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ABSTRACT. The identification of epitopes involved in Cry toximmeceptor interaction could provide insights

into the molecular basis of insect specificity and for designing new toxins to overcome the potential
problem of insect resistance. In previous works, we determined thddheluca sext&rylA cadherin-

like receptor (Bt-R) interacts with Cry1A toxins through epitoe&NITIHITDTNN 875 and by loop 2 of
domain Il in the toxin (Gomez, I., Miranda-Rios, J., RughRitera, E., Oltean, D. I., Gill, S. S., Bravo,

A., and Sobern, M. (2002)J. Biol. Chem?277,3013730143.). In this work, we narrowed to 12 amino
acids a previously identified Bt-R66 amino acids epitope (Dorsch, J. A., Candas, M., Griko, N. B.,
Maaty, W. S. A., Midbo, E. G., Vadlamudi, R. K., and Bulla, L. A., Jr. (2008%ect Biochem. Mol. Biol.

32, 1025-1036) and identified loop-8 of Cry1Ab domain Il as its cognate binding epitope. Two amino
acid Bt-R; toxin binding regions of 70 residues, one comprised of residues-83Q containing thé&®>-
NITIHITDTNN 85 epitope (TBR1) and the other comprised of residues $2®60 (TBR2) were cloned

by RT-PCR and produced iBscherichia coli Cry1A toxins bind with the two TBR regions in contrast
with the nontoxic Cry3A toxin. The loop 2 synthetic peptide competed with the binding of Cry1Ab toxin
to both TBR regions in contrast to tle8 synthetic peptide that only competed with Cry1Ab binding to
TBR2. Western blots and competition ELISA analysis showed that the Cry1Ab loop 2 RR368-9EE mutant
did not show observable binding to TBR1 but still bound the TBR2 peptide. This result suggests that
loop o-8 interacts with the TBR2 region. Competition ELISA analysis of CrylAb binding to the two
TBR peptides revealed that the toxin binds the TBR1 region with 6-fold higher affinity than the TBR2
region. The amino acid sequence of TBR2 involved on CrylAb interaction was narrowed to 12 amino
acids,B¥PLPASILTVTV4 by using synthetic peptides as competitors for Cry1Ab binding to Bt-R
Our results show that the specificity of CrylA involves at least two structural determinants on both

molecules.

Bacillus thuringiensis(Bt)! is an agronomic important

tor binding, pre-pore formation, membrane insertion, and

bacterium because of the production of insecticidal toxins finally pore formation leading to cell swelling and lysik)(

(Cry proteins) during the sporulation process. Several Bt

Cry proteins are formed of three structural domains. The

strains are used worldwide as alternative insecticides to crystal structure of trypsin activated CrylAa (lepidopteran

control caterpillar, coleopterous, or vector mosquitoes.
Moreover, recombinant DNA technology has yielded insect-

specific) Cry3A (coleopteran specific) and Cry2Aa (dipteran
specific) protoxin have been solve?4). Sevena-helices

resistant transgenic crop-plants (Bt-crops) that have beenform the N-terminal domain | that has been characterized

planted commercially for the past few years.
The proposed mode of action of Cry toxins involves
solubilization of Cry protoxins, proteolytic activation, recep-
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as a part of the pore-forming activity. Domain Il has also
been implicated in pore formatiob<7). Domain Il consists
of three antiparalleB-sheets with exposed loop regions, and
domain Il is a-sandwich 2—4). Domains Il and IIl are
involved in receptor recognition. In particular, loop regions
of domain Il are involved in receptor binding (for reviews,
see refdl, 8, and9).

The major concern regarding the use of Bt-crops is the
generation of insect populations resistant to Cry toxins.
Different mechanisms of insect resistance using laboratory-
selected insect populations have been characterik@d (
15). Among them, the most frequent mechanism has been
the selection of insects affected on receptoixin interaction
(11-15). Therefore, it is crucial to determine the molecular
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basis of Cry toxin-receptor interaction since this knowledge

Biochemistry, Vol. 42, No. 35, 2003.0483

days at 29°C in nutrient broth sporulation mediun3Q@)

could be useful in designing new toxins that could overcome supplemented with 10g/mL erythromycin only for CrylAa
the potential generation of resistant insect populations in and CrylAb. Cry3A was isolated from sporulated Bt subsp
nature. Two lepidopteran CrylA receptors have been identi- tenebrionis culture. CrylAb F371A and RR368-369EE

fied as cadherin-like and aminopeptida&é€APN) molecules

mutant proteins were purified frofascherichia colistrains

(16—22). For both receptors, different experimental evidence harboring the mutated genes.

suggest their involvement in toxicityl®, 19, 23—29). The
binding affinity of APN is in the range of 100 nM26), while
that of cadherin-like receptors (Bt;Ris in the range of 1
nM (18). The differences of binding affinities between APN
and Bt-R suggest that binding to Bt4Rs the first event on
the interaction of Cry1A toxins with microvilli membranes,

and therefore, the primary determinant of insect specificity.

Purification of Cry ToxinsThe spores and crystals were
harvested and washed with buffer containing 0.01% Triton
X-100, 50 mM NacCl, and 50 mM Tris-HCI, pH 8.5. Crystals
were purified by sucrose gradients as report2d, 30),
solubilized at 37°C for 2 h in extraction buffer (50 mM
N&CO; pH 10.5, 0.2%3-mercaptoethanol), and then acti-
vated with trypsin (1:20 w/w) fo2 h at 37°C. PMSF was

Regarding the receptor binding epitopes, in previous work added to a final 1 mM concentration to stop proteolysis.

we identified an scFv antibody (scFv73) that inhibited
binding of CrylA toxins to the cadherin-like receptor Bt-
R, but not to APN, and reduced the toxicity of Cry1Ab to
Manduca sextdarvae B0). Sequence analysis of the CDR3
region of scFv73 led to the identification of an eight amino
acid epitope of theM. sextacadherin-like receptor, Bt-R
(8¢°*HITDTNNK?®79), involved in binding with Cry1A toxins
(30). Loop 2 of domain Il of the Cry1A toxins was identified
as the cognate binding epitope of tREHITDTNNK?E®
epitope B81). This finding highlights the importance of the
88HITDTNNK?®76 binding epitope since extensive mutagen-
esis of loop 2 of CrylA toxins has shown that this loop
region is important for receptor binding and toxicit§2(

Samples were centrifuged at 16 @Xfdr 10 min, and the
toxin-containing supernatant was harvested. Cry3A was
purified as reported4(), solubilized at 37°C for 12 h in
extraction buffer (50 mM N#&O; pH 10.5, 0.2%p-mer-
captoethanol), and then activated with chymotrypsin (2:1
w/w) for 12 h at 37°C. CrylAb mutants irE. coli were
purified as previously described4l). The final pellet,
referred to as the crystal protein, was solubilized in extraction
buffer (50 mM NaCQOs; pH 10.5, 10 mM dithiothreitol) at
37 °C for 2 h. The solubilized protoxin was digested with
trypsin (1:50 w/w) at 37C for 2 h.

Preparations of Brush Border Membrane Vesicles (BBM-
Vs). M. sextaeggs were reared on an artificial diet. BBMVs

33). Accumulating evidence indicates that proteins can from fifth instar M. sextawere prepared as reported except
interact through amino acid sequences displaying invertedthat neomycin sulfate (24g/mL) was included in the buffer

hydropathic profiles34). The interaction of loop 2 with the
Bt-R; 8HITDTNN®"® region was shown to be determined

(300 mM manitol, 2 mM dithiothreitol, 5 mM EGTA, 0.1
mM phenylmethylsulfonylfluoride, 15@g/mL peptatin A,

by hydropathic complementarity and that the binding epitope 100 xug/mL leupeptin, 1ug/mL soybean trypsin inhibitor,

(®NITIHITDTNN®79) could be larger than the epitope
identified by sequence similarity to scFv731. Recently,
a second CrylA binding site in Bt;Rwas mapped by
heterologous expression of truncated derivati&8. (This
region comprised 66 amino acids from residues 128862
(27). This result suggests that toximeceptor interactions

10 mM HEPES-HCI, pH 7.4)30, 42).

Toxin Querlay AssaysProtein blot analysis of BBMV
preparations was performed as previously descriBed3(l).
Cry1Ab toxin was biotinylated using biotinyd-hydroxysuc-
cinimide ester (Amersham Pharmacia Biotech, Buckingham-
shire, UK) and was visualized by incubating with a strept-

involve several structural determinants on both molecules. avidin-peroxidase conjugate. To determine the ability of
Mutagenesis studies have shown that besides domain IPEPtides to compete with the CrylAb toxin, different

loop 2, loopsa-8 and 3 of the Cry1A toxins are important
for receptor interaction and toxicity32, 33, 35—38). The
Bt-R; epitopes involved in binding loops-8 and 3 regions
remain unidentified. In this paper, we show that loops 2 an
a-8 of the Cry1Ab toxin have similar binding capabilities.

Nevertheless, cloning two different truncated 70 residue

concentrations of the peptides were incubated with biotiny-
lated Cry1Ab toxin in washing buffer (0.1% Tween 20, 0.2%
bovine albumin in phosphate-buffered saling) Ich atroom

d temperature before adding the mixture to nitrocellulose

membranes. Single gel-blots were incubated with different
competitors using the PR 150 mini deca-probe (Amersham

peptides of Bt-R corresponding to the two characterized Pharmacia, Litte Chalfont, UK) that was designed to

toxin binding regions (TBR) and their characterization with

incubate each lane of the blot in different conditions avoiding

respect to the binding to Cry1A toxins in the presence of the need of cutting lanes for different conditions. Ten parallel

different synthetic peptides as binding competitors demon-

strated that loop 2 binds to tRENITIHITDTNNK 876 region
as previously reported3(), while loop a-8 binds to the
region3¥YPLPASILTVTV®#in the Bt-R receptor.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Medial he acrystalliferus Bt strain
407 cry transformed with pHT315 plasmi@®$9) harboring
thecrylAagene or pHT315-1Ab harboring tleeylAbgene

(30) were used for CrylAa and CrylAb production, respec-

tively. Cry1lAc was produced from wild-type Bt strain HD73.

troughs milled in one side of the upper plate became
individual incubation chambers when the unit was assembled.
Pure synthetic peptides (more that 90%) were purchased from
invitrogen (Carlsbad, CA) and stored and reconstituted as
suggested by the manufacturers. For hydrophobic peptides
(L2-Ab, EpTBR2), 0.3% dimethyl sulfoxide was added for
solubilization. Amino acid sequences of synthetic peptides
used for competition experiments are shown in Table 1.
Western Blot of CrylAb ToxinActivated toxin was
separated in SDSPAGE, transferred onto a nitrocellulose
membrane PVDF, blocked with skimmed milk (5%), de-
tected with anti-Cry1lAb polyclonal (1/80 000; 1 h), and

The transformant and wild-type strains were grown for 3 visualized with a goat anti-rabbit antibody coupled with
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Table 1: Synthetic Peptide Sequences

name description sequence
La-8 amino acid sequence of Cry1Ab loop3 SFRGSAQGIEGS
L2-Ab amino acid sequence of Cry1Ab loop 2 RRPFNIGINNQQ
Scr scramble amino acid sequence of scFv73 CDR3 SGRNSTSLV
BtR1-Cry amino acid sequence of residues 8896 of Bt-R, HITDTNNKAA
EpTBR2 amino acid sequence of residues 138342 of Bt-R IPLPASILTVTV
NonEpTBR2 amino acid sequence of residues 12807 of Bt-R LDPVRNRLFLKK

horseradish peroxidase (HRP) (Sigma, St. Louis, MO) tagged proteins were purified on a nickel affinity column as
(1/5000; 1 h), followed by SuperSignal chemiluminescent previously described3().
substrate (Pierce, Rockford, IL) as described by the manu- Determination of TBR Peptide Affinities to Cry1Ab Toxin
facturers. Detection of Cry1Ab toxin with scFv73 antibody by Competition ELISATo measure the kinetics of association
was performed as previously describe80,(31). The  of TBR peptides to CrylAb toxin in solution, 500 nM
membranes were then incubated in 200 nM scFv73 antibody,Cry1Ab toxin was mixed with TBR peptides (100 nM), and
followed by anti-c-myc antibody (Sigma, St. Louis, MO) immediately, after different time periods, aliquots of 00
(1:5000 dilution), and then a secondary goat anti-mouse of the incubated mixture were transferred to a previously
antibody conjugated with peroxidase (Sigma, St. Louis, MO) coated 96-well ELISA plate with 2,6g of Cry1Ab toxin in
(1:5000 dilution). Blots were visualized using SuperSignal coating buffer (50 mM sodium carbonate pH 9.6) to
(Pierce, Rockford, IL) as described by the manufacturers. determine the amount of unbound TBR peptide as described
For competition experiments, TBR'’s peptides were incubated (44). At the end of the kinetic analysis, the ELISA plate was
with different concentrations of synthetic peptides (Table 1) washed three times and detected with anti-c-myc antibody
for 1 h atroom temperature before incubating with CrylA (1:1000) coupled to a second anti-mouse coupled to HRP
blots using the PR 150 mini deca-probe (Amersham Phar-and detected by HRP enzymatic activity. To determine
macia, Little Chalfont, UK) as described above. dissociation constantskf), TBR peptides (10 nM) were
Toxicity Assays of Manduca sextdioassays were per-  equilibrated with increasing concentrations of Cry1Ab toxin
formed with M. sextaneonate larvae using surface-treated (ranging from 1 nM to J«M) in a 100uL volume far 1 h at
food with 9 ng/cm as reported30, 31), and mortality was  room temperature. The incubation mixture were transferred
recorded after 7 days. to a 96-well ELISA plate previously coated with 24§ of
Construction of Truncated Bt:Rrragments, Cloning, and  Cry1Ab toxin and processed as above. The concentration of
Expression Total RNA was prepared fro 3 g of midgut Cry1Ab toxin at which the half-maximal ELISA signal is
tissues from fifth instarM. sextalarvae using the acid detected corresponds to the dissociation cons#m)t (
guanidinium-phenot-chloroform method 43), and first Midgut Juice lIsolation and Proteolytic Aetition of
strand c-DNA was generated using first strand cDNA cry1Ap Protoxin. M. sextirvae were reared on an artificial
synthesis Kit for RT-PCR (AMV) (Roche, Nutley, NJ), = giet. Midgut tissue was dissected from the fifth instar larvae.
according to the manufacturer's instructions using specific \jiggut juice was separated from solid material by centrifu-
primers for each region. For the first PCR reaction, each gation and filtered through 0.22m filters. For activation, 2
truncated Bt-Rfragment was amplified using Vent-Polime- 4 o Cry1AD crystals was incubatedrfd h with a 1:4 ratio

rase (New Er_lgland BioLabs, Beverly, MA). For the TBR1 scFv73, TBR1, or TBR2; midgut juice (5%) was added
region, the primers used were TBRGIU:GACGCGGATAC-  5nd incubated fol h at 37°C. PMSF (1 mM) was added,

TCCTCCA and TBRGILAGTGACCACCTCGTCTAA; for g samples were centrifuged (20 min at 12¢)0@s
the TBR2 region, the primers used were TBRBU.GATG- yascribed 29).

GCAACAGCGAAGGT and TBRBL:TGTTGATATCCCT-
GCGGT. Two PCR products of 230 pb corresponding to d
TBR1 and TBR2 were obtained. In a second PCR reaction
using the PCR products as template, restricBihandNotl
sites were incorporated by using the primers TBRGIUSFI:
GAG AGA GAG AGA GAG AGA GAG GCC CAG CCG
CCG ACG CGG ATA CTC CTC CA and TBRGILNOT:
GAG AGA GAG AGA GAG AGA GAG CGG CCG CAG
TGA CCA CCT CGT CTA for TBR1 and primers TBRBUS-
FI:GAG AGA GAG AGA GAG AGA GAG GCC CAG RESULTS

CCG GCC GAT GGC AAC AGC GAA GGT and TBRBL-

NOT:GAG AGA GAG AGA GAG AGA GAG CGG CCG Loops 2 andx-8 of CrylAb Toxin Hae Similar Binding
CTGTTG ATATCC CTG CGG T for TBR2. PCR products  Capabilities. In previous work, we demonstrated that the
of 300 bp were purified with the QIAquick PCR Purification CDRS3 region of the scFv73 monoclonal antibody recognized
Kit (Qiagen, Valencia, CA) and digested wigfil andNotl domain 1l loop 2 of CrylAa and CrylAb toxins3J).
(New England BioLabs, Beverly, MA), ligated in the vector Synthetic peptides with amino acid sequences corresponding
pSyn1 previously digesteSfil andNotl with poly-histidine to loop 2 or to scFv73 CDR3 competed with the binding of
and c-myc tagging and expression. Constructions werescFv73 to the CrylA toxins in contrast to synthetic peptides
subsequently electroporated irffo coli TG1 cells. Peptide  corresponding to loops 1 and 3 or a scramble peptide of
expression was performed as previously repor8&)l. His- scFv73 CDR3 31). Mutagenesis of loop-8 showed that

Analysis of Hydropathic ProfilesA computer program
escribed previously (hydropathiedq, 47 was used to
compare hydropathic profiles of protein sequences. Five to
12 amino acid residue sequences with an opposed or similar
hydropathic profile as the sequence query are selected by
the software. Results are quantified through linear regression
analysis of hydropathic values (Kyte and Doolittle scale) for
a given position in each sequence.
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A BBMV _ Lo-8 Ser L2-Ab A Cry3A CrylAa CrylAb CrylAe
Competitor 0 100 500 1000 500 100 500 1000 TBR1 + - + - + - + -
210 kD3| o - - - - TBRZ - + - + - + - +

120kDa| ene o ®®®®

65 kDa| - = e = e

1 2 3 45 67 8§89

1 2 3 4 5 6 7 8

B La-8 &r L2-Ab
C titor 0 100 500 500 100 500 B ﬂ ﬂ E
) Competitor 0 100 500 100 500 500
65 kDa | o -
65 kDa — — — —
1 2 3 4 5 6
Ficure 1: CrylAb domain lla-8 and 2 loops have similar binding . 2 3 4 5 &
capabilities. (A) Toxin overlay assays of Cry1lAb toxinNb sexta
BBMV. Lane 1, BBMV proteins without Cry1Ab binding; lane 2, C Lo-8  Ser _L2-Ab
BBMV with Cry1Ab toxin; lanes 3-5, same as lane 2 but competed Competitor 0 100 500 500 100 500
with La-8 peptide; lane 6, same as lane 2 but competed with peptide
Scr; and lanes #9, same as lane 2 but competed with L2-Ab 65KDa| - g5

peptide. (B) Western blot of trypsin activated Cry1Ab toxin. Lane
1, detected with scFv73; lanes 2 and 3, detected with scFv73 but
competed with synthetic peptidesut8; lane 4, scFv73 detection
competed with peptide Scr; and lanes 5 and 6, detected with scFv73 b 2 3 4 5 6

competed with L2-Ab peptide. Numbers in the upper part are molar g5 re 2: Bt-R, TBR1 region binds loop 2 and TBR2 binds loop

excess of peptides used for competition. a-8 and loop 2 of Cry1Ab toxin. (A) Blot detection of Cry3A (lanes
1 and 2), CrylAa (lanes 3 and 4), CrylAb (lanes 5 and 6), and
this loop region is important for receptor interacti@8); CrylAc (lanes 7 and 8) with toxin binding regions TBR1 (lanes 1,

: _ CrylAb toxin with TBR1. Lane 1, without peptide competitors;
sequence corresponding to loap8 (La-8) could compete lanes 2 and 3, CrylAb detection with TBR1 competed with

with the binding of the Cry1Ab toxin to Bt-Rin a toxin synthetic peptide &-8; lanes 4 and 5, Cry1Ab detection with TBR1
overlay assay and to scFv73 in Western blots. Figure 1A competed with L2-Ab; lane 6, CrylAb detection with TBR1

shows a toxin overlay assay of blottit sextabrush border competed with Scr peptide. (C) Blot detection of CrylAb with
membrane vesicles (BBMV) showing that the Cry1Ab toxin TBR2. Lane 1, without peptide competitors; lanes 2 and 3, Cry1Ab

. . . detection with TBR2 competed with synthetic peptide-8; lane
can interact with two proteins of 120 kDa (APN) and of 210 4, Cry1lAb detection with TBR2 and competed with peptide Scr;

kDa (Bt.'Rl) as has been preViOUS'){ report@'(\?l)- The lanes 5 and 6, CrylAb detection with TBR2 and competed with
synthetic peptide &-8 competed with the binding of the  L2-Ab. Numbers in the upper part are molar excess of peptides

Cry1Ab toxin to Bt-R but not to APN. In contrast, the used for competition.
scramble peptide of scFv73 CDR3 (Scr) did not compete

with the binding of Cry1Ab to Bt-R (Figure 1A). Figure  of 10 kDa were obtained as revealed by a Western blot using
1A shows that the loop 2 synthetic peptide (L2-Ab) competed gnti.c-myc antibody (data not shown). Different Cry toxins
more efficiently with the binding of Cry1Ab to Bt-Rthan were separated by SBFAGE, blotted onto nitrocellulose

La-8 synthetic peptide. The Western blot of the CrylAb empranes, and detected with the two TBR regions revealed
toxin revealed with scFv73 showed that the synthetic peptide gfierward with anti-c-myc antibody (see Experimental Pro-

La-8 competed with the binding of scFv73 to CrylAb as cequres). Figure 2A shows that both TBR regions bind
an L2-Ab synthetic peptide (Figure 1B). This result shows Cry1Aa, Cry1Ab, and Cry1Ac toxins in contrast to Cry3A,
that loops 2 and-8 have similar binding capabilities despite  ,onioxic toM. sexta that showed no observed binding to
the fact that they share no amino acid sequence similarity.any of the Bt-R TBR regions.

Loops 2 ando-8 Bind to Different Regions in BtiR To determine what loop regions of CrylAb toxin are
Previous work demonstrated that the Cry1Ab loop 2 region involved in the interaction with the two TBR peptides,
binds the®NITIHITDTNNK 876 Bt-R; epitope 81). We heterologous binding competition using synthetic peptides
decided to study CrylAb binding to the two characterized | -8 and L2-Ab were performed. Figure 2B shows that the
Cry1A binding regions to determine the amino acid residues pinding of the Cry1Ab toxin to the TBR1 peptide (residues
of Cry1Ab involved in these interactions. 831—900) was competed by L2-Ab synthetic peptide but not

Two Bt-R; 70 amino acid peptides were cloned by RT- by La-8 synthetic peptide. Binding of Cry1Ab toxin to the
PCR as reported in the Experimental Procedures. The firstTBR2 region (residues 12911360) was competed by both
Bt-R; truncated peptide included residues 8300 (TBR1) synthetic peptides, L2-Ab andol-8 (Figure 2C). The Scr
and contained epitop®NITIHITDTNNK 86 The second  peptide did not compete with the binding of Cry1Ab to the
fragment comprised residues 1291360 and corresponds TBR fragments (Figure 2B,C).
to the toxin binding region (TBR2) characterized by Dorsch ~ Loop 2 Mutants Are Affected by Binding to TBR1 But Not
et al. 7). The PCR products corresponding to these geneto TBR2 RegionSeveral CrylA mutants in loop 2 are
regions were sequenced and cloned in a vector containing aaffected by receptor binding and toxicit3, 33, 38). To
His-tag to facilitate their purification and a c-myc tag to distinguish if loops 2 on-8 bind to TBR2, we analyzed the
facilitate their identification by anti-c-myc antibodies. After  binding of loop 2 mutants F371A, affected on irreversible
nickel-agarose purification frork. coli cells, two peptides  binding 32, 33), and RR368-9EE, affected on reversible
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TBRI1 TBR2 A Loop2vs TBR2
o = = = 51
T 2 8 2 = 8 41 :
e 5 2 £ &5 2 31 LA
C = 2 O & X 21 \a/\iy i
11 URVERY y\x'\ 3
65kDa| . R RAVARVARE Y
—— S IRV E
2 4 v _ \/ 3
— . —— 2
Ficure 3: Binding of CrylAb loop 2 mutants to the two BR S fmF NTGINN Q3(7)9
toxin binding regions. Blot detection of Cry1Ab toxin (lanes 1 and IPL PASILTYV
4), F371A mutant (lanes 2 and 5), and RR368-9EE mutant (lanes 1331 1340
3 and 6) with TBR1 (lanes-13) or with TBR2 (lanes 46). r =-0.93065
12 Loop o.-8 vs TBR2
binding (38), to the two TBR regions. Figure 3 shows that 4
the F371A mutant bound the two TBR regions, although it 3
had a weaker binding to TBR1 than to TBR2. In contrast, f
mutant RR368-9EE showed no observable binding to the 0 A
TBRL1 region but still retained binding to TBR2. These results -
suggest that the Cry1Ab toxin binds TBR1 with loop 2 and 2 1
TBR2 with loop a-8. y H v
CrylAb Toxin Interacts with Bt-REpitope 334PL- 51 SFRGSAQGIEGS
PASILTVTW®42 As shown in Figure 2C, the TBR2 fragment 279 290
could interact with loops 2 and-8, while TBR1 only IPLEAS LLTVTV,
interacts with loop 2 (Figure 2B). Accumulating evidence r=-0.72285

indicates the.‘t pro_telnls can interact th.rough. amlno_amd Ficure 4: Identification of IPLPASILTVTV amino acid sequence
sequences displaying inverse hydropathic profiles leading topy comparison of the hydropathic profiles of (A) loop 2 of Cry1Ab
the concept of hydropathic complementaritg4), We toxin (dotted line) and (B) loop-8 (dotted line) of Cry1Ab toxin
screened the TBR2 amino acid sequence, by computerwith the complete TBR2 amino acid sequence.

assisted analysis, with both loops 2 aaeB amino acid

sequences searching for an amino acid sequence with a A Ser  EpTBR2 1‘;’3
complementary hydropathic profile to both loop sequences. Competitor__0_50 100500 500
Figure 4 shows that the Bt;Ramino acid sequenc&3%-
IPLPASILTVTV1342shows significant hydropathic comple- 65kDa| v = -
mentarity to loop 21(= 0.93) and to loom-8 (r = 0.72).

To determine if this amino acid sequence was responsible 3 3 4 s
for Cry1lAb binding, we synthesize synthetic peptides with NonEp
amino acid sequences correspondingfttPLPASILTVTV1342 B EpTBR2 SerTBR2 BtRI-Cry
(peptide EpTBR2) and to a sequence obtained from TBR2 Competitor0 100 500 1000 500 500 100 500 1000
but that does not share any sequence hydropathic comple-
mentarity to the loops 2 and-8 regions ¥°_. DPVRNR- 210kDa G 6 ww = = =
LFLKK 397 peptide NonEpTBR2) to compete with the 120 kDa L X T T X X )
binding of the Cry1Ab toxin to the TBR2 fragment. Figure T3 4 s 6 7 59

5A shows that synthetic peptide EpTBR2 competed with the — _
binding of CrylAb to TBR2 in contrast with peptide FiIGURES: CrylAb toxin bind$3¥JPLPASILTVTV1342Bt-R; amino

. . acid sequence in TBR2 region. (A) Blot detection of Cry1Ab toxin
NonEpTBR2 or to peptide Scr. Figure 5B shows that with TBR2. Lane 1, without peptide competitors; lane 2, CrylAb

synthetic peptides BtR1-Cry (corresponding to epitope detection with TBR2 competed with peptide Scr; lanes 3 and 4,
8883HITDTNN®75) as well as peptide EpTBR2 competed with  Cry1Ab detection with TBR2 competed with EpTBR2 peptide; lane

the binding of Cry1Ab to Bt-Rin toxin overlay assays, but 5, CrylAb detection with TBR2 competed with NonEpTBR2

; i i4a peptide. (B) Toxin overlay assay bf. sextaBBMV with Cry1Ab
rl\ll(z)tntgp’?'ggyzm contrast to the scramble peptide or peptide toxin. Lane 1, without competitor; lanes-2, Cry1Ab overlay assay

L . L. . competed with peptide EpTBR2; lane 5, competed with Scr peptide;
Determination of Dissociation Constants by Analysis of |ane 6, competed with NonTEpTBR2 peptide; lane9Zompeted
CrylAb Toxin Interaction with TBR Peptides in Solution. with BtR1-Cry peptide. Numbers in the upper part are molar excess

To obtain quantitative data on the interaction of the Cry1Ab of peptides used for competition.

toxin with the two Bt-R toxin binding regions, we analyzed

the interaction of the toxin with the two TBR peptides in disappearance of free TBR peptide reflects the time course
solution using a competition enzyme-linked immunosorbent of the association reactiod4). To have a pseudo-first-order
assay (ELISA)44). In this methodology, the association rate reaction, the concentration of the TBR peptide was at least
of Cry1Ab toxin and TBR peptides was measured by mixing 5-fold lower than the concentration of CrylAb toxin in
both molecules in solution, and at different time intervals solution. Also, the concentration of the CrylAb toxin in
aliquots were withdrawn to determine by indirect ELISA the solution was more than 10-fold higher than the repoKed
amount of free TBR peptide that remained in solution. The value for TBR2 peptide7). Figure 6 shows the kinetics of



Receptor Epitopes Recognizing CrylAb Domain Il Loops

A) B)

T 02 T 0.2
s

S 0 s 0

- -

£ 02 5 -0.2

2 04 2 .04

© ©

o 06 o -0.6

2 -08 2 .08

8 1 i 1

% 1.2 =2

e 14 S a4

0 5 10 15 20 25 30 35
Time (min)
Ficure 6: Kinetics of association of 500 nM Cry1Ab toxin (A) or

500 nM RR368-9EE mutant (B) to 40 nM TBR1), 100 nM
TBR2 @), or 100 nM scFv73®). No detectable binding of RR368-

0 5 10 15 20 25 30 35

Time (min)

Biochemistry, Vol. 42, No. 35, 20030487

".

250 kDa

65 kDa | s L

1 2 3 4

Ficure 7: Binding of CrylAb protoxin to Bt-Rtoxin binding

9EE mutant to TBR1 peptide was observed. Plots are logarithm of regions TBR1 and TBR?2 facilitates pre-pore oligomer formation.
relative absorbance vs time. The pseudo-first-order rate constantyestern blot of Cry1Ab toxin aftel h incubation with different
kobs i given by the slope of the straight line. Relative absorbance peptides and proteolytic activated wittl. sextamidgut juice

represents the ratio (A~ A.)/JAp; — A.), where A. is the ELISA
signal on completion of the reaction, e signal at time, and
Ao the signal at time zero.

Table 2: Binding Kinetics of Cry1lAb and Mutant RR368-9EE to
scFv73 and TBR Peptides

CrylAb RR368-9EE
I(on Kd kon Kd
peptide (x1°PM™ts?1) (x108M) (x1PM1s?) (x108M)
TBR1 0.5 0.6 NBD NBD
TBR2 1 4.0 0.8 8.0
scFv73 1 3.6 0.7 7.5

aBinding kinetics was determined by competition ELISA as
described in the Experimental ProcedufgsBD: no binding detected.

association of the two TBR peptides to Cry1lAb and the loop
2 RR368-9EE mutant. The plot is the logarithm of relative

absorbance versus time where the slope of the line suggests

a pseudo-first-order rate constant of associatigp)( The
association constarid,, was obtained by dividing thé&gps
constant by the concentration of the CrylAb toxin and is
shown in Table 2. Figure 6 shows that the CrylAb toxin
binds the TBR1 peptide with higher affinity than TBR2 in

detected with polyclonal anti-Cry1Ab antibody. Lane 1, proteolytic
activation in the presence of scFv73; lane 2, activation in the
presence of TBR2; lane 3, activation in the presence of TBR1; and
lane 4, activated with midgut juice in the absence of the Bt-R
receptor or TBR peptides from the receptor.

Table 3: Toxicity of CrylAb Protein td1. sextaLarvae in the
Presence or Absence of Competitors

treatment mortality

CrylAb® 96

Cry1Ab + scFv45 500X 77

Cry1Ab + scFv45 1000X 81
Cry1Ab + scFv73 500X 42
CrylAb + scFv73 1000X 25
CrylAb+ TBR1 500X 39
CrylAb+ TBR1 1000X 29
CrylAb+ TBR2 500X 25
CrylAb+ TBR2 1000X 16
Cry1Ab+ Mix (EpTBR1 + BtR1-Cry) 150X 14
CrylAb + Mix (EpTBR1 + BtR1-Cry) 300X 20
CrylAb+ Scr 500X 95
control 0

aPercentage of 48 larvae per treatment. Representative results of
three experiment£.9 ng/cn? of toxin. ¢ Molar excess of competitor.

contrast to the loop 2 RR368-9EE mutant that lost all binding Of the 250 kDa pre-pore oligomer, proteolytic activation of
to the TBR1 peptide and still interacts, although less the CrylAb protoxin withM. sextamidgut juice in the
efficiently, with the TBR2 peptide in agreement also with Presence of the TBR peptides was performed, and the
data obtained with the toxin blots revealed with the two TBR formation of the 250 kDa oligomer was analyzed by Western
peptides (Figure 3). To determine the dissociation constants,Plot. Figure 7 shows that the binding of Cry1Ab to both TBR
TBR peptides were incubated in solution with a different r€gions, as a scFv73 antibody, promoted the formation of

excess of CrylAb toxin (1 nM to M), and the unbound
TBR peptides were detected afterward with Cry1Ab toxin
by ELISA. As a control, we determined also the dissociation

the 250 kDa oligomer.
Involvement of TBR Regions of Bi-iR CrylAb Toxicity.
To determine if the TBR regions interfere with CrylAb

constant of the scFv73 antibody to Cry1Ab toxin that has a toxicity to M. sextalarvae, bioassays were performed using
Kq of 40-55 nM determined by surface plasmon resonance the different TBR regions or peptides BtR1-Cry or EpTBR2

(30, 31). Table 2 shows th&,, andKq4 values obtained by
competition ELISA showing that the affinity of Cry1Ab toxin
to scFv73 and TBR2 is in agreement with previously
published results2(7, 30, 31). The data presented in Table
2 also shows that Cry1Ab toxin binds to the TBR1 peptide
with a 6-fold higher affinity than to the TBR2 peptide. Also,
the Cry1lAb RR368-9EE mutant had a 2-fold higKgivalue
for binding to the TBR2 peptide than the Cry1lAb toxin.
CrylAb Pre-Pore Formation Induced by TBR Binding
Binding of the Cry1Ab toxin to scFv73 antibody facilitated
the proteolytic cleavage of helim-1 of domain | and the

formation of a tetramer pre-pore of 250 kDa that is membrane

insertion competen2@). To analyze the role of the binding
of Cry1Ab to the two Bt-R TBR regions on the formation

in combination with the CrylAb toxin. First, instar larvae
were fed with Cry1Ab toxin either alone or with the Cry1Ab
toxin previously incubated with a different fold molar excess
of the different competitors. Table 3 shows that the toxicity
of the Cry1Ab toxin was greatly reduced (up to 80%) when
the toxin was incubated with scFv73 antibody, TBR1 peptide,
TBR2 peptide, or synthetic peptides BtR1-Cry or EpTBR2
in contrast to antibody scFv45, which binds CrylAb toxin
but does not affect receptor interacti@®0), or peptide Scr.

DISCUSSION

Identification of the receptor binding epitopes of Cry toxins
will be important for the characterization of resistant insect
populations in nature and to develop strategies to design
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toxins that could overcome receptor point mutations leading Bt-R; truncated derivatives could be that in the latter context

to Cry toxin resistance. Mutagenesis of CrylA toxins
revealed that loops 2, 3, and8 of domain Il are involved

in receptor recognition32, 33, 35—38). In previous works,
we identified the Bt-Rreceptor epitope recognized by loop
2 of domain Il of Cry1A toxins 80, 31). In this paper, we
narrowed to 12 amino acids another previously identified
Bt-R; epitope 27) and identified loopa-8 of the CrylAb
domain Il as its cognate binding epitope.

the 8NITIHITDTNN 875 epitope is occluded and not acces-
sible for toxin binding. A sequential binding hypothesis could
imply that the binding of the CrylAb toxin to the TBR2
region may induce a conformational change in the receptor,
making the TBR1 epitope accessible for loop 2 interaction.
Further experiments are needed to support a sequential
binding interaction of loop regions of the Cry1Ab toxin with
the two TBR regions in Bt-R In the case of the closely

Previous work demonstrated that loops 1 and 3 synthetic related Cry1Ac toxin, a sequential binding mechanism to the

peptides did not compete with Cry1Ab binding to the Bt-R
in toxin overlay assays in contrast to loop 2L and loop
o-8 (Figure 1A). To determine the binding epitope in Bt-R
involved in the interaction with loop-8, we cloned two 70
amino acid toxin binding regions, one containing the
885NITIHITDTNN 87 epitope identified by us (TBR1, resi-
dues 831900) 31) and another identified by the heterolo-
gous expression of truncated derivatives of Bt{RBR2,
residues 12911360) 7). A synthetic peptide corresponding
to loop 2 competed with the binding of CrylAb toxin to
TBR1, while the loopa-8 synthetic peptide had no effect
on this interaction, and the loop 2 mutation RR-368-9EE
abolished the interaction of the Cry1Ab toxin to TBR1. These
data confirm our previous results: loop 2 interacts with the
SSSNITIHITDTNN 875 epitope 81). Cry1Ab binding to TBR2
was competed by loops 2 amd8. This result shows that
loopsa-8 and 2 can interact with the TBR2 region. Cry1Ab
loop 2 mutant RR368-9EE retained the interaction with the
TBR2 region. This result suggests that loegB interacts
with TBR2.

Domain Il loopa-8 has similar binding capabilities as does

APN receptor has been propose&¥)( The interaction of
domain 1l with a N-acetyl galactosamine moiety in the
receptor precedes the binding of the loop regions of domain
Il (37).

Itis generally accepted that the toxic effect of Cry proteins
is exerted by the formation of a lytic pore. However, it has
also been shown that the Cry1A toxins target cadherin-like
molecules presumably involved in celtell interactions
within susceptible hosts as is the case of several other
pathogensZ7). The disruption of the epithelial barrier may
result from the targeting of cell junction molecules, besides
the formation of pores. In this regard, it is remarkable that
CrylA toxins interact with at least two structural regions
that are not close together in the primary sequence of
Bt-R;. Although we cannot exclude that both sites could be
located nearby in the three-dimensional structure of Bt-R
it is tempting to speculate that the binding of Cry1A toxins
could cause a conformational change in the cadherin
molecule that could have a consequence with the interaction
with other cell-adhesion proteins and consequently on the
disruption of the epithelial cell layer.

loop 2 since synthetic peptides with amino acid sequences The amino acid sequence of TBR2 involved in the Cry1Ab
corresponding to these regions competed with the bindinginteraction was narrowed to 12 amino acid$¥PL-

of a monoclonal scFv73 antibody to Cry1Ab toxin (Figure
1B) and with the binding of the toxin to the TBR2 region
(Figure 2C). In several antiboehantigen interactions, it has

PASILTVTV!32 This region was identified by searching
for an amino acid region in TBR2 with a complementary
hydropathic pattern to loops 2 ang8 amino acid sequences.

been observed that several CDR regions have similar bindingCompetition experiments using peptide IPLPASILTVTV

capabilities because of similar hydropathic pattedt; 48).
The significance of antibodies with binding epitopes with
similar binding capacities remains unclear but could be
important to the binding mechanism. In antibeegntigen

confirmed that this amino acid region was enough to compete
with the binding of the Cry1Ab toxin to Bt-Rand to TBR2.
This result shows that loop-8 interacts with the Bt-R
epitoper*IPLPASILTVTV!342 The TBR2 peptide or pep-

interactions, it has been suggested that similar binding CDRtide 334PLPASILTVTV!3#?interfered with the toxicity of

regions could imply a sequential binding mechanism
(48—50). In the case of the Cry1Ab toxin, we cannot exclude
the possibility that loops 2 anat8 could interact with TBR2
in a sequential manner. In this regard, the binding affinity
of the loop 2 mutant RR368-9EE to the TBR2 peptide was
2-fold lower than that of the Cry1Ab toxin suggesting that
although the TBR2 peptide interacts with loopB, loop 2
is probably involved in the initial interaction with this region.
Regarding the interaction of loop 2 with the TBR1 region,
work done by Dorsch et al.2f) showed that the Bt-R
truncated derivatives that contained #FITIHITDTNN 875
epitope did not bind the CrylAb toxir27). This result is
somehow surprising, although the Cry1Ab toxin binds the
TBR1 region with a 6-fold higher affinity than to TBR2 as
revealed by competition ELISA analysis (Table 2, Figure

the CrylAb toxin showing that this is an important binding
event involved in the interaction of the toxin to B&R

In previous work, we demonstrated that the binding of
CrylAb toxin to Bt-R, using scFv73 as surrogate of the
receptor, facilitates proteolytic cleavage of helid and the
formation of a pre-pore structur@). Since the scFv73
antibody is able to interact with the two exposed loop8
and 2, we analyzed the effect of binding to the two TBR
regions on the formation of the pre-pore structure. Both TBR
regions promoted the proteolytic formation of the pre-pore
(Figure 7). These results suggest that the interaction of the
domain Il loop regions with the Bt-Receptor is a key step
in the process of proteolytic activation of the toxin and the
formation of the pre-pore oligomer. The interaction of
domain Il loop regions with the receptor may produce a

6). In this paper, we show that a 70 amino acid truncated conformational change in the toxin leading to the proteolytic

derivative of Bt-R containing epitop&°>NITIHITDTNN 87®

was able to bind Cry1A toxins but not Cry3A (Figure 2A).
One plausible explanation for the lack of binding of the
CrylA toxin to the TBR1 region in the context of larger

processing of helixt-1 in domain | exposing a hydrophobic
surface involved in toxin oligomerization.

In previous work, we showed that the interaction of loop
2 with the 8NITIHITDTNNK 876 Bt-R; epitope was deter-
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mined by hydropathic complementarit$1). In the case of
loop a-8, we show here that its interaction with the
1BYPLPASILTVTV42Bt-R; epitope is also determined by

hydropathic complementarity. Our results suggest that the

analysis of hydropathic patterns of interacting epitopes of
Cry toxins with their cognate receptor epitopes could offer
tools for improving or changing specificities of Cry toxins.
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