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Abstract

Bacillus thuringiensis Cry toxins have been widely used in the control of insect pests either as spray
products or expressed in transgenic crops. These proteins are pore forming toxins with a complex
mechanism of action that involves the sequential interaction with several toxin-receptors. Cry toxins
are specific against susceptible larvae and although they are often highly effective, some insect pests
are not affected by them or show low susceptibility. In addition, the development of resistance
threatens their effectiveness, so strategies to cope with all these problems are necessary. In this review
we will discuss and compare the different strategies that have been used to improve insecticidal
activity of Cry toxins. The activity of Cry toxins can be enhanced by using additional proteins in the
bioassay like serine protease inhibitors, chitinases, Cyt toxins, or a fragment of cadherin receptor
containing a toxin-binding site. On the other hand, different modifications performed in the toxin
gene such as site directed mutagenesis, introduction of cleavage sites in specific regions of the protein,
and deletion of small fragments from the amino-terminal region lead to improved toxicity or
overcome resistance, representing interesting alternatives for insect pest control.

1. Introduction

Bacillus thuringiensis (Bt) bacteria produce insecticidal proteins named Cry toxins, which are
effective in killing some insect pests. These toxins are used worldwide, being delivered as
sprays or expressed in some transgenic crops. Cry toxins are especially useful due to their insect
specificity and because they are harmless to humans. The accepted model of toxin action
comprises several steps [2,45]. The Cry1A protoxins are ingested by the larvae, solubilized in
the gut lumen and cleaved by midgut proteases to yield activated 60 kDa monomeric toxins.
The activated toxins bind to receptors present in the midgut cells of the larvae. In some
lepidopteran larvae, cadherin-like proteins show high affinity for the toxins and function as
primary receptors [50]. It was proposed that binding of 60 kDa monomeric toxins to cadherin
facilitates additional protease cleavage of the N-terminal end of the toxins including helix a-1
of domain | [22]. This cleavage induces assembly of oligomeric forms of the toxin. The
oligomers have increased binding affinity to the secondary receptors, which are
glycosylphosphatidyl-inositol (GPI)-anchored proteins, aminopeptidase N and alkaline
phosphatase [3,30]. After the oligomers bind to secondary receptors, they insert into membrane
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microdomains, creating pores in the apical membrane of midgut cells, which cause osmotic
shock and cell death [3,29,45] (Fig. 1).

The primary threat to the long-term efficacy of Bt toxins is the evolution of resistance by pest
insects [23,47]. Different pest strains have been selected in laboratory conditions for resistance
to Bt toxins and some pests evolved resistance to Bt sprays in the field or in green houses
[16,27,47,48,56]. In addition, it was reported that Helicoverpa zea evolved some resistance to
Bt cotton in Arkansas and Mississippi [49]. Understanding the mode of action of Bt toxins and
the mechanisms of resistance is essential for designing strategies to improve Bt toxin action
and to counter pest resistance.

2. Potentiation of Cry toxin activity by additional proteins

2.1 Serine protease inhibitors

Several serine protease inhibitors are able to potentiate the insecticidal activity of Cry toxins
in three different insect orders (Coleoptera, Lepidoptera and Diptera) [24,35]. The presence of
extremely low levels of protease inhibitors enhances the insecticidal activity of some Cry toxins
up to 20 fold. The serine protease inhibitors are present in legume seeds and have insecticidal
effects when present at high concentrations in the insect diet probably by inhibiting larval
digestion, suggesting that they could have evolved as a plant defense mechanism against
herbivores [24]. It was reported that a variety of serine protease inhibitors isolated either from
plants or animals potentiate the insecticidal activity of several Cry toxins against their targets
when they were fed in combination [35]. The potentiation effect of the serine protease inhibitors
was observed at a concentration 10° times below their insecticidal level. In addition, genetically
modified tobacco plants expressing a protease inhibitor (Curcurbita maxima trypsin protease
inhibitor) fused to a truncated Cry1Ab toxin showed a 6 fold increase in specific insecticidal
activity against tobacco budworm (Heliothis virescens) when compared with plants expressing
only Cry toxin protein [35]. How protease inhibitors enhance Bt toxin activity is not known,
although they may inhibit specific gut proteases that normally would inactivate Bt toxins or
may limit proteolysis of membrane proteins preventing the degradation of membrane bound
receptors, therefore increasing their half-lives and their ability to bind Cry toxins (Fig. 1).

2.2 Chitinase

The larval peritrophic membrane forms a cylindrical sheet that divides the gut epithelium from
the lumen. This structure functions as a physical barrier against mechanical damage and
invasion of microorganisms. The solubilized Cry toxins need to cross this barrier to bind their
receptors, which are located in the apical membrane of the midgut cells. The peritrophic
membrane is a network of chitin embedded in a protein-carbohydrate matrix. It was shown that
increasing the levels of endochitinases in the larval midgut or the addition of chitinases to Cry
toxin preparations increase their efficacy and potency up to 10 fold [12,44]. It was proposed
that chitinases elevate the larvicidal effect by perforating the peritrophic membrane, increasing
the accessibility of the Cry toxin to the epithelial membrane where receptors are located (Fig
1).

2.3 Cyt toxins

Cyt proteins are hemolytic and cytolytic toxins produced by some Bacillus thuringiensis
strains, particularly by those that show insecticidal activity against mosquitoes. Cyt toxins are
also pore-forming proteins, and they are not related phylogenetically to Cry toxins. They have
a single a—p domain comprised of two outer layers of a-helix hairpins wrapped around a f3-
sheet [33]. Cyt toxins do not bind to protein receptors and directly interact with membrane
lipids inserting into the membrane to form pores [31,42] or destroy the membrane by a detergent
like interaction [5].
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The toxicity of Cyt1Aa to mosquito larvae is, on average, one order of magnitude lower than
that of Cry4 or Cry11Aa toxins [9]. However, when present in bioassays against mosquitoes,
Cyt proteins synergize the mosquitocidal activity of some Cry toxins including Cry4A, Cry4B
and Cry11Aa, and the presence of Cyt toxins overcomes the resistance of Culex
quinquefasciatus populations resistant to Cry toxins [52]. Recently, we demonstrated that
CytlAasynergizes the toxic activity of Cry11Aa by functioning as a membrane bound receptor
of Cry11Aa [40]. The proposed mechanism is that Cyt1Aa inserts into midgut epithelium and
exposes protein regions that are recognized by Cry11Aa, thereby facilitating the
oligomerization of Cry11Aa and its pore-forming activity [40,41]. Cry11Aa binds Cytl1Aa
using the loop a-8of domain Il that is also involved in interacting with its alkaline phosphatase
receptor [14,15]. Mutations in the binding regions of Cry11Aa or in Cyt1Aa affected the
specific interaction between these proteins and reduced their synergism [40]. Thus, Cytl1Aa
synergizes or suppresses resistance to Cry11Aa in mosquitoes by providing a binding site for
Cry11Aa that will result in an efficient formation of the Cry11Aa pre-pore that inserts into
membranes and induces pore formation.

2.4 Peptide from cadherin receptor CR12-MPED

Cadherin-like receptors are transmembrane proteins with a cytoplasmic domain and an
extracellular ectodomain with several cadherin repeats (CADR) (12 in the case of the cadherin
receptor of Manduca sexta named Bt-R;) [50]. The ectodomain contains calcium-binding sites,
integrin interaction sequences and cadherin binding sequences. The interaction of Cry toxins
with cadherin is quite complex involving multiple binding sites. Three different Cry1A binding
sites (named CADR7, CADR11 and CADR12) were mapped in the Bt-R; receptor molecule
by the analysis of truncated derivatives in toxin overlay assays [13,19,39], by expressing
truncated fragments of cadherin on the surface of Drosophila melanogaster Schneider S2 cells
[25], or by employing a library of single chain antibodies displayed in M13 phage [21]. Using
synthetic peptides representing the exposed loop regions of domain Il of Cry1A toxins, loop
2 was identified as the cognate binding region of the M. sexta Bt-R; receptor CADRY7 site,
which corresponds to residues 88°HITDTNNKS76 [20]. In addition, extensive mutagenesis of
loop 2 of Cry1A toxins showed that this loop region is important for receptor interaction and
toxicity [28]. The loop a8 and loop 2 of Cry1Ab toxin interact with the CADR11 binding site
(1331 pLPASILTVTV1342) [19] and the loop 3 of Cry1Ab and Cry1Ac toxins interact with the
CADR12 binding site (1422GVLTLNFQ!440) [18,55]. It was shown that the CADR12 binding
site was essential for Cry1Ab cytotoxicity in S2 cells [25] and that Cry1Ab binds CADR12
with high affinity. In addition, the CADR12 binding region induces the formation of the 250
kDa Cry1Ab and CrylAc oligomeric structures [46]. All these data together suggest that the
CADR12 binding site has an important role as a functional receptor region for Cry1A toxins.

A cadherin fragment of 23.3 kDa named CR12-MPED showed an important synergistic effect
with Cry toxins when fed to lepidopteran larvae [8]. The binding of Cry toxins to CR12-MPED
fragment is important for the observed enhancement of activity of Cry protein [8]. An important
characteristic of the CR12-MPED fragment is that it also binds to the apical membrane of
larvae gut cells with high affinity (Kd= 32 nM) suggesting that the synergistic effect observed
when fed with Cry toxins was due to an increase in the number of binding sites in the microvilli
membrane of the insect. These binding sites would attract Cry1A toxin molecules to the
membrane surface, promoting toxin oligomerization and thereby increase the probability that
Cry toxin interacts with its secondary receptors, aminopeptidase N and alkaline phosphatase
[3,30].
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3. Modifications in the Cry toxin gene

3.1 Site directed mutagenesis

Site-directed mutagenesis has been used extensively to explore the participation of specific
protein regions of Cry toxin molecules in their mode of action. Most of these mutations
adversely affect toxin action but only a few of them have resulted in generation of Cry toxin
molecules with improved toxicity. Regarding the pore forming domain (domain I), Wu and
Aronson in 1992 described that a mutation in helix a-5, H168R, which caused a three-fold
increase in toxic activity against Manduca sexta larvae [52] (Fig 2). Regarding the other
domains of the toxin, there are several mutations located in domains Il and 111, which showed
increased toxicity to some larvae [45]. Mutants N372A or N372G of Cry1Ab, located in loop
2 of domain I, resulted in an 8-fold increase in toxicity against Lymantria dispar, and a triple
mutant - N372A, A282G and L283S - showed a 36-fold increase in toxicity [43] (Fig 2). Both
mutants showed higher affinity to brush border membrane vesicles (BBMV) isolated from this
insect, suggesting that improving binding interaction of the toxin with its receptors could be
used as a strategy to design more active toxins [43]. In Cry3A toxin, loop 1 plays an important
role in toxin binding. Two mutants in this loop, named Al and A2, containing multiple
mutations each (Al: R345A, Y350F, Y351F; and A2: R345A and the deletion of AY350Y351),
showed three and eleven fold higher toxicity against the coleopteran Tenebrio molitor,
respectively, and showed increased in binding affinity [54] (Fig 3). There also are mutations
in loop 3 of Cry3A toxin that also showed a moderate increase in toxicity (2.4 fold) to T.
molitor larvae [54] (Fig 3). Recently, a phage display system that allows the directed evolution
of Cry toxins was characterized [26]. In this system, random mutagenesis could be incorporated
in a specific region of the toxin, such as loop 2, and followed by selection of toxin variants
with increased affinity to a specific BBMV preparation or to pure receptor sample, such as
cadherin receptor [26]. This high troughput technology could be adapted to improve any toxin,
selecting toxins with higher binding affinity against the selected target. Finally, rational
modification of the loops residues of Cry1Aa toxin (which is active against lepidopteran larvae)
to generate a toxin molecule more similar to Cry4Ba (which is active against mosquitoes) in
these regions, resulted in a novel toxin with some activity against the mosquito Culex
pipiens [34]. The last two examples highlight the potential of site directed mutagenesis in the
toxin-binding sites to develop more potent toxins or toxins with changes in specificity.

3.2 Hybrid toxins

In addition to site-directed toxin mutants, the construction of hybrid toxins which include
mainly substitutions of domain 111 have resulted in production of novel toxins with a wider
target spectrum or higher toxicity than either of the parental toxins from which were derived
(Fig 2). For example several Cry1 toxins with low or no specificity against Spodoptera
exigua including Cry1Ab, CrylAc, Cry1Ba and CrylEa, become active when their domain 111
is replaced by that of Cry1Ca [11]. The Cry1Ab toxin is not toxic to S. exigua but the hybrid
toxin containing domain 111 of Cry1C showed a 10 times higher toxicity against S. exigua than
the parental Cry1C toxin [10]. In another example, replacing residues 450-612 (domain 111)
of Cry1Aa by those of Cry1Ac resulted in a 300-fold increase in toxicity against Heliothis
virescens [6]. The exchanges of domain Il1 alter binding of the toxins to the insect membrane
proteins on ligand blots [10]. In the case of Cry1Ac toxin, it is recognized that a cavity in
domain 111 of this toxin interacts with N-acetylgalactosamine (GalNAc) carbohydrate located
in the APN receptor [4,32]. In fact, it has been proposed that Domain 111 shuffling may have
occurred in nature as an evolutionary mechanism to generate toxins with new specificities

[1].
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3.3 Introduction of specific proteolytic cleavage sites

Activation of Cry toxins is an essential step in their acquisition of toxicity. The activation
process in the larval gut has been extensively studied using Cry1 toxins and involves the
removal of 27-29 amino acids at the N terminus and 500-600 amino acids at the C terminus.
The coleopteran specific Cry3 toxins lack the large C-terminal domain and it has been proposed
that midgut activation involves only removal of 57 amino acids from N-terminal region [2,
45]. However, a study of the activation of Cry3A toxin using different proteolytical treatments
showed that this protein was cleaved resulting in several polypeptides that remain associated
under non-denaturing conditions [7]. Activation with chymotrypsin cleaved the Cry3A toxin
at the beginning of helix a-4 producing a 49-kDa major polypeptide and other small fragments,
but the individual components were not separated by gel filtration chromatography [7]. The
chymotrypsinated protein showed an increase in solubility and retained full activity against
Leptinotarsa decemlineata larvae. The Cry3A toxin showed low toxicity against Diabrotica
virgifera, an important pest of corn, and it has been documented that introduction of a
chymotrypsin/cathepsin G site in the loop between helix a-3 and helix -4 (see Fig. 3) increased
three fold the toxicity of Cry3A against neonate D. virgifera larvae [51]. The authors proposed
that enhanced cleavage of this toxin at this proteolytic site permitted the subsequent binding
of the activated toxin to the receptors present in the midgut cells.

3.4 Deletion of small regions of the toxin

According to the prevailing model of toxin action, binding of Cry toxins to cadherin receptor
is essential for removal of the helix a-1 and this cleavage then promotes oligomerization of the
toxin to form a pre-pore structure. Mutations in midgut cadherin that bind Cry1Ac are linked
with insect resistance and represent the most common mechanism of resistance [17,37,56].

Deletion in the amino terminal region including helix a-1 of Cry1A toxins (named CrylAMod
toxins; see Fig 1 and 2) resulted in Cry toxins that form oligomers in the absence of cadherin
receptor. Such modified toxins kill insects that had developed resistance to Cry1A toxins
caused by mutations in the cadherin gene. The modified toxins were also effective against
insects which had acquired reduced susceptibility to native Bt toxins due to diminished
expression of cadherin protein by cadherin gene silencing with RNA interference [46].
Recently we demonstrated that the oligomeric structure formed by the Cry1AMod toxins have
pore formation activity, with a pore-forming ability similar to that of the wild type toxin
[Mufioz-Garay, personal communication].

Inthe Cry2A protoxin includes a 49-residue fragment at the amino terminal region that precedes
helix a-1 (Fig. 4), which is cleaved upon activation with trypsin [38]. The removal of this
fragment by proteolysis serves to expose a formerly occluded region of the toxin that
corresponds to the binding region of the Cry2 toxin [38]. It was proposed that this amino
terminal cleavage is a rate-limiting step in the toxin binding of Cry2A, and a deletion of 42
residues of the amino-terminal region resulted in a 3 fold enhancement of Cry2A toxicity
against Spodoptera littoralis and Agrotis ipsilon [36] (Fig 4). In addition to this deletion, two
point mutations (K63F and K64P) increased toxicity by up to six-fold [36]. It is important to
mention that the 42 amino acid deletion does not include the residues of helix a-1 of domain
l.

Deletions of small fragments at their amino termini resulted either in increased toxicity or in
toxins that could be useful for countering insect resistance to native Cry1A toxins either applied
as spray products or expressed in transgenic crops. Such altered toxins may be particularly
effective in insects that became resistant due to changes in the first toxin receptor.
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4. Final Remarks

Bt toxins have been employed successfully in recent years to control the most important insect
agricultural pests, but not all insect pests are targets for Cry toxins and it is anticipated that
insect resistance to Bt toxins will become more frequent in the coming years and could limit
the utility of Bt-crops in the near future.

In this review we have presented different experimental strategies that have been used to
improve Cry toxin action. In most cases, the improvement of toxins came as a direct result of
understanding their mode of action in the different insect orders. Figure 1 shows a model of
the mode of action in different insect orders. The activation process can be modified by addition
of protease inhibitors or by introduction of intramolecular cleavage sites in the toxin. The toxin-
receptor binding interaction can be increased by improving the contact of the toxin with its
receptors, for example by using of chitinases or by including additional binding sites as shown
when Cry toxin activity is potentiated by the use of Cyt toxins and by the use of a small fragment
of cadherin-like receptor. In addition, the affinity of the binding interaction can be also
improved by site-directed mutagenesis or by designing of novel hybrid toxins. Figures 2—4
show structural models of different Cry toxins, indicating the regions of the toxin that have
been modified to improve their insecticidal activity. Knowledge of the role of the cadherin
receptor in toxin activation and oligomerization formed the basis for the design of modified
toxin proteins that have great potential to deal with insect resistance.

Continued analysis of the molecular basis of toxin action including studies of insect specificity,
of insect-resistance to Cry toxins and of the role of receptor molecules in toxicity will provide
new ways for a rational design of Cry toxins to control insect pests important in agriculture or
in human health. Such developments will extend the useful lifespan of this technology.
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Figure 1.

Model of the mode of action of Cry toxins, including the different steps in toxin action that
have been modified to enhance its insecticidal activity or to overcome resistance. 1, Crystal
solubilization in midgut lumen. 2, Protoxin activation and translocation trough the peritrophic
membrane. 3, Toxin binding to primary receptor and cleavage of helix a-1. 4, Oligomerization
of the toxin and binding to secondary GPI-anchored receptors. 5, Toxin insertion into the
membrane and pore formation. Some strategies used to improve toxin action are represented
in this figure such as: i) Chitinase that improves accessibility of the toxin to the epithelial
membrane. ii) Serine protease inhibitors that reduce degradation of Cry or of toxin-receptors.
iii) Introduction of intramolecular cleavage sites in the toxin that improves binding interaction.
iv) Introduction of more binding sites such as the CR12-MPE-peptide from cadherin receptor
or the Cyt1A toxin. iv) Deletion of helix a-1 that induces toxin-oligomerization and skip
cadherin interaction.
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Figure 2.

Model of 3D structure of Cry1A toxin, indicating the regions of the toxin that have been
modified to improve its insecticidal activity. Point mutations in Domains | and Il are labeled
in red. Domain 11 is labeled in dark pink and amino-terminal region deleted in CrylAMod
toxins is labeled in black.
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Figure 3.

Model of 3D structure of Cry3A toxin. Point mutations in Domain Il that improve its
insecticidal activity are labeled in red. An engineered proteolytic site included in Domain I is
labeled in black.
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Figure 4.
Model of 3D structure of Cry2A toxin, indicating in black the N-terminal region of the toxin
that was deleted to improve its insecticidal activity.
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