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Domain IIT Substitution in Bacillus thuringiensis Delta-Endotoxin

CrylA(b) Results in Superior Toxicity for Spodoptera exigua
and Altered Membrane Protein Recognition
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To test our hypothesis that substitution of domain III of Bacillus thuringiensis delta-endotoxin (Cry) proteins
might improve toxicity to pest insects, e.g., Spodoptera exigua, in vivo recombination was used to produce a
number of crylA(b)-cryIC hybrid genes. A rapid screening assay was subsequently exploited to select hybrid
genes encoding soluble protoxins. Screening of 120 recombinants yielded two different hybrid genes encoding
soluble proteins with domains I and II of CryIA(b) and domain III of CryIC. These proteins differed by only
one amino acid residue. Both hybrid protoxins gave a protease-resistant toxin upon in vitro activation by
trypsin. Bioassays showed that one of these CryIA(b)-CryIC hybrid proteins (H04) was highly toxic to S. exigua
compared with the parental CryIA(b) protein and significantly more toxic than CryIC. In semiquantitative
binding studies with biotin-labelled toxins and intact brush border membrane vesicles of S. exigua, this domain
III substitution appeared not to affect binding-site specificity. However, binding to a 200-kDa protein by
CryIA(b) in preparations of solubilized and blotted brush border membrane vesicle proteins was completely
abolished by the domain III substitution. A reciprocal hybrid containing domains I and II of CryIC and domain
III of CryIA(b) did bind to the 200-kDa protein, confirming that domain III of CryIA(b) was essential for this
reaction. These results show that domain III of CryIC protein plays an important role in the level of toxicity to S.
exigua, that substitution of domain III may be a powerful tool to increase the repertoire of available active
toxins for pest insects, and that domain III is involved in binding to gut epithelium membrane proteins of S. exigua.

An important feature of the gram-positive bacterium Bacil-
lus thuringiensis is the production of large, proteinaceous, crys-
talline inclusions during sporulation. These crystals consist of
one or more crystal proteins (Cry and Cyt proteins, with mo-
lecular masses of 60 to 130 and 20 kDa, respectively), which are
responsible for the entomocidal properties of many B. thurin-
giensis strains (for a review, see reference 15). Because of these
properties, formulations of B. thuringiensis spores have been
produced for agricultural use for many years (2). More re-
cently, genes encoding B. thuringiensis toxins have been used to
transform crop plants in order to endow the plants with inher-
itable resistance to pest insects (34).

Purification of Cry proteins and cloning of the encoding
genes have shown that the diverse specificity of B. thuringiensis
isolates results from differences in toxin composition and the
unique specificity spectra of individual toxins. This diversity
has led to the definition of different toxin subclasses (15). The
cryl gene-encoded lepidopteran-specific proteins are formed as
120- to 130-kDa protoxins which, upon ingestion by the insect,
solubilize in the alkaline environment of the insect midgut and
are subsequently processed by gut lumen proteases. This pro-
cess results in the formation of an active, toxic N-terminal
fragment of approximately 65 kDa. In susceptible insects, the
activated toxin binds to receptors on the midgut epithelial
brush border membrane and subsequently forms a pore in the
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membrane by a process that is not yet fully understood (19).
Pore formation leads to colloid osmotic lysis of the epithelial
target cells, cessation of feeding, and, finally, death. The spec-
ificity of a particular toxin depends to different extents on the
efficiency of each of the steps mentioned above. Hence, the
ability to solubilize and activate protoxins has been shown to
influence toxicity (17). The activity of the protease-activated
toxin is dependent on the type of gut protease involved (13)
and on the presence of a specific receptor in the brush border
membrane (14, 35, 36). Changes in both solubility and activa-
tion properties (28), as well as decreased affinity of receptor
binding (9, 37), account for the development of resistance to
B. thuringiensis toxins.

Hybrids derived from toxins with different specificities are
powerful tools in determining the role of the primary amino
acid sequences in specificity (6, 10, 11, 16, 20, 31). Moreover,
the unraveling of the three-dimensional structure of two crystal
proteins has greatly improved the possibilities of correlating
structural features with specific functions (12, 22). Li et al. (22)
have shown that the coleopteran-specific CrylIIA protein con-
sists of three domains. The N-terminal domain I, consisting of
seven a-helices, is thought to be involved in membrane pene-
tration. Domain II, consisting mainly of B-sheets, is thought to
be responsible for receptor recognition and binding through
one or several surface-exposed loops and is therefore consid-
ered to be a major determinant of toxin specificity. This is, in
retrospect, consistent with the conclusions of previous hybrid
studies (10, 11, 16, 20) and is supported by the results of more
recent mutagenesis studies (23, 32). The function of the C-
terminal domain III is still largely unknown, although involve-
ment in protection against extended proteolytic cleavage has
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FIG. 1. Plasmids used for generation of hybrids through in vivo recombination. (A and B) crylA(b)-cryIC tandem plasmid pRM7. (C and D) cryIC-cryIA(b) tandem
plasmid pRM23. (A and C) Circular representations showing the relative orientations of the truncated cryl4(b) and cryIC genes. (B and D) Schematic alignments of
the two genes showing the area of overlap. Abbreviations: N, Ncol; X, Xmnl; B, Notl; Ns, Nsil; Bs, Bsu36l; SI, Sacl; SII, Sacll; Sp, Spel.

been suggested (22), as well as a possible role in pore function
(8).
In a study of hybrids derived from CryIC and CrylE, we
could show that domain III is a major determinant of toxicity
to Spodoptera exigua (beet armyworm) and Mamestra brassicae
(cabbage moth) (4). Whereas CryIC is toxic for these two
insects and CryIE is not, a hybrid consisting of domains I and
II of CrylIE and domain III of CryIC is also toxic. This suggests
that domain III, through an as yet unknown mechanism, can
play an important role in determining specific toxicity against
insects. In retrospect, some of the earlier studies with hybrid
toxins resulted in toxins with exchanged domain III. These
results showed that exchange of domain III can also increase
toxicity to Heliothis virescens (10), to Trichoplusia ni (6), and to
Bombyx mori (26) (see also Discussion). On the basis of these
observations, the toxicity of any existing toxin to an insect
could be improved by substituting its domain III. Moreover,
such improved toxins recognizing different receptors could be
used in resistance management strategies as alternatives for
toxins to which insects have become resistant by losing or
changing a receptor.

In this study, we determined whether toxin improvement by
domain IIT substitution is more generally applicable. We cre-
ated and studied CryIA(b)-CryIC hybrids to determine wheth-
er domain III of CryIC would be able to improve the moderate
toxicity of CryIA(b) to S. exigua. Furthermore, using two dif-
ferent techniques, we investigated if and how domain III sub-
stitution alters binding of toxins to putative insect gut mem-
brane receptors.

MATERIALS AND METHODS

Bacterial strains and plasmids. Escherichia coli XL1-blue (Stratagene Inc.)
was used as the plasmid host except when JM101 was used to provide a recom-
bination-proficient background. Plasmids pBD140, pBD1400, pBD150, pBD560,
and pBDG650 are all derivatives of pBD10. pBD10 is a modification of the
expression vector pKK233-2 (Pharmacia LKB Biotechnology), made by deletion
of a 1,690-bp EcoRI-Pyull fragment and insertion of an Xhol linker in the unique
HindIII site (4). Construction of the cryIC expression vector pBD150 and the
crylE-cryIC tandem plasmid pBD650 and selection of the crylE-cryIC hybrid G27

have been described previously (4). pBD140 contains the cryIA(b) gene as a
3.5-kb Ncol-Bglll fragment in pBD10, followed by the pBluescript SK* poly-
linker sites from BstXI to Xhol (5). Plasmid pBD141 contains a crylA(b) gene
C-terminally truncated at the Xmnl site at position 1811. It was constructed by
replacing the C-terminal 2.1-kb Sacl-Xhol fragment of pBD140 by the truncated
470-bp Sacl-Xhol fragment of pJM21Bg as described elsewhere (24). A crylA(b)-
cryIC tandem plasmid was constructed by ligating a NotI-Xhol fragment of
pBD650 containing cryIC (bases 220 to 3567) into NotI-Xhol-digested pBD141.
The resulting plasmid was designated pRM7 (Fig. 1A and B). pBD560 is a cryIC-
crylE tandem plasmid described previously (4). A cryIC-cryIA(b) tandem plas-
mid, pRM23 (Fig. 1C and D), was constructed by replacement of the 3.5-kb Spel-
Xhol fragment of pBD560, containing the cryIE part, by the corresponding
fragment of cryIA(b) (bases 178 to 3468).

A shuttle vector which is capable of replicating in E. coli as well as in B. thur-
ingiensis was constructed with pBluescript KS(+) and pBC16.1 (3). At the Kpnl
site of pBluescript KS(+), the PacI and Asel recognition sequences were in-
serted. In this process, the Kpnl site was destroyed. The pBC16.1 plasmid, a
2.4-kb EcoRI fragment of pBC16, was treated with Klenow fragment and in-
serted at the Pacl site of the modified pBluescript KS(+) in such a way that both
antibiotic resistance genes were oriented in the same direction.

DNA manipulations. All recombinant DNA techniques were as described by
Sambrook et al. (29). DNA sequencing was performed by the dideoxytriphos-
phate method with fluorescent dyes attached to the dideoxynucleotides. Analysis
was automated by using an Applied Biosystems 370A nucleotide sequence ana-
lyzer. To generate in vivo recombinants, pPRM7 and pRM23 were transferred to
JM101. Plasmid DNA from JM101 (5 pg) was digested with NotI and Bsu361
(pRM7) or Sacll and Sacl (pRM23) and subsequently transformed to E. coli
XL1-blue. All restriction enzyme digestions were performed as specified by the
manufacturers.

Screening of hybrids. E. coli XL1-blue transformants of double-digested,
JM101-derived pRM7 or pRM23 were inoculated in 1 ml of TB medium (1.2%
[wt/vol] Bacto-tryptone, 2.4% [wt/vol] Bacto-yeast extract, 0.4% [vol/vol] glyc-
erol, 17 mM KH,PO,, 72 mM K,HPO,) and grown overnight at 30°C. Cells were
pelleted by centrifugation, resuspended in 100 wl of lysis buffer (50 mM Tris HCI,
5 mM EDTA, 100 mM NaCl [pH 8]) containing 1 mg of lysozyme per ml, and
incubated at room temperature for 30 min. Lysis was completed by brief soni-
cation, and soluble and insoluble cell components were separated by centrifu-
gation. The supernatant was discarded, and the pellet was resuspended in 100 pl
of solubilization buffer (50 mM NaHCOj3, 100 mM NaCl, 10 mM dithiothreitol
[pH 10]) and incubated for 2 h at 37°C. After solubilization, the suspension was
centrifuged and the supernatant was analyzed by sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis. Production of stable, trypsin-resistant ma-
ture toxin was tested by treatment of solubilized protoxin with trypsin (10% of
protoxin weight) for 1 h at 37°C. Large-scale isolation of Cry protein from E. coli
was performed as described earlier (4).

Expression, preparation, and purification of protoxins in B. thuringiensis. The
HO04 gene was cloned in the shuttle vector made with pBluescript KS(+) and
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pBC16.1 as follows. First, the cryIC gene was cloned in pBluescript KS(+) with
its own promoter [260-nucleotide upstream sequence of cryIC and the crylA(c)
terminator] (7). An Ncol site was engineered at the translation start site of cryIC.
This cryIC clone was designated pSB629. The Ncol-Kpnl fragment of the H04
gene containing the crylA(b) part and a portion of cryIC replaced the corre-
sponding portion of cryIC in pSB629. This plasmid containing H04 in pBlue-
scriptKS(+) was designated pSB647. The H04 gene was then removed from
pSB647 by digesting the plasmid with Apal and NotI and finally cloned in the
shuttle vector with the same restriction sites. The H04 gene in the shuttle vector
was designated pSB648.

To produce the HO4 protein in B. thuringiensis BT51, a plasmid-cured, cry-
negative derivative of B. thuringiensis subsp. kurstaki HD1 was transformed with
pSB648 by electroporation. The plasmid used for the transformation was ob-
tained from the methylation-negative E. coli GM2163. BT51(pSB648) was grown
in 2-liter flasks containing 500 ml of CYS medium (40) at 30°C. When the cells
produced spores and crystals and completely lysed, the crystals were harvested
along with the spores by centrifugation. The crystals were repeatedly washed in
0.5 M NaCl containing 10 mM Tris HCI (pH 8) and 1 mM EDTA to remove
proteinases. The washed crystals were dissolved in 2% mercaptoethanol-NaOH
(pH 10.5), and the solubilized protein was further purified by Sephacryl S300HR
column chromatography (40). Expression and purification of other protoxins
were performed in a similar way.

The insecticidal activity of protoxins was determined with third-instar S. exigua
larvae. Protoxins were mixed with an artificial diet, and the larvae were allowed
to feed on the mixture at 30°C. The insecticidal activity, expressed as 50% and
90% lethal concentrations (LCs, and LCy), was determined from the mortality
of larvae given different doses after a 4-day incubation.

Semiquantitative binding assays on intact BBMVs. Brush border membrane
vesicles (BBMVs) of 5-day-old S. exigua larvae were isolated as described by
Wolfersberger et al. (39), with modifications as described earlier (4). Binding of
biotinylated crystal proteins to BBMVs was performed, essentially as described
earlier (4), in 100 pl of borate-buffered saline (BBS; 10 mM Na;BO;, 150 mM
NaCl [pH 9]) containing 0.1% Tween 20 and 0.1% bovine serum albumin.

Ligand blotting. S. exigua BBMVs were dissolved in concentrated SDS-poly-
acrylamide gel electrophoresis sample buffer and heated to 100°C for 5 min
before being loaded on a 10% acrylamide gel. After electrophoretic separation,
BBMYV proteins (6 pg per lane) were transferred to nitrocellulose by electro-
blotting. Duplicate strips were cut from the filter and washed in deionized water
and subsequently in Tris-buffered saline (TBS; 10 mM Tris HCI [pH 8], 150 mM
NaCl) containing 0.5% Tween 20. Next, the strips were incubated for 2 h in
blocking solution (TBS containing 1% dried nonfat milk, 0.1% bovine serum
albumin, and 0.5% Tween 20). They were then incubated for 3 hin 1 to 2 pg of
purified Cry protein per ml in blocking solution, washed three times for 5 min
each in TBS containing 0.5% Tween 20, and incubated for 1.5 h in rabbit
anti-Cryl serum (37) diluted 1:1,000 in blocking solution. After three more
washes for 5 min each in TBS-0.5% Tween 20, bound toxin was detected by
incubation for 45 min in goat anti-rabbit-horseradish peroxidase conjugate di-
luted 1:3,000 in blocking buffer, followed by three washes for 5 min each in
TBS-0.5% Tween 20 and visualization with the enhanced chemiluminescence kit
(Amersham).

RESULTS

Production and selection of CryIA(b)-CryIC hybrid toxins.
To obtain CrylA(b)-CryIC hybrid toxins by in vivo recombina-
tion, we constructed an expression vector with a C-terminally
truncated crylA(b) gene and a N-terminally truncated cryIC
gene cloned in tandem (Fig. 1). The pRM7 plasmid contains
the trc promoter followed by bases 1 to 1811 of cryIA(D), part
of the pBluescript SK+ polylinker, and bases 266 to 3570 of
crylC. After allowing intramolecular recombination in E. coli
JM101, plasmid DNA was isolated and digested with NotI and
Bsu36I to linearize nonrecombinant plasmids. In our experi-
ence, linearization with two uniquely cutting enzymes is nec-
essary to efficiently lower the transformation frequency of non-
recombinant plasmids. Both Nofl and Bsu361 have unique
recognition sites in pRM?7, in the polylinker and at position
1240 of cryIC, respectively. The overlap between the two trun-
cated cry genes in pRM7, which allows recombination, extends
approximately 1,600 bp, yet we were interested primarily in
recombination in or close to domain III. We therefore chose to
use Bsu36I rather than a second enzyme with a recognition site
in the polylinker. This strategy allowed linearization of recom-
binants with crossovers in front of the Bsu36l site, thereby
effectively selecting for recombinants with crossovers in or near
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the domain III-encoding sequences in the subsequent trans-
formation step.

Digested plasmids were transferred to E. coli XL1-blue cells
by transformation, and plasmids from transformants were sub-
sequently analyzed by restriction enzyme digestion and DNA
electrophoresis. Over 95% of the transformants contained a
plasmid with an insert size corresponding to a single, intact cry
gene (results not shown), indicating that selection for homol-
ogous recombination events had been efficient. A total of 120
colonies were grown in TB medium and assayed for production
of an alkali-soluble protoxin-like protein. This screening
method yielded five colonies that produced a soluble protoxin
of the expected size (120 to 130 kDa). The location of the
crossovers in the hybrid genes was determined first by restric-
tion analysis and then by nucleotide sequencing. Only two
different crossover sites occurred in the five hybrid genes thus
tested. The locations of the two different crossover sites in
these hybrid genes, designated HO4 and H100, are shown in
Fig. 2A. Both crossovers are located very close to or on the
border between domains II and III, with the hybrid toxins
differing by only one amino acid. A schematic representation
of these and other toxins used in this study is shown in Fig. 2B.

Solubilized protoxins of one of each of the two different
groups of cryIA(D)-cryIC hybrids (hybrids HO4 and H100 [Fig.
2]) were subjected to trypsin treatment. Figure 3 shows each
hybrid protein before and after trypsin treatment, compared
with equivalent samples of the parent toxins, CryIA(b) and
CryIC. Each of the protoxins gave a trypsin-resistant toxin of
approximately 65 kDa after trypsin treatment. Both the solu-
bility of the hybrid protoxins and the occurrence of a trypsin-
resistant product of the expected size suggested that these
hybrids proteins were properly folded and might have biolog-
ical activity. Hybrid HO4, with the crossover closest to what we
considered to be the border between domains II and III, was
selected for further study.

Toxicity to S. exigua. The cryIC, cryIA(b), and crylE-cryIC
hybrid G27 (4) and the newly isolated crylA(b)-cryIC hybrid
HO04 genes were cloned in shuttle vector pSB634 and trans-
ferred into B. thuringiensis Bt51 by electroporation. When cul-
tures containing these genes were grown, they sporulated nor-
mally and produced a bipyramidal inclusion body (results not
shown). Protoxins were isolated and assayed for their toxicity
to S. exigua larvae, and the results are shown in Table 1.

As reported above, the CryIA(b) protoxin is much less toxic
to S. exigua than is CryIC. The hybrids containing domain III
of CryIC, both G27 (4) and CryIA(b)-CryIC hybrid H04, have
an LCs, that is comparable to or lower than that of CryIC.
Similar results were obtained in bioassays with trypsin-acti-
vated toxins from protoxins produced in E. coli (results not
shown). These results indicate that, as was demonstrated pre-
viously for CrylE (4), CrylA(b) can be made considerably
more toxic to S. exigua by substitution of its domain III with
that of CrylIC.

Binding studies with intact BBMVs. In a previous study (4),
we showed that for CryIC and CrylE, exchanging domain III
did not affect the binding-site specificity, which is determined
by the N-terminal part of the protein, presumably domain II.
To test whether this holds true for CryIA(b) and its domain
III-substituted hybrid and to compare the binding-site speci-
ficity of CryIA(b) with that of CryIC, we studied the binding of
biotin-labelled toxins to S. exigua BBMVs by the semiquanti-
tative binding assay (4). Figure 4 shows the binding of biotin-
labelled toxins both in the absence and in the presence of an
excess amount of an unlabelled homologous or heterologous
competitor toxin. Binding of labelled CrylA(b) (Fig. 4A) was
inhibited only by CryIA(b) or HO4 but not by CryIC. Con-
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FIG. 2. (A) Alignment of the (partial) amino acid sequences of CryIA(b) and CryIC. The locations of the crossover sites in hybrids H04, H100, and H205 are
indicated by arrows. (B) Schematic representation of the structures of the wild-type and hybrid toxins used in this study. Only the active toxin part with domains I to

111 is shown.

versely, binding of labelled H04 (Fig. 4C) was inhibited only by
HO04 or CryIA(b) but not by CryIC, showing that HO4 indeed
recognizes the same binding site as CryIA(b). The binding site
of CrylA(b) and H04 appeared to be different from that of
CrylIC. This was confirmed in the binding experiments with
biotin-labelled CryIC. Neither CryIA(b) nor H04 was able to
inhibit binding of CryIC (Fig. 4B). Binding of CryIC is some-
what diminished in the presence of excess HO04 (Fig. 4B, lane
3).

In conclusion, on intact BBMVs, CrylA(b) recognizes S.
exigua binding sites which are different from those recognized
by CryIC. Substitution of domain III of CryIA(b) does not
change the binding-site specificity of this protein in these ex-
periments.

Domain III substitution affects recognition of gut epithelial
membrane proteins in ligand blot experiments. To identify
toxin-binding components in S. exigua BBMV preparations, we
performed ligand blot experiments. BBMV proteins were sep-
arated by SDS-polyacrylamide gel electrophoresis, blotted onto
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FIG. 3. SDS-polyacrylamide gel electrophoresis of solubilized protoxins of
CryIA(b) (lanes 1 and 2), CryIC (lanes 3 and 4), H04 (lanes 5 and 6), and H100
(lanes 7 and 8) before (lanes 1, 3, 5, and 7) and after (lanes 2, 4, 6, and 8)
digestion with trypsin. Positions of molecular mass markers (in kilodaltons) are
indicated on the left.

nitrocellulose, incubated with various toxins, and subsequently
detected with a rabbit anti-Cryl antiserum. This antiserum
reacted efficiently with CryIA(b), CryIC, and the hybrids used
in this study (results not shown). In agreement with the results
of an earlier report (27), we found that CryIA(b) protein binds
to an S. exigua BBMV protein with a molecular mass of ap-
proximately 200 kDa and to a lesser extent to two smaller pro-
teins of ca. 150 and 60 kDa (Fig. 5, lane 1) whereas CryIC binds
to a single protein of ca. 40 kDa (lane 2). In our hands, this
reaction was very weak and difficult to reproduce consistently,
regardless of whether different freshly prepared BBMVs or
freshly purified CryIC protein was used in the experiments.
Surprisingly, despite being composed of domains I and II of
CryIA(b), HO4 no longer bound the same proteins as did
CryIA(b) (lane 4), suggesting that domain III of CryIA(b) is
essential for that reaction.

To directly test whether binding to S. exigua BBMV proteins
by CrylA(b) is mediated by its domain III, we decided to
construct a hybrid toxin in which domain III of CryIC is re-

TABLE 1. Toxicity of parent and hybrid protoxins
to S. exigua larvae

Protoxin LCs (mean * SD)* LCyy (mean + SD)* n®
CryIA(b) >100 >100

CrylC 11.0 £ 1.13 39.7 £ 12.1 2
G27 737 = 1.71 25.1 = 12.7 5
H04 1.66 = 0.72 4.45 +2.26 8

“ LCsq and LCy are expressed in micrograms of protoxin per gram of artificial
diet. SD, standard deviation.
® Number of samples tested.
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FIG. 4. Binding of biotin-labelled toxins and hybrids to S. exigua BBMVs.
(A) Binding of labelled CryIA(b) in the absence of competitor (lane 1) and in the
presence of a 1,000-fold excess of CryIA(b) (lane 2), CryIC (lane 3), or HO4 (lane
4). (B) Binding of labelled CryIC in the absence of competitor (lane 1) and in the
presence of a 1,000-fold excess of CryIC (lane 2), H04 (lane 3), or CryIA(b) (lane
4). (C) Binding of labelled H04 in the absence of competitor (lane 1) and in the
presence of a 1,000-fold excess of H04 (lane 2), CryIC (lane 3), or CryIA(b) (lane 4).

placed by that of CryIA(b), i.e., the inverse of H04 described
above. For this purpose, we constructed cryIC-crylA(b) tandem
plasmid pRM23 (Fig. 1C and D). As for isolation of H04,
selection for recombinant plasmids with crossover sites in or
close to domain III was applied by cutting isolated pRM23
plasmid with two restriction enzymes, one in the linker be-
tween the two genes (Sacll) and one close to the border be-
tween domains IT and III in cryIA(b) (Sacl) (Fig. 1D). Screen-
ing of recombinant colonies for the production of soluble
protoxins giving a stable product upon in vitro trypsin activa-
tion yielded CryIC-CryIA(b) hybrid H205, which had a cross-
over site close to the border between domains II and III and
therefore was an almost perfect inverse of CrylA(b)-CryIC
hybrid HO4 (Fig. 2). H205 protein isolated from E. coli had
very low toxicity against both S. exigua and Manduca sexta (re-
sults not shown) and therefore was not produced in B. thurin-
giensis for large-scale production and bioassays.

H205 bound to the same three S. exigua proteins on ligand
blots as CryIAb did (Fig. 5, lane 3), showing that domain III of
CryIA(b) is involved in and essential for this reaction. In fact,
when the same concentration as that of CryIA(b) was used for
incubation, H205 reacted much more strongly with all compo-
nents recognized by CryIA(b). Moreover, H205 also reacted
with the same 40-kDa protein as CryIC did, albeit to a lesser
extent, showing that domain III of CryIC is not essential for
this reaction (compare lanes 2 and 3).

DISCUSSION

In this study, we have demonstrated that substitution of do-
main III of a moderately S. exigua-toxic B. thuringiensis toxin,
CryIA(b), can greatly increase the toxicity of the protein to this
target insect. By exchanging domain III of CrylA(b) with that
of the more active CryIC protein, the toxicity of CryIA(b) was
increased to a level that was even higher than that of CryIC
without changing the binding specificity on intact BBMVs.
Together with our earlier results with CryIE-CryIC hybrids (4),
the present results strongly indicate that domain III plays a
major role in determining the level of toxicity to a target insect.

Our present and earlier results show that exchanging domain
III of Cry proteins may improve toxicity to a particular target
insect. This suggests that domain swapping could become a
valuable tool in the modification of existing toxins, thereby
increasing the repertoire of available toxins for use in agricul-

B. THURINGIENSIS DELTA-ENDOTOXIN DOMAIN IIT IN TOXICITY 1541

ture. So far, this phenomenon has been demonstrated only in
terms of the toxicity to S. exigua and M. brassicae. However,
closer inspection of the literature reveals that a similar phe-
nomenon may occur with toxicity to other insects, i.e., Helio-
this virescens, Trichoplusia ni, and Bombyx mori. Ge et al. (10)
showed that by replacing amino acid residues 450 to 612 (do-
main IIT) of CryIA(a) by those of CryIA(c), toxicity to H. vires-
cens was increased 300-fold. Caramori et al. (6) demonstrated
that similar CryIA(a)-CryIA(c) hybrids had toxicity levels for
T. ni similar to that of CryIA(c), which was ninefold higher
than that of CrylA(a), with its own domain III. An almost
identical CryIA(a)-CryIA(c) hybrid was approximately 100 times
more toxic to Bombyx mori than was CrylA(a) itself (26).
Whereas CryIC is relatively more toxic to S. exigua, CrylA(b)
is relatively more toxic to H. virescens and the toxicity of
CryIA(b)-CryIC hybrid H04 for the latter species is compara-
ble to that of CryIC (8a). Formation of hybrids by substituting
domain III is possibly also an evolutionary strategy for B.
thuringiensis itself to modify toxicity: CryIA(b) can be viewed
as a hybrid consisting of domains I and II of CrylA(c) and
domain IIT of CryIA(a) and may have arisen as a product of
recombination between the two encoding genes.

Recognition of a specific receptor on the midgut epithelium
is likely to be a prerequisite for the effectiveness of a particular
toxin against a target insect. However, our results show that
weak or inactive toxins, e.g., CryIA(b), that do recognize a
receptor in the target insect can be made more active than the
most effective toxin (e.g., CryIC) by replacing their domain III.
Both CryIA(b) and CryIC were shown to recognize different
specific binding sites on intact BBMVs of S. exigua. We have
also demonstrated that at least most of the S. exigua binding
sites for CrylA(b) are different from those for CryIC. This
suggests that if S. exigua became resistant to CryIC by losing
this specific binding site, it might still express the CrylA(b)-
binding site and would therefore remain sensitive to the
CryIA(b)-CryIC hybrid H04. Therefore, H0O4 may become a
valuable alternative to CryIC in integrated pest management
strategies.

Surprisingly, we showed that exchange of domain III does
alter binding to gut membrane proteins on ligand blots. Do-
main III of CryIA(b) appears to be essential for binding to the
200-kDa BBMYV protein of S. exigua in these experiments.
Substitution of this domain, as in H04, abolishes binding to this
protein. On the other hand, H205, which has low activity
against S. exigua as well as against M. sexta, does bind to this
protein, apparently because it contains domain III of CryIA(b).
We do not know why H205 seems to bind more strongly than
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FIG. 5. Ligand blot detection of binding to S. exigua BBMV proteins by
different toxins. Lanes: 0, no toxin added; 1, CryIA(b); 2, CryIC; 3, CrylC-
CryIA(b) hybrid H205; 4, CryIA(b)-CryIC hybrid HO04. Positions of molecular
mass markers (in kilodaltons) are indicated on the left.
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does CryIA(b) itself to the BBMYV proteins that are recognized
by CrylA(b) (Fig. 5). This observation suggests that domain I
and/or II may indirectly affect the affinity of domain III binding
to membrane proteins, but more experimentation is clearly
needed. These results add to the growing evidence suggesting
that domain III of Cry proteins is involved in receptor recog-
nition and/or binding to gut membrane proteins. Aronson et al.
(1) demonstrated that mutations in domain III of CryIA(c)
affect the affinity for membrane proteins in ligand blots of
Manduca sexta and H. virescens BBMVs. Lee et al., using
CryIA(c)-CrylA(a) hybrids, have shown that the specificity of
binding to Lymantria dispar BBMV proteins and to the purified
CryIA(c) receptor on ligand blots is determined by the origin
of the domain III part of the hybrid protein (21). Domain III
may very well be involved in binding to membrane proteins in
many other cases too. Oddou et al. (27) showed for two Heliothis
spp. and three Spodoptera spp. that CrylA(b) and CrylA(a) rec-
ognize apparently identical protein sets in ligand blots of all these
insects whereas CryIA(c) recognizes a different set. Since
CryIA(b) and CrylA(a) have identical domains III but differ-
ent domains I and IT whereas domains I and IT of CryIA(b) and
CryIA(c) are almost identical, it seems likely that in these cases
also, binding specificity is determined by domain III.

It remains unclear why in this study binding specificity seems
to be determined by domain I or II in experiments with intact
BBMVs but seems to be determined by domain III in ligand
blot experiments. Possibly, different techniques detect or em-
phasize different aspects of a complex binding mechanism.
This is best demonstrated with the example of binding studies
with Manduca sexta. Using iodinated toxins binding to isolated
BBMVs, Van Rie et al. (36) determined that all three Cryl
proteins have a common binding site in this insect, with only
CryIA(a) having a second, specific receptor. In contrast, the
recently isolated receptors for CryIA(c) (18, 30) and CryIA(b)
(33) (both isolated by using ligand blotting for detection) are
distinct proteins with molecular masses of 120 and 210 kDa,
respectively. Finally, by using surface plasmon resonance for
monitoring binding, the purified 120-kDa CrylA(c)-receptor
was shown to contain (putatively common) binding sites for
all three Cryl proteins as well as a unique binding site for
CryIA(c) only (25). Clearly, binding of toxins is a complex
process in which both domain IT and domain IIT seem to play
arole, either by being involved in binding to receptors together
or by having distinct functions in different binding steps such as
initial binding, membrane insertion, oligomerization, or pore
formation. Moreover, the relative contribution of each domain
to the binding process may differ from one insect to another as
well as from one receptor to another in the same insect species.
Future studies will have to determine the relative importance
of the observed types of binding and their relevance for in vivo
binding and toxicity.

Although in this study we found no direct correlation be-
tween protein recognition on ligand blots and toxicity in vivo,
the results suggest that binding to the proper membrane pro-
tein is necessary for the toxicity of a crystal protein in a par-
ticular insect or, alternatively, that binding to the wrong pro-
tein [for example, binding of CryIA(b) to the 200-kDa protein]
has a negative effect on toxicity. Simultaneous or sequential
binding to several membrane proteins might be necessary to
bring about the conformational changes thought to take place
during membrane insertion and pore formation. Thus, a more
optimal combination of binding proteins recognized by a do-
main IIT hybrid might improve toxicity by increasing the effi-
ciency of membrane insertion and/or pore formation.

In conclusion, we have shown that a combination of in vivo
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recombination between two cry genes with limited stretches of
homology and subsequent screening for the production of sol-
uble protoxins can be a powerful tool to modify toxicity and to
increase the available repertoire of active toxins against pest
insects. Furthermore, we have presented evidence that domain
III of delta-endotoxins is involved in binding to gut membrane
proteins in S. exigua, revealing that the binding process has an
additional level of complexity that may underlie the strongly
increased efficacy of some hybrid toxins.

ACKNOWLEDGMENTS

M. S. G. Kwa was supported by a grant from BION-STW (SLW
805-45-009).

We thank W. Dirkse, CPRO-DLO, for assistance in sequencing
work.

REFERENCES

. Aronson, A. 1., D. Wu, and C. Zhang. 1995. Mutagenesis of specificity and
toxicity regions of a Bacillus thuringiensis protoxin gene. J. Bacteriol. 177:
4059-40065.

2. Beegle, C. C., and T. Yamamoto. 1992. History of Bacillus thuringiensis
Berliner research and development. Can. Entomol. 124:587-616.

3. Bernhard, K., H. Schnepf, and W. Goebel. 1978. Bacteriocin and antibiotic
resistance in Bacillus cereus and Bacillus subtilis. J. Bacteriol. 133:897-903.

4. Bosch, D., B. Schipper, H. Van der Kleij, R. A. De Maagd, and W. J.
Stiekema. 1994. Recombinant Bacillus thuringiensis crystal proteins with new
properties: possibilities for resistance management. Bio/Technology 12:915—
918.

5. Bosch, D., B. Visser, and W. J. Stieckema. 1994. Analysis of non-active
engineered Bacillus thuringiensis crystal proteins. FEMS Microbiol. Lett.
118:129-134.

6. Caramori, T., A. M. Albertini, and A. Galizzi. 1991. In vivo generation of
hybrids between two Bacillus thuringiensis insect-toxin-encoding genes. Gene
98:37-44.

7. Chak, K.-F., M.-Y. Tseng, and T. Yamamoto. 1994. Expression of the crystal
protein gene under the control of the a-amylase promoter in Bacillus thu-
ringiensis strains. Appl. Environ. Microbiol. 60:2304-2310.

8. Chen, X. J., M. K. Lee, and D. H. Dean. 1993. Site-directed mutations in a
highly conserved region of Bacillus thuringiensis delta-endotoxin affect inhi-
bition of short circuit current across Bombyx mori midguts. Proc. Natl. Acad.
Sci. USA 90:9041-9045.

8a.de Maagd, R. Unpublished data.

9. Ferré, J., M. D. Real, J. Van Rie, S. Jansens, and M. Peferoen. 1991.
Resistance to the Bacillus thuringiensis bioinsecticide in a field population of
Plutella xylostella is due to a change in a midgut membrane receptor. Proc.
Natl. Acad. Sci. USA 88:5119-5123.

10. Ge, A. Z., D. Rivers, R. Milne, and D. H. Dean. 1991. Functional domains of
Bacillus thuringiensis insecticidal crystal proteins. J. Biol. Chem. 266:17954—
17958.

11. Ge, A. Z., N. 1. Shivarova, and D. H. Dean. 1989. Location of the Bombyx
mori specificity domain on Bacillus thuringiensis delta-endotoxin protein.
Proc. Natl. Acad. Sci. USA 86:4037-4041.

12. Grochulski, P., S. Borisova, M. Pusztai-Carey, L. Masson, and M. Cygler.
1994. 3D crystal structure of lepidopteran-specific delta-endotoxin CryIA(a),
p- 502. In M. Bergoin (ed.), Proceedings of the VIth International Collo-
quium on Invertebrate Pathology and Microbial Control. Society for Inver-
tebrate Pathology, Montpellier, France.

13. Haider, M. Z., B. H. Knowles, and D. J. Ellar. 1986. Specificity of Bacillus
thuringiensis var. colmeri insecticidal delta-endotoxin is determined by dif-
ferential proteolytic processing of the protoxin by larval gut proteases. Eur.
J. Biochem. 156:531-540.

14. Hofmann, C., H. Vanderbruggen, H. Hofte, J. Van Rie, S. Jansens, and H.
Van Mellaert. 1988. Specificity of Bacillus thuringiensis delta-endotoxins is
correlated with the presence of high-affinity binding sites in the brush border
membrane of target insect midguts. Proc. Natl. Acad. Sci. USA 85:7844—
7848.

15. Hofte, H., and H. R. Whiteley. 1989. Insecticidal crystal proteins of Bacillus
thuringiensis. Microbiol. Rev. 53:242-255.

16. Honée, G., D. Convents, J. Van Rie, S. Jansens, M. Peferoen, and B. Visser.
1991. The C-terminal domain of the toxic fragment of a Bacillus thuringiensis
crystal protein determines receptor binding. Mol. Microbiol. 5:2799-2806.

17. Jaquet, F., R. Hutter, and P. Luthy. 1987. Specificity of Bacillus thuringiensis
delta-endotoxin. Appl. Environ. Microbiol. 53:500-504.

18. Knight, P. J. K., N. Crickmore, and D. J. Ellar. 1994. The receptor for
Bacillus thuringiensis CrylA(c) delta-endotoxin in the brush border mem-
brane of the lepidopteran Manduca sexta is aminopeptidase N. Mol. Micro-
biol. 11:429-436.

19. Knowles, B. H.,, and J. A. T. Dow. 1993. The crystal delta-endotoxins of

Ju—



VoL. 62, 1996

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Bacillus thuringiensis—models for their mechanism of action on the insect
gut. Bioessays 15:469-476.

Lee, M. K., R. E. Milne, A. Z. Ge, and D. H. Dean. 1992. Location of a
Bombyx mori receptor binding region on a Bacillus thuringiensis delta-endo-
toxin. J. Biol. Chem. 267:3115-3121.

Lee, M. K., B. A. Young, and D. H. Dean. 1995. Domain III exchange of
Bacillus thuringiensis CryIA toxins affect binding to different gypsy moth
midgut receptors. Biochem. Biophys. Res. Commun. 216:306-312.

Li, J., J. Carroll, and D. J. Ellar. 1991. Crystal structure of insecticidal
delta-endotoxin from Bacillus thuringiensis at 2.5 A resolution. Nature (Lon-
don) 353:815-821.

Lu, H., F. Rajamohan, and D. H. Dean. 1994. Identification of the amino acid
residues of Bacillus thuringiensis delta-endotoxin CrylAa associated with
membrane binding and toxicity to Bombyx mori. J. Bacteriol. 176:5554-5559.
Martens, J. W. M., B. Visser, J. M. Vlak, and D. Bosch. 1995. Mapping and
characterization of the entomicidal domain of the Bacillus thuringiensis
CryIA(b) protoxin. Mol. Gen. Genet. 247:482-487.

Masson, L., Y.-J. Lu, A. Mazza, R. Brousseau, and M. J. Adang. 1995. The
CryIA(c) receptor purified from Manduca sexta displays multiple specifici-
ties. J. Biol. Chem. 270:20309-20315.

Masson, L., A. Mazza, L. Gringorten, D. Baines, V. Aneliunas, and R. Brous-
seau. 1994. Specificity domain localization of Bacillus thuringiensis insecti-
cidal toxins is highly dependent on the bioassay system. Mol. Microbiol. 14:
851-860.

Oddou, P., H. Hartmann, F. Radecke, and M. Geiser. 1993. Immunologically
unrelated Heliothis sp. and Spodoptera sp. midgut membrane-proteins bind
Bacillus thuringiensis CryIA(b) delta-endotoxin. Eur. J. Biochem. 212:145-
150.

Oppert, B., K. J. Kramer, D. E. Johnson, S. C. MacIntosh, and W. H.
McGaughey. 1994. Altered protoxin activation by midgut enzymes from a
Bacillus thuringiensis resistant strain of Plodia interpunctella. Biochem. Bio-
phys. Res. Commun. 198:940-947.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

Sangadala, S., F. S. Walters, L. H. English, and M. J. Adang. 1994. A

B. THURINGIENSIS

31

32.

33.

34,

35.

36.

37.

38.

39.

40.

DELTA-ENDOTOXIN DOMAIN III IN TOXICITY 1543

mixture of Manduca sexta aminopeptidase and phosphatase enhances Bacil-
lus thuringiensis insecticidal CryIA(c) toxin binding and (Rb*-K*)-8¢Rb ef-
flux in vitro. J. Biol. Chem. 269:10088-10092.

Schnepf, H. E., K. Tomczak, J. Paz Ortega, and H. R. Whiteley. 1990.
Specificity-determining regions of a lepidopteran-specific insecticidal protein
produced by Bacillus thuringiensis. J. Biol. Chem. 265:20923-20930.

Smith, G. P., and D. J. Ellar. 1994. Mutagenesis of two surface-exposed
loops of the Bacillus thuringiensis CryIC delta-endotoxin affects insecticidal
specificity. Biochem. J. 302:611-616.

Vadlamudi, R. K., T. H. Ji, and L. A. Bulla. 1993. A specific binding protein
from Manduca sexta for the insecticidal toxin of Bacillus thuringiensis subsp.
berliner. J. Biol. Chem. 268:12334-12340.

Vaeck, M., A. Reynaersts, H. Hofte, S. Jansens, M. De Beuckeleen, C. Dean,
M. Zabeau, M. Van Montagu, and J. Leemans. 1987. Transgenic plants
protected from insect attack. Nature (London) 328:33-37.

Van Rie, J., S. Jansens, H. Hofte, D. Degheele, and H. Van Mellaert. 1989.
Specificity of Bacillus thuringiensis delta-endotoxin. Eur. J. Biochem. 186:
239-247.

Van Rie, J., S. Jansens, H. Hofte, D. Degheele, and H. Van Mellaert. 1990.
Receptors on the brush border membrane of the insect midgut as determi-
nants of the specificity of Bacillus thuringiensis delta-endotoxin. Appl. Envi-
ron. Microbiol. 56:1378-1385.

Van Rie, J., W. H. McGaughey, D. E. Johnson, B. D. Barnett, and H. Van
Mellaert. 1990. Mechanism of insect resistance to the microbial insecticide
Bacillus thuringiensis. Science 247:72-74.

Visser, B. 1989. A screening for the presence of four different crystal protein
gene types in 25 Bacillus thuringiensis strains. FEMS Microbiol. Lett. 58:
121-124.

Wolfersberger, M., P. Luethy, A. Maurer, P. Parenti, F. V. Sacchi, B. Gior-
dana, and G. M. Hanozett. 1987. Preparation and partial characterization of
amino acid transporting brush border membrane vesicles from the larval
midgut of the cabbage butterfly (Pieris brassicae). Comp. Biochem. Physiol.
A 86:301-308.

Yamamoto, T. 1990. Identification of entomocidal toxins of Bacillus thurin-
giensis by high-performance liquid chromatography. ACS Symp. Ser. 432:
46-60.



