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Abstract

The bacterium Bacillus thuringiensis (Bt) produces protoxin proteins in parasporal crystals. 

Proteolysis of the protoxin generates an active toxin which is a potent microbial insecticide. 

Additionally, Bt toxin genes have been introduced into genetically modified crops to produce 

insecticidal toxins which protect crops from insect invasion. The insecticidal activity of Cry toxins 

is mediated by specific interaction between toxins and their respective cellular receptors. One such 

toxin (Cry1Ab) exerts toxicity by first targeting the 12th ectodomain region (EC12) of the moth 

cadherin receptor BT-R1. Binding promotes a highly regulated signaling cascade event that 

concludes in oncotic-like cell death. We previously determined that conserved sequence motifs 

near the N- and C-termini of EC12 are critical for toxin binding in insect cells. Here, we have 

established that Cry1Ab specifically binds to EC12 as a soluble heterodimeric complex with 

extremely high affinity (Kd = 19.5 ± 1.6 nM). Binding assays using Cry1Ab toxin and a 

fluorescently labeled EC12 revealed that the heterodimeric complex is highly specific in that no 

such formation occurs between EC12 and other Cry toxins active against beetle and mosquito. 

Disruption of one or both terminal sequence motifs in EC12 eliminates complex formation. Until 

now, comprehensive biophysical characterization of Cry1Ab recognition and binding by the BT-R1 

receptor was unresolved. The findings presented here provide insight on the molecular 

determinants in the Cry family of toxins and should facilitate the assessment and advancement of 

their use as pesticidal agents.
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Introduction

Bacillus thuringiensis (Bt) is unique in the bacterial world in that it produces entomocidal 

crystalline protein inclusion bodies, which exert their insecticidal action on a variety of 

insects including moths, beetles and mosquitoes as well as nematodes, both parasitic and 

free-living [1–3]. The toxic crystalline protein is deposited within the inner spore coat and 

alongside the endospore during the sporulation cycle of the bacterium—thus the name 

inclusion body or parasporal crystal [4]. The parasporal crystal lattice is composed solely of 

polypeptide protoxin subunits [5,6]. Activation of the protoxin generates a single subunit 

Cry toxin [7]. Protoxins range in size from 72 to 135 kDa, and Cry toxins range in size from 

60 to 68 kDa, depending on their respective toxin group [1]. X-ray crystallographic studies 

of Cry toxins from several Bt subspecies reveal that they contain three structural domains 

and share a high degree of topological similarity [8–13]. Domain I consists of a seven α-

helix bundle containing a central amphipathic α-helix that is well conserved among all Cry 

toxins. Domain II is composed of three sets of antiparallel β-sheets that are packed around a 

central hydrophobic core forming a so-called β-prism structure. Domain III is a sandwich of 

two antiparallel β-sheets that form a classic “jelly-roll” conformation. Domain I is the most 

conserved across the families of Cry toxins whereas Domains II and III are far less 

conserved. The functions of the three domains essentially remain unresolved although there 

are reports that suggest various activities reviewed in [1]. Domain I has been proposed to 

function in ion-channeling and toxin insertion into cell membrane [14]. Domain II is 

implicated in influencing host specificity [15] whereas Domain III is thought to be 

associated with cell receptor binding and channel formation in the cell membrane [16–18]. 

Unfortunately, there is no in situ or in vivo evidence to support these notions. Previously, we 

discovered that a single-pass cadherin adhesion G protein-coupled receptor (GPCR), BT-R1, 

located in the midgut epithelium of the tobacco hornworm Manduca sexta specifically binds 

the Cry1Ab toxin of B. thuringiensis subsp. berliner 1715 [19,20]. B. thuringiensis subsp. 

berliner is the “type” subspecies against which all subspecies of B. thuringiensis are 

compared taxonomically [21]. It is the subspecies used in this investigation and many of our 

earlier related studies. BT-R1 represents a family of homologous single-pass adhesive 

GPCRs that are critical to receptor binding and insecticidal activity for a variety of Cry 

toxins [1,20,22–26]. The composition of BT-R1 includes four distinct structural units or 

domains that contribute to its biological context. The four domains include (i) an ectodomain 

(EC), which contains 12 ectodomain modules (EC1-EC12), each composed of β-barrel 

cadherin repeats connected one to another by interdomain linkers, (ii) a membrane-proximal 

extracellular domain (MPED), (iii) a transmembrane domain (TM) and (iv) a cytoplasmic 

domain (CYTO) [22]. A CD spectrum of an ectodomain fragment (EC10-EC12 to which 

Cry1Ab toxin binds) revealed that a large fraction of β-structure remains stable and intact 

either in the presence or absence of Ca2+ although conformational changes in the EC10-

EC12 fragment do occur upon Ca2+ binding [27]. Cell-cell adhesion is mediated by the EC, 

whereas the MPED most likely facilitates receptor activation after Cry1Ab toxin binding to a 
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conserved structural motif in EC12. Upon toxin binding, a Mg2+-dependent signaling event 

is triggered which stimulates its associated heterotrimeric G protein (Gαs). Gαs activates 

adenylyl cyclase, prompting enhanced cAMP synthesis [28]. Protein kinase A becomes 

activated by cAMP, which effects cytological alterations and ion fluxing among other 

structural and biochemical changes. One particular event involves heightened trafficking of 

BT-R1 from inside the cell to the cell surface [29]. Enrichment of BT-R1 on the cell surface 

intensifies Cry1Ab binding and signal transduction resulting in increased killing capacity. 

Based on our cytological and biochemical studies, binding of Cry1Ab toxin to BT-R1 is 

specific, selective and univalent, i.e., EC12 binding of toxin occurs at a 1:1 molar ratio 

[22,28,30–32]. Binding of the Cry1Ab toxin by EC12 in this manner establishes the cell-

signaling pathway that leads to the total dysfunction and death of those cells susceptible to 

the toxin [19,20,28,30,32,33]. We have not observed any formation of pores or ion channels 

that insert Cry toxin into cell membrane [32] nor have we seen any involvement of alkaline 

phosphatase or aminopeptidase-N as a toxin receptor as has been reported elsewhere [34–

36]. Therefore, we have focused our efforts on defining precisely the region in EC12 that 

binds the physiologically active toxin that initiates and establishes the cell death pathway 

described above. We know from foregoing live cell studies in our laboratory that Cry1Ab 

binding to BT-R1 occurs in a 169-amino acid segment that encompasses EC12 and part of 

EC11 [22]. Here, we have refined our analysis of the toxin-binding region (TBR) and 

demonstrate that the TBR is a finite structural area within EC12 exclusively. EC12 contains 

a 112-amino acid sequence whose N- and C-terminal regions are highly conserved among 

homologous cadherin receptors in a number of moth species [30,31] but divergent from 

similar receptors present in other insects such as beetles and mosquitoes [1]. To better 

understand the biochemical and biophysical properties that define binding of toxin to BT-R1 

in the context of specificity, selectivity and affinity, we purified both the Cry1Ab toxin and 

EC12 in their active states and examined the interaction of the two molecules directly in 

solution by size exclusion chromatography. Moreover, we applied size exclusion 

chromatography-multi-angle laser scattering (SEC-MALS) analysis to confirm the complex 

formation between Cry1Ab toxin and EC12, and fluorescence gel imaging to determine 

specificity of the interaction [31]. Here, we show that active Cry1Ab forms a stable 

heterodimeric complex with EC12 with very high affinity. Using site-directed mutagenesis 

and a fluorescence-based binding assay, we finely mapped the TBR within EC12 to a pair of 

dipeptide sites within the N- and C-termini. The findings reported here present a first look 

into the structural determinants of the Cry1Ab toxin interaction with BT-R1 and offer a 

promising avenue for new insecticide design and discovery.

Materials and Methods

Cloning, site-directed mutagenesis and expression of the BT-R1 toxin-binding region 
(EC12)

Previously we cloned and characterized the full-length BT-R1 mRNA (GenBank accession 

no. AF310073) from tobacco hornworm, Manduca sexta [19,20,22]. The DNA fragment 

encoding EC12 (amino acid residues 1349–1460) was generated by PCR amplification. The 

fragment was cloned directionally into the SalI and HindIII sites of the pHAT4 His6 tag 

fusion plasmid vector, which encodes for an N-terminal His6 tag followed by a tobacco etch 
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virus (TEV) cysteine protease recognition and cleavage site. pHAT4 conveys ampicillin 

resistance and utilizes a T7 RNA polymerase promoter and terminator for expression [37]. 

All deletional and substitutional mutations were introduced into EC12 using the Phusion 

Site-Directed Mutagenesis Kit (ThermoFisher Scientific). As described in a recently 

published report [31], we substituted the 36th residue in EC12 with a cysteine residue 

combined with a change of the 44th tyrosine residue to tryptophan (EC12A36C/Y44W). This 

change enabled conjugating Alexa-488 fluorescent dye at the cysteine residue through a C-

maleimide-mediated reaction. The resulting protein was used as a molecular probe to 

determine toxin binding. Sequences of all recombinant plasmid constructs were confirmed 

by Sanger sequencing. Plasmid constructs were transformed into BL21(DE3) pLysS 

Escherichia coli (Promega) for protein expression. Selected recombinant bacterial colonies 

were grown overnight at 37°C in 2X YT medium containing ampicillin (100 μg/mL) to 

obtain a starter culture. Six-liter culture was inoculated in 2X YT medium with the starter 

culture and grown with shaking (250 rpm) at 37°C till OD600 nm = 0.8. Expression of the 

recombinant proteins was induced by the addition of 1 M isopropyl β-thiogalactoside 

(IPTG) to a final concentration of 500 μM for 4 h at 37°C. Cells were harvested by 

centrifugation at 8000 rpm for 15 minutes at 4°C and re-suspended in equilibration buffer 

containing 20 mM Tris buffer (pH 8.0), 300 mM NaCl, 2 mM dithiothreitol (DTT) and 1 

mM phenylmethanesulfonyl fluoride (PMSF), followed by sonication. The resulting soluble 

proteins were purified by nickel affinity chromatography as described [31] and quantified by 

Bradford assay (Bio-Rad, CA) using bovine serum albumin as control.

Purification of recombinant proteins

Soluble proteins were collected after centrifugation at 18,000 rpm for 30 min at 4°C and 

filtered. Subsequently, protein purification was carried out with a HisTrap HP affinity 

column (GE Healthcare Life Sciences) equilibrated with cell re-suspension buffer on an 

ÄKTA pure protein purification system (GE Healthcare Life Sciences). Elution of proteins 

was carried out in a gradient of equilibration buffer containing 20 mM Tris buffer (pH 8.0), 

300 mM NaCl, 2 mM DTT and 1 M imidazole. Fractions containing EC12 were subjected to 

western blot analysis using anti-6xHis antibody. The fractions were pooled and separated on 

a HiTrap Q HP column (GE Healthcare Life Sciences) equilibrated with buffer containing 

20 mM Tris (pH 8.0), 2 mM DTT and eluted in a gradient from 0 to 1 M NaCl. At the last 

step, the 6xHis tag on the recombinant protein was removed by a protease encoded by the 

TEV. HisTrap chromatography was then used to separate untagged recombinant proteins. 

The purified protein was concentrated and frozen for future use. EC12 mutants used in the 

competitive binding assay were obtained through the first HisTrap affinity purification 

without TEV cleavage.

Purification of Cry1Ab toxin

Bacillus thuringiensis subsp. berliner 1715 was cultured in a MnCl2-containing trypticase 

broth (pH 7.0) with constant shaking (200 rpm) at 30°C for 70 h. Purification of the Cry1Ab 

toxin was accomplished as previously described with slight modification [30]. Briefly, 

sporulated cells containing parasporal crystals (composed of ~130 kDa protoxin) were 

harvested by centrifugation at 7,000 rpm for 10 min at 4°C. The pelleted cells were re-

suspended in a 50 mM Na2CO3 buffer (pH 10.1) containing 2 mM DTT at room temperature 
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for 2 h to facilitate crystal protoxin dissolution. Soluble Cry1Ab protoxin was recovered by 

centrifuging at 16,000 rpm for 10 min at 4°C and dialyzed overnight at 4°C against a 50 mM 

Tris buffer (pH 8.7) supplemented with 50 mM NaCl and 2 mM DTT. Treatment of the 

recovered soluble protoxin with trypsin (Cat# 27250–018, Life Technologies) at 37°C for 2 

h rendered soluble, activated Cry1Ab toxin (Mr~65 kDa), which was purified with a HiTrap 

Q HP chromatography column on an ÄKTA pure system.

Stain-free imaging and western blot analysis

Protein samples were heated at 95°C for 5 min in SDS-PAGE sample buffer and subjected to 

SDS-PAGE (Mini-Protean Gel Electrophoresis System, Bio-Rad) using gels containing 

2,2,2-tricloroethanol (TCE, Sigma- Aldrich) as previously described [31]. Crosslinking 

(covalent binding) of tryptophan residues in the proteins to TCE was activated by ultraviolet 

light [38]. The resulting tryptophan adducts emitted fluorescence upon excitation by further 

irradiation captured by a ChemiDoc MP Imaging System (Bio-Rad). Proteins resolved on 

the stain-free gels were electro-transferred directly to nitrocellulose membranes using the 

Trans-Blot Turbo Transfer System (Bio-Rad, CA). To detect His-tagged proteins during 

purification, 1:5,000 diluted monoclonal 6x-His Epitope Tag Antibody (MA1–21315, 

Invitrogen) was used. Horseradish peroxidase-conjugated goat anti-mouse antibody 

(1:10,000; ThermoFisher Scientific, Cat# 31432) was used as the secondary antibody. 

Protein bands were developed using Amersham ECL Western Blotting Prime Detection 

Reagent and visualized in a ChemiDoc MP Imaging System (Bio-Rad, CA). Detection of 

Cry1Ab, Cry3A and Cry4B toxins was accomplished using rabbit polyclonal antisera 

(1:20,000) raised against each toxin, respectively [19,20]. Horseradish peroxidase- 

conjugated goat anti-rabbit antibody (1:10,000; Thermo Fisher Scientific, Cat# 31460) was 

used as a secondary antibody.

Size Exclusion Chromatography Coupled with Multi-angle Laser Light Scattering (SEC- 
MALS)

Molar mass of the soluble Cry1Ab-EC12 complex and its individual monomeric 

components (Cry1Ab and EC12) was determined by SEC-MALS analysis. Protein samples 

were applied to a SEC column (Superdex 200) in buffer containing 20 mM Tris (pH 8.0) 

supplemented with 300 mM NaCl and 1 mM tris(2-carboxyethyl)phosphine (TCEP), and 

purified using an ÄKTA pure protein purification system. Multi-angle laser light scattering 

measurements were collected in tandem using a miniDAWNTM TREOS MALS detector 

(Wyatt Technology). Data were evaluated using the software ASTRA 5.3.2.

C maleimide-mediated fluorescent dye conjugation to EC12 protein

A fluorescently labeled EC12 probe was produced through a C maleimide-mediated 

conjugation of Alexa-488 fluorescent dye (Thermo Fisher Scientific) to the sulfhydryl 

groups of cysteine of the purified EC12A36C/Y44W protein as described previously [31]. 

Separation of the labeled protein from fluorescent dye was achieved through size exclusion 

chromatography (Superdex 200).
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Fluorescence-based In-solution binding of Cry1Ab toxin to EC12 and competitive binding 
assays

Binding assays using an engineered and fluorescently labeled EC12 probe has been 

described in detail [31]. This assay allows sensitive detection of Cry1Ab binding to its 

cognate partner. Briefly, fluorescently labeled EC12 probe at constant concentration was 

mixed with toxin at fixed or varied concentrations in a solution containing 20 mM Tris 

buffer (pH 8.0) supplemented with 200 mM NaCl, 1 mM DTT and 5% glycerol for 20 min 

at room temperature. Reaction volume was 10 μl. Samples were resolved on a native PAGE 

gel and fluorescent bands were detected on a Typhoon FLA 9500 (GE Healthcare Life 

Sciences). In addition, competitive binding experiments were conducted to determine the 

competitive ability of various EC12 mutants against the EC12 probe for Cry1Ab. Incubation 

of Cry1Ab with non-fluorescent EC12 molecules at varied concentrations was carried out at 

room temperature for 15 min. Fluorescent EC12 probe then was added to each reaction. The 

protein mixture was incubated for an additional 15 min upon which they were examined on 

a native PAGE gel followed by fluorescent detection with a Typhoon FLA 9500.

Results

Formerly, we discovered that the EC12 region is responsible for specific Cry1Ab binding as 

well as mediating Cry1Ab toxicity in High FiveTM cells expressing BT-R1 [30,32]. In the 

present study, we characterize the active Cry1Ab and EC12 complex in solution. Analytical 

size-exclusion chromatography revealed that a Cry1Ab-EC12 mixture elutes as two distinct 

absorbance peaks, one at fraction 20 (peak I) and the other at fraction 25 (peak II) (Figure 

1A). SDS-PAGE analysis in Figure 1B shows that both the Cry1Ab and EC12 proteins were 

contained in peak I (fractions 17–23; lanes 4–10) with the highest concentration in fraction 

20 (lane 7), indicating that Cry1Ab and EC12 co-eluted as a complex. Excess unbound 

EC12 was detected in lanes 11–13 only, which correspond to fractions 25–29 in peak II. 

These results demonstrate that Cry1Ab and EC12 can form a stable homogenous complex 

while in solution. To determine Cry1Ab-EC12 binding stoichiometry, we applied SEC-

MALS analysis for Cry1Ab alone and a mixture of Cry1Ab with an excess molar 

concentration of EC12. Figure 2A reveals one major peak corresponding to a single protein 

with a molar mass of 65.1 × 104 g/mol (0.8% uncertainty) or 65.1 kDa. The molecular 

weight of the Cry1Ab toxin has been reported to be 65 kDa [7]. The eluted toxin is highly 

homogenous, as indicated by the almost horizontal dotted line plotting molar mass across 

the peak and exists exclusively as a monomer. SEC-MALS analysis of the Cry1Ab-EC12 

mixture generated two protein peaks (peaks I and III, Figure 2B). Figure 2B shows merged 

chromatograms from analyses of Cry1Ab alone (peak II, which is peak I in Figure 2A) and 

the Cry1Ab-EC12 mixture (peak I). Like purified Cry1Ab toxin (peak II), peak I and III 

proteins are homogenous and both proteins appear as monomers in solution. Peak I protein 

has a molar mass of 78 × 104 g/mol (1.7% uncertainty), and peak III protein, 13.4 × 104 

g/mol (1.5% uncertainty). The theoretical molecular weight for EC12, based on amino acid 

composition, is 13.027 kDa, which agrees quite nicely with the SEC-MALS calculation. 

Furthermore, the molar mass of the protein eluted in peak I is 78 × 104 g/mol indicating an 

equimolar mixture of Cry1Ab toxin and EC12, and that the stoichiometry of the interaction 

between the two proteins is strictly 1:1. Next, we sought to determine the binding affinity for 
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the Cry1Ab-EC12 interaction. We recently developed a fluorescence-based detection assay 

to quantitatively assess the interaction between Cry toxins and their receptors [31]. As 

described in this report, we substituted an alanine residue in wild-type EC12 (EC12WT) with 

cysteine along with a change of tyrosine to tryptophan using site-directed mutagenesis. 

These mutations did not affect the interaction between Cry1Ab and EC12 [31]. We 

covalently labeled this mutant protein with the fluorescent dye Alexa Fluor® 488 (Molecular 

Probes) by C-maleimide mediated conjugation and used it as a probe in binding assay as 

described previously [31]. As can be seen in Figure 3A, the amount of Cry1Ab-EC12 

complex increased concomitantly with a decreased amount of unbound EC12 probe. Figure 

3B (see Figure legend for details) shows that the equilibrium dissociation constant (Kd) for 

binding of Cry1Ab and EC12 is 19.5 ± 1.6 nM (R2 = 0.994; 95% confidence intervals were 

15.4–22.6 nM), reflecting very high-affinity binding between these two proteins. Moreover, 

the shape of the curve is hyperbolic, supporting results in Figure 2 showing that the Cry1Ab-

EC12 interaction is direct, stable and 1:1. It is widely recognized that the Cry1Ab toxin is 

highly toxic to moths but not to other insects such as beetles and mosquitoes [1]. Here, we 

provide new evidence that strongly suggests sequence motifs within Cry1Ab and the EC12 

domain of BT-R1 are essential for this display of selectivity. To examine the selectivity of 

EC12, we conducted comparative binding assays using the EC12 probe in the presence of 

Cry1Ab, the beetle toxin Cry3A and the mosquito toxin Cry4B. As shown in Figure 4A, the 

fluorescent EC12 probe was incubated with 100 and 200 nM Cry1Ab toxin (lanes 2 and 3, 

respectively), Cry3A (lanes 4 and 5) and Cry4B (lanes 6 and 7) at 200 and 400 nM, 

respectively. This result shows that amongst the three Cry proteins, only Cry1Ab depleted 

the free EC12 probe, with simultaneous appearance of the Cry1Ab-EC12 complex, whereas 

Cry3A and Cry4B did not. Using specific antisera against the respective Cry toxins resulted 

in each antibody detecting only its cognate Cry toxin, demonstrating no cross-reactivity 

amidst the three Cry proteins (Figure 4B). Figure 4C shows multiple sequence alignments of 

EC12 from M. sexta (moth) and corresponding regions in several cadherin receptors 

representative of: (i) a closely phylogenetically related moth Bombyx mori, and less closely 

related insects (ii) Anopheles gambiae (mosquito) and (iii) Tenebrio molitor (beetle). 

Cry1Ab is toxic to B. mori, the silkworm, as it is to M. sexta, the tobacco hornworm [39]. 

The A. gambiae cadherin receptor (BT-R3) binds the Cry4B toxin, which kills this 

biomedically important malaria vector [40,41], and the T. molitor cadherin binds the Cry3A 

toxin, which kills this economically significant beetle that infests stored grain products [42]. 

The comparative sequence alignments show that EC12 is highly homologous to the B. mori 
cadherin protein but less so to the A. gambiae and T. molitor cadherins. We believe that 

these differences are critical for the discriminating nature of EC12 binding to Cry toxins as 

demonstrated in Figure 4A. Taken together, the data reveal that the formation of a soluble 

heterodimeric complex is the result of highly specific and selective interaction of Cry1Ab 

and EC12.

Results presented thus far confirm that EC12 contains the toxin-binding region (TBR) for 

the Cry1Ab toxin. The next step was to map the TBR within the EC12 region. Figure 5A 

shows several N-terminal truncation constructs of EC12 compared to EC12WT. Figure 5B 

shows that both EC12WT and EC12EL (lanes 3 and 4) competed with the fluorescent probe 

for Cry1Ab binding. Note the unbound EC12 probe at the bottom of lanes 3 and 4. EC12AG 
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and EC12DS (lanes 5 and 6) lost their ability to compete with the probe for Cry1Ab binding 

(no EC12 probe band). Western blot results (Figure 5C) demonstrate that these competitor 

proteins were utilized at near equivalent concentrations. The results suggest that the region 

between the 9th residue (glutamic acid) and the 13th residue (alanine) have a direct role in 

binding to Cry1Ab. To further explore the residues responsible for Cry1Ab binding in the N-

terminal region of EC12, alanine substitutions were introduced within this region of EC12 

(Figure 5D) and competitive binding experiments were conducted with these mutant EC12 

proteins. Figure 5E shows that alanine substitutions for valine-arginine (VR) and glutamic 

acid-leucine (EL) dipeptides in the EC12 did not alter their ability to compete with the EC12 

probe for Cry1Ab binding as indicated by the free EC12 probe at the bottom of the gel 

(lanes 5–8). On the other hand, alanine substitutions for the tyrosine-threonine (YT) 

dipeptide resulted in a mutant incapable of competing with the EC12 probe for Cry1Ab 

binding (lanes 9–10). These competitor proteins were applied at comparable levels, as 

shown in Figure 5F. These results clearly demonstrate that the YT dipeptide is essential for 

binding to Cry1Ab. Similarly, to determine whether residues in the C-terminal end of EC12 

are involved in Cry1Ab binding, EC12 truncations were generated (Figure 6A) and tested for 

their ability to compete for Cry1Ab in the presence of the EC12 probe. The mutant peptide 

EC12SQ (devoid of asparagine and arginine) competed with the EC12 probe in a manner 

comparable to the EC12WT (Figure 6B). Removal of the terminal serine and glutamine 

residues (EC12VS) significantly reduced the mutant’s ability to compete, indicating that the 

serine-glutamine (SQ) dipeptide lies within the boundary necessary for Cry1Ab binding. 

Again, Western blot analysis (Figure 6C) reveals that all three peptides were present at near 

equivalent concentrations. Similar to the N-terminal region of EC12, alanine substitutions 

were done in the C-terminal region to confirm the involvement of the SQ dipeptide in toxin 

binding (Figure 6D). Figure 6E shows that alanine substitution in the SQ dipeptide 

decreased its capacity to compete with the EC12 probe for Cry1Ab binding by 

approximately 50%, indicating that the SQ dipeptide does play a role in the binding of EC12 

to Cry1Ab.

Discussion

All GPCRs have one common structural feature—a transmembrane domain (TM), which is 

critical for transducing a molecular signal across the cell membrane [43]. Typical signal 

transduction involving GPCRs depends on receptor-mediated activation of heterotrimeric G 

proteins [44]. Except for the invertebrate cadherin BT-R1, which represents a family of 

insect cadherin adhesion GPCRs characterized by a single-pass transmembrane domain, all 

other GPCR transmembrane domains reported are seven-pass (i.e. seven α-helices are 

inserted into the cell membrane interconnected by three extracellular and three intracellular 

loops) [45]. Besides the TM domain, the extracellular EC and MPED domains of BT-R1 

play critical roles in mediating cell-cell adhesion [46] and interaction with toxins and other 

structural proteins [47–54]. One of our previous reports demonstrates that a Ca2+-modulated 

proteolysis of the EC domain regulates the molecular interactions and adhesive properties of 

the EC as well as the structural integrity of BT-R1 [27]. In addition, an intracellular CYTO 

domain mediates a downstream signaling cascade via a heterotrimeric G protein partner 

GαS to kill insects [28,32,55–57]. GPCRs in general are critical regulators of development. 
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BT-R1 is no exception. It is developmentally expressed in the midgut epithelium of the 

tobacco hornworm larva and such expression apparently is necessary for the organization 

and remodeling of the midgut epithelium during rapid cell proliferation and differentiation 

as well as tissue growth [58,59]. Because of the dramatic tissue-specific increase in BT-R1 

and the rapid accumulation of its corresponding mRNA, BT-R1 most certainly is key to 

maintaining the structural integrity of the insect’s alimentary canal during larval 

development. Indeed, the 5’-UTR of the gene encoding BT-R1 contains sequence motifs that 

evidently recruit specific transcription factors, which determine posterior patterning in the 

tobacco hornworm larva and control intestinal cell proliferation, differentiation and identity 

during development [59]. Cell death is a natural process that eliminates cells during normal 

insect development and is important to the appropriate structuring of organs and entire 

systems in the adult. Therefore, it is unsurprising that there is such a dramatic increase in the 

number of BT-R1 molecules during larval development, which potentially could bind inborn 

death ligands and destroy the midgut epithelium, necessarily clearing the larva of excessive 

tissue before it enters the pupal stage. Alien ligands such as the Cry toxins of Bt could take 

advantage of such a process and overwhelm the insect [58]. The predicament for the insect is 

exacerbated by the enhanced exocytosis of BT-R1 molecules from internal membranes to the 

cell membrane expedited by the Cry1Ab toxin [29]. The present study demonstrates that the 

interaction of purified active Cry1Ab toxin with purified active EC12 in solution renders a 

stable high-affinity heterodimeric complex heretofore never elucidated (Figure 1). The 

complex represents the combined molar masses of monomeric toxin and EC12, which 

harbors the toxin-binding region of BT-R1. Notably, no oligomerization of toxin was 

involved in complexing with EC12. In other words, only toxin monomer, not toxin oligomer 

as has been proposed elsewhere [34], is involved in receptor binding and, ultimately, 

insecticidal activity. Quantitative SEC-MALS analysis successfully revealed the 1:1 

stoichiometry of the EC12-Cry1Ab complex (Figure 2). A Cry-specific fluorescence-based 

binding assay [31] was efficacious for examining the binding dynamics of Cry1Ab and 

EC12. Variations of this approach have been used successfully to study ligand binding to a 

number of G protein-coupled receptors [60,61]. Binding experiments utilizing the labeled 

EC12 probe combined with varying amounts of active Cry1Ab revealed that the binding of 

EC12 to Cry1Ab is remarkably specific and dose-dependent (Figure 3A). The measured 

binding affinity (Kd =19.5 ± 1.6 nM) is very high (Figure 3B), corresponding nicely with our 

previous results using a larger fragment (169 amino acid residues) containing EC12 [22]. 

Cry1Ab toxin specifically targets certain insect hosts. Among many factors, the sequence 

and structural features of the GPCR BT-R1 are critical determinants in defining the binding 

specificity between toxin and BT-R1, which in turn governs selective toxicity towards the 

insect. The Cry1Ab toxin exhibits extreme bias in this regard as evidenced by its capacity to 

kill moths primarily, not other insects [1]. Results in Figure 4A demonstrate that EC12 

forms a heterodimeric complex unique to the moth toxin Cry1Ab but not to either the beetle 

toxin Cry3A or the mosquito toxin Cry4B verifying the critical role of BT-R1 in mediating 

Cry1Ab action. The primary feature that distinguishes Cry1Ab preference and affinity for 

the EC12 of BT-R1 is the highly conserved 100-amino acid sequence constituting the TBR. 

This sequence overlaps with a previously reported longer, undefined sequence in EC12 [62]. 

The boundaries of the TBR within EC12 described in the current study are established by 

the dipeptides YT (Figure 5E) and SQ (Figure 6E) which delineate the N- and C-terminal 
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regions, respectively, and define the structural motif of the TBR. Replacing or removing the 

two ends abolishes or diminishes binding of EC12 to Cry1Ab (Figures 5 and 6) and, 

obviously, precludes toxic action of Cry1Ab. Unquestionably, the basis of Cry1Ab 

insecticidal activity is the interaction of Cry1Ab with the cadherin receptor BT-R1, mediated 

by the TBR identified herein. Previously, we determined that purified Cry1Ab is highly toxic 

in vivo to larvae of the tobacco hornworm at extremely low concentration (LC50 = 1.0 ng/

cm2) [22]. Moreover, specific binding of active toxin to BT-R1 in living cells (LC50 = 65 

nM) leads directly to cell death [32]. In the present work, we demonstrated for the first time 

the formation of a stable soluble heterodimer complex consisting of Cry1Ab and EC12, and 

we determined the strong affinity (Kd= 19.5 ± 1.6 nM) and high specificity of the Cry1Ab-

EC12 interaction. Furthermore, we fine-mapped the structural determinants in BT-R1 

necessary for recognition and binding using innovative genetic and biochemical analyses. 

Our results establish two critical sites involved in the specialized interaction between 

Cry1Ab toxin and the GPCR BT-R1. Further exploring this relationship and the structural 

basis of GPCR type selectivity in different insects should facilitate a better appreciation of 

biased signaling and the mechanistic aspects of GPCR interactions with various insecticidal 

target ligands. Ongoing studies in our laboratory are aimed at elucidating GPCR structure 

and the dynamics of ligand binding with an eye toward understanding how various insect 

cadherin GPCRs and their cognate Cry toxin ligands trigger intracellular signaling by 

coupling with G protein and various associated proteins. Indeed, we are interested in 

understanding these GPCRs at the atomic level, determining how atomic motions enable 

GPCR function and in defining their energy landscapes and conformational transition rates. 

We are particularly interested in the crystal structures of inactive- and active-state cadherin 

GPCRs and their associated Cry toxins as well as the receptor-toxin complexes themselves. 

Further structural, biochemical and biophysical characterization of the complexes will 

facilitate selective modeling of these states using specifically designed and customized 

ligands. In turn, insecticide discovery and design should be expedited.
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Figure 1: 
Formation of the CrylAb toxin-EC12 complex in solution. CrylAb toxin was extracted from 

sporulated cells of B. thuringiensis subsp. berliner 1715. Purified toxin and EC12 of the 

receptor BT-R1 were mixed together and subjected to size exclusion chromatography (SEC) 

using a Superdex 75 10/300 GL column (see Materials and Methods). (A) Chromatogram 

for separation of the Cry1Ab-EC12 mixture by SEC. Void volume (7 ml) is indicated by the 

shaded area. (B) Resolution of the proteins in peaks I and II by 14% SDS- PAGE followed 

by Coomassie R-250 staining. Lane 1, EC12; lane 2, Cry1Ab; lane 3, Cry1Ab- EC12 

mixture; lanes 4–13, fractions 17–23, 25, 26 and 29, respectively.
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Figure 2: 
Determination of the heterodimeric nature of the soluble Cry1Ab-EC12 complex and its 

individual monomeric components by SEC-MALS analysis. (A) SEC-MALS analysis for 

purified Cry1Ab toxin. Elution volume is indicated in ml and molar mass is measured in g/

mol. The solid-line curve represents light scattering and the dotted-line curve indicates 

abundance of the proteins. The slanted dotted lines signify homogeneity of the sample. (B) 

SEC-MALS analysis for the Cry1Ab-EC12 mixture. Results were merged with the SEC-

MALS analysis of Cry1Ab toxin. The SEC-MALS analysis of the Cry1Ab-EC12 mixture 

produced peaks I and III and the Cry1Ab alone was present in peak II, which is the single 

major peak in Panel A. The merged results show relative elution volumes of all three 

proteins, and the relative scale of each protein peak is indicated by the Y-axis on the right 

side. Horizontal dotted lines for all three proteins indicate their homogeneity.
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Figure 3: 
High affinity interaction between EC12 and CrylAb. By using our recently published 

fluorescence-based EC12 probe (31), we determined the dissociation constant for EC12-

Cry1Ab. The fluorescently labeled EC12 probe was kept at constant concentration. Cry1Ab 

was added to the various reactions at increasing concentrations. Samples were resolved on a 

native PAGE gel. The gel was scanned to obtain a fluorescent image. Results presented are 

based on an average of three independent analyses. (A) Representative fluorescent image of 

complex formation and concomitant decrease in intensity of the free EC12 probe. P: 

fluorescently labeled EC12 probe only (lane 1); lanes 2 to 10, EC12 probe (100 nM) mixed 

with Cry1Ab (2.5, 5, 10, 15, 25, 37.5, 50, 100 and 200 nM, respectively). Cry1Ab-EC12 

complex and free EC12 probe are indicated by arrows on right. (B) Non-linear regression 

analysis of the binding of Cry1Ab and EC12. To determine the dissociation constant for 

Cry1Ab binding to EC12, a non-linear regression fit curve for the binding of the two 

molecules was obtained by measuring relative fluorescence units (RFU) of the free EC12 

probe in the presence of Cry1Ab at different concentrations using Prism 5 by GraphPad.
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Figure 4: 
Exclusive binding of CrylAb to EC12. (A) Selective binding of CrylAb to EC12, compared 

to the beetle toxin, Cry3A, and the mosquito toxin, Cry4B, was demonstrated by fluorescent 

imaging of the EC12 probe (200 nM) in the presence of Cry1Ab (lanes 2 and 3) at 100 and 

200 nM, respectively, Cry3A (lanes 4 and 5) and Cry4B (lanes 6 and 7) at 200 and 400 nM, 

respectively. P: EC12 probe only (lane 1). (B) Western blot analysis showing specific 

recognition of Cry1Ab, Cry3A and Cry4B proteins with their respective antisera. Upper 

panel: anti-Cry1Ab; middle panel: anti-Cry3A; lower panel: anti-Cry4B. Cry1Ab, Cry3A 

and Cry4B samples are indicated on the image. (C) Multiple sequence alignment of the 

EC12 region of BT-R from M. sexta (moth, AAG37912) with Bombyx mori (moth, 

BAA99404), Anopheles gambiae (mosquito, AGH20077.1) and Tenebrio molitor (beetle, 

ABL86001.2) cadherin proteins.
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Figure 5: 
The N-terminal boundary in EC12 for binding of Cry1Ab. A series of deletion mutants at the 

N-terminal end of EC12 was constructed. Mutant proteins were purified by nickel affinity 

chromatography. Competition binding of the mutant peptides was assessed using 

fluorescently labeled EC12 probe and purified Cry1Ab toxin. (A) Sequences for EC12WT 

and the N-terminal deletional mutant peptides. (B) Samples from the competitive binding 

assay resolved on a native gel. Shown is a representative fluorescent image of a native gel 

displaying competitive binding of the EC12 mutants to Cry1Ab toxin. The Cry1Ab-EC12 

complex and unbound EC12 probe are indicated by arrows on the left. P: 200 nM EC12 

probe alone (lane 1); P-C: 200 nM EC12 probe plus 500 nM Cry1Ab; other labels at top of 

the image show the non-fluorescent 500 nM EC12WT (lane 3) and the N-terminal truncated 

mutant peptides (lanes 4–6) at the same molar concentration incubated with Cry1Ab prior to 

EC12 probe addition. (C) Western blot analysis of the peptide competitors using anti-6xHis 

antibody demonstrates expression of the peptides. (D) The mutants of EC12 in which amino 

acid residues were substituted by alanine are presented. Dashed lines represent unchanged 

EC12 amino acid sequences. All alanine substitution mutants were expressed and purified 

by nickel affinity chromatography. Assays were conducted to test the mutants’ ability to 

compete with the EC12 probe for CrylAb binding. (E) Fluorescent gel displays competitive 

binding of the mutants listed in D. Fluorescent Cry1Ab-EC12 complex and unbound EC12 

bands are indicated by arrows on the left side of the gel. P: 200 nM EC12 probe only (lane 

1); P-C: 200 nM EC12 probe plus 500 nM CrylAb (lane 2); non-fluorescent EC12wT (lanes 

3 and 4: 400 nM and 800 nM, respectively), EC12VR/AA (lanes 5 and 6: 400 nM and 800 

nM, respectively), EC12el/AA (lanes 7 and 8: 400 nM and 800 nM, respectively) and 

EC12YT/AA (lanes 9 and 10: 400 nM and 800 nM, respectively) were incubated with 500 nM 

CrylAb prior to the addition of the EC12 probe. (F) Western blot analysis using anti-6xHis 

antibody against EC12WT (lane 1) and the alanine substitution mutants (lanes 2–4) show 

expression of these peptides.
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Figure 6: 
The C-terminal boundary in EC12 for binding of CrylAb. Two deletion mutants, EC12SQ 

and EC12VS, at the C-terminal end of EC12 were generated. The mutants were purified by 

nickel affinity chromatography. Competition binding of the mutant dipeptides was assessed 

using fluorescently labeled EC12 probe and purified Cry1Ab toxin. (A) Sequences for 

EC12W and the two deletion EC12 mutant peptides. (B) Samples from the competitive 

binding assay resolved on a native gel. Fluorescent gel showing competition binding of 

EC12sq and EC12vs. The Cry1Ab-EC12 complex and unbound EC12 probe are indicated by 

arrows on the left side. P: EC12 probe only (lane 1,200 nM); P-C: EC12 probe plus 500 nM 

C ry1Ab (lane 2). Competitor peptides for EC12wT (lanes 3–5 at 200, 400, and 800 nM 

respectively), EC12sq (lanes 6–8 at 200, 400 and 800 nM, respectively) and EC12vs (lanes 

9–11 at 200, 400 and 800 nM, respectively) were incubated with 500nM Cry1Ab prior to the 

addition of the fluorescent EC12 probe as indicated at the top of the image. (C) Western blot 

analysis of the peptide competitors using anti-6xHis antibody demonstrates expression of the 

two peptides. (D) Sequence change in the C-terminus of EC12 in which the serine and 

glutamine residues were substituted by alanine is presented. Dashed lines represent 

unchanged EC12 amino acid sequences. The EC12sq/aa mutant was expressed and purified 

by nickel affinity chromatography. Assays were conducted to test the mutant’s ability to 

compete with the EC12 probe for Cry1Ab binding. (E) Fluorescent gel displays competitive 

binding of the mutant EC12sq/M. Fluorescent Cry1Ab-EC12 complex and unbound EC12 

bands are indicated by arrows on the left side of the gel. P: 200 nM EC12 probe only (lane 

1); P-C: 200 nM EC12 probe plus 250 nM CrylAb (lane 2); non-fluorescent EC12wT (lanes 

3–6: 50, 100, 200, and 400 nM, respectively) and EC12sq/Aa (lanes 7–10: 50, 100, 200 and 

400 nM, respectively) were incubated with 250 nM Cry1Ab prior to the addition of the 

fluorescent EC12 probe. (F) Western blot analysis using anti-6xHis antibody against EC12W 

(lane 1) and EC12sq/Aa (lane 2) show expression of these peptides.
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