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The western corn rootworm remains one of the most important pests of corn in the United States despite the
use of many pest management tools. Cry3A, the first coleopteran-active Bacillus thuringiensis toxin isolated, has
not been useful for control of the corn rootworm pest complex. Modification of Cry3A so that it contained a
chymotrypsin/cathepsin G protease recognition site in the loop between �-helix 3 and �-helix 4 of domain I,
however, resulted in consistent activity of the toxin (“mCry3A”) against neonate western corn rootworm. In
vitro chymotrypsin digests showed that there was a substantial difference between the enzyme sensitivity of
mCry3A and the enzyme sensitivity of Cry3A, with mCry3A rapidly converted from a 67-kDa form to a �55-kDa
form. The introduced protease site was also recognized in vivo, where the �55-kDa form of mCry3A toxin was
rapidly generated and associated with the membrane fraction. After a point mutation in mcry3A that resulted
in the elimination of the native domain I chymotrypsin site (C terminal to the introduced chymotrypsin/
cathepsin G protease site of mCry3A), the in vitro and in vivo digestion patterns remained the same,
demonstrating that the introduced site was required for the enhanced activity. Also, 55-kDa mCry3A generated
by cleavage with chymotrypsin exhibited specific binding to western corn rootworm brush border membrane,
whereas untreated 67-kDa mCry3A did not. These data indicate that the mCry3A toxicity for corn rootworm
larvae was due to the introduction of a chymotrypsin/cathepsin G site, which enhanced cleavage and subse-
quent binding of the activated toxin to midgut cells.

The dominant pest control challenge in United States maize
(Zea mays L.) cultivation continues to be the corn rootworm
complex (35, 41). Control of the western corn rootworm
(WCR), Diabrotica virgifera virgifera LeConte, has been partic-
ularly troublesome (18, 35). In modern agriculture, the use of
transgenic crop systems with toxins derived from Bacillus thu-
ringiensis has provided efficacious insect control and has often
resulted in decreased application of traditional insecticides (5,
50). Until recently, however, this technology has not been
useful for control of corn rootworms due to the lack of potency
of any rootworm-active principal from B. thuringiensis toxins. A
variant of the Cry3Bb1 B. thuringiensis toxin is active against
corn rootworms in transgenic maize, and it had a significantly
lower root damage rating than the negative control in 3 years
of field trials (54). Also, activity against WCR has been re-
ported (4, 36) for paired B. thuringiensis toxins with molecular
masses of approximately 14 and 44 kDa, which had a signifi-
cantly lower root damage rating than the negative controls in
field trials as well. Cry3A, the first coleopteran-active B. thu-
ringiensis toxin isolated, has not been useful for control of
WCR or related species in the corn rootworm pest complex.
Cry3A was found to be at least 2,000-fold less toxic (51) to
larvae of Diabrotica undecempunctata howardi Barber (south-
ern corn rootworm) than to Leptinotarsa decemlineata (Say)
(Colorado potato beetle), and other workers have reported
very low toxicity of this protein for Diabrotica spp. (20, 30).

The mode of action of Cry3A toxin involves steps similar to
those described for Cry1 toxins (47), but there are some dif-
ferences. The midgut of coleopteran insects is slightly acidic or
neutral (22, 45), conditions in which Cry3A shows only limited
solubility (22, 56). It has been hypothesized (32) that the pres-
ence of gut surfactants may ameliorate solubility-limiting con-
ditions in vivo and hence may be important for the bioavail-
ability of toxins such as Cry3A (7). Also, while Cry1 toxin
processing by target insects (27) (involving removal of 27 to 29
amino acids at the N terminus and 500 to 600 amino acids at
the C terminus) is clearly an “activation” step, this designation
is less well established for Cry3 toxins. Cry3A lacks the large
C-terminal domain present in Cry1 toxins and is processed by
the action of microbial proteases, which involves removal of 57
N-terminal amino acids (8). Removal of an additional 101
amino acids occurs following in vitro digestion with exogenous
enzymes and certain insect gut extracts (for a review, see ref-
erence 42), but it has not been demonstrated to occur in vivo
in a target pest. Finally, while specific binding interactions
between Cry1 toxins and insect brush border receptor proteins
have been well characterized (for a review, see reference 47),
Cry3 toxins display a high level of nonspecific binding (7, 51).
Although measurable specific binding of Cry3A to intact cole-
opteran brush border membrane vesicles (BBMV) has been
reported in some cases (28, 51), individual receptor interac-
tions in vitro are not well documented.

Importantly, serine protease activity has been implicated in
the ability of Tenebrio gut extract to process B. thuringiensis
Cry3A (8). It has been proposed that chymotrypsin processing
of Cry3A may increase its solubility and functional binding,
thereby facilitating its coleopteran toxicity (7). Other groups
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have also found that the processed form of Cry3A exhibits
specific binding to coleopteran brush border (33, 46). Exoge-
nous chymotrypsin cleaves Cry3A into stable 55- and 49-kDa
fragments, as well as smaller polypeptides having molecular
masses of 6 to 11 kDa (7).

It is commonly believed that coleopteran insects depend on
cysteine proteases for the majority of digestive protease activ-
ity (6, 38); however, digestive serine protease activity has been
identified in at least seven different families of Coleoptera (10,
11, 19, 40, 43, 53, 58). Such activity has also been identified in
extracts from second-instar WCR larvae (17), but the contri-
bution and role of this serine protease activity in larvae remain
uncertain.

Here, we provide evidence that neonate WCR larvae possess
enzymatic activity which recognizes a chymotrypsin/cathepsin
G site. This target sequence, AAPF, is useful for characterizing
these members of the broader chymotrypsin family of serine
proteases (2, 52). We designed a modified Cry3A toxin
(mCry3A) (GenBank accession number AX712174) with a
chymotrypsin/cathepsin G site in domain I (Fig. 1) which dis-
plays consistently greater biological activity than Cry3A.
mCry3A can be processed more rapidly and bind in a specific
fashion to isolated membranes from neonate WCR, supporting
the hypothesis that the introduced chymotrypsin/cathepsin G
protease site is responsible for the increased biological activity.

MATERIALS AND METHODS

Gene cloning and plasmid construction. A synthetic truncated cry3A gene
based on the native sequence (49) was constructed using maize-preferred codons
(39). This gene served as a template for overlap extension PCR (21, 37) to
construct the mcry3A gene (9), comprising a nucleotide sequence beginning at
the Met 48 codon (49), which also encodes the chymotrypsin/cathepsin G rec-
ognition sequence AAPF (52) inserted in domain I between amino acids 107 and
111 of the truncated Cry3A toxin (Fig. 2). The mcry3A gene was designed with
maize codon optimization for the benefit of future transformation requirements.
The mcry3A gene encoding the inserted AAPF actually encodes substitution of
three amino acids (V108A, S109A, and S110P), followed by insertion of F111,
making mCry3A one amino acid longer than Cry3A (598 and 597 residues,
respectively) (Fig. 2). Three primer pairs were used to insert the nucleotide
sequence encoding the chymotrypsin/cathepsin G recognition site into the maize-
optimized cry3A gene by the overlap PCR method (21, 37). These primers were
designated primer pairs 1 to 3, and their sequences are as follows (sense strand/
antisense strand): primer pair 1, 5�-GGATCCACCATGACGGCCGAC-3�/5�-G
AACGGTGCAGCGGGGTTCTTCTGCCAGC-3�; primer pair 2, 5�-GCTGCA
CCGTTCCGCAACCCCCACAGCCA-3�/5�-TCTAGACCCACGTTGTACCA
C-3�; and primer pair 3, 5�-GGATCCACCATGACGGCCGAC-3�/5�-TCTAGA
CCCACGTTGTACCAC-3�. Primer pairs 1 and 2 generated two unique PCR
products. Equal parts of these products were combined, and primer pair 3 was
used to join the products to generate one PCR fragment that was cloned back
into the original template. The mcry3A gene was then transferred into a pUC-
derived vector following restriction digestion with BamHI and SacI. This vector
contained the COLE I origin of replication, a constitutive Cry1Ac promoter (48),
and a beta-lactamase ampicillin resistance gene for expression in Escherichia coli.

Point mutations in the synthetic truncated mcry3A and cry3A genes were made
in order to generate E. coli-expressed toxin proteins in which the native (preex-
isting) domain I chymotrypsin site was removed (Fig. 1 and 2). mCry3A H115A
and Cry3A H114A mutations were introduced using the QuikChange method
(Stratagene). The correct nucleotide sequence was confirmed for each entire
gene following transformation of the mutated plasmid constructs into E. coli.

In addition, to obtain mcry3A expression in B. thuringiensis and to examine the
importance of the introduced AAPF recognition sequence in various altered
loop regions between �-helices 3 and 4 of domain I, a full-length native cry3Aa
gene (49) was mutated by overlap extension PCR as described above with the
following primer pairs: primer pair 4, 5�-GCGGCACCATTTCCACATAGCCA
GGGG-3�/5�-GAGCTCTTAATTATTCACTGGAATAAAT-3�; primer pair 5,
5�-AAATGGTGCCGCAGGATTTTTTTGCCATG-3�/5�-GGATCCACCATG
ATAAGAAAGGGAGG-3�; and primer pair 6, 5�-GGATCCACCATGATAA
GAAAGGGAGG-3�/5�-GAGCTCTTAATTATTCACTGGAATAAAT-3�. The

FIG. 1. Location of introduced chymotrypsin/cathepsin G recognition sequence in domain I of E. coli-produced mCry3A. The secondary
structure determined for the Cry3A crystal structure has been described previously (26). The arrows below the sequences indicate native trypsin
and chymotrypsin sites described by Carroll and Ellar (8) and Carroll et al. (7), respectively. Shading indicates the introduced recognition sequence,
as well as the histidine residue targeted for removal of the native chymotrypsin site by alanine substitution.

FIG. 2. Cry3A protein variants used. The first five amino acids
indicate the relative positions of N-terminal start site variants, while 9
to 11 amino acids are shown for the targeted mutation region in the
domain I loop between �-helix 3 and �-helix 4, extending into �-helix
4. Underlining indicates the loop region. Bt, B. thuringiensis.
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end product encoded a protein designated B. thuringiensis Cry3A mutant 1 (Fig.
2 and Table 1). This product was then subcloned into a B. thuringiensis/E. coli
pUC18-derived shuttle vector following restriction digestion with BamHI and
SacI. This vector contained the replication origin and an erythromycin resistance
gene as described previously for pHT 370 (1), along with an upstream Cry1Ac
promoter sequence (48) for expression in B. thuringiensis. Next, QuikChange
(Stratagene) site-directed mutagenesis was used to generate a gene for B. thu-
ringiensis Cry3A mutant 2 (Fig. 2 and Table 1). Finally, a second round of
QuikChange mutagenesis was performed to obtain a gene encoding B. thurin-
giensis mCry3A (Fig. 2 and Table 1), which was equivalent to the mCry3A protein
generated in E. coli plus the first 47 residues present in the native full-length B.
thuringiensis Cry3A sequence (49). B. thuringiensis cry3A mutant 1, B. thuringien-
sis cry3A mutant 2, and B. thuringiensis mcry3A in the shuttle vector were elec-
troporated into an acrystalliferous strain of B. thuringiensis using a Bio-Rad Gene
Pulser (Bio-Rad Laboratories, Hercules, CA). The conditions used were those
described previously (29), except that the resistance was 200 �.

Toxin preparation. E. coli-generated toxins used for in vitro and in vivo
mode-of-action studies were isolated from inclusion bodies using the B-PER
bacterial protein extraction reagent protocol (Pierce, Rockford, IL) according to
the manufacturer’s instructions. Inclusion body pellets were then washed with
distilled water an additional three times and solubilized in 50 mM NaHCO3 (pH
10.0) with mild shaking for 30 min at 37°C. These inclusion body preparations
typically produced a single dominant band at about 67 kDa.

Chymotrypsinized stocks of toxins (1,000 �g/ml) were typically obtained by
digestion with 100 �g/ml �-chymotrypsin (Sigma, St. Louis, MO) for 16 to 24 h
at 37°C. To reduce the amount of residual chymotrypsin in subsequent studies,
toxin stocks were dialyzed with Spectrum Micro DispoDialyzer tubing (molecu-
lar weight cutoff, 60,000) into 50 mM NaHCO3 (pH 10.0) buffer with 2 mM
dithiothreitol for 24 h at 4°C and then into 50 mM NaHCO3 (pH 10.0) buffer
alone. The protein in solution was quantified using the bicinchoninic acid (BCA)
assay (Pierce).

As the WCR larval bioassay is often subject to much variation, our experience
led us to use B. thuringiensis-generated crystals as a source of toxin for bioassays.
Toxins were isolated from crystal preparations of sporulated, lysed cultures
grown in T3 medium for 72 to 96 h. T3 medium contains 3 g/liter Difco tryptone
(Becton Dickinson Co., Franklin Lakes, NJ), 2 g/liter Difco tryptose, 1.5 g/liter
Difco yeast extract, 250 �M MnCl2, and 50 mM Na2HPO4 (pH 6.8). As deter-
mined by microscopic examination of cultures during sporulation and after lysis,
B. thuringiensis cry3A mutant 1, cry3A mutant 2, and mcry3A each produced
crystalline inclusions, as did the Cry3A-producing strain (data not shown). To
isolate crystals, 100-ml cultures were shaken vigorously, decanted from the foam
(enriched in spores) 10 times in 500-ml Erlenmeyer flasks, and then washed
thoroughly as described previously (25). Final crystalline suspensions were
washed three times with 10 volumes of 25 mM NaH2PO4–10 mM NaCl (pH 7.0)
buffer following centrifugation at 25,000 � g at 4°C. Toxin was solubilized in 50
mM NaHCO3 (pH 10.0) buffer for 1 h at 37°C with shaking and then centrifuged
as described above. The resulting toxin preparations produced a doublet with
molecular masses of about 73 and 67 kDa, in accord with the known alternative

translation initiation codons in the same reading frame present in the native
cry3A sequence (34). The protein in solution was quantified using the BCA assay
(Pierce).

Biotinylation of toxins. E. coli-generated toxins (�1 mg/ml) were biotinylated
using a biotin labeling kit (Roche Applied Science, Indianapolis, IN) according
to the manufacturer’s instructions, except that reactions were carried out in
NaHCO3 (pH 10) buffer because of the limited solubility of the 67-kDa form of
Cry3A toxins below pH 10. Nonreacted D-biotinoyl-ε-aminocaproic acid-N-hy-
droxy-succinimide ester reagent was removed by gel filtration on a prepared
Sephadex G-25 column performed according to the instructions in the manual
(Roche Applied Science).

Artificial diet bioassays. The insecticidal activity of mCry3A toxins against
neonate WCR larvae was tested using artificial diet bioassays. Eggs of WCR in
soil were obtained from Crop Characteristics, Inc. (Farmington, MN) or from
French Agricultural Research Services (Lamberton, MN) and were typically
incubated for 14 days at 28 to 30°C for hatching. Bioassays with toxin isolated and
solubilized from B. thuringiensis crystals were conducted using a diet incorpora-
tion method (31), with 200 �l of a toxin solution mixed with an equal volume of
2� molten diet to obtain a final concentration of 100 �g/ml for a single high-dose
study with B. thuringiensis Cry3A, B. thuringiensis Cry3A mutants 1 and 2, B.
thuringiensis mCry3A, and chymotrypsin-treated B. thuringiensis mCry3A (ob-
tained by digestion of B. thuringiensis mCry3A with 100 �g/ml �-chymotrypsin as
described previously for E. coli mCry3A). The artificial diet used was the diet
described by Marrone et al. (31), with the following modifications: agarose
(Cambrex Bioscience Rockland, Inc., Rockland, ME) was substituted for phyta-
gar, formalin was omitted, and antibiotics were added as described by Chen and
Stacy (9). The solidified diet mixture was transferred into 47-mm sterilized petri
dishes (Millipore, Billerica, MA), and then 20 neonate corn rootworm larvae
were added. The petri dishes were kept at room temperature in the dark, and
mortality was recorded after 6 days. Mortality values from six replicates were
transformed using the arcsine square root of the proportion, and a one-way
analysis of variance was performed. Significant differences between means were
then determined using the Student-Newman-Keul test. In addition, 5, 10, 20, 60,
100, and 200 �g/ml (final concentrations) of B. thuringiensis Cry3A or B. thurin-
giensis mCry3A (35 larvae per dose) were used for a dose-response assay, and
mortality was recorded after 6 days. The 50% lethal concentration (LC50) was
determined using probit analysis (15) with the EPA probit analysis program
(version 1.5; Washington, DC).

In vitro processing of toxins. In vitro processing of E. coli-generated Cry3A or
mCry3A protein was examined by incubation of toxin substrates (1,000 �g/ml)
with 100 �g/ml �-chymotrypsin (Sigma) in 50 mM NaHCO3 buffer (pH 10) at
37°C. Aliquots were removed for up to 20 h and immediately quenched with 2�
Complete protease inhibitor cocktail (Roche Applied Science) on ice, followed
by addition of Laemmli sample buffer (24) and incubation at 100°C. Samples
were separated by 12.5% Phastgel sodium dodecyl sulfate (SDS)-polyacrylamide
gel electrophoresis (PAGE) (Amersham Biosciences, Piscataway, NJ) and
stained with 0.02% Phastgel Blue R (Amersham Biosciences).

N-terminal sequence analysis. To generate 55-kDa chymotrypsinized mCry3A
and mCry3A H115A for N-terminal sequence analysis, digestion was carried out
as described above with 20 to 40 �g toxin, and 5 to 10 �g of product was loaded
in each lane. Gels were transferred to a Problott polyvinylidene difluoride mem-
brane (Applied Biosystems, Foster City, CA) and stained with 0.025% Coomas-
sie brilliant blue with 1% acetic acid and 40% methanol for �1 min. The blots
were dried, and toxin bands were cut out and sent to ProSeq, Inc. (Boxford, MA)
for protein microsequencing (carried out using an optimized Edman degradation
approach).

In vivo processing and stability assays. To determine the processing and
stability of mCry3A or Cry3A toxin in vivo, WCR first-instar larvae (20 larvae/
treatment) were allowed to feed on E. coli-generated toxin incorporated into
WCR diet at a concentration of 600 �g/ml. After periods ranging from 25 min to
72 h, larvae were then collected for preparation of whole-body homogenate
(WBH) in 20 �l of 50 mM Tris–10 mM NaCl (pH 9.0) with 2� Complete
protease inhibitor cocktail (Roche Applied Science) on ice. A small glass rod was
used to mechanically disrupt the sample in a 600-�l microcentrifuge tube, and
this was followed by a freeze-thaw cycle in a dry ice bath; this procedure was then
repeated to generate the WBH. The homogenates were centrifuged (25,000 � g)
for 25 min at 4°C, and the supernatants were removed. The WBH pellet fractions
were resuspended in 10 volumes of 50 mM Tris–10 mM NaCl (pH 9.0) with
Complete protease inhibitor (Roche Applied Science) and recentrifuged. The
resuspension and centrifugation step was repeated once to obtain the final
washed pellet fractions, which were resuspended in Laemmli sample buffer (24)
containing 2� Complete protease inhibitor cocktail. In addition, insect frass
generated during the experiment was collected by dissolution in Laemmli sample

TABLE 1. Insecticidal activity of B. thuringiensis Cry3A crystal
proteins containing the AAPF mutation with first-instar

WCR larvae

Samplea �-Helix 3/�-helix 4 loop
regionb

% Mortality
(mean � SD)c

Cry3A NPVSS_RNP 34 � 23 A
Cry3A mutant 1 NPAAPF__P 93 � 4 B
Cry3A mutant 2 NPAAPF_NP 72 � 13 C
mCry3A NPAAPFRNP 92 � 7 B
Chymotrypsin-treated

mCry3A
—d 68 � 7 C

Buffer alone — 7 � 7 D

a All toxins were purified from B. thuringiensis as crystal preparations. The
concentration of each toxin was 100 �g/ml in 50 mM NaHCO3 (pH 10.0) buffer.

b The first N corresponds to N153 of B. thuringiensis Cry3A (49) for the
unprocessed toxins.

c Mortality values were transformed using the arcsine square root of the
proportion transformation for analysis; actual means are shown. Means followed
by the same letter are not significantly different (P 	 0.05, Student-Newman-
Keul test; n 
 6).

d —, not applicable.
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buffer (24) with 2� Complete protease inhibitor cocktail (Roche Applied Sci-
ence) using manual repipetting action over the assay chamber petri plate surface.
To examine if in vivo processing was due to WCR chymotrypsin-like activity, the
chymotrypsin inhibitor �-chymostatin (a specific inhibitor of alpha-, beta-, gamma-,
or delta-chymotrypsin; Sigma) was incorporated into the diet (at concentra-
tions up to 100 �g/ml) in some experiments; the amount of inhibitor used was
not toxic to the larvae over the assay period and did not adversely affect feeding
of the larvae. All samples were separated by SDS-PAGE (12.5%) with the
Phastgel system (Amersham Biosciences), transferred to nitrocellulose mem-
branes, and blocked with 2% bovine serum albumin in TPBS buffer, which
consisted of 0.05% Tween 20 (Sigma) in phosphate-buffered saline (PBS) (8 mM
NaH2PO4, 2 mM KH2PO4, 150 mM NaCl; pH 7.4). Blots derived from WBH
containing unlabeled toxin were incubated with primary antibody (rabbit poly-
clonal anti-Cry3A) for 80 min at room temperature, washed, and then incubated
with secondary antibody conjugate (goat anti-rabbit horseradish peroxidase;
Kirkegaard & Perry Laboratories, Gaithersburg, MD) for 1.75 h at room tem-
perature. Blots derived from WBH containing biotinylated toxin were incubated
with streptavidin-conjugated peroxidase (Roche Applied Science). Labeled or
unlabeled toxin bands were then visualized using the SuperSignal West Pico
chemiluminescence kit (Pierce).

Alternatively, second-instar WCR larvae (five larvae/treatment) were allowed
to feed on biotinylated toxins incorporated into WCR diet for to 20 h, and
midguts were dissected into 30 �l of 0.5� PBS with 2� Complete protease
inhibitor mixture (Roche Applied Science). Dissected midguts were homoge-
nized and centrifuged, and the pellets were washed in buffer (as described above
for first-instar larva WBH samples) prior to SDS-PAGE and electrophoretic
transfer.

BBMV binding assays. BBMV were prepared from first-instar larva WBH by
the differential magnesium precipitation method (57). The final pellet was re-
suspended in PBS, and the protein concentration was determined using the BCA
protein assay reagent (Pierce). For qualitative estimation of competitive binding,
biotinylated mCry3A (15 nM) or biotinylated chymotrypsinized mCry3A toxin
(27 nM) was incubated with 10 �g BBMV in the presence or absence of a
100-fold excess of the corresponding unlabeled toxin. The binding buffer used
consisted of 0.1% bovine serum albumin in PBS with 2� Complete protease
inhibitor mixture (Roche Applied Science). After 1 h of incubation at room
temperature, reaction mixtures were centrifuged at 25,000 � g for 25 min at 4°C.
The pellets were washed once with binding buffer and recentrifuged. The final
pellets were resuspended in 50 mM NaHCO3 buffer (pH 10) with 2� Complete
protease inhibitor mixture and then mixed with 2� Laemmli sample buffer (24)
with 2� Complete protease inhibitor mixture prior to SDS-PAGE. For visual-
ization, samples were transferred to a nitrocellulose membrane as described
above. Bound biotinylated toxin was detected after probing with streptavidin-
conjugated peroxidase (Roche Applied Science) and the SuperSignal West Pico
chemiluminescence kit (Pierce).

RESULTS

B. thuringiensis mCry3A and Cry3A mutants 1 and 2 are
more biologically active than Cry3A. The introduction of a
chymotrypsin/cathepsin G site into the domain I loop region
between �-helix 3 and �-helix 4 of Cry3A (Fig. 1, 2) resulted in
the mCry3A protein, which was reproducibly active against

WCR larvae. The results of experiments conducted with pro-
tein isolated from B. thuringiensis crystals were consistent,
demonstrating that B. thuringiensis mCry3A had significantly
greater activity than B. thuringiensis Cry3A (Table 1). Also, two
other B. thuringiensis mCry3A-related proteins (B. thuringiensis
Cry3A mutants 1 and 2), made by positioning the introduced
AAPF sequence in slightly different environments in the loop
region between �-helix 3 and �-helix 4, exhibited significantly
greater bioactivity than B. thuringiensis Cry3A (Table 1). The
data for these B. thuringiensis mCry3A-related proteins, there-
fore, also demonstrated that the presence of the native trypsin
site (due to deletion of an Arg in the loop region) was not
necessary for biological activity that was significantly greater
than that of Cry3A, but mCry3A and Cry3A mutant 1 per-
formed the best (Table 1). We also found that B. thuringiensis
mCry3A exhibited significantly higher toxicity for first-instar
WCR larvae whether it was unprocessed or pretreated with
chymotrypsin (Table 1). In a dose-response assay, the LC50 of
B. thuringiensis mCry3A was estimated to be 65 �g/ml (95%
confidence interval, 28 to 171 �g/ml), whereas no LC50 could
be determined for B. thuringiensis Cry3A. The mortality re-
sponse due to B. thuringiensis Cry3A was quite flat and was
never more than 41% (the mortality at a concentration of 10
�g/ml) in this assay. The mortality due to B. thuringiensis
Cry3A was 35% at a concentration of 100 �g/ml, for example,
which was similar to the results shown for B. thuringiensis
Cry3A in Table 1. In other bioassay experiments we found that
E. coli-produced mCry3A and biotinylated mCry3A, used for
mode-of-action studies, were also biologically active but were
more variable with respect to the range of mortality produced
(data not shown).

mCry3A is processed more readily by �-chymotrypsin in
vitro. E. coli-produced mCry3A and Cry3A showed substan-
tially different patterns of susceptibility to in vitro chymotryp-
sin digestion (the enzyme concentration was 100 �g/ml).
mCry3A was much more susceptible to the action of chymo-
trypsin and was fully converted to a �55-kDa form in 30 min
or less, whereas less than 50% of Cry3A was processed even
after 4 h of incubation (Fig. 3A and B). In separate digestion
experiments, we observed similar degrees of processing for
mCry3A even when only 10 �g/ml enzyme was used (data not
shown). As previously shown for B. thuringiensis Cry3A (7, 33),
a 49-kDa form of either the mCry3A or Cry3A protein was also
formed in this work (Fig. 3). The 49-kDa form, however, was

FIG. 3. In vitro processing of mCry3A, Cry3A, and H3A mutants by chymotrypsin. All toxins were produced in E. coli. (A and B) mCry3A
digest (A) and Cry3A digest (B). The lane on the left contained molecular weight markers (10�3), as indicated on the left; lane � contained the
no-enzyme control at zero time; and lanes 0, 0.5, 1, 2, 4, and 20 contained 100 �g/ml chymotrypsin digest obtained at 0, 0.5, 1, 2, 4, and 20 h (�500
ng/lane), respectively. (C) Cry3A H114A and mCry3A H115A digests. Lanes 0 and 20 contained 100 �g/ml chymotrypsin digest of Cry3A H114A
(�250 ng/lane) obtained at 0 and 20 h, respectively; and lanes 0, 0.5, and 20 contained 100 �g/ml chymotrypsin digest of mCry3A H115A (�250
ng/lane) obtained at 0, 0.5, and 20 h, respectively. The double and single arrowheads indicate the positions of the �55- and �49-kDa
chymotrypsinized forms of the toxins, respectively. Bands were detected by Coomassie blue staining after SDS-PAGE.
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only a minor proteolytic product, likely due to the different
protein preparation and milder digestion conditions used in
the present study. N-terminal sequencing of E. coli-produced
in vitro chymotrypsinized mCry3A revealed the sequence SQ
GRIRELFSQ, indicating that the stable 55-kDa processed se-
quence begins at Ser-116 (Fig. 1 and 2). This sequence result
matches what was observed previously for chymotrypsin pro-
cessing of Cry3A, when the native chymotrypsin site was es-
tablished (7). Chymotrypsinized mCry3A was soluble at 4°C to
a concentration of at least 1.5 mg/ml in 25 mM NaCl–25 mM
HEPES (pH 8.0) or in PBS, in contrast to Cry3A and mCry3A,
each of which was soluble only to a concentration of about 0.25
mg/ml in 20 mM Tris (pH 7.0) at 4°C (data not shown).

As observed for mCry3A, in vitro chymotrypsin digestion of
the E. coli-produced mCry3A H115A protein resulted in rapid
conversion to the 55-kDa product, whereas the Cry3A H114A
protein appeared to be not susceptible to this enzyme (Fig.
3C). Processing of mCry3A H115A was so rapid (before pro-
teolytic quenching took place) that the time zero aliquot con-
tained some 55-kDa product; this band was not present in the
stock sample without added enzyme (data not shown). N-
terminal sequencing of E. coli-produced in vitro chymotrypsin-
ized mCry3A H115A resulted in the sequence RNPASQGR

IRE, which supported the hypothesis that processing occurred
directly after the introduced AAPF mutation of mCry3A (Fig.
1 and 2).

mCry3A shows facilitated processing by WCR in vivo. Fol-
lowing ingestion of biotinylated mCry3A for 25 min or less,
first-instar WCR larvae quickly converted much of the full-
length protein to a �55-kDa form similar to that observed
after in vitro chymotrypsin digestion. Both the 67- and 55-kDa
forms could bind to WCR membranes and were present in
supernatant and washed pellet fractions (Fig. 4A). When the
biotinylated 55-kDa form of mCry3A was fed directly to WCR
larvae, it was stable and also bound to the membrane fraction
(Fig. 4A, lanes 6 and 10). The same overall patterns of relative
processing and binding of mCry3A were also apparent when
other larvae were allowed to feed for 24 h or for up to 72 h
(data not shown). In addition, the 55-kDa processed form was
found in the recovered frass (Fig. 4A, lane 12), indicating that
it likely can be formed without preliminary membrane binding
of the 67-kDa form and further supporting the hypothesis that
it remains stable during passage through the gut. The in vivo
processing could be inhibited by inclusion of chymostatin in the
diet, both for mCry3A (Fig. 4A, lanes 5 and 9) and for mCry3A
H115A (data not shown), which supports the hypothesis that
chymotrypsin/cathepsin G-like enzymatic activity is present in
the neonate WCR gut.

After 4 h of feeding, more rapid processing of 67-kDa
mCry3A than of 67-kDa Cry3A was observed. While the 67-
kDa form of either toxin bound to WCR membranes, in-
creased binding of the 55-kDa toxin formed was seen for
mCry3A compared to Cry3A (Fig. 4B). This increased binding
of the 55-kDa mCry3A generated in vivo was consistent (re-
gardless of whether labeled or unlabeled mCry3A had been fed
to the insects). In 10 separate experiments involving WCR
larvae fed toxin for �24 h, the amount of binding of the
55-kDa form of toxin was larger for mCry3A samples than for
Cry3A samples (data not shown).

Examination of gut homogenates from second-instar WCR
larvae fed biotinylated mCry3A for 20 h indicated that pro-
cessing to a stable 55-kDa toxin and strong binding of this toxin
to membranes (by association with the pellet fraction) also
occurred at this stage (Fig. 5). These data confirm that the
observed processing and binding were not restricted to condi-

FIG. 4. In vivo processing and binding of mCry3A or Cry3A toxin
in first-instar WCR larvae. Toxins were produced in E. coli. (A) West-
ern blot for feeding study with biotinylated toxins. Lanes 1 and 2,
biotinylated mCry3A and biotinylated chymotrypsinized mCry3A toxin
stocks, respectively; lane 3, biotinylated markers (�97, 58, and 40
kDa); lanes 4 to 7, supernatants of whole-body homogenates after 25
min of feeding on the WCR diet with biotinylated mCry3A, biotinyl-
ated mCry3A plus 100 �g/ml chymostatin, biotinylated-chymotrypsin-
ized-mCry3A, and PBS alone, respectively; lanes 8 to 11, pellets of
whole-body homogenates after 25 min of feeding on the WCR diet
with biotinylated mCry3A, biotinylated mCry3A plus 100 �g/ml chy-
mostatin, biotinylated-chymotrypsinized-mCry3A, and PBS alone, re-
spectively; lane 12, frass extract recovered after 24 h of feeding on the
WCR diet with biotinylated mCry3A. (B) Western blot for feeding
study with unlabeled mCry3A and Cry3A. Lanes 1 to 3, supernatants
of whole-body homogenates after 4 h of feeding on the WCR diet with
Cry3A, mCry3A, and NaHCO3 buffer (pH 10) alone, respectively;
lanes 4 to 6, pellets of whole-body homogenates after 4 h of feeding on
the WCR diet with Cry3A, mCry3A, and NaHCO3 buffer (pH 10)
alone, respectively.

FIG. 5. In vivo processing and binding of biotinylated mCry3A
toxin in second-instar WCR larvae after 20 h of feeding. Toxins were
produced in E. coli. Western blot results are shown. Unmarked lanes,
biotinylated mCry3A (left lane) and biotinylated chymotrypsinized
mCry3A (right lane) toxin stocks; supernatant lanes, gut homogenate
supernatants after feeding on the WCR diet with biotinylated mCry3A
(left lane) or PBS alone (right lane); pellet lanes, gut homogenate
pellets after feeding on the WCR diet with biotinylated mCry3A (left
lane) or PBS alone (right lane).
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tions generated by the whole-body homogenization technique
used for the smaller first-instar larvae.

Chymotrypsinized mCry3A shows specific binding to WCR
brush border. After incubation of biotinylated 67-kDa
mCry3A with BBMV, the toxin did not show specific binding,
as a 100-fold excess of unlabeled toxin was not able to reduce
the amount of label that bound (Fig. 6A). The amount of
biotinylated mCry3A bound actually increased greatly when
excess unlabeled toxin was present, which can best be ex-
plained by a large amount of unlabeled mCry3A bound and
toxin aggregates which may have formed at the membrane
surface. In contrast, incubation of biotinylated chymotrypsin-
ized mCry3A with a 100-fold excess of unlabeled toxin resulted
in a large reduction in bound label for the 55- and 49-kDa
forms of toxin present (Fig. 6B), in agreement with the hy-
pothesis that there is specific binding of the processed forms of
the toxin.

DISCUSSION

While Cry3A has exhibited activity against a number of
coleopteran pests (including the Colorado potato beetle) both
in diet bioassays (3, 8, 13, 20, 23, 30) and in planta (12, 16, 44),
it has not been useful for control of WCR or related species of
the corn rootworm pest complex (20, 30, 51). In general, in
vitro Cry3A has shown a small amount of specific binding to
coleopteran brush border compared to the Cry1 binding to
lepidopteran brush border (7, 33, 47, 51). Our data suggest that
like Cry3A, the mCry3A protein also binds predominantly in a
nonspecific fashion to the target pest brush border membrane.
The prevalence of nonspecific binding of 67-kDa Cry3A has
led to the conclusion that chymotrypsin-like processing of the
toxin is actually necessary before specific binding can occur (7,
33).

There is good evidence that there is chymotrypsin/cathepsin
G-like enzymatic activity in WCR larvae. Our data suggest that
addition of the chymotrypsin/cathepsin G AAPF recognition
site to the domain I loop region between �-helix 3 and �-helix
4 permits mCry3A to be processed to the same stable form as
chymotrypsinized Cry3A, but in a facilitated and more rapid
fashion (Fig. 3 to 5). This in vivo processing can be inhibited by

inclusion of chymostatin (a specific inhibitor of alpha-, beta-,
gamma-, or delta-chymotrypsin) in the diet, for both mCry3A
(Fig. 4A, lanes 5 and 9) and mCry3A H115A (data not shown),
supporting the hypothesis that there is chymotrypsin/cathepsin
G-like enzymatic activity in WCR larvae. In addition, prelim-
inary in vitro digests of homogenized midgut from second-
instar WCR larvae recognized the colorimetric substrate N-
succinyl-Ala-Ala-Pro-Phe-p-nitroanilide (CalBiochem) compared to
buffer or no-substrate controls, which also supported the hy-
pothesis that there is larval WCR chymotrypsin/cathepsin G-
like enzymatic activity (data not shown).

The facilitated mCry3A processing was likely due to the fact
that the introduced chymotrypsin/cathepsin G site was in a
more exposed position for interaction with the enzyme than
the native chymotrypsin site (Fig. 1). This would allow the
initial processing of mCry3A to occur at the introduced F111
(as observed for the in vitro chymotrypsin-processed mCry3A
H115A protein), followed by rapid further processing at the
subsequently exposed native H115 chymotrypsin cleavage site
of mCry3A. Facilitated generation of the 55-kDa form of
mCry3A is the most reasonable explanation for its consistent
insecticidal effect with WCR larvae. We found that B. thurin-
giensis mCry3A exhibits significantly higher toxicity with first-
instar WCR larvae whether it is unprocessed or pretreated
with chymotrypsin (Table 1). Our data also show that the
55-kDa form is stable in the insect and can rapidly bind to
WCR membranes when they are presented in vivo. In addition,
although we found no evidence of specific binding of the 67-
kDa mCry3A to intact BBMV, the 55-kDa mCry3A did bind
specifically, with a 100-fold molar excess of unlabeled toxin
resulting in a large reduction in bound label (Fig. 6B). No
specific binding proteins could be found, however, when ligand
blotting was used with either the 67- or 55-kDa mCry3A (data
not shown). Therefore, overall, these data support the hypoth-
esis that proteolytic processing is an activation step for
mCry3A (and Cry3A); however, removal of all potential do-
main I processing sites for both toxins with concomitant loss of
biological activity is needed to confirm this.

A variant of Cry3Bb1 protein which shows activity against
WCR in planta has been described (54). Wild-type Cry3Bb1
had a lower level of activity with rootworms, and the previously
described variant consisted of a collection of several mutations
which were reported to increase the activity eightfold. Wild-
type Cry3A shares only about 68% amino acid sequence iden-
tity (55) with Cry3Bb1 (formerly designated CryIIIB2) and has
shown no or only sporadic activity with corn rootworms (20, 30,
51). The mutations in the Cry3Bb1 variant (54) did not include
mutations similar to those that were introduced in this study to
generate mCry3A. Therefore, our approach to generating a B.
thuringiensis toxin active against WCR differs both in the type
of mutation introduced and in the activity of the starting mol-
ecule.

Importantly, the B. thuringiensis mCry3A protein and two
variants each exhibited significantly greater bioactivity than
Cry3A (Table 1). This supports the hypothesis that the chymo-
trypsin recognition sequence is essential for the increased bi-
ological activity compared to the activity of Cry3A. Further-
more, the data suggest that neither trypsinlike processing nor
the action of a rootworm cysteine protease that prefers sub-
strates with an arginine residue in the P1 position (14) is

FIG. 6. Specific binding of biotinylated chymotrypsinized mCry3A
to WCR first-instar larva BBMV. Toxins were produced in E. coli.
(A) Western blot for incubation with 67-kDa mCry3A. Lanes 1 to 3,
biotinylated mCry3A incubated with BBMV alone; lanes 4 to 6, bio-
tinylated mCry3A with 100-fold molar excess of unlabeled mCry3A.
(B) Western blot for incubation with chymotrypsinized mCry3A. Lanes
1 to 3, biotinylated chymotrypsinized mCry3A incubated with BBMV
alone; lanes 4 to 6, biotinylated chymotrypsinized mCry3A with 100-
fold molar excess of unlabeled chymotrypsinized mCry3A. Each lane
shows the results of a separate experiment.
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essential for the bioactivity of mCry3A (since the two mCry3A-
like variants lacked the Arg residue in this domain I loop
region).

Finally, we found that the mutation in mCry3A did not
adversely affect the activity against Colorado potato beetle
larvae in an artificial diet bioassay, where in three separate
experiments E. coli-lysed culture supernatants containing ei-
ther mCry3A or Cry3A caused high mortality (corrected mor-
tality, 100% � 0% or 94% � 6% [mean � standard deviation],
respectively). Therefore, the introduced mutation essentially
broadened the spectrum of activity of Cry3A.
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