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Transgenic corn expressing the Bacillus thuringiensis Cry1Ab gene is highly insecticidal to Ostrinia nubilalis
(European corn borer) larvae. We ascertained whether Cry1F, Cry9C, or Cry9E recognizes the Cry1Ab binding
site on the O. nubilalis brush border by three approaches. An optical biosensor technology based on surface
plasmon resonance measured binding of brush border membrane vesicles (BBMV) injected over a surface of
immobilized Cry toxin. Preincubation with Cry1Ab reduced BBMV binding to immobilized Cry1Ab, whereas
preincubation with Cry1F, Cry9C, or Cry9E did not inhibit BBMV binding. BBMV binding to a Cry1F-coated
surface was reduced when vesicles were preincubated in Cry1F or Cry1Ab but not Cry9C or Cry9E. A
radioligand approach measured 125I-Cry1Ab toxin binding to BBMV in the presence of homologous (Cry1Ab)
and heterologous (Cry1Ac, Cry1F, Cry9C, or Cry9E) toxins. Unlabeled Cry1Ac effectively competed for 125I-
Cry1Ab binding in a manner comparable to Cry1Ab itself. Unlabeled Cry9C and Cry9E toxins did not inhibit
125I-Cry1Ab binding to BBMV. Cry1F inhibited 125I-Cry1Ab binding at concentrations greater than 500 nM.
Cry1F had low-level affinity for the Cry1Ab binding site. Ligand blot analysis identified Cry1Ab, Cry1Ac, and
Cry1F binding proteins in BBMV. The major Cry1Ab signals on ligand blots were at 145 kDa and 154 kDa, but
a strong signal was present at 220 kDa and a weak signal was present at 167 kDa. Cry1Ac and Cry1F binding
proteins were detected at 220 and 154 kDa. Anti-Manduca sexta aminopeptidase serum recognized proteins of
145, 154, and 167 kDa, and anti-cadherin serum recognized the 220 kDa protein. We speculate that isoforms
of aminopeptidase and cadherin in the brush border membrane serve as Cry1Ab, Cry1Ac, and Cry1F binding
proteins.

Bacillus thuringiensis Cry1Ab toxin is a transgene in com-
mercial corn that controls pest insect larvae. The proposed
model for B. thuringiensis intoxication involves a three-step
process: activation, binding, and pore formation. Activation
refers to the specific proteolytic processing of the B. thurin-
giensis protein molecule in the midgut of the susceptible or-
ganism. This occurs through a combination of pH and prote-
olysis. Generally, with ca. 130-kDa protoxins, the C-terminal
half and approximately 20 to 30 residues of the N terminus are
removed, leaving a ca. 65-kDa activated toxin. Binding refers
to the association of the activated toxin with specific proteins
located on the apical microvilli of epithelial cells lining the gut.
Once bound, the toxin undergoes a conformational change
(35) that permits insertion of a helical hairpin into the cell
membrane. Ultimately, association with additional toxin mol-
ecules through oligomerization leads to the formation of a
pore (30). Ion flux through the pore leads to osmotic cell lysis
and eventual death of the susceptible organism (reviewed in
reference 34).

There is evidence that the evolution of resistance to a par-
ticular B. thuringiensis toxin may develop through the mutation

of one or more midgut proteins that bind the toxin (14). For
example, Plutella xylostella, which has acquired resistance to
Cry1Ac in the field, has a greatly reduced number of binding
sites for that toxin (10). In further studies with a different
population of P. xylostella larvae resistant to Cry1A toxins,
Tabashnik and coworkers found no binding of Cry1Ac and that
the resistance to Cry1A toxins was reversible (37). The reversal
of resistance was correlated with the return of Cry1 binding
sites. In laboratory studies with another important crop pest,
Heliothis virescens, prolonged feeding of Cry1Ac toxin over
multiple generations led to high levels of resistance to Cry1A
and Cry2A toxins (15). Loss of Cry1Aa, but not Cry1Ac, bind-
ing to brush border membrane vesicles (BBMV) from resistant
H. virescens larvae led to the hypothesis that a Cry1A toxin
binding site was altered in the resistant insect population (22).
Understanding the patterns of Cry toxin binding to BBMV is
relevant to the long-term usage of B. thuringiensis Cry proteins
for insect control.

Cry1 binding proteins detected on ligand blots of insect
BBMV have been identified as members of the aminopepti-
dase N and cadherin families. Aminopeptidases isolated from
Manduca sexta BBMV have been identified as Cry1 toxin bind-
ing proteins (13, 19, 26, 27). Aminopeptidases have also been
identified as Cry1A receptors in BBMV isolated from Lyman-
tria dispar, H. virescens, P. xylostella, and Bombyx mori (13, 26,
27, 41, 44). A 210-kDa cadherin-like glycoprotein has been
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identified as a Cry1Ab binding protein in BBMV prepared
from the midguts of M. sexta larvae (39, 40). Although initially
detected with Cry1Ab, Cry1Aa and Cry1Ac toxins also bind the
cadherin-like protein. A 175-kDa cadherin-like protein was
identified as a Cry1Aa binding protein in B. mori (31, 32).

Cry1Ab is an especially important insecticidal protein due to
its use in commercial transgenic corn. Cry1Ab recognizes a
single population of binding sites on the brush border epithe-
lium of Ostrinia nubilalis, which Cry1Ac also recognizes (9). In
contrast, Cry1Ba toxin recognized an independent toxin recep-
tor. Cry1Fa has high activity against O. nubilalis (5) and reg-
istration is pending for Cry1Fa for transgenic corn. Cry9Ca is
also important due to its high activity against O. nubilalis.
Cry9Ca recognizes a binding site distinct from the Cry1Ab site
(21) and is in commercial development for transgenic corn.
The current statuses of the Cry1Fa and Cry9Ca corn registra-
tions are found at the U.S. Environmental Protection Agency
website (http://www.epa.gov/oppbppd1/biopesticides/).

The objectives of this study were (i) to measure the capacity
of Cry1F, Cry9C, and Cry9E toxins to compete for Cry1Ab
binding sites on BBMV from O. nubilalis, (ii) to determine the
molecular sizes of Cry1Ab, Cry1Ac, and Cry1F binding pro-
teins in O. nubilalis BBMV, and (iii) to determine if toxin
binding proteins corresponded in molecular sizes to proteins
recognized by anti-aminopeptidase N (APN) and anti-cadherin
antibodies.

MATERIALS AND METHODS

B. thuringiensis strains and toxin purification. B. thuringiensis subsp. kurstaki
HD-73 was obtained from the Bacillus Genetic Stock Culture Collection (Co-
lumbus, Ohio). The cry1Ab gene was cloned from B. thuringiensis subsp. kurstaki
(strain NRD-12) (29). Cry1Fa, Cry9C, and Cry9E were extracted from formu-
lations of transgenic Pseudomonas fluorescens (36).

B. thuringiensis subsp. kurstaki HD-73 was grown and Cry1Ac toxin was pre-
pared according to previously published methods (23). Cry1Ab toxin was pro-
duced in Escherichia coli according to the methods of Masson et al. (29) and
toxin was prepared according to the methods of Luo et al. (23). Cry1Fa, Cry9C,
and Cry9E toxins were prepared as follows. Protoxins were extracted and acti-
vated toxin was produced by incubating a 2 mg/ml P. fluorescens crystal suspen-
sion in 0.1 M Ca2CO3 (pH 11.0) containing 0.1% trypsin (Boehringer Mann-
heim). Cry1F was activated for 2 h at room temperature and Cry9C preparations
were activated for 30 min. A cocktail of proteinase inhibitors (Protease Inhibitor
Cocktail Set III; Calbiochem, San Diego, Calif.) was added to trypsin-activated
Cry9C toxin. Activated toxins were centrifuged at 150,000 3 g to remove colloi-
dal lipids and then were purified by fast protein liquid chromatography-Mono Q
(Amersham Pharmacia Biotech) ion exchange chromatography as described
elsewhere (29). The toxins were fractionated by a 50 to 500 mM linear gradient
of NaCl. The toxin peak eluting at 350 mM NaCl was pooled and dialyzed
extensively against water with continuous stirring to precipitate the toxins. Pre-
cipitated toxins were stored at 4°C until needed, at which time an aliquot was
removed and solubilized in HEPES-buffered saline (HBS) (10 mM HEPES [pH
7.4], 150 mM NaCl) and protein concentrations were determined. All protein
concentrations were measured by the method of Bradford (2) using bovine
serum albumin (BSA) as a standard.

Cry protein preparations for insect bioassays. cry1Ab, cry1Ac, cry1Fa, cry9C,
and cry9E were engineered separately into DOW Agrosciences’ inducible plas-
mid vectors by using standard DNA cloning methods and subsequently were
transformed into P. fluorescens strains MR818, 843, 872, 1260, and 1264, respec-
tively. Following conventional fermentation and induction, the culture pellets
were recovered by centrifugation (10,000 3 g for 20 min). The cell pellet was
washed twice with water and collected by centrifugation as before. The washed
pellet was suspended to 10% of its original culture volume in water and lyoph-
ilized. The lyophilized materials were quantitatively analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) laser densitometry for
toxin content (3). BSA served as the standard. SDS-PAGE was performed
according to the method of Laemmli (20). The proteins were stained and

destained using Gelcode Bluestain G-250 (Pierce) following the manufacturer’s
recommendations. Densitometry was performed on a Personal Densitometer SI
(Molecular Dynamics). The concentration of the Cry protein was interpolated
from the BSA standard curve.

O. nubilalis bioassay. Diet incorporation assays were conducted on O. nubilalis
larvae to compare Cry1Ab, Cry1Ac, Cry1F, Cry9E, and Cry9C toxicities. The
lyophilized toxins were mixed into the bioassay diet and then thoroughly mixed
by being vortexed prior to being dispensed into assay plates. Ten doses were used
per toxin on a total of 20 first-instar larvae per dose. Mortality was scored after
5 days at 29°C. The 50% lethal concentration (LC50) values and the slopes of
concentration-mortality regression lines were obtained using the POLO-PC pro-
gram (33).

O. nubilalis rearing and preparation of BBMV. O. nubilalis eggs were provided
by Bruce Lang (DOW Agrosciences, Huxley, Iowa). Eggs were hatched and
larvae were grown on an artificial diet preparation (Southland Products, Lake
Village, Alaska) at 26°C, 70% relative humidity, with a photoperiod consisting of
12 h of light and 12 h of darkness. Midguts were excised from fifth-instar O.
nubilalis larvae and frozen on dry ice. About 5 g of midgut tissue (wet weight) was
used for each BBMV preparation. BBMV were prepared by the MgCl2 precip-
itation method (43) with modifications (10). The final BBMV pellet was sus-
pended in 0.3 M mannitol–5 mM EGTA–17 mM Tris-Cl (pH 7.5), and was
stored at 270°C.

BBMV were also prepared from whole insects as follows. Larvae were col-
lected and stored at 270°C until needed. Whole frozen insects were added to
ice-cold grinding buffer (50 mM sucrose, 2 mM Tris-Cl [pH 7.2], 25 mg of
phenylthiourea per ml) in the ratio 1 g of larvae per 10 ml of grinding buffer.
Larvae were homogenized for 60 s or until no large insect fragments were visible
using a Polytron tissue homogenizer (Braun) at the highest setting. The homog-
enate was ground further with 15 to 20 strokes of a Dounce homogenizer. CaCl2
was added to 10 mM and the homogenate was stirred at 5°C for 25 min. The
mixture was centrifuged at 5,200 rpm (;4,200 3 g) in a JS-13 rotor (Beckman)
for 15 min at 4°C and the pellet was discarded. The supernatant was then
reclarified by centrifugation at ;4,200 3 g. The reclarified supernatant was
centrifuged in a JS-13 rotor at 12,500 rpm (;25,000 3 g) for 25 min and the
pellet was resuspended in HBS. BBMV were sonicated to create uniformly sized
vesicles of less than 0.5 mm. Sonication was for one min (80 W at 47 kHz). BBMV
were cooled on ice for 1 min and the sonication step was repeated.

Leucine aminopeptidase assays on crude homogenate and BBMV were done
according to previously published methods (11).

BIAcore instrumentation. The BIAcore 1000 system and CM5 sensor chips
were purchased from Pharmacia Biosensor (Piscataway, N.J.). All protein chem-
ical immobilizations were done using the standard BIAcore amino coupling
protocol provided with the Pharmacia coupling kit. HBS, the general buffer used
with the BIAcore machine, was used as running and diluting buffers for all vesicle
experiments. A flow rate of 5 ml/min and a standard BBMV concentration of 0.2
mg of vesicle protein/ml were used for all experiments. Surface regenerations
were carried out by injecting two separate 1-min pulses at 5 ml of regeneration
solution (1% Zwittergent 3-14) per min. Whole-system cleaning of colloidal lipid
vesicles was carried out when needed by injections of 0.5% SDS solution.

Toxin immobilization on BIAcore CM5 sensor chips. To immobilize toxin to
the carboxymethylated dextran (CM5) sensor chip surface, standard amine cou-
pling was used. Carboxyl groups along the CM-dextran chains of the sensor chip
surface are activated by exposure (35 ml at 5 ml/min) to a mixture of NHS (0.1 M
N-hydroxysuccinimide)–EDC [0.1 M N-ethyl-N-(3-diethylaminopropyl) carbodi-
imide] (1:1, vol/vol). The resulting succinimidyl ester groups are highly reactive
with the free amine group of the N-terminal residue and the solvent-facing lysine
or arginine residues of the B. thuringiensis protein. Toxin was injected over the
surface at 0.1 mg/ml in coupling buffer (20 mM ammonium acetate [pH 4]) with
the contact time (i.e., flow rate and injection volume) controlled so as to immo-
bilize the precise quantity desired. In general, approximately 3,000- to 5,000-
resonance unit (RU) surfaces were used, representing approximately 3 to 5.5 ng
of toxin (1,000 RU equals 1 ng of protein per mm2). After coupling, unreacted
surface ester groups were blocked by exposure to 1 M ethanolamine (pH 8.5).
New surfaces were conditioned prior to use by two regenerative detergent pulses
as described above.

Protocol for BBMV surface plasmon resonance analyses. O. nubilalis BBMV
were preincubated with either toxin or an equivalent amount of BSA on ice for
60 min. BBMVs were preincubated with 6 mM toxin in either homologous or
heterologous competition experiments. The BBMV mix (35 ml) was injected over
an immobilized toxin (or BSA) surface at a rate of 5 ml/min. Using literature-
derived dissociation values where B. thuringiensis toxins fall in the moderate to
high affinity range of 10 nM to 0.1 nM, 6 mM represents a 600- to 6,000-fold
excess of competitor toxin.
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Radioligand binding assays. Binding assays were performed as previously
described (12) using BBMV isolated from dissected midguts. Purified Cry1Ab (1
mg) was radiolabeled using 0.5 mCi of Na125I (Amersham Pharmacia Biotech) as
described previously (12). Specific activity was 64 mCi/mg based on input toxin.
To evaluate competitive toxin binding, duplicate samples of BBMV from O.
nubilalis were incubated with 0.1 nM 125I-Cry1Ab in the presence of different
amounts of Cry1Ab, Cry1Ac, Cry1F, Cry9C, or Cry9E toxin. All assays were
performed at least two times. Each assay mixture contained 75,000 cpm of
125I-Cry1Ab in 100 ml of Tris-buffered saline (50 mM Tris-HCl [pH 7.4], 0.15 M
NaCl) containing 0.1% BSA and 30 mg of BBMV, except for Cry1Ac competition
assays, in which case 20 mg of BBMV was present. Assay mixtures were incubated
for 60 min at room temperature and samples were centrifuged at 13,000 3 g for
8 min and the pelleted BBMV was washed twice with ice-cold Tris-buffered
saline containing 0.1% BSA. Radioactivity was measured with a Beckman model
Gamma 4000 counter. Using the results of these binding experiments, we cal-
culated the dissociation constants (Kd for Cry1Ab and Kcom for Cry1Ac) and the
binding site concentrations (Bmax) with the LIGAND computer program (Bio-
soft).

SDS-PAGE, Cry toxin ligand blot, and immunoblot analyses. Toxin prepara-
tions were analyzed by SDS-PAGE. Gels were stained with Coomassie brilliant
blue R-250. For ligand blot and immunoblot analyses, BBMV were prepared and
separated by SDS–7% PAGE on the same day. BBMV samples were loaded in
a preparative well adjacent to prestained protein molecular size standards (Bio-
Rad, Richmond, Calif.). After separation by electrophoresis, proteins were trans-
ferred to a polyvinylidene difluoride Q membrane filter (PVDF) (Millipore) in
transfer buffer (38). The PVDF was cut into strips and blocked with 3% BSA in
phosphate-buffered saline (PBS) (10 mM Na2HPO4, 1.7 mM KH2PO4, 2.7 mM
KCl, 136.9 mM NaCl [pH 7.4]) at room temperature with gentle agitation for 1 h.
Ligand blotting was done with unlabeled toxin added to a final concentration of
0.01 mg/ml in 0.1% BSA–0.1% Tween 20 in PBS and the PVDF was incubated
for 1 h at room temperature. Filter strips were washed three times in 0.1% BSA–
0.1% Tween 20 in PBS. The primary antibody was either anti-Cry1Ac or anti-
Cry1F toxin rabbit serum diluted (1:30,000 for anti-Cry1Ac and 1:5,000 for
anti-Cry1F) in 0.1% BSA–0.1% Tween 20 in PBS. Incubation in anti-Cry toxin
serum was for 2 h at room temperature. After being washed three times as
described above, filter strips were incubated in 0.1% BSA–0.1% Tween 20 in PBS
containing goat anti-rabbit-peroxidase conjugate for 1 h. Detection was per-
formed with an ECL kit (Amersham Pharmacia Biotech). Immunoblotting was
done using the same procedure, except primary antibody was prepared against an
E. coli-expressed portion of M. sexta 115-kDa APN (25). The anti-cadherin
antibody was provided by D. Dean (Ohio State University).

RESULTS

Insect toxicity. Table 1 shows the results of bioassays con-
ducted with O. nubilalis. As previously reported, Cry1Ab,
Cry1Ac, Cry1F, and Cry9C are highly toxic to O. nubilalis (5, 9,
21). Cry9E also has high activity against O. nubilalis.

Toxin and BBMV characterization. Figure 1 shows the pu-
rity of the Cry toxins used in surface plasmon resonance, ra-
dioligand binding, and ligand blot experiments. Each Cry1A
toxin appeared as a single band on an SDS-PAGE gel after
staining for unlabeled toxins and autoradiography for 125I-
labeled Cry1Ab. While most of the Cry9C toxin was 67 kDa,
some 55-kDa protein is visible in Fig. 1 (lane 5). Cry9E-acti-

vated toxin is slightly smaller in molecular size than Cry9C.
Like Cry9C (21), Cry9E is susceptible to overdigestion by tryp-
sin.

BBMV were prepared from dissected midguts and whole O.
nubilalis larvae. During the purification process, samples were
taken and assayed for leucine aminopeptidase activity (43).
Specific activity was calculated to be 20 U (optical density at
405 nm/min)/mg of BBMV protein for preparations from dis-
sected midguts and 17 U/mg of BBMV protein for prepara-
tions from whole larvae. Aminopeptidase specific activity for
dissected midgut homogenate was 1.1 U/mg of protein, result-
ing in an 18-fold enrichment in the final BBMV preparation.

Surface plasmon resonance: control experiments—Cry1Ab
surface. Control experiments on the Cry1Ab surface were per-
formed to ascertain any anomalous interactions with the pre-
incubated Cry toxin (Cry-Cry interactions), or alternatively,
the BBMV and the surface. When 6 mM Cry1Ab was injected
over an immobilized surface (5,000 RU) of Cry1Ab, no evi-
dence of interaction was observed (data not shown). From
these experiments it was shown that Cry1Ab does not stick to
either the immobilized Cry1Ab or the dextran surface of the
chip. Similarly, O. nubilalis BBMV stick poorly to either the
immobilized BSA or the dextran surface of the chip.

Surface plasmon resonance: competition experiments—
Cry1Ab surface. Competition of Cry1F, Cry9C, and Cry9E for
Cry1Ab binding sites on BBMV was measured by surface plas-
mon resonance analysis. The basic approach was to inject pu-
rified BBMV that had been preincubated with a toxin over an
immobilized toxin surface of the same type (homologous com-
petition) or a different type (heterologous competition). A
typical representation of Cry1Ab homologous inhibition is
shown in Fig. 2A. Taking a time point 60 s after the start of

FIG. 1. SDS-PAGE and autoradiography of purified Cry toxins.
(A) Coomassie blue-stained SDS-PAGE gel. Lane 1, molecular size
markers; lane 2, Cry1Ab; lane 3, Cry1Ac; lane 4, Cry1F; lane 5, Cry9C;
lane 6, Cry9E. (B) Autoradiography of 125I-labeled toxin. Lane 1, Cry
1Ab. The numbers on the left of each panel are molecular masses (in
kilodaltons).

TABLE 1. Toxicities of nonactivated B. thuringiensis Cry proteins to
larvae of O. nubilalis

Protein LC50
a (95% FL) Slopeb

Cry1Ab 0.29 (0.12–0.59) 1.46 6 0.24
Cry1Ac 0.08 (0.06–0.11) 2.01 6 0.17
Cry1F 0.36 (0.18–1.40) 0.92 6 0.13
Cry9C 0.21 (0.14–0.32) 2.87 6 0.34
Cry9E 0.83 (0.50–1.81) 1.69 6 0.34

a LC50 values in micrograms of Cry protein per ml of artificial diet. Numbers
in parentheses represent the range of results. FL, fiducial limit.

b Values represent means 6 standard deviations.
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wash-off we see approximately 64% inhibition of binding, or
alternatively, 36% nonspecific binding.

In general, no significant competition was observed when
BBMV were preincubated in Cry1F, Cry9C, or Cry9E toxin
(Fig. 2B through D). The inference is that the three toxins
recognize and bind to receptors separate from the Cry1Ab
receptor on the BBMV surface. This is apparent in all heter-
ologous sensorgrams, where the decreasing slopes of the com-
petitor and noncompetitor curves were the same (essentially
superimposable), showing that the mass accumulation on the
surface occurs at the same rate. By comparison, the slopes of
the homologous competition curves are quite different. As
clearly demonstrated in Fig. 2A, when competition occurs the
slope of the curve containing a competitor is reduced com-
pared to that of BBMV without a competitor.

Surface plasmon resonance: control experiments—Cry1F
surface. A typical result for a Cry1F surface experiment is
shown in Fig. 3A, in which 6 mM Cry1F was injected over an
immobilized surface (3,000 RU) of Cry1F. Taking a time point
60 s after the start of wash-off we see approximately 72%
inhibition, or alternatively, 28% nonspecific binding. The com-
petition numbers are relatively similar to those previously re-
ported for Cry1Ab.

Surface plasmon resonance: competition experiments—
Cry1F surface. In the case of Cry1Ab preincubated vesicles,
competition was observed against immobilized Cry1F surface
(Fig. 3B). Interestingly, no competition was observed in the
reverse configuration, i.e., when Cry1Ab was immobilized. In
general, no significant competition was observed in two types
of competitive experiments (Cry9C- and Cry9E-preincubated

FIG. 2. Homologous and heterologous competition of Cry toxins for Cry1Ab sites on BBMV purified from O. nubilalis larvae. Vesicles were
preincubated for 60 min on ice with BSA, Cry1Ab (A), Cry1F (B), Cry9C (C), or Cry9E (D). BBMV were then injected over a surface of
immobilized Cry1Ab (4,000 to 5,000 RU). All response curves were adjusted for the mass action of the injected buffer components.
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BBMV), indicating that the Cry9 toxins bind to a separate
receptor (or receptors) from Cry1F on the O. nubilalis BBMV
surface (Fig. 3B and C). The 50-kDa forms of Cry9E and
Cry9C can compete for the same Cry9 receptor on the O.
nubilalis BBMV. The same holds true for the 65-kDa forms of
the toxins (data not shown).

Radioligand competition binding. A qualitative binding ex-
periment was done to identify a concentration of BBMV from
O. nubilalis suitable for competition binding experiments. 125I-
labeled Cry1Ab was incubated with varyious concentrations of
BBMV. Maximal specific binding of Cry1Ab was observed at
concentrations of greater than 200 mg of vesicle protein per ml
(data not shown). This value for maximal Cry1Ab binding is
comparable to the value determined previously (1). Competi-
tion binding experiments were performed with 300 mg of ves-
icle protein per ml for all competing toxins, except for Cry1Ac
competition assays (200 mg of vesicle protein per ml). Maximal
125I-Cry1Ab binding ranged from 6 to 16% for individual com-
petition binding experiments.

Figure 4 shows plots of data from competition experiments
performed with 125I-Cry1Ab and unlabeled competitor toxins.
125I-Cry1Ab bound to BBMV from O. nubilalis with high af-
finity (Kd 5 1.2 nM 6 1.0 nM). The determined Bmax for
Cry1Ab binding sites was 0.23 6 0.13 pmol per mg of BBMV.
As expected from previously published results (9), the pres-
ence of Cry1Ac prevented Cry1Ab from binding to BBMV.
The determined Kcom for Cry1Ac binding was 7.5 nM 6 2.4
nM and Bmax was 0.98 6 0.33 pmol per mg of BBMV. Cry1F
reduced the amount of 125I-Cry1Ab bound only at the highest
concentration of Cry1F tested. 125I-Cry1Ab binding was 49%
of the maximal in the presence of 1,000 nM Cry1F (Fig. 4).
Cry9C and Cry9E toxins did not compete for Cry1Ab binding
sites.

Ligand blotting. Ligand blotting was done to identify the
molecular sizes of Cry1Ab, Cry1Ac, and Cry1F binding pro-
teins in BBMV isolated from O. nubilalis midgut tissue.
Cry1Ab recognized proteins of 145, 154, and 220 kDa (Fig. 5,
lane 2). Cry1Ac and Cry1F binding proteins were detected at

FIG. 3. Homologous and heterologous competition of Cry toxins for Cry1F sites on BBMV purified from O. nubilalis larvae. Vesicles were
preincubated for 60 min on ice with BSA, Cry1F (A), Cry1Ab (B), Cry9C (C), or Cry9E (D). BBMV were then injected over a surface of
immobilized Cry1F (2,000 to 4,000 RU).
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154 kDa and 220 kDa. A weak signal for Cry1Ab and Cry1F is
also visible at 167 kDa. Additionally, each toxin recognized a
protein or aggregate that barely migrated into the analytical
gel. The similarity between Cry1Ac and Cry1F binding patterns
on ligand blots was striking, while Cry1Ab recognition differed
by detecting an additional protein of 145 kDa.

Because aminopeptidases are Cry1 toxin binding proteins in
other insect species, we probed a strip of blotted O. nubilalis
BBMV protein with antibody prepared against E. coli-ex-
pressed M. sexta APN (Fig. 5, lane 5). This strip was taken from
the same filter as that used for Cry1 toxin ligand blots. Anti-
APN detected proteins of 145, 154, and 167 kDa in O. nubilalis
BBMV (Fig. 5, lane 5). Of these three putative aminopepti-
dases, Cry1Ab, Cry1Ac, and Cry1F toxins recognized the 154-
kDa protein. The 145-kDa protein, and to some extent, the
167-kDa protein, are recognized only by Cry1Ab. Anti-cad-
herin serum recognized the 220-kDa protein (Fig. 5, lane 6).

DISCUSSION

Our primary objective was to determine if Cry1F and Cry9
toxins recognize the Cry1Ab binding site (or sites) on BBMV
from O. nubilalis. The results from surface plasmon resonance
measurements and radioligand binding experiments are in
agreement. There appear to be several Cry toxin binding sites
and/or receptors in the midgut epithelia of O. nubilalis. As
expected from prior results (9), Cry1Ac effectively competes
for the Cry1Ab binding site. Cry9C and Cry9E appear to com-
pete for a binding site or sites different from those of Cry1Ab
and Cry1Ac. Cry9C is known to recognize a site different from
the Cry1Ab site (21).

Cry1F has multiple binding sites on O. nubilalis BBMV. It is
likely that one site is recognized with high affinity and a second
site is recognized with low affinity. In surface plasmon reso-
nance experiments Cry1F did not inhibit BBMV binding to a
Cry1Ab surface (Fig. 2). However, Cry1Ab-preincubated
BBMV showed reduced binding to a Cry1F surface (Fig. 3).
Also, high doses of Cry1F reduced 125I-Cry1Ab binding to
vesicles (Fig. 4). These results are explained if Cry1F has low
affinity for the Cry1Ab binding site. The lack of high-affinity
Cry1F competition was unexpected. In P. xylostella, Cry1Fa
and Cry1Ab share a high-affinity binding site (16) and Cry1A-
resistant P. xylostella larvae are cross resistant to Cry1F (37).
Our Cry1F vesicle binding data suggest that the P. xylostella
model, whereby Cry1Ab and Cry1F both bind with high affinity
to a common site, does not apply to O. nubilalis BBMV. Be-
cause functional Cry1 toxin binding is typified by affinity bind-
ing constants in the nanomolar range (42), it is possible that
Cry1F recognition of the Cry1Ab site is not related to Cry1F
toxicity.

Ligand and immunoblot analyses yielded insights into
Cry1Ab, Cry1Ac, and Cry1F recognition of BBMV proteins.
Each toxin recognized a 154-kDa protein (probably an APN)
and a 220-kDa protein (probably a cadherin-like protein).
Cry1Ab also recognized a 145- and 167-kDa APN. Previous
studies of Cry1Ab and Cry1Ac binding proteins in M. sexta
provide comparisons with our results. In M. sexta, Cry1Ab and
Cry1Ac share binding sites on BT-R1, the 210-kDa cadherin-
like protein (18). The 220-kDa Cry1 binding protein in O.
nubilalis is probably homologous to the 210-kDa protein called
BT-R1 in M. sexta due to detection by the anti-cadherin (BT-
R1) serum. Cry1Ab also binds to APN in M. sexta. Luo et al.
(24) affinity selected a 106-kDa APN by using immobilized
Cry1Ab, and Masson et al. (28) showed that Cry1Ab recog-
nizes a binding site on 115-kDa APN purified from M. sexta
BBMV. Some of the confusion about multiple Cry1 binding

FIG. 4. Competition between 125I-labeled Cry1Ab and unlabeled
Cry1Ab (F), Cry1Ac (E), Cry1F (�), Cry9C (ƒ), and Cry9E (■)
toxins. O. nubilalis BBMV were incubated with 125I-labeled Cry1Ab at
a concentration of 0.1 nM plus different concentrations of unlabeled
toxins. Binding was expressed as a percentage of the maximum amount
of radiolabeled toxin bound during incubation in the absence of com-
petitors. Each data point is a mean based on the results of two inde-
pendent experiments using duplicate samples. Standard deviation be-
tween samples is shown by error bars.

FIG. 5. Toxin ligand blotting and immunoblotting analyses of mid-
gut proteins of O. nubilalis. Lane 1, incubation without toxin and with
anti-Cry1Ac serum; lane 2, incubation with 0.01 mg of Cry1Ab per ml
and anti-Cry1Ac serum; lane 3, incubation with 0.01 mg of Cry1Ac per
ml and anti-Cry1Ac serum; lane 4, incubation with 0.01 mg of Cry1F
per ml and anti-Cry1F antiserum; lane 5, incubation with anti-APN
serum; lane 6, incubation with anti-cadherin serum. Secondary anti-
body was anti-rabbit-peroxidase and detection was by enhanced chemi-
luminescence. Bands indicated by asterisks are discussed in the text.
An unmarked band is visible near the top of lanes 2 through 6. The
numbers on the left are molecular masses (in kilodaltons).
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proteins is explained by analyses of mutated Cry1Ab and
Cry1Ac toxins and ligand blotting. Basically, domain II of
Cry1Ab recognizes the 210-kDa protein (7) while interaction
with APN is specified by domain III (8). A triple mutant in
Cry1Ac at amino acid residues Asn506, Gln509, and Tyr513
showed reduced binding to M. sexta APN on ligand blots (4).
Jenkins et al. (17) recently reported that a triple Cry1Ac mu-
tant, 509–511 (GluAsnArg-AlaAlaAla), had eliminated APN
binding and reduced BBMV binding but retained binding to a
band of .200 kDa on ligand blots. Our results are in agree-
ment with M. sexta studies where Cry1Ab and Cry1Ac recog-
nize multiple molecules in the brush border membrane, one
molecule being an isoform of APN and the other molecule
being a cadherin-like protein. Further, Cry1F binding to the
154- and 220-kDa proteins on ligand blots suggests that Cry1F
also has multiple binding determinants, possibly specified in-
dependently by domains II and III.

O. nubilalis BBMV have proteins of 145, 154, and 167 kDa
that are detected by anti-APN serum. Our APN antiserum was
prepared with a 30-kDa peptide from Ms-APN-1 expressed in
E. coli (25). APN comprises a family of at least two genes in
Lepidoptera (6). Chang et al. (6) observed that members of the
two APN families are more closely related to gene family
members within other lepidopteran species (about 60%) than
to the other gene family within the same species (about 26%).
Since our anti-Ms-APN-1 serum reacted poorly with Ms-
APN-2 (106-kDa APN) (data not shown), O. nubilalis APN
detected on immunoblots may be more closely related to Ms-
APN-1 relative to Ms-APN-2. We do not know if the three
aminopeptidases detected in O. nubilalis are separate gene
products or the same aminopeptidase glycosylated differently.

Our vesicle binding analyses of Cry1F, Cry9C, and Cry9E
binding are evidence that the Cry1F and Cry9 toxins are com-
patible with Cry1Ab for O. nubilalis pest management. It
would be interesting to extend our ligand blot analyses of O.
nubilalis BBMV proteins through the use of mutated toxins
and purified and/or expressed binding proteins. We can then
clarify the relationship between toxin-receptor interaction and
in vivo toxin potency.
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