrane, T is the toxin,
and BS*T is the dissociable complex formed by binding site and
toxin. However, a large body of evidence indicates that the
binding between toxin and BBMV quickly becomes irreversible
(4, 6, 7, 19, 20). Irreversibility of the toxin-BBMV interaction
was observed in early studies (19) and has been considered
briefly in most binding studies mentioned above. The irrevers-
ible binding might reflect insertion of toxin into brush border
membrane (19, 20). A two-step interaction would describe
toxin-BBMV interaction better than Reaction 1.

BS 1 T7 BS*T 3 BS-T

REACTION 2

Here BS-T is the toxin irreversibly bound to the membrane.
The observation of irreversible binding should immediately

disqualify the application of the Scatchard equation or the Hill
equation in analysis of binding parameters of toxin-BBMV
interaction (21, 22). However, the effect of irreversible interac-
tion on the binding parameters has not been included in the
calculations of binding parameters (4–16), even in a recent
paper in which irreversibility of the toxin-BBMV interaction
has been proposed as a determinant in toxicity of two toxins,
CryIA(a) and CryIA(b), against Bombyx mori (20).
The purpose of this study is to apply saturation kinetics of

irreversible binding, rather than competition binding assays
(4) to study binding parameters based on Reaction 2 and use
this method to explore the relationship between the toxicity of

* This research was supported by Grant R01 AI29092 from the Na-
tional Institutes of Health and a grant from the United States Depart-
ment of Agriculture Forest Service, Northeastern Forest Experiment
Station (both to D. H. D.). The costs of publication of this article were
defrayed in part by the payment of page charges. This article must
therefore be hereby marked “advertisement” in accordance with 18
U.S.C. Section 1734 solely to indicate this fact.
‡ To whom correspondence should be addressed: Dept. of Biochemis-

try, The Ohio State University, 484 W. 12th Ave., Columbus, OH 43210.
Tel.: 614-292-8829; Fax: 614-292-3206.

1 The abbreviations are: BBMV, brush border membrane vesicles;
CryIAa, CryIAb, and CryIAc, the three insecticidal crystal d-endotoxins
in class IA; BS, binding site for toxin; T, toxin; BS*T, reversible binding
complex of binding site and toxin; BS-T, irreversible binding complex of
binding site and toxin.

THE JOURNAL OF BIOLOGICAL CHEMISTRY Vol. 270, No. 42, Issue of October 20, pp. 24719–24724, 1995
© 1995 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in U.S.A.

24719

 by guest on January 6, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


CryIA toxins against gypsy moth larvae and their binding
properties to BBMV from the larvae.

MATERIALS AND METHODS

Preparation of Toxins—The constructions of the plasmid pOS4101
(CryIAa), pOS4201 (CryIAc), and pOS4301 (CryIAb), the expressions of
toxin genes, the purifications of crystal inclusions, solubilization of
protoxins, and activation of toxins were described elsewhere (11).
Bioassays—L. dispar larvae free of abnormal performance syndrome

(23)2 were supplied by N. R. Dubois, United States Department of
Agriculture, Hamden, CT. Bioassays of Cry toxins with L. dispar larvae
have been described in detail elsewhere (24). Briefly, 4th instar larvae
were dosed orally with various amounts of toxin. After 5 days on
untreated artificial diet, the weight gain of the larvae was determined.
The dose resulting in 50% inhibition, ID50, was calculated as the indi-
cator of toxicity.
Preparation of BBMV—BBMV were prepared by the differential

magnesium precipitation method of Wolfersberger et al. (3) from 5th
instar L. dispar. Alkaline phosphatase, a brush border membrane
marker enzyme, was enriched 10 times relative to the homogenate of
the midgut from L. dispar larval.
Iodination of Toxin—Toxins were iodinated using the Iodo-Beads

technique (35). Twenty mg of toxin was labeled using 1 mCi of 125I and
one Iodo-Bead (Pierce) in a final volume of 0.15 ml of 50 mM sodium
carbonate buffer, pH 9.5. Free iodine was separated from toxin using a
prepacked Excellulose GF-5 column (Pierce).
Determination of Protein Concentrations—Protein concentrations of

purified toxins and BBMV were determined by the Bradford method
(25).
Determination of Labeling Specific Activity—0.02 pmol of labeled

toxin was titrated by increasing amount of BBMV. Total binding at
saturating amount of BBMV was taken as radioactivity of the labeled
toxin. Radioautography showed that all input toxin precipitate with the
saturating amount of BBMV in assay (no toxin band left in the super-
natant after centrifugation) and toxin band was the only band showed
in the precipitate. The specific activity of the labeled toxins (i.e. bound
toxins) was determined as 5.8 3 104 cpm/pmol, 6.3 3 104 cpm/pmol, and
4.5 3 104 cpm/pmol for CryIAa, CryIAb, and CryIAc, respectively.
Binding Assays—BBMV were incubated with 125I-labeled toxin in

200 ml of binding buffer (11). The bound toxin was separated from free
toxin by the centrifugation method (11). Nonspecific binding was meas-
ured in the presence of 1000-fold excess of unlabeled toxin. In all assays,
the nonspecific binding of CryIAa is #12% of total binding, CryIAb
#27%, and CryIAc #17%.
For the time course of specific binding, 400 mg/ml BBMV was incu-

bated with 0.1 nM or 10 nM labeled toxin in the presence or absence of
1,000-fold excess of unlabeled toxin for various times before centrifu-
gation. The specific binding of the toxins to the BBMVwas calculated by
subtracting the nonspecific binding (the binding with excess of unla-
beled toxins) from the total binding (the binding without unlabeled
toxins).
For the time course of irreversible binding, 400 mg/ml BBMV was

incubated with 0.1 or 10 nM labeled toxin for various times, after which
1 ml of binding buffer with at least 1,000-fold excess of cold toxin was
added to the tube. The incubation was continued for 1 h before centrif-
ugation. The nonspecific binding was determined from the tubes in
which labeled toxin and 1,000-fold excess of unlabeled toxin were added
to BBMV at the same time.
For the saturation assay of specific binding, various concentrations of

BBMV were incubated with 0.1 nM labeled toxin in the presence or
absence of 1,000-fold excess of unlabeled toxin for 3 h before centrifu-
gation. The specific binding of toxins to BBMV was calculated by sub-
tracting the nonspecific binding (the binding with excess of unlabeled
toxins) from the total binding (the binding without addition of unla-
beled toxins).
For the saturation assay of irreversible binding, the saturation assay

of specific binding was performed allowing 3 h of incubation. Subse-
quently, binding buffer (1 ml) with or without 1000 fold excess of
unlabeled toxin was added to the specific binding assay tubes and
nonspecific binding assay tubes, respectively. Incubation was continued
for another hour before centrifugation.
For the saturation kinetics assay, irreversible binding time courses

were measured with 0.1 nM toxin and various concentrations of BBMV.
kobs from these time courses were plotted against concentration of
binding sites in BBMV.

Calculation of Bmax of Irreversible Binding—The presaturation por-
tion of the curve from the data of saturation assay of irreversible
binding (see “Results”) was fitted using SigmaPlot software (Jandel
Scientific Co.) by Equation 1

f 5 Bmax z x 1 a (Eq. 1)

Here x is the amount of BBMV, and f is fitted to the amount of
irreversibly bound toxin; Bmax is equal to the slope of the curve, which
is the maximum binding of given amount of BBMV; a is the interception
of the curve on the y axis, which is close to zero.
Calculation of kobs of Specific or Irreversible Binding—The time

course of irreversible binding was fitted by Sigma Plot (Jandel Scientific
Co.) using either a single exponential fit or a double exponential fit:

f 5 @T# z ~1 2 exp~2kobs z x !! 1 a (Eq. 2)

or

f 5 @T#1 z ~1 2 exp~2kobs1 z x !!

1 @T#2 z ~1 2 exp~2kobs2 z x !! 1 a . (Eq. 3)

Here x is the time, f is fitted to the concentration of bound toxin, and [T]
is total specific binding or total irreversible binding; kobs is the observed
first-order rate constant; a is the correction factor, which is close to zero.
Calculation of K1/2 and k2 of Irreversible Binding—The saturation

kinetic data were fitted to the following equation.

f 5 k2 z x/~K1/2 1 x ! . (Eq. 4)

Here x is the concentration of the binding site; f is fitted to the observed
first-order rate constant, kobs; k2 is the irreversible binding rate con-
stant; K1⁄2 is the concentration of the binding sites giving half-maximum
insertion rate of irreversible binding.

RESULTS

Bioassay of CryIA Toxins with L. dispar—Table I shows
toxicity of CryIA toxins to L. dispar larvae. The order of the
potency from strongest to weakest is CryIAa, CryIAb, and
CryIAc. These data agree qualitatively with those of Wolfers-
berger (13) and van Frankenhuyzen et al. (26) with respect to
the order of toxicities but differ in the level of activity of the
CryIAc toxin. A more dramatic difference (400 times) in po-
tency between CryIAb and CryIAc was observed by Wolfers-
berger (13) and van Frankenhuyzen et al. (26). We only ob-
served a slight difference in potency between the two toxins
(Table I). The difference between our data and that of Wolfers-
berger (13) and van Frankenhuyzen et al. (26) might result
from difference in source of insect, stage of larvae assayed,
method used, index measured, or presence of abnormal per-
formance syndrome.
Specific Binding and Irreversible Binding—Specific binding

is the total amount of bound toxin minus nonspecific binding to
BBMV (labeled toxin bound in the presence of excess unlabeled
toxin). We find that specific binding consists of a reversible
binding component, which could be chased off by an excess
amount of unlabeled toxin, and an irreversible binding compo-
nent, which could not be chased off. Fig. 1 shows the time2 T. M. O’Dell, personal communication.

TABLE I
Toxicity and binding parameters of CryIA toxins

Toxinsa,b ID50 K1/2 k2

ng nM 1/min

CryIAa 77.3 0.973 6 0.015 0.299 6 0.028
(61.7–95.9)

CryIAb 157 0.326 6 0.087 0.190 6 0.022
(128–193)

CryIAc 187 0.306 6 0.077 0.151 6 0.014
(154–229)

a ID50, dose of toxins that causes growth inhibition in 50% of larvae
assayed. 95% confidence interval is in parentheses.

b K1/2, half-maximum insertion rate concentration; k2, insertion rate
constant. Both are followed by their standard errors.
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course of specific binding and irreversible binding of all three
CryIA toxins to L. dispar BBMV. A fixed concentration of
BBMV (400 mg/ml) was incubated with either a similar concen-
tration of labeled toxins (0.1 nM in Fig. 1, a–c) or a higher
concentration (10 nM in Fig. 1, d–f). When the amount of la-
beled toxin input was similar to the amount of irreversible
binding sites available, almost all of the labeled toxin became
irreversibly bound (Fig. 1, a–c). However, when the amount of
labeled toxin input was greater than the irreversible binding
sites available, a small difference between specific binding and
irreversible binding was observed in CryIAa (Fig. 1d), and a
larger difference was observed in CryIAb and CryIAc (Fig. 1, e
and f). Since the difference between specific binding and irre-
versible binding is equal to reversible binding, the results sug-
gest that the reversible binding is greater when toxins are in
excess.
These data also indicate that at low concentrations of toxin,

the rate of irreversible binding (kobs 5 0.03 min21 for CryIAa)
is comparable with the rate of specific binding (kobs 5 0.03
min21 for CryIAa). Accumulation of reversible complex could
not be detected by chasing with cold toxins. Thus, initial bind-
ing is the rate-determining step in the overall binding process
when concentration of toxin is low. At high concentrations of
toxin, the kinetics of specific binding are biphasic and fit to a
fast rate constant of 1.4 min21 and a slower rate constant of
0.06 min21 (for CryIAa). The kinetics of irreversible binding at
high toxin concentration, however, fit to a single exponential
with a rate constant of 0.06 min21 (for CryIAa), which is the
same as the rate of the slower phase during specific binding.
These kinetics indicate that the reversible complex accumu-
lates with a bimolecular rate constant k1 of about 1.4 3 108 M21

min21 (k1 5 kobs/[T]) when toxin is in excess. Under these
condition, the irreversible binding is limited by the rate of
reversible complex changing to the irreversible complex.
Reversible Binding—The difference between the time course

of specific binding and that of irreversible binding yielded the
reversible binding time course (Fig. 1, d–f). The concentration
of the reversible binding complex increased quickly, remained
at steady state for about 20 min, and then decreased to a low

steady state level (Fig. 1, d–f). This remaining level of revers-
ible binding complex probably indicates that there must be a
small population of reversible bound toxin that does not pro-
ceed to an irreversible stage at high toxin to binding site ratios.
This may be because there is a small percentage of reversible
binding sites distinct from the irreversible binding sites.
Determination of Bmax—The presence of a certain number of

reversible binding sites on BBMV gives rise to two different
Bmax concepts: maximum specific binding and maximum irre-
versible binding. To investigate the two concepts of Bmax, sat-
uration binding curves for both specific and irreversible bind-
ing were measured. These two curves were similar for CryIAa
and CryIAc (Fig. 2, a and c). However, they were different for
CryIAb (Fig. 2b), exhibiting a significant difference between
specific Bmax and irreversible Bmax.
The saturation binding curves (Fig. 2) had two characteris-

tics: a sharp inflection point at saturation and linear portions of
the curve both before and after the inflection point. The same
characteristic curve can be found in most of previously reported
saturation binding results (7–8, 11, 15). The stoichiometric
nature of the irreversible binding curve indicates that the slope
of the first straight line in the curve is equal to the irreversible
Bmax. Since specific binding consists of irreversible and revers-
ible binding components, the stoichiometric nature of the spe-
cific binding curve indicates that the reversible binding is tight
under the conditions of the assay. The slope of the first line in
the specific binding would be close to specific Bmax. The Bmax
calculated from CryIAa, CryIAb, and CryIAc saturation curves
(Fig. 2) are shown in Table II. A significant difference between
specific Bmax and irreversible Bmax is observed only in CryIAb.
Since the toxicity of Cry toxins is assumed to depend on their
ability to insert into the membrane, the irreversible Bmax
would be of primary concern. So “Bmax” in the later part of this
paper refers to the irreversible Bmax.
Saturable Kinetics of the Irreversible Binding—Fig. 1 is con-

sistent with the reversibly bound complex of CryIAa being an
intermediate in the pathway that accumulated for a short
period. These kinetics are characteristic of toxin binding to BS
in BBMV by a two-step mechanism,

FIG. 1. Time course of specific bind-
ing and irreversible binding of CryIA
toxins to L. dispar BBMV. a and d,
CryIAa; b and e, CryIAb; c and f, CryIAc.
a–c, 0.1 nM toxin to 400 mg/ml BBMV; d–f,
10 nM toxin to 400 mg/ml BBMV. Open
circle, specific binding; open diamond, ir-
reversible binding; filled diamond, re-
versible binding. Standard errors are rep-
resented by error bars. Single exponential
fits for irreversible binding curves in d–f
give 0.06, 0.05, and 0.04 min21 for rate
constants, respectively. Two exponential
fits for specific binding curves in d–f give
1.4, 1.1, and 0.7 min21 for the fast phase,
respectively, and 0.06, 0.05, and 0.04
min21 for the slow phase, respectively.

d-Endotoxin Binding to L. dispar BBMV 24721

 by guest on January 6, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


BS 1 T
k1
N
k1

BS*T
k2
3 BS-T ,

REACTION 3

where k1 is the bimolecular association rate constant for BS*T
complex, k21 is the dissociation rate constant for BS*T com-
plex, and k2 is the rate constant for irreversible binding.
If binding of toxin to BBMV is a two-step process as shown

above, then the rate of irreversible complex formation, kobs, is
related to BS concentration by the following relationship (27),

kobs 5 k2 z @BS#/~K1/2 1 @BS#! , (Eq. 5)

which predicts that the plot of kobs versus [BS] should be sat-
urable. The maximum rate will be equal to k2 and the BS
concentration at half the maximum rate is the K1⁄2, which is
equal to (k2 1 k21)/k1. It represents the stability of the revers-
ible binding complex, when k2 is comparable to k21, or k2 ..
k21. It is equal to Kd, the dissociation constant of the reversible
binding complex, when the k21 .. k2. On the other hand, if
binding of toxin was a one-step process, as shown in Reaction
1, then the rate, kobs would increase linearly with BS
concentration.
Saturable kobs was observed in time course of irreversible

binding assays of all three CryIA toxins with increasing con-
centration of binding site, as shown in Fig. 3. CryIAa appeared
to have a saturated kobs at a higher concentration of binding
site than CryIAb and CryIAc (Fig. 3). The reaction constants,
k2 and K1⁄2, calculated from Fig. 3 for all three toxins are listed
in Table I.

DISCUSSION

Channel or pore formation in the epithelium plasma mem-
brane of the insect larvae midgut is believed to be critical to the
mechanism of insecticidal activity of B. thuringiensis toxins.
The first two steps in the channel formation process for an
activated toxin are binding to the membrane and insertion into
the membrane (1, 2). Thus, characterization of these events is
essential for a detailed understanding of the overall channel
formation process. Specific binding sites for B. thuringiensis
toxins have been successfully identified in many insect species
by binding assays (4). However, the role of binding studies now
becomes more important and more complicated when the focus
shifts to cloning and characterization of binding proteins (re-
ceptors) and extensive mutagenesis in all three domains of the

toxins. For example, it may be necessary to determine whether
a particular mutation affects only the initial binding step or the
irreversible binding step.
Here we propose a two-step kinetic model for interaction

between B. thuringiensis toxin and BBMV, as shown in Reac-
tion 2, based on the following observations. 1) A large body of
evidence, including results presented in this paper, has shown
that the binding of B. thuringiensis toxin to BBMV is mainly
irreversible (4, 6, 7, 19, 20); 2) accumulation of reversible bind-
ing complex at early times of incubation (Fig. 1); 3) kobs of
irreversible binding was saturable at high concentration of
BBMV (Fig. 2). Neither a one-step reversible binding model nor
a one-step irreversible binding model could explain these
observations.
This paper utilizes saturation kinetics to analyze binding

data and to derive binding parameters based on the two-step
interaction model between the toxins and BBMV. The method
used by this paper enables us for the first time to study sepa-
rately the first two steps in channel formation, initial binding
and irreversible binding, by analyzing the affinity of the initial
binding and the rate constant of irreversible binding.
We observe that specific binding of toxin to BBMV involves

two types of binding sites: a site that could develop into an
irreversible stage (irreversible binding site) and a site that
remains reversible (reversible binding site) (Figs. 1 and 2,
Table II). Thus, it is important to compare the irreversible Bmax
values of different toxins rather than the specific Bmax values,
since irreversible binding is thought to reflect insertion and,
consequently, is more directly related to toxicities.
To simplify the analysis of saturation kinetics, the reversible

binding sites have not been considered in Reaction 3. Despite
extensive studies, there are also many uncertain steps in the
channel formation process. For example, it is not clear whether
insertion is facilitated by the binding proteins or whether the
binding proteins are recyclable after the toxins insert. Thus the
Reaction 3 should be considered as a minimum reasonable
mechanism, which accounts for the experimental results.
Among the three wild type CryIA toxins, CryIAb and CryIAc

show a similar binding affinity, which is 3 times higher than
that of CryIAa (Table I). However, CryIAa has a faster irre-
versible binding rate. The order of the irreversible binding rate
constant of the three toxins is CryIAa.CryIAb.CryIAc, which
is directly correlated to the order of toxicity of the three toxins
(Table I).
CryIAb has more irreversible binding sites than CryIAc and

almost twice of that of CryIAa (Table II). Several reports have
shown that CryIAb toxin and CryIAa toxin bind to a same
binding protein in Western blots with BBMV proteins from
various species of insects (28, 29), including L. dispar.3 It would

3 Valaitis, A. P., Lee, M. K., Rajamohan, F., and Dean, D. H. (1995)
Insect Biochem. Mol. Biol., in press.

FIG. 2. Saturation binding of CryIA
toxins to L. dispar BBMV. a, CryIAa; b,
CryIAb; c, CryIAc. Open circle, specific
binding; open diamond, irreversible bind-
ing. Standard errors are represented by
error bars. 0.1 nM labeled toxins were in-
cubated with increasing concentration of
BBMV.

TABLE II
Maximum bindings of CryIA toxins

CryIAaa CryIAb CryIAc

pmol/mg pmol/mg pmol/mg

Specific Bmax 0.241 6 0.028 0.872 6 0.065 0.360 6 0.028
Irreversible Bmax 0.237 6 0.022 0.459 6 0.034 0.339 6 0.025

a Bmax values are followed by their standard errors.
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be tempting to speculate that the large CryIAa-CryIAb-binding
protein, which is 210 kDa as a monomer,3 could have twice the
amount of binding sites for CryIAb relative to CryIAa.
Toxicity of a toxin can be represented by its efficacy and

potency. Efficacy is determined by the number of binding sites
for the toxin in the target larva. When sufficient toxins are
administered to the larvae, maximum growth inhibition could
be observed in all three toxins (data not shown). This indicates
that a specific number of CryIAa or CryIAc binding sites is
sufficient to induce a maximum efficacy in growth inhibition
and an increase in the amount of binding sites of CryIAb would
not increase its efficacy.
The potency of a toxin is believed to depend on the mecha-

nism of its action. For example, if the effect of a drug is pro-
duced through the reversible binding between the drug and its
receptor, the affinity of binding usually determines the potency
of the drug. We have demonstrated that the potency of the
CryIA toxins is directly related to their insertion rate constant,
k2. Quicker insertion brings a stronger potency to a toxin. It
would not be too difficult to imagine that L. dispar larvae could
have a self-defense mechanism when it is attacked by CryIA
toxins. For example, aminopeptidase N, identified as CryIAc-
binding protein in some insect species (30, 31), is attached to
the plasma membrane of the epithelium cell by a glycosyl
phosphatidylinositol anchor (32). Conformational change of the
aminopeptidase N upon binding of the toxin could lead it to be
susceptible to some membrane bound phospholipases and
cleaved from the membrane. Consequently, the toxin could lose
its activity in channel formation because of the cleavage of the
aminopeptidase N. Therefore, quicker insertion of a toxin
would leave less time for phospholipases to cleave its binding
protein, thus leading to a stronger potency.
It is worth noting that although the parameters derived from

the Scatchard equation would be misleading, the data obtained
from the competition assays, the most popular assay in previ-
ous literature, are still informative if the assay is conducted in
an appropriate way. The competition assay could be repre-
sented by the following reaction (Reaction 4).

T 1

C
1
BS
8

BS*C
2

BS-C

7 BS*T3 BS-T

REACTION 4

Here C is the competitor, BS*C is the reversible complex
formed between competitor and binding site, and BS-C is the
irreversible complex. Assume that the irreversible binding
sites are predominant to the reversible binding sites, and the
incubation time is long enough for all binding complexes at
irreversible binding sites to become irreversible. When the
amount of binding sites is not greater than that of labeled

toxin, the decrease in the radioactivity detected with the
BBMV would be determined by the competition between rate of
BS-T formation and rate of BS-C formation. The rate of the
irreversible complex formation depends on both the concentra-
tion of reversible complex and the rate constant for irreversible
binding, k2, for each toxin, rate 5 k2z[BS*T]. The [BS*T] de-
pends on the stability of the reversible complex, K1⁄2 (or Kd).
Thus, the competition assay reflects the combination of the
effect of k2 and K1⁄2 (or Kd) in the whole integration process of
the toxin to membrane. A different competition binding curve
indicates a difference in the whole integration process. How-
ever, it could not differentiate whether the difference comes
from the binding affinity (K1⁄2, or Kd) or from the irreversible
binding rate constant (k2). On the other hand, if there is no
difference between the competition binding curves, one may
not assume that the two toxins have the same binding affinity
and the same irreversible binding rate constant. A higher af-
finity might be offset by a smaller irreversible binding rate
constant. Indeed, Chen et al. (33) have identified such a mu-
tant, CryIAa A92E. Keeping this in mind, the competition
assay is still a useful method to screen mutants with different
binding properties since it is a much simpler assay than the
method presented in this paper.
To quantitatively represent the difference in competition

binding curves, the concentration of the competitor that causes
50% inhibition in specific binding of labeled toxin (IC50), would
be useful in comparison. However, the physiological meaning of
the IC50 should not be considered same as the Kd in the Scat-
chard equation; instead it reflects the combination of K1⁄2 (or Kd)
and k2, as discussed above.
A second binding assay, the dissociation assay, has been

more frequently used since researchers have became aware of
the role of irreversible step in the determination of toxicity. The
percentage of dissociation, or the amount of toxin that is chased
off from specifically bound toxins, has been compared for dif-
ferent toxins (20). However, because of the possible existence of
a reversible binding site, the percentage of the dissociation is
not very informative in understanding the mechanism of tox-
icity. To compare irreversible binding of two different toxins, a
time course of irreversible binding as shown in this paper (Fig.
1) would be more informative than the dissociation binding
assay. Not only would the absolute level of the irreversible
binding be detected, the rate of irreversible binding would also
be viewed through the time course of irreversible binding.
In this report we find a direct relationship between toxicity of

the CryIA toxins and the irreversible binding rate constant, k2,
to L. dispar BBMV. This indicates that this step, which we
assume is primarily the insertion of toxin into the apical mem-
brane, is an important step in determining the activity of a
toxin. This observation apparently solves the paradox posed by
the paper of Wolfersberger (13) and is consistent with the
observations of Wolfersberger (34) that inhibition of K1 gradi-
ent-driven amino acid transport by d-endotoxins CryIAb and

FIG. 3. Saturation kinetics in the
binding of CryIA toxins to L. dispar
BBMV. a, CryIAa; b, CryIAb; c, CryIAc.
kobs of irreversible binding of 0.1 nM la-
beled toxin to increasing concentration of
binding site was plotted against concen-
tration of binding site. Standard errors
are represented by error bars.
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CryIAc on L. dispar BBMV is directly related to their larva-
cidal activity. This of course does not exclude the importance of
other events in determining toxicity. Further investigation of
post-insertion events, such as oligomerization of inserted tox-
ins in the membrane, will be needed to elucidate the mecha-
nism of channel formation of the toxin in the membrane.
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7. Van Rie, J., Jansens, S., Höfte, H., Degheele, D., and Van Mellaert, H. (1990)

Appl. Environ. Microbiol. 56, 1378–1385
8. Denolf, P., Jansens, S., Peferoen, M., Degheele, D., and Van Rie, J. (1993) Appl.

Environ. Microbiol. 59, 1828–1837
9. Belfiore, C. J., Vadlamudi, R. K., Osman, Y. A., and Bulla, L. A., Jr. (1994)

Biochem. Biophys. Res. Commun. 200, 359–364
10. Wu, D., and Aronson, A. I. (1992) J. Biol. Chem. 267, 2311–2317
11. Lee, M. K., Milne, R. E., Ge, A. Z., and Dean, D. H. (1992) J. Biol. Chem. 267,

3115–3121
12. Chen, X. J., Lee, M. K., and Dean, D. H. (1993) Proc. Natl. Acad. Sci. U. S. A.

90, 9041–9045
13. Wolfersberger, M. G. (1990) Experientia (Basel) 46, 475–477
14. Van Rie, J., McGaughey, W. H., Johnson, D. E., Barnett, B. D., and Van

Mellaert, H. (1990) Science 247, 72–74
15. MacIntosh, S. C., Stone, T. B., Jokerst, R. S., and Fuchs, R. L. (1991) Proc.

Natl. Acad. Sci. U. S. A. 88, 8930–8933
16. Ferre, J., Real, M. D., Van Rie, J., Jansens, S., and Peferoen, M. (1991) Proc.

Natl. Acad. Sci. U. S. A. 88, 5119–5123
17. Munson, P. J., and Rodbard, D. (1980) Anal. Biochem. 107, 220–239
18. Hill, A. V. (1910) J. Physiol. 40, iv-vii
19. Wolfersberger, M. G., Hofmann, C., and Luethy, P. (1986) Zentralbl. Bakt.

Mikrobiol. Hyg. I. 15, (suppl.), 237–238
20. Ihara, H., Kuroda, E., Wadano, A., and Himeno, M. (1993) Biosci. Biotechnol.

Biochem. 57, 200–204
21. Weiland, G. A., and Molinoff, P. B. (1981) Life Sci. 29, 313–330
22. Klotz, I. M. (1989) in Protein Function: A Practical Approach (Creighton, T. E.,

ed) pp. 42–46, Oxford University Press, Oxford, United Kingdom
23. Keena, M. (1993) Proc. USDA Interagency Gypsy Moth Res. Forum, General

Technical Report NE-179, pp. 13–21, United States Department of Agricul-
ture, Radnor, PA

24. Liang, Y., and Dean, H. D. (1994) Mol. Microbiol. 13, 569–575
25. Bradford, M. M. (1976) Anal. Biochem. 72, 248–254
26. van Frankenhuyzen, K., Gringorten, J. L., Milne, R. E., Gauthier, D., Pusztai,

M., Brousseau, R., and Masson, L. (1991) Appl. Environ. Microbiol. 57,
1650–1655

27. Johnson, K. A. (1992) The Enzymes, 20, 1–61
28. Oddou, P., Hartmann, H., and Geiser, M. (1991) Eur. J. Biochem. 202,

673–680
29. Oddou, P., Hartmann, H., Radecke, F., and Geiser, M. (1993) Eur. J. Biochem.

212, 145
30. Sangadala, S., Walters, F. S., English, L. H., and Adang, M. J. (1994) J. Biol.

Chem. 269, 10088–10092
31. Knight, P. J. K., Crickmore, N., and Ellar, D. J. (1994) Mol. Microbiol. 11,

429–436
32. Garczynski, S. F., and Adang, M. J. (1995) Insect Biochem. Mol. Biol. 25,

409–415
33. Chen, X. J., Curtiss, A., Alcantara, E., and Dean, D. H. (1995) J. Biol. Chem.

270, 6412–6419
34. Wolfersberger, M. G. (1991) J. Exp. Biol. 161, 519–525
35. Pierce (1992) Pierce Technical Bulletin 28666X

d-Endotoxin Binding to L. dispar BBMV24724

 by guest on January 6, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Yizhi Liang, Smita S. Patel and Donald H. Dean
Moth Brush Border Membrane Vesicles Is Directly Correlated to Toxicity 

-Endotoxins to Gypsyδ CryIA Bacillus thuringiensisIrreversible Binding Kinetics of 

doi: 10.1074/jbc.270.42.24719
1995, 270:24719-24724.J. Biol. Chem. 

  
 http://www.jbc.org/content/270/42/24719Access the most updated version of this article at 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/270/42/24719.full.html#ref-list-1

This article cites 32 references, 13 of which can be accessed free at

 by guest on January 6, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/content/270/42/24719
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;270/42/24719&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/270/42/24719
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=270/42/24719&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/270/42/24719
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/270/42/24719.full.html#ref-list-1
http://www.jbc.org/

