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Abstract

The Cry1Ab toxin produced by Bacillus thuringiensis binds to a conserved structural motif in the
12t ectodomain module (EC12) of BT-Ry, a cadherin G protein-coupled receptor (GPCR)
contained in the membrane of midgut epithelial cells of the tobacco hornworm Manduca sexta.
Toxin binding transmits a signal into the cells and turns on a multi-step signal transduction
pathway, culminating in cell death. Using chromatographically purified Cry1Ab and EC12
proteins, we demonstrated the direct formation of a stable complex between these two proteins in
solution and visualized it on a native polyacrylamide gel. Moreover, we generated a fluorescent
EC12 probe by converting the 36 residue to cysteine to enable maleimide-mediated conjugation
of Alexa-488 fluorescent dye to EC12 by site-directed mutagenesis. In addition, we changed the
44™ residue of EC12 to tryptophan, which greatly improved accuracy of protein quantification and
traceability. Using the fluorescently labeled EC12 probe for direct and competitive binding assays,
we were able to determine binding specificity in solution. These accomplishments will facilitate
identification and characterization of the interface sequences for both the Cry1Ab toxin and BT-
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Introduction

Bacillus thuringiensis (Bt) is a group of spore-forming Grampositive bacteria that produce
entomocidal parasporal crystalline proteins during the sporulation phase of their life cycle
[1]. The proteins (Cry toxins) exert their insecticidal action on a variety of insects including
moths, beetles and mosquitoes, many of which are economically important to agriculture
and public health. The lethal action of Cry toxins is initiated by binding of the toxins to
specific receptors in the midgut epithelium of susceptible insect larvae. These receptors,
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represented by BT-R; of the moth Manduca sexta (tobacco hornworm) [2,3], constitute a
family of homologous cadherin G protein-coupled receptors (GPCRs) that are essential to
the binding and activity of the various Cry toxins [1,3-7]. BT-R; is composed of four
domains: Ectodomain (EC), Membrane-Proximal Extracellular Domain (MPED),
Transmembrane Domain (TM) and Cytoplasmic Domain (CYTO) [4]. The EC contains 12
ectodomain modules (EC1-EC12), each of which is composed of p-barrel cadherin repeats
and are connected one to another by interdomain linkers. Previously, we demonstrated that
cadherin GPCR signaling is ligand (Cry toxin)-induced in the tobacco hornworm and is a
general phenomenon in other insect systems as well [1]. The primary focus in this report is
on the 210-kDa cadherin receptor BT-R1, which is present in midgut epithelial cells of
tobacco hornworm larvae [4]. The 65-kDa Cry1Ab toxin produced by Bt binds to a
conserved structural motif within the 12" ectodomain (EC12) of BT-R; [8]. This incident is
essential for toxicity of Cry1Ab to the insect. Binding of the toxin to BT-R; triggers a
signaling event, which stimulates its coupled heterotrimeric G protein. The G protein, in
turn, activates an effector enzyme, adenylyl cyclase, that catalyzes a dramatic increase in the
intracellular second messenger cCAMP [9]. cCAMP activates protein kinase A, bringing about
cytological rearrangement and ion fluxing as well as other significant changes such as
enhanced exocytosis of BT-R; from intracellular membrane vesicles to the cell surface [10].
CrylAb-induced enrichment of BT-R; on the cell surface amplifies the signaling and sets the
stage for additional toxin binding, leading to enhanced cell death. Cry1Ab toxin binding to
BT-R 1 is specific and selective in either cultured insect cells or whole insects [1,3,4,11,12].
Indeed, EC12, the proximal cadherin repeat of the BT-R; ectodomain, completely inhibits
Cry1Ab toxin action in insects when it is pre-incubated with the toxin at a 1:1 molar ratio
[4]. Moreover, BT-R 1 toxicity of High Five cells transfected with BT-R1 cDNA is inhibited
maximally when soluble EC12 is present at a 1:1 ratio with Cry1Ab [8]. Based on our
cytological and biochemical investigations, it is evident that univalent binding of the Cry1Ab
toxin affects the structural and functional properties of BT-R4 to bring about cellular damage
and total loss of function in midgut epithelial cells of tobacco hornworm larvae exposed to
the toxin. We are interested particularly in determining the amino acid residues that define
both the toxin-binding region within the EC12 module of BT-R; and the receptor-binding
region within the Cry1Ab toxin. Binding of the two proteins depends on the N- and C-
terminal ends of EC12, which fashion the boundaries of the module and define its structural
motif. Sequences in the two ends are highly conserved among homologous cadherin GPCRs
in different moth species. Excluding the two ends abolishes binding of EC12 to Cry1Ab and
Cry1Ab toxicity [8]. These two ends undoubtedly mediate Cry1Ab interaction with EC12
and, most certainly, promote Cry1Ab toxicity. To further examine those features that define
the binding of the toxin to BT-R; in the context of specificity and affinity, we
chromatographically purified both the Cry1Ab toxin and the toxin-binding region, EC12, of
BT-R; and examined the direct interaction of the two molecules in solution. Additionally, we
constructed a fluorescent EC12 probe for determining the specificity and affinity of EC12
binding to Cry1Ab by converting residue 36 (serine) in EC12 to cysteine. This change
permitted C-maleimide mediated conjugation of Alexa Fluor® 488 to the free thiol group on
EC12. We also introduced a tyrosine to tryptophan change at residue 44 of EC12 for better
quantification of the protein and easier tracking during the purification process. The
fluorescence signal was exceptionally strong and uniform and, notably, did not interfere with
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binding of the toxin to EC12. Hence, we relied on the high-sensitivity probe (EC1235c/44w)
to examine various binding properties of CrylAb and EC12. By monitoring the interaction
of fluorescently labeled EC12 and Cry1Ab toxin in a non-denaturing polyacrylamide gel
system, we verified formation of a highly stable, soluble complex that most likely typifies
such structures formed in a variety of related moth species.

Materials and Methods

Cloning, site-directed mutagenesis and expression of the BT-R4 toxin-binding region
(EC12) proteins

Cloning and characterization of BT-R1 (GenBank accession no. AF310073) was done
previously in our laboratory [2-4]. The DNA fragment encoding wild-type EC12 (EC12\;
amino acid residues 1348-1459) was generated by PCR amplification. The fragment was
cloned directionally between the Sa//and Hindlll sites of the pHAT4 6xHis tag fusion
plasmid vector, which encodes for an N-terminal 6xHis tag followed by a specific
recognition and cleavage site for a protease encoded by tobacco etch virus (TEV protease).
pHAT4 conveys ampicillin resistance and utilizes a T7 RNA polymerase promoter and
terminator for expression [13]. Mutations were introduced into EC12yy using the Phusion
Site-Directed Mutagenesis Kit (Thermo Fisher Scientific) and changes to amino acid
residues 36 (serine changed to cysteine) and 44 (tyrosine changed to tryptophan) of EC12
were generated. EC1244yy Was constructed to facilitate detection of protein during
purification using a stain-free method (see below). The EC123g¢;44w Was constructed
specifically to enable labeling with Alexa-488 fluorescent dye (see below). Sequences of all
recombinant plasmid constructs were confirmed by Sanger sequencing. Confirmed EC12
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 ug/mL) to obtain a starter culture. The starter culture
was inoculated into 10X volume of 2X YT medium next day and grown with shaking (250
rpm) at 37°C to ODggg nm = 0.8. Expression of the recombinant proteins was induced by the
addition of 1 M isopropyl p-thiogalactoside (IPTG) to a final concentration of 500 uM for 4
h at 37°C. Cells were harvested by centrifugation at 8000 rpm for 15 minutes at 4°C and re-
suspended in buffer containing 20 mM Tris pH 8.0, 300 mM NaCl, 2 mM dithiothreitol
(DTT) and 1 mM phenylmethanesulfonyl fluoride (PMSF), followed by sonication.

Purification of recombinant proteins

Soluble proteins were collected after centrifugation at 18,000 rpm for 30 min at 4°C and
filtered. Protein purification was carried out with a HisTrap HP affinity column (GE
Healthcare Life Sciences) equilibrated with cell re-suspension buffer on an AKTA pure
protein purification system (GE Healthcare Life Sciences). Elution of proteins was carried
out in a gradient of cell re-suspension buffer and 20 mM Tris buffer pH 8.0 supplemented
with 300 mM NaCl, 2 mM DTT and 1 M imidazole. Fractions containing EC12 were pooled
and separated on a HiTrap Q HP column (GE Healthcare Life Sciences) equilibrated with 20
mM Tris pH 8.0 plus 2 mM DTT and eluted in a gradient of 20 mM Tris pH 8.0
supplemented with 1 M NaCl and 2 mM DTT. At the last step, the 6xHis tag on the
recombinant protein was removed by a protease encoded by the TEV. HisTrap
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chromatography was used to separate untagged recombinant proteins. The purified protein
was concentrated and frozen for future use.

Purification of Cry 1Ab toxin

Bacillus thuringiensis subsp. berfinerwas cultured in a MnCly-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 [8]. 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 Na,CO3 buffer pH 10.1 containing 2 mM DTT and shaken (200 rpm) at room
temperature 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 50 mM Tris (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 65-kDa Cry1Ab toxin, which was purified with a HiTrap Q
HP chromatography column on an AKTA pure system.

Stain-free imaging, immunoligand blot analysis and fluorescence-based detection of toxin
binding to EC12

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
0.5% 2,2,2-trichloroethanol (TCE, Sigma-Aldrich). Crosslinking (covalent binding) of the
tryptophan residues in the proteins to TCE was activated by ultraviolet light [14]. The
resulting tryptophan adducts emitted fluorescence upon excitation by further irradiation,
which was captured by a ChemiDoc MP Imaging System (Bio-Rad). This stain-free
procedure minimizes any permanent modifications of the proteins and allows use of the
same gel for western blot analysis. The proteins resolved on the stain-free gels were electro-
transferred directly to nitrocellulose membranes using the Trans-Blot Turbo Transfer System
(Bio-Rad). Membranes were blocked in 5% dry-milk containing Tris-buffered saline
supplemented with 0.5% Tween-20 (TBS-T) for 30 min. To detect His-tagged proteins
during purification, membranes were incubated in 1:5,000 diluted monoclonal 6x-His
Epitope Tag Antibody (MA1-21315, Invitrogen) for 2 h at room temperature followed by
two washes with TBS-T buffer. Membranes were further incubated with horseradish
peroxidase-conjugated goat anti-mouse antibody (1:10,000; ThermoFisher Scientific, Cat#
31432) for 1 h followed by four washes with TBS-T buffer. Protein bands were developed
using Amersham ECL Western Blotting Prime Detection Reagent and visualized in a
ChemiDoc MP Imaging System (Bio-Rad).

Maleimide-mediated conjugation of Alexa-488 to EC1235c/44w

Alexa-488 dye (Thermo Fisher Scientific) was stably conjugated to the thiol groups of
cysteine of the purified EC1235¢/44 With a maleimide reagent (Life Technologies)
according to the manufacturer’s instructions. This reaction was carried out at 4°C with
mixing of Alexa-488 and EC1235c/44w Peptide at an equimolar ratio overnight in buffer
containing 20 mM Tris (pH 7.5), 150 mM NaCl and 1 mM tris (2-carboxyethyl) phosphine.
Both dithiothreitol and p-mercaptoethanol should not be used in the reaction because each of
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them contains free thiols. Labeled protein was separated from free dye molecules by size
exclusion chromatography (Superdex 200). The fluorescently labeled EC123g¢/44w (EC12
probe or probe) was aliquoted and frozen in =80°C for in-solution and competitive binding
assays.

In-solution binding of Cry1Ab toxin to EC12 and competition binding assays

Results

Binding of native Cry1Ab to EC12\1 or non-fluorescently labeled EC1236¢/44vy OF
EC1244\ Was conducted in a solution containing 20 mM Tris (pH 8.0) supplemented with
200 mM NaCl, 1 mM DTT and 5% glycerol for 20 min at room temperature. Reaction
volume was 10 pl. Samples were resolved on a native PAGE gel and visualized by silver
staining. Binding reactions of fluorescently labeled EC1236c/44w With Cry1Ab were
conducted under the same condition to accurately determine the CrylAb/EC12 complex.
Formation of the Cry1Ab/EC123¢¢/44vy cOmplex and disappearance of the EC1236¢/4aw
were monitored by using a Typhoon FLA 9500 (GE Healthcare Life Sciences). In addition,
competitive binding experiments were done to determine the specificity of Cry1lAb binding
to EC12 alone with the fluorescently labeled EC1236¢/44\ probe. Incubation of CrylAb
with unlabeled mutants (EC123gc/44w 0r EC1244\y) and EC12\y1 molecules at various
concentrations was carried out at room temperature for 15 min. Fluorescently labeled
EC1236c/44v then was added to each reaction and incubated for an additional 20 min upon
which they were examined to discern competition on a 6% native PAGE gel.

Previous studies have shown that Cry toxin binding is located in a finite region within EC12
of BT-R, the cadherin GPCR for Cry1Ab [3-7,15]. However, none of these studies
examined binding activity using purified toxin, EC12 and the toxin-EC12 complex in
solution. In the present study, we investigated the direct binding of purified EC12yyt to
Cry1Ab in solution. The procedure used to purify the EC12\,1 peptide is outlined in Figure
1A and involved a combination of affinity (HisTrap), anion exchange (HiTrap Q) and
affinity (HisTrap) chromatographic columns. Recombinant 6xHis-tagged EC12yt contains
a recognition sequence and specific cleavage site (ENLYFQ*GS, *cleavage site) for a TEV
protease [16]. The predicted molecular weight of EC12yyt is 13.4-kDa. Results in Figure 1B
show that a 13-kDa protein was generated by incubating with TEV protease and eluted in
the flow-through sample (FT), suggesting that the 6xHis tag was removed from EC12\.
The proteins that eluted in buffer containing imidazole most likely are 6xHis-tagged TEV
protease (20%B and 40%B). Trypsin activation and HiTrap Q anion exchange
chromatographic purification of native Cry1Ab also was carried out using a procedure
described in the “Materials and Methods”. Figure 1C reveals that Cry1Ab and EC12\t were
purified successfully. To test direct binding of Cry1Ab to EC12\, the two proteins were
mixed together in solution at different molar ratios and samples were separated on native
PAGE gels. Figure 1D shows that both soluble EC12yt (E) and Cry1Ab (C), indeed, were
homogenous. Lanes 3 through 8 in Figure 1D display gradual formation of a band
representing increasing amounts of Cry1Ab in the presence of a fixed amount of EC12\.
The band exhibits slightly faster mobility than Cry1Ab on the native gel. The reason for the
observed shift in mobility of Cry1Ab relative to EC12 most likely is due to the pl of the two
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molecules, which, in a non-denaturing gel is reflective of both the mass and charge of the
molecules. The pl for Cry1lAb is 6.5, for EC12 is 4.75 and for the CrylAb/EC12 complex is
5.75. Conversely, mixing increasing amounts of EC12yyt with a fixed amount of Cry1Ab
produced a band with similar mobility (lanes 9 through 14). Both results signify formation
of a CrylAb/EC12\1 complex. EC12\y1 began to appear as faint band in lane 12 and
increased in intensity in lanes 13 and 14, suggesting that binding to the Cry1Ab reached
saturation.

EC12yt and CrylAb formed a stable complex in solution. In-solution binding assays
utilizing purified proteins such as those described herein provide a means to investigate the
nature of the Cry1Ab-EC12 interaction. More importantly, formation of a stable, soluble
complex between CrylAb and EC12\1 will allow direct structure-function analysis of this
interaction. The binding affinity of Cry1Ab toxin for full-length BT-R; is quite high (1.0 nM
as measured with radioactively labeled toxin) measured by using 12°I-labeled Cry1Ab in an
indirect detection assay [3]. Alternatively, maleimide-based conjugation of a fluorescent dye
to cysteine residue(s) in target proteins affords an excellent way to measure protein-protein
interaction without the use of radioisotopes or toxic chemicals [17]. However, EC12\T does
not contain a cysteine residue as shown by its sequence in Figure 2A. Based on multiple
sequence alignment for EC12\yt and corresponding conserved regions among different moth
species (Figure 2A), residues 36 and 44 were chosen for site-directed mutagenesis, i.e.,
serine was changed to cysteine and tyrosine was changed to tryptophan, respectively.
Luckily, neither of these two residues was located within the N- and C-termini required for
Cry1Ab binding. As seen in Figure 2B, EC12yyt was not visible by stain-free imaging
although the peptide was detectable with coomassie blue and silver staining. As is widely
recognized, both staining techniques are time-consuming and require toxic chemicals.
Furthermore, quantification is complicated if a peptide such as EC12y,t does not contain a
tryptophan residue. The stain-free imaging protocol described in Materials and Methods is
based on tryptophan being present in the peptide. Changing the 441" residue in EC12 from
tyrosine to tryptophan (EC1244\), combined with the change of the 36t residue from serine
to cysteine (EC123¢c/44w), facilitated peptide detection and quantification of the two
peptides using the stain-free protocol (Figures 2C and D). Fortuitously, mutating these two
residues did not affect Cry1Ab binding. EC1244\y, EC12\7 and EC1236¢/44v all appeared
to be homogenous as reflected by silver staining in a native gel, and each peptide bound
Cry1Ab to form a complex in a similar manner (Figure 3A). Subsequently, purified
EC1236c/44w Was labeled with Alexa-488 in a maleimide-mediated conjugation reaction
(Figure 3B). The resulting EC12 probe was purified on a size-exclusion chromatographic
column and shown to exhibit a strong fluorescent signal (Figure 3C), enabling highly
sensitive detection of EC12 and binding of the peptide to Cry1Ab toxin. As is true for most
binding assays, there are alternative outcomes that should be considered. Figure 4A presents
four possible results for Cry1Ab binding using the EC12 probe. The first alternative is that
the probe does not bind and is detectable at the bottom of the gel (lane 1). Alternative two
would involve binding of the probe to Cry1Ab producing a Cry1Ab/EC12 complex
detectable as a fluorescent band at the top of the gel (lane 2). If the probe fails to bind
because an unlabeled protein competes with the probe, the competitor could occupy the
probe-binding site on Cry1Ab. The result would be migration of the probe to the bottom of
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the gel as seen in lane 3. The fourth alternative is that a potential competitor protein may not
bind to Cry1Ab, thus allowing the probe to bind the toxin (see band at the top of the gel in
lane 4). To test these potential outcomes, several binding experiments were conducted using
the fluorescent EC12 probe in the presence of increased amounts of the toxin. Figure 4B
illustrates that the fluorescent band representing the probe at the bottom of the native gel
(lane 1) gradually disappeared with increasing amounts of Cry1Ab in the reaction (lanes 2—
7) with a concomitant increase in CrylAb/EC12 complex formation as indicated by
appearance of a band near the top of the gel. Because these two alterations occurred
simultaneously, we believe that the changes in fluorescence implicate direct probe binding to
the toxin. Obviously, fidelity of the fluorescent probe is an index of its utility in specifying
Cry1Ab binding to EC12 as well as to other related or unknown proteins. The binding
affinity of Cry1lAb to EC12 was challenged using unlabeled EC12 peptides mixed with the
fluorescent EC12 probe. As expected, the EC12 probe disappeared in the presence of
Cry1Ab (500 nM; Figure 4C, lane 2) with the appearance of a slow-mobility band similar to
the complex band in Figure 4B, indicating formation of a Cry1Ab/EC12 complex.
Unsurprisingly, the EC12 probe persisted in the presence of increasing amounts (4-, 8- and
16-fold) of unlabeled EC1235¢/44v (lanes 3-5), EC12\yt (lanes 6-8) and EC1244\y (lanes
9-11). On the other hand, intensity of the complex decreased with the addition of EC12
specific peptides. The response was dose-dependent. Clearly, the various EC12 peptides
have similar binding affinity for the Cry1Ab toxin. Bovine serum album (BSA), a totally
unrelated protein, was not competitive (lanes 12 and 13). We believe that EC12 binding is
sequence dependent and highly specific as previously suggested [8]. The labeled
EC1235c/44w, aS constructed, is a valuable probe for assessing specificity, affinity and the
kinetics of binding.

Discussion

Various species of Bt have been used commercially to control insects that pose harm to
agricultural crops throughout the world. Insecticidal activity is based on the ability of
specific Cry toxins to selectively kill insects. Some toxins are specific to moths whereas
others are specific to beetles and mosquitoes. The Cry1lAb toxin of Bacillus thuringiensis
subsp. berlinerexerts its insecticidal activity by binding to the cadherin GPCR BT-R;
localized in the midgut epithelial cells of the moth Manduca sexta. This interaction happens
with very high affinity (Kd~ 1 nM) [4]. Consequently, the bound BT-R; initiates an
intracellular signaling cascade to bring about killing of the epithelial cells and the whole
insect. Elucidating the underlying amino acid sequences involved in binding of the Cry1Ab
should provide important information about the determinants of binding specificity and the
molecular mechanism of the interaction. Numerous studies have been conducted to
determine the specific toxin-binding region in BT-Rq [4,8,12,15,18]. Two fairly recent
studies have demonstrated that the toxin-binding region is localized within the EC12 module
of BT-R4 [8,15]. This region also conveys Cry1Ab toxicity. Based on the findings from
previous cytological and biochemical investigations, we conducted experiments to assess
direct interaction between the EC12 of BT-Rq with Cry1Ab. Using highly purified EC12 and
Cry1Ab proteins, we demonstrated that these two proteins, indeed, formed a complex. In
contrast to approaches used in many previous studies, we visualized formation of the
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complex directly on native PAGE gels, demonstrating that the complex is soluble and stable.
This result provides a basis for future studies regarding the structural features of the
Cry1lAb-EC12 interaction.

To improve sensitivity of detection, we engineered mutations on two amino acid residues
(36t and 441" residues) in EC12. The resulting EC1244y and EC1236¢/4aw Peptides were
detectable by stain-free imaging, suggesting that these residues were present on the surface
of EC12. Mutagenesis of the two amino acid residues did not interfere with binding of the
Cry1Ab toxin (Figures 3A and 4C), indicating that the toxin-binding region is not close to
these two residues. Cysteine-based fluorescent labeling of protein has been widely used in
various studies of protein-protein and protein-DNA/RNA interactions because of the high
sensitivity and low toxicity of various fluorophores [19]. Therefore, we tested binding of
Cry1Ab with labeled EC12 probe by using an in-solution HI-FI assay system [20]. Because
the labeled cysteine was not located in the Cry1Ab binding region, there was no measurable
change in fluorescent intensity in those wells containing increasing amounts of Cry1lAb
toxin (results not shown). However, resolving the samples on a native gel rendered images of
Cry1lAb-EC12 complex formation with simultaneous disappearance of the probe as seen in
Figure 4B. Obviously, location of the labeled residue dictates the method of detection. By
using the EC12 probe, we will be able to directly and accurately quantify binding reactions
between the Cry1Ab toxin and the EC12 probe. Furthermore, as demonstrated in Figure 4C,
we will be able to perform large-scale screening of ligand peptides for their capacity to bind
the EC12 probe. In summary, we have established an in-solution binding assay using
purified Cry1lAb and EC12 proteins. Formation of the stable Cry1Ab/EC12 complex most
assuredly will expedite future structural analysis of the complex. Importantly, the EC12
mutants generated by site-directed mutagenesis exhibited Cry1Ab binding capacity similar
to the wild-type protein (EC12\y7). The tyrosine to tryptophan change greatly improves
protein traceability throughout the process. Maleimide-mediated fluorescent labeling of the
solitary cysteine residue of EC123¢¢/44v €nabled competitive binding assays for
determining binding specificity. We believe that this strategy can be used to develop
platforms for high throughput screening of various ligand peptides.
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Figurel.
Binding of purified EC12 to native Cry1Ab toxin in solution. (A) Schematic showing the

chromatographic purification steps applied to purify the recombinant wild-type EC12
(EC12\7) protein. Details of the purification procedure are described in “Materials and
Methods”. Throughout the purification procedure, presence of the 6xHis tagged EC12yT
was determined by coomassie blue staining and occasionally confirmed by western blot
analysis with antibody specific for the 6xHis tag as described in “Materials and Methods”.
The cellular lysates prepared from the EC12\yt expressing BL21 (DE3) pLysS bacteria were
first purified on a HisTrap™ HP column using a AKTA pure chromatography system.
Fractions contained 6xHis tagged EC12\,t were pooled and subsequently purified using a
HiTrap™ Q HP, an anion exchange chromatographic column to improve the purity of
EC12yT. Afterwards, 6xHis tagged EC12yy containing fractions were pooled and dialyzed
overnight in the presence of TEV protease to remove the 6xHis tag followed by the second
HisTrap™ HP purification. The untagged EC12y was collected in flow-through sample
and the TEV protease was eluted later with imidazole containing buffer.

(B) A representative coomassie blue-stained SDS-PAGE. Image for protein samples
collected after HisTrap chromatography following TEV protease (TEV) cleavage. Protein
samples are indicated as Sample without TEV; In for input samples after TEV protease
incubation; FT for flow-through sample; W for sample in wash; 20%B and 40%B for
samples eluted with buffers containing 20% and 40% of buffer B which contains 1 M
imidazole, respectively.

(C) Activation of Cry1Ab toxin with the trypsin. Purification of trypsin-activated Cry1Ab
toxin was performed according to the procedure described in “Materials and Methods”.
Coomassie blue stained SDS-PAGE gel images show purified Cry1Ab (left panel) and EC12
wr (right panel) with arrows indicating respective proteins.
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(D) Binding of purified EC12yyt to Cry1Ab in solution. Binding experiments were
conducted by mixing various amounts of Cry1Ab with a fixed amount of EC12\yt at room
temperature for 15 min, and vice versa. The reaction samples were resolved on a 6% native
PAGE gel. Shown are the gel images after silver staining. E: EC12\y7 only; C: Cry1Ab only;
lanes 310 8: 41.1 uM of EC12 mixed with 1.25 pM, 2.5 uM, 3.7 uM, 4.9 pM, 6.2 UM and
9.3 UM of Cry1Ab, respectively; lanes 9 through 14: 12.4 uM of Cry1Ab mixed with 4.1
UM, 8.2 uM, 16.4 pM, 20.5 pM, 30.8 pM, and 41 uM of EC12yy, respectively. Arrows
indicate the Cry1Ab, CrylAb/EC12\yT complex (Complex) and EC12\1 on the gel.

J Proteomics Bioinform. Author manuscript; available in PMC 2018 July 17.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Liuetal.

Page 12

4

TADSIGREL LRLHATQSEGERITYATDFD TMVVDPSLEAVRQSAFVLNAQTGVLTLNIQPTATMHGLFKFEVTATDTAGAQDRTDVTVYVWVSSQNR 1459

RELLILQATHSENAPIIYTIDWSTMVTDPTLASVRETAF ILNPHTGVLTLNIQPTASMHGMFEFQUVATDPAGYSDRANVKIYLISTRNR 1458
LLTLHATHSEGLPVTYTLIQDSMEADSTLQAVQE TAFNLNPQTGVLTLNFQPTASH AIDTVGETARTEVKVYLISDRNR 1467
LLTVQATHSEGAPVTYEIDHS TMIVDPTLEAVKDTAFVLNSQTGVLTLNMQPTAF¥ ATDPSEATDRAAVKIYLISSLNR 1463
LLTVQATHSDGLAITYAIDFESMVVDPSLEAVRDQAF TIDSESGLVVLRIQPTASH
LLTVHATHTEGLDITYTMDLDTMVVDPSLEGVRESAF TLHPSSGVLSLNMNPLDTN ATDTRGAEARTDVKIYLITHLNR 1471
LLTVRASHTEDDTITYIIDRASMQLDSSLEAVRDSAF TLHATTGVLSLNMQPTASW ATDTASAIDTARVKVYLISSQNR 1456
LLTVRASHTEDDTITYIIDRASMQLDSSLEAVRDSAFALHATTGVLSLNMQPTASMHGMF EFDVIATDTASAIDTARVKVYLISSQNR 1456
AGISTADDVDRQLLVVQATHTEGLPVTYSIDQESMIVDPSLETVRESAFEIDSVTGLLTLRIQPTASMHGMFEFDVVATDTNGATGHSAVKVYLISSRNR 1470

A

M. sexta 1348 DPRPVFVRELYTAGI

B. mori 1347 pp

H. virescens 1355 ¢
L. dispar 1352 np

M. separata 1382 NPRPRFSSPLY

EEVM

ATDTNKAEGRSEVKVYLISSRNR 1493

S. inferens 1359 NPRPHFERPLY

B - c D
&"3':, B2 s mMw Mw
] (kDa) 1 23 4 5 67 8 9 (kpa) 1 2 34 56 7 8 910
75
- —— - 75 75
: B s
37 37
15
10 25 25
75 20 20
—— 15 | o o~ — 15 |- - -
37 10 | - o 10 - - - —
25 P—————
15 — | EC124w EC1235cuiw
10

Figure2.
Comparison of wild-type and mutant EC12 peptides generated by site-directed mutagenesis.

(A) Multiple sequence alignment of EC12 and corresponding regions in various moth
cadherin GPCRs. Amino acid sequences for various moth cadherin GPCRs were aligned
using Multiple Alignment tool developed by the National Center for Biotechnology
Information of the United States of America (http://ncbi.nim.nih.gov). Identical amino acid
residues across all the species are indicated in red.

(B) Detection of the EC12y7 protein using stain-free (top panel) and coomassie blue
techniques (bottom panel). Purified EC12\,1 was resolved on a SDS-PAGE gel along with
increasing amounts of bovine serum albumin (BSA) as indicated on the image.

(C) A representative stain-free image of a SDS-PAGE gel of EC1236¢/44v Peptide samples
is shown. Peptides were purified by HisTrap chromatography. Lane 1: input bacterial lysate;
lane 2: flow-through; lane 3: column wash; lane 4 to 9: fractions eluted using an imidazole
gradient of 2 mM to 1M. Arrow indicates EC1235c/4aw-

(D) A stain-free SDS-PAGE gel image showing both EC1244\ and EC1236c/44vy after the
last HisTrap chromatographic procedure to remove the 6xHis tag and the 6xHis-tagged TEV
protease. Lanes 1 to 5 contain protein samples for EC1244yy and lanes 6 to 10 contain
proteins samples for EC123g¢/44vy as indicated. Lanes 1 and 6: samples without TEV
protease; lanes 2 and 7: input samples with TEV protease; lanes 3 and 8: flow-through
samples; lanes 4 and 9: column wash samples; lanes 5 and 10: elution with buffer containing
0.2 M imidazole.
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Figure 3.
Fluorescent labeling of mutant EC12 peptide.

(A) EC12\1 and mutant EC12 show similar binding capacity to Cry1Ab. Binding reactions
of the EC12 peptides to Cry1Ab were conducted at room temperature for 15 min. Indicated
samples were resolved on a native gel and silver stained afterwards.

(B) Reaction showing the irreversible labeling of the cysteine residue on EC123g¢/44wy-
“Dye” refers to Alexa-488, a fluorescent dye, which is conjugated to the maleimide moiety.
Maleimide crosslinks the free thiol group depicted on the EC12 peptide.

(C) Separation of Alexa-488 labeled EC123¢¢/44vy from free dye molecules by size
exclusion chromatography. The peak protein fractions were resolved by SDS-PAGE. Stain-
free images (top panel) were captured using a ChemiDoc MP Imaging system (Bio-Rad) and
fluorescent images (bottom panel) recorded using a Typhoon FLA 9500 fluorescent scanner
(GE Healthcare Life Science).

J Proteomics Bioinform. Author manuscript; available in PMC 2018 July 17.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal.

Page 14

A B Cry1Ab
P

. Cry1Ab ‘ l
Unlabeled ‘ ‘ l I l «— Complex
competitors .

CrylAb  Cry1Ab
s EC12
o e probe

12 34 56 7

| [ ] c
Cry1Ab Cry1Ab EC12;5c4n EC124r EC124, BSA
o PPC o] —1 —1 _—]
'\ ! | |« Complex
l B

Fluorescently
labeled EC12 Cry1Ab
t

Native PAGE Gel

EC12
probe

1.2 3 4 123 45 6 7 8 910 11 1213

Figure 4.
Detection of competitive binding with fluorescently labeled EC12.

(A) Schematic of competitive binding reactions between EC12 and Cry1Ab. Labeled
EC1235c/44w (EC12 probe or probe) is depicted as a green “star” and, when not bound to
Cry1Ab, appears as fluorescent bands at the bottom of a native gel (lanes 1 and 3). On the
other hand, binding of the probe to Cry1Ab results in the formation of a protein complex
shown as fluorescent bands at the top of a native gel (lanes 2 and 4). It is feasible that
potential competitors (blue circles) could bind to Cry1Ab prior to the addition of the EC12
probe. As seen in Fig. 4A, two alternatives are possible. One alternative is that a competitor
occupies the same binding site for the probe on the Cry1Ab toxin, preventing its binding to
Cry1Ab (lane 3). The other alternative is that a protein may not be able to bind to Cry1Ab,
thus allowing binding of the probe to the toxin (lane 4).

(B) A representative fluorescent image demonstrating the binding of EC12 probe to Cry1Ab.
Lane 1 (P): 2 uM EC12 probe; Lanes 2 to 7: 2 uM EC12 probe incubated with 1, 2, 3, 4,5
and 6 uM Cry1ADb, respectively. (C) Competition binding experiments to determine the
binding specificity of EC12 to Cry1Ab toxin. A representative fluorescent image of
indicated protein samples on a native gel is shown. In these reactions, unlabeled EC12
molecules and bovine serum albumin (BSA) with various molar ratios to the EC12 probe
was incubated with Cry1Ab (500 nM) at room temperature first. The EC12 probe was later
added to the reaction. Reaction samples were resolved on a native gel and fluorescent image
was scanned. Lane 1 (P): EC12 probe; lane 2 (P/C): EC12 probe mixed with Cry1Ab; lanes
3-11: Cry1Ab was incubated with 4-, 8- and 16- fold of unlabeled EC1236c/44w (lanes 3-5),
EC12yt (lanes 6-8), EC1244yy (lanes 9-11) and BSA at 16- and 48-fold (lanes 12 and 13)
followed by the addition of the EC12 probe. Arrows indicate unbound EC12 probe and
Cry1lAb/EC12 complex.
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