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PECTINOPHORA GOSSYPIELLA (PINE BOLLWORM)
EBACILLUS THURINSIENSIS TOXIN RECEFTOR ET-R,

CROSS-REFERENCES TC RELATED APPLICATIOMS

This Application for Patent claims the penefit of
priority from, and hereby incorporates by reference the
entire disclosure of, co-pending U.S. Provisional
2pplication for Patent Serial No. €0/161,564 filed
Octaber 26, 1995,

TECENICAL FIELD OF THE IRVENTICHN

This inventicn generally relates to receptors Zov
Bacrillus thuringiensis (BT} toxin and thus teo
pesticides able to bind the receptor, and to
ameliorating pesticide resistance. In particular. the
invention relates teo recombinant DN2 and expression
systems for a novel receptor and recepteor elements Srom
Pecrincphora gossypiella, the pink bollworm.

BACKGROURD OF THE INVENTION

Without limiting the scope of the invemtion, its
background :is deseribed in oeonnaction with uses of
Bacillus thuringiensis toxing as cotton insect biocidal
agents, &as an example. Cotton imsect pests reduced
yields by almost 10% across the U5 in 1998. Insect
damage reduced the overall cotton yield by more than
1.7 million bales and produced a financial loss of
ahout £1.224 billion. One group in particular, the
bellworm/budworm complex was the most damaging causing
a 2.7% laes. The pink bollworm, Pectinophora
gossypiella Saunders {"PBWR'}, 15 a lepidopteran insect
that causes severe damage to cotton and is the most

destructive pest of cotton worldwide.

JP 2004-500055 A 2004.1.8
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Bacillus thuringiensis 1is a gram pesitive,
sporeforming bacterium that forms a parasperal crystal
which contains insecticidal texins (Bulla et al., Crit
Rev. Microbiel., (3980} B: 147-204; KOfte and Whiteley,
Microbiol. Rev. {198%) 53: 242. The effect of the
coxin is mediated through binding to specific receptors
on the apical brush border of the midgut microvillae
(B3MV) of susceptible insects.

Binlogical control of cotton pests using B.
thuringiensis formulations and transgenic plants has
been in use for & number of years and 18 growing
rapidly. Recently, transgenic cotton plante carrying
the toz
commercially. Such transgenic plants have a high

ir genes of BT have been developed and sold

degree of resistance to the pink beollwerm [(Schnepf et
al., Microbiecl. Mol. PBiol. Rev. (1998) 62: 773},
However, the introduction of any new insecticide into
a pest mapagement program immediately initiates a
selection process for individuals that ars resistant be
the pesticide. s the use of transgenic corops
exgressing BT toxin increases, insect resistance ig
expected to become more widesoread. Increased
tolerance for BT toxins in several species of insects
has been reported by several investigators while
lzboratory selection experiments have shown that the
use of BT toxin formulations and transgenic plants can
provoke the development of resistance in the pink
bollwerm {Bartlett, et al., Beltwide Cotton Conference
(19858) 2: 766).

Concerns that BT toxin Sermulations or transgenic
plants expressing the toxin genes may evoke emergence
of either resistant or tolerant strains of insects has
made the search for a better understanding of the
interaction betwsen the BT toxin proteins and their
regpective insect receptors a matter of considerable

economic importance.

JP 2004-500055 A 2004.1.8
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In TU.=. Patent DNo. 5,6%3,491, the present
inventoreg discloged the purification and cDHA cloning
of a B. thuringiensis toxin receptor BT-R; from larvae
of the tobacco hornworm Manduca gexta (M. Sextal.
Recently. two BT toxin recepteors have been identifiad,
purified and cloned from the silkworm, Bombyx mori
(Nagamatsu et al., Bigsci. Blotechnol. Piochem. (18%8)
62: 727).

Heretofore 1in thas field, there has heern no
astructuvral informaticn concerning the structure and
function of BT texin receptor of the major cotton
ingect pest, P. gossypiella. Furthermore, to the
inventors' knowledge, the minimam bhinding fragment
enceding a consansus binding domain ior BT toxin on the
BT receptor has not yet been identified. Tsgolation of
the minimum binding fragment could permit <¢loning and
structural characterization af importanc yat
uncharacterized BT toxin receptors from other ineects
of worldwide economic impertance such  as P.
gossypiella.

SUMMARY OF THE INVENTION

The present invention provides information and
materials for isclation and expression of novel BT
crystal toxin receptors, herein referred to as Cry
toxin receptors. Generally, the invention provides
structural and functiomnal characterizatien of a novel
lepidopteran BT toxin receptor, herein referred te as
BT-R;.

B cDHA that encodes an alternative glycoprotein
receptor from the pink bollworm that binds specifically
to a B. thuringiensis toxin has been cloned, segquenced
and characterized. The BT-R. cDHA permita the analysis
oI receptors in plnk bellwerm and cother insects and
crganisme that affect crop growth and development, as
well as the design of assaye for the cytctoxicity and

JP 2004-500055 A 2004.1.8
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binding affinity of potential pesticides. The clone
and other methods degcribed herein, permit the
manipulation of natural and/or introduced homologous
Teceptors and, thus, to specifically destroy organisms,
tisganes and/or cells of the target host, including
insects resistant to toxins of B. thuringiensis.

The invention further provides purified and cloned
cDNA encoding a 200 kD recepteor for the Cryld toxins of
the pink bollworm, P. gossypiella. An advantage of
this invention is the identification of the minimum
binding fragment encoding the toxin binding domain on
the BT toxin recepter. Anather ajdvantage of this
invention is the provision of methedologies for cloning
and structural characterization of presently unknown BT
receptors. Furthermore, this invention provides
methads and materials for identificaticn and desigrn of
effective toxin binding receptors for use in combating
emergence ©of toxin resistance. Also, this invention
may be useed Lo generate transgenic organisms expressing
LOXin receptors.

BRIEF DESCRIPTION OF THE DRAWINGS

A more complete understanding of the method and
apparatug of the present :invention may be cbtained by
reference to the following Detailed Description when
taken in conjunctiorn with the accompanying Drawings
wherein:

FIGURES 1A-B show the nucleotide seguence cDNA
enccding the BT-R; protein fram P.gossypiella (SEQ ID
HD:1);

FIGURES 22 and 2B show the amine acid sequence of
BT-R2 protein from P. gossyplella (SEQ ID No: 2).
Arrows indicate the start site of the putative cadherirn

domzing CR1 - CR12., SIG = gignal seqguence (doukle

underline}; MFD = membrane proximal domain; CY¥Y? =

cytoplasmic regien. The transnembrane region 1is
4
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anderlined and bold. The leucine zipper motif LZ is
underlined. 0 residues denote putative N-glycesylation
sites. The minimum kinding fragment MBF (aa 1269-1367)
is also dovkle underlined;

Figure 3A is a graph showing the binding results
of Cryid toxins on P.gosgypliella larvae brush border
membrane wvesicles prepared from widgut epithelial
calls;

Figure 3B is a graph showing the toxicity results
of CrylA tcxine an P. gossypiella larvae and BBMV;

Figure ¢ is a map of the structure of the pink
bollwerm {(PBW) RT-R, o¢DNWA=, including truncations PBW-
1210-143%, PEW-1269-1439, PEW-1367-14%5, and PBW-1210-
1367 {the minimum binding fragment). The binding of
protelins expressed from sach clone to CrylA toxin was
identified by (+) for binding and (-] for non-binding;
and

FIGURES S5A-C illustrate an alignment of the silk
worm (top), the tobacce hernwerm {middle), and the pink
bollworm (bottom) Cry toXin receptors. perfectly
conserved residues are haxed.

DETAILED DESCRIPTION OF TEE PRESENTLY PREFERRED
EXEMPLARY EHBODIMENTS

The present invention will now be described nore
fully hereinafter with reference to the accompanying
drawings, in which preferrad embodiments of the
invention are shown. This invention way, however, be
embodied in many different forma and should not be
construed as limited to the embodiments eet forth
herein; rather, these embodiments are provided so that
this disclosure will be thorough and complete, and will
fully ccnvey the scope of the invention to those

gkilied in the art.

JP 2004-500055 A 2004.1.8
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ABABREVIATIONS AND DEFIRITIONS

The following abbreviations are used throughout
this application: »bp - Dpase pairs; BT - Bacillus
thuringiensis or B. thuringienmsis; BT-R, - BT toxin
receptor of type x; BEMV - brush border of the membrane
vesicles; cDNA - cooplementary DNA; Cry toxin -
parasporal crystalline toxin  of ET; IEF -
immunoelectrophoresis; kb - kilohase or kilo base
pairs; kD - kilecdzltons; K, - dissocciation constant;
Lil,, = 1lethal concentration resulting in & 50%
mortality; PBW - pink Dbollworm, Pectinophora
gossypi=slla or P. gossypiella; PCR - polymerase chain
reaction; RACE - Rapid Amplification of c¢DNA Ends; RT
- reverse Lranscriptase; SW - silkworn {Bombyx mori or
B. mori); THW - tobacco horaoworm (Mandvca sexta or M.
sexta); and UTR - untranslated region.

The term "x% homeology" refers to the extent to
which two nucleic acid or protein seguences are
identical as determined by BLAST homology alignment as
descriped by T.A. Tatusova & T.L. Madden (1993}, “Blast
2 sequences - a new tool for comparing protein and
nuclectide seguencec*, FEMS Micreezo. LeTT. 174:247-250
and using the following parameters: Program (blastn) or
{blastp} as appropriate; matrix (OBLOSUMEZ}, reward for
match {1}; penalty Zor mismatch (-2}; open gap (5) and
extension gap {2} penaltiese; gap x- drop off ({50};
Expect {10}; word sigze (11); filter (off). An example
of a web based two sequence alignment program using
thesae parameters is found at
http://wew.ncbi.nlm.nih.gov/gorf/bl2 . html.

The invention thus includes nucleic acid or
protein seguences that are highly similar to the
sequences of the present invention, and include
zequences of 80, 85, 9C, 95 and 98% simlilarity to the

sequences deszcribed herein.

JP 2004-500055 A 2004.1.8
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The invention also includes nucleic acid seguences
that can be isolated from genomic or cDNA libraries or
precared synthetically, and that hybridize under high
stringency to the entire length of a 400 nucleotide
probe derived Zrom the nucleic acid sequences described
hersin under. High stringency is defined as including
a2 final wash of ¢.2X S8C at a temperature of £0°C.
Under the caleculation:

Eff Tm = 81.% + 16.6(log M [Ma+)) + 0.4L(%G+C} -
0.72(% formamide)
the percentage allowable mismatch of a gene with 50% GC
under these conditione is estimated to be about 12%.

The nucleic acid and protein sequences described

herein are listed For convenience as follows:

SEQ ID DHA and Protein Sequences
Nos.:
SEG ID MO: | BT-R, cDNA seguence from P. gossypieila
1 (Figure 1)
SEQ ID MO: |BT-R, protein seguence for P.
2 gossypiella {Figure 2]
SEQ ID Primer Sequences Primer
Ros . ¢ Name
SEQ ID 57 CAN ATH CGN GLN CEN GARY ETR 1203U
NQ: 3 OGN GG 30
SEQR ID 57 TTG TAC ACS GCW GGE ATW BTR 1355U
MO: 4 TCC AC 3°'
CEQ 1D 57 WAC YT RTC RAT ETT RCA BTR 14B6D
NO: 5 WET CAT 3
SEQ ID ET NCC DAT WBAG RIC NGA RIC BTR 16570
MO: € RTT NGA 3'
SEQ 1D T Thiz GIT GIa TCC TCA GTA DREW-BTR
NO: 7 TGR GGA 2! GEP-1
SEQ ID 5T Cok Cal TG AGT CCA CCG PEW-ETR
NO: & CCA TA 3! GEP-2

7
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SEQ 1D §' CTG AGT RAG TGT TART CTT PBW-ETR
HGC: 2 GRA RG 3 G5P-3
SEQ ID 5' CAN ATh CGN GCN CAN GAY BTR 12050
NC: 10 QoM GG 3

o ID 57 GAT AGC GGT CCC AGG ARC PEW-BTR
NO: 11 CAR CAR ACAH GG 3 GSP-4
SEQ ID 5T AGT GUG AGT GCT TTG AART FEW-B'IR
NO: 12 CTG TGA 3 P2U
EEQ ID 57 GTC TCT TCT CAC CGT CAC PEW-BTK
NO: 13 TGT CRC T 2 P5U
SEQ IT ST GCA TGC TGG CAG TAG GTT FEW-BTR
NO: 14 GTA TC 37 P&D
SEQ 1D ST GGG CAC GGG TGS ACT AGT AC | (AUAF]
NO: 15 3t
SEQ ID 5' GGC CAC GCG TCG ACT AGT (APY
HO; 186 ACT TTT TTT TTT TTT TTT T 3'

N=24, ¢, T, or G; H=4A, T, eor C; BE =T, C, or G; D
— A, T, cx G; V=54, C, or G; R = A or G: Y = C or T;
M=Aor 2; K=TpoprG; §=CprG; W==2orT

More particularly, the studies described hexein
were targeted toward the identificaticn, cloning and
characterization of novel Cry toxin receptors. One
embodiment was directed to characterization and
ieplation of the heretofore unidentified Cry toxin
receptor of the pink bollworm, P. gossypiella,
hereinafter referred to as "FBW".

In order to identify and isclate the Cry toxin
receptor of the PEW, toxicity was detarmined for five
different Cry proteins {Crylaa, Cryldb, CrylAc, Cryla
and Cryi3iA) against necnate FBW larvae. It was
determined that the lepidopteran-specific toxins
(Crylha, CryldAb and Crylac) showad high toxiecity toward
PEW larvae with a L, ranging from 25-45 ng/cm’ of
insect diet, while the coleopteran specific (Cry3A} or
the dipteran specific (Cryild) toxins did not exhibit
any detsctable toxicity up to 2000 ng/om’ (Figure 3).

JP 2004-500055 A 2004.1.8
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The binding of the three lepidopteran-specific
CrylA coxins {(Crylada, Cryldb and CrylAc) to the BEMV of
P, gossypiella was characterized in detail. Ligand
blot experiments showed that proteins of 120 kD bind
only the CrylA¢ taxin whereas a 200 kD protein binds to
Crylia, Crylkb and CrylAc toxins, It is now known that
the 12¢ kD protein is a heat shock prcoctein, although
its relation to the Cry toxin effect is not understood.

In the case of the 175 kD cadherin-like Cryila
binding protein from Bombpx mori, T -labeled CrylAa
binding wag eliminated by the presence of unlabeled
CrylRa, but additicnal band{s) of approximately 110 kD,
ideptified by *1-Crylaa ligand blots, failed to
demonstrate a detectable degree of competition. Thus,
it was determined that P. gossypiella, 1like M. sexta
and E. mori, contains both high-affinity and low-
affinity binding preteins for at least one Cryld toxin
and that the 200 kDa protein frem PBW is a common
binding pretein for the lepidopteran-specific CrylA
toxins.

The detailed mechanism of the Cryld toxin
interaction with the midgut BBMV of the pink bollworm
was determined. The equilibrium disscciation constants
{¥,) calculated from the howelogous competition assays
{(Figs. 3k and 3B} are 16.5, 12.4 and 12.8 nM and the
concentrations of binding sites are 3.7, 3.6 and £.6
pmel/mg, for Crylha, Cryldb and Crylhc, respectively.
The Hill Coefficients for the three CrylA toxins are
between 0.6 and 0.8 for BBMV binding proteins (Figure
3A), indicating that there is negative cooperativity in
the binding of these toxins to the binding site(s) in
the BEMV. Binding of the CrylA toxins toc BBMV proteins
was epecific and saturable. The toxin amount required
for saturatiocn of 460 pg of BBMV proteins was in the
follewing order: CrylAcsCrylAa=Cryidb.

JP 2004-500055 A 2004.1.8
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Immunoprecipitation of BBMV proteins with anti-
CrylAk antiserum and subsequent ligand blotting with
H¥i1-crylib toxin also showed pinding of the toxin to an
approximately 200 kD protein. The 200 kD protein is a
single protein as shown by 2D-gel analysis (data not
shown) . A comparison between the 210 kD binding
protein from M. mexta with a pI - 4.3 and the 200 kD
binding protein from P. gossypiella (pl - 4.1) revealed
that both proteins have almost the same pI. It was
determined that the 200 KD PBW protein had some cross-
reactivity with pelyclonal antisera against the M.
sexta BT-R, 2i0 kD protein.

In order teo clone the PBEW 2BT-R. gens, fully
degenerate primers were designed based on the conserved
amine acid sequences between that of the two receptors,
tokacco horoworm {("THHW") BT-R, and silkworm ("SW") BT-
R175. The primer locations were designed to include or
exclude a seguence thought by the present inventors to
encode a region in the extracellular domaln critical to
toxin binding, herein after "READ" signature seguence.
Herainafter this binding fragment of the DNA sequence
will be referred to as the "signature” regiomn.

Three clones were obtained, PBW-421 (aa 1367-
14%6), PEW-B66 (aa 1210-14%6} and PBW-1372 (aa 1210-
1675), which have about 50 % nucleotide and about 60%
amino acid seguence similarity to both THW BT-R, and SW
BET-R175. The 421 bp and %66 bp clones encade proteins
of about 2@ and 32 kD, respectively. Although both
expressed proteins cross-reacted with THW  BT-R.
polyclonal antisera, the 32 kD proteim, but not the 21
kD protein, was shown to bind Crylib toxin sgpecifically
with high affinicy. The estimated XK, value is about
17 nM, which is similar to the XK; valuse cbtalned for

BBMV . Similarly, an internal fragment from the PBW-

866 clone did not pind toxin, but did cross-react with

BT-R, antibodies. This data demconstrates that
10
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recogqnition by anti-BT-R, antibodies ig insufficient to
define a functional toxin receptor.

In order te obtain a cDNA sequence enceding the
full-length receptor, the 5' and 2' ends of the PEW BT-
R; receptor were first obtained using 5' and 3' RACE
reactions followed by cloning af the full-lsagth
receptor cONA using gene specific primers from the 5°'
and 3' UTR. The full-length cDNA cleone [SEQ ID NO: 1)
has an open reading frame of 1725 aminc acids (SEQ ID
NO:2), with a deduced molecular weight of 194 kD and a
calculated pI wvalue cf 4.7, which is similar te the
value determined by 2-D gel analysis.

The protein consists of three domains :
extracellular, transmembrane and cytoplasmic. The
protein sequence contains two hydrophobic regicns, cne
at the amino terminus, characteristic of a signal
peptide ard one near the CCOH-terminus f{amino acids
1575-1600} that probably forms a transmembrane domain.
The extracellular domain contains 12 cadherin-like
motifs, in addition to, a membrane proximal region that
contains two leucine zipper motifs. Eleven consensus
sites for N-linked glycosylation are present in the
extracellular region, which may account for the
difference in apparent molecular mass between the
native protein and tne calculated mass.

Bazed on the results discussed abeove, it would be
apparent toc one of ordinary skill ip the art that
variances in receptor sequences or in toxim binding
affinities or in recepter expression may render
different levels of toxin susgeptibility or resistance.
Furthermore, the receptor of the present invention may
be used to generate transgenic ocrganigms by methods
well known itn the art.

To investigate the mode cof action of BT toxin, a
mammalian heterologous cell culture system was chosen

for several reasoms. First, BT CrylA toxins have shown

11
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no toxic effect on any wmammalian cell lines studied te
date. This characteristic is in contrast to most
avallable insect c¢ell lines, which exhibit wvariable
degrees of senesitivity to toxin {(Kwa et al., 1298).
Second, the vse of a mammalian c¢ell would allow the
determinatien of whether the receptor, independent of
any asscciated protein in an insect egell line, would
mediate toxicity.

When iptroduced into mammalian COS-7 cells, the
cloned ¢DNA expressed BT-R. that was detected by
western blot analysis wsing BT-R, antisera. The
expressed receptor was displayed on the cell surface
and detectad with polyclenal antibedies raised against
M. sextz 3T-F,. These results suggest that the protein
expressed by the PFEBW BT-R, ¢DWA is similar to the
natural protein found in the insect midgut.

The possibility of using C0D3-7 mammalian cells
transfected with a receptor Zor BT toxing as a model
system for assessing the cyitotoxicity of the Cryla
toxin was determined. The surface receptor clearly was
able to bind to the CrylAb toxin, which was detected
by immunofluorescent labeling using CrylAb antibodies
{data not shown}. These r=sults indicate that the
binding &ite of the receptor wmust assume its native
conformation. Significantly, intensively labeled
wvesicles in the methanol fixed transfected CO5-7 cells
were cheerved when the cells were incubated with BT-R;
antiserum (data not shown). This observation indicates
that vesgicles, which form mnormally in the cell
endocytosis/exocytosis pathway, contain the BT-R,
proteins. In azdditiomn, this result shows that the
receptor is not only expresged on the cell surface,
like its native counter part in the insect midgut, but
also is recycled normzlly by the cell.

Microscopy of the transfected COS-7 cells treated
with CrylRb toxine for varicus times demonstrated

12
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significant cyvtepathological patterns. The
cytopathological changes observed under the fluorescent
microscope included disruption of the plaswa membrane,
cell swelling, disintegration and death of the cells.
The symptome were ohtained in the presence of 0.6 pg/ml
cryidb for 2 brx. In. centrast, no cytopathological
effecte were revealed for cells transfected with vector
alone and subseguently treated with toxin. learly,
there is a distinect correlation between toxin binding
to the surface receptor and teoxicity to the cells.

The cytological appearance and ultrastructure of
the midgut cells of M. sexta and other lepidopteran
larvae, after inteoxication with preparaticne of BT,
have been reported extensively by several autheors
(Bravo €t al., 1992). Histopatheological studies on M.
gexra wmidgut demonstrated pathological behavior for
Cryla on midagut epithelial cells ({(columnar cells)
(Midhoe et al,, 1939) . These investigators
demonstrated that the epithelial cells of the midgut
swell shortly after ingestion of the BT toxin.
Eventually, the epithelial cells burst and released
their cytoplasmic contents intc the midgut lumen.

The present observations on the intoxicated
transfected C05-7 vells are in complets agreement with
these reportsz, which demonstrates that the toxin acts
similarly in both systems. Furthermcre, it should be
apparent to one of ordipary skill in the art that cells
expressing transfected moleculea of the BT toxin
receptor as well ag cells expressing a natural form of
the recepter may be uged tc asses the Ievel aof
cytotoxicity and mode of astion of towins.

Lepidopteran insects generally express high
molecular weight binding proteins for the Cryla toxins
that range in size from 160 to 220 kD {(Martinez-Ramirez
1594; Vvadlamudi et =a1.; 1953, oOddouet al., 1533;
Nagamatsu et al., 19%8a; Thara et al., 1998)., Two of

JP 2004-500055 A 2004.1.8
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these proteins, in addition to the 200 kD pink bollworm
receptor, have been cloned and sequenced: the BT-R, 2140
kD cadherin-related receptor from M. sexta {Vadlamudi
et al., 1%%5) and the 175 kD cadherin-related from B.
mori [NBagamatsu et al., 19%%al. Interestingly, these
two proteins have 60-70% identity and 80% similarity
between themselves.

P. gossypiella expresses a high-affinity and a
low-affinity kinding protein for at least one Cryla
toxin, Cryldc. The high-affinity receptor is a
cadherin-related protein with a large melecular mass.
One of the most important conserved reqgions may be the
signature sequence. The signature zegusnce contains
the seguence [(READ), which ig DRelieved to be
respensible for toxin binding due ko the presence of
two negatively charged amine acids that kind to two
arginines in the toxin binding =site. Supperting
evidence comes from the imwmunoblot analygis for clones
PEBW-866, which econtains the propessd signature
sequence, and PBW-421, which doceg not include the
signature sequsnce. To further define the minimum
binding fragment, truncaticn peptides were tested for
their ability to bind texin {Figure 4} . The minimum
pinding fragment contains the "READ" signature seguence
and consists of amine acids 1269 to 1367.

The information provided herein is necessary for
understanding the molecular biclogy of the toxin
receptor in the pink bollworm and to engineer more
effective toxins in terms of longer pergistence in the
field, higher toxicity, and preclusicn of resistance
development . This information will faeilitate
understanding of Cry toxin receptor interactions in

other econcmically important ingect crop pests.
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EEAMPLE 1  SPECIFICITY OF PURIFIED TOXINS

Recombinant protoxins Crylla, Crylib, and CrylAc
(Bacillus Genetic Stock Center, Ohic State University)
were prepared from B, coli JM-103 and trypsinized
e3sentially as described by Lee et al. J. Biol. Chem.
(19%2) 267; 3115. Ip: addition, the soluble trypsinized
60 kD toxins were subjected to FPLC NaCl salt gradient
purification over an HR-5/5 Mono-Q anion exchange
column  (PHARMACIA™) prior to gquantitation, radio-
jodinatien, and use in bicassays. Cry3IA crystal
protein from B, thuringiensis subsp. tenebriconis was
solubilized in 3.3 M NaBr and treated with papain, and
the resulting 67 kD toxin was purified by the method of
Li et al. Nature (1991} 3E3: 815, The 65 kD Crylild
toxin was isclated from B. thuringiensis subsp.
israelensis via solubilization as described by Chilcott
et al. J. Gen. Micro (1988) 134: 1551 and further
purified by anion-exchange FPLC. h1l toxin protein
quantitations were performed using the bicinchonipic
acid method (PIERCE CHEMICAL™) with Bovine Serum
Aloumin (BSA, Fraction V) as a standard.

Pink hollworms were obtained from the USDA PINK
BOLLWORM REARING FACILITY™ (PEWRF, Phoenix, AZ). an
artificial diet was obtained from SOUTELAND PRODUCTS
INC. ™, Lake Village, AR. The diet was recomstituted
in boiling water and cooled to 55%°C. Bach Cry toxin
was thoroughly mixed in the warm liguid diet and
bioassay cups were f£illed with 20 ml of diet. After
cooling and drying, 10 neonate larvae were placed in
sach cup and the cups were immediately capped. The
method of Watsen, et al., Belrtwide Cotton Conference,
Memphis, Tenn. (1995) was used to determine the
toxicity of trypsin-activated toxins against first-
instar larvae of P. gossypiella. cenerally, four
replicates of six cups were prepared for each dose.

Cups were incubared at 36" C for 21 daye, the length of

15
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time necessary for wmore than 95% of noxrmal P.
gossypiella to reach pupation. At the end of 21 days,
the diet cups were examined and the mumbers of larvae
and numbers of pupae or adults in esach cup were
recordad.

The specific boxicitiss of purified Crylaa,
CrylAb, CrylAc, Cry3A and Cry 2B tested using necnate
P. gossypiella larvae are shown in Figure 3B. IL waz
determined that all three CrylR toxins are highly
toxic, with LC, values ranging from 25-45 ng/cm’ of
artificial diet. Cry3a (coansidered tomic to
coleopteran or beetle insects) and Cry I1A {considered
toxic to dipteran insects, especially mosquitoes) were
net toxic to P. gossypielisa larvae at the highest
concentrations tested (2000 ng,"cm"‘).

EXAMPLE 2  CHARACTERIZATION OF THE BT-R, RECEPTOR

Early fourth-instar larvae were kept on ice for 1
hr and midguts were gurgically rewoved from the larvae.
BBMR were prepared from midgut tissues by the
differential magnesium precipitation  methed of
Wolfersberger, et al., Comp. EBiochen. Physiol. (1387)
BsA: 30, in the presence of protease inhibitors (&
mg/ml pepstatin, antipain, apretonin, leupeptin, 1 mM
PMSF, and 5 mwM benzamidine) . The final pellet was
resuspended in buffer A (300 mM mamnitol, 5 mM EGTA,
and 17 mM Tris-HCl, pH 7.3) containing the protease
inhibitors, flash frozen in liguid nitreogen, and stored
at -85°C.

Cry toxins were radiciodinated wusing the
chleramine T method {Hunter and Greenowood, Nature
(1962) 194: 455, with ‘I-Na (NEN DUPDNT ™). Ten ug
of toxin were mixed with 5 gl of I-Na (0.5 mCi) in
100 pl cf NaHPO, buifer (0.5 M, pH 7.4} with 25 p2 of
Chleramine T {4 mg/ml). The reaction mixture was

agitated for 20-25 seconds at 23°C and the reaction was

le
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stopped by adding 52 pi of Na:S.0. {4.4 mg/ml]. Free
iodine was removed by gel filtration on an EXCELLULOSE
™ desalting column (FIERCE ™) equilibrated with FRE
containing 10 mg/ml BSA.

TOXIN BINDING ASSRYS.

Both homclogous and heterclogous  competition
inhibition binding assays were pericrmed as described
by EKeeton and Bulla (1997). A total of 25 ug of BEMV
were incubsted with 1.2 o YI-Crylac toxin in the
presence of increasing concentrations (0-1000 nM) of
the appropriate unlabeled homclogous toxin (Crylac) or
heterclogous toxins {Crylha, Cryidb, Cryla, and
CryilA). Incubations were in 100 pl of hinding buifer
{PBS/0.2% BSA} at 25°C for 3¢ mim. Radiolabeled and
unlabeled toxins were mixed together before adding them
to the BBMV. Unbound toxins were separated from BBMV-
bound toxin by centrifugation at 14,000 x g for 10 min.
The pellet containing bound toxin was wasghed three
times in ice cold binding buffer by gentle vortexing
and radicactivity in the final pellet was measurad
using a BECKMAN GAMMA 5500 ™ counter. Binding data
were analyzed by the PRISM ™ program (GRAPHPAD
SOFTWARE INC. ™ San Diegol.

Comperition inhibition binding of ** I-Crylac
toxin te P, gossypiella was carried out in the presence
of increasing concentrations of uanlabeled Crylac,
Crylkb, CrylBRa, Cry3a and Crylld toxins. Homologous
competiktion binding assays were performed with
iodinated Cryid toxing and various concentrations of
the corresponding unlabeled toxin, Tha binding site
concentration (B,,), anc dissociartion constant (K, of
labeled toxine were calculated from three separate
experiments. The equilibrium binding parameters were
estimated by analyzing the data with the PRISM™
COmMpULery program.

17
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RADTOLIGRND BLOTTING.

The two hundred pc of BBEMW proteins were
solubilized, separated by 7.5% 8DS-PRGE and transferred
to pelyvinylidene difluoride (FVDF) membrane as
described by Francis and Bulla (193%7). Blots were
blocked with TBE (10 mM Tris-HCI and 0.3 % HKNacCil)
cantainiag 5% non-fat dry milk powder, 5% glycercl 0.5%
Tween-20, and 0.025% sodium azide for 2 hr at 25°C.
Blocking buffer was removed and membranes were
incukated for 2 hr at 25°C in an equal velume of fresh
blocking buffer containing 2 x 10° cpm/ml (1-1.25 nM)
of "I-Cryla toxins either in the presence or absence
of unlabeled toxins. Firally, membranes were washed
three times with fresh blocking bufier for 10 min each,
rinsed once with TBS, dried, and exposed to Kodak X-ray
£ilm at -80" C.

To determine the specificity of binding te the 200
and 120 kD proteins, blots of PBW BBEMV proteins was
incubated with **1-Cryilke teoxin in the presence of

increasing concentrations of unlabeled CrylAc toxin.

THMUNOPRECIPITATION OF CRYIAR BINDING PROTEIN.
Immunoprecipitation was carried out according to
Vadlamudi, et al. (19%93). Twenty five pl of Cry 1ab
antiserum were added to 1 ml of protein A-Sepharcee CL-
4R aquilibrated in washing buffer (1% Nonidet P-40, &
m¥ EDTA, S50 mM Trig-HC1l and 250 mM NacCl) and mixed for
1 hr at 4°C. After washing the blot three times with
waehing buffer, 700 pg of Crv 1Ab toxin were added and
the mixture were incubated for an additional 1 hr at
4°C and washed again thres times with washing buffex.
Pink bollworm BBMV proteins (& mg} were solubilized in
washing buffer containing 1% HNF-40 and protease
iphibitors {10 gg/ml pepstatin, antipain, aprotonin and
leupeptin; 5 mM iocdoacetamide; and 1 wM PMSF}.

18
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unscolubilized proteins were removed by centrifugation.
Solubilized proteins were filtered through a 0.45 um
filter, added to 1 ml of Sepharose-protein A beads
linked to Cryldb toxins, and the sample was stirred
gently for 1 hr at 4%C. Sepharose beads were
centrifuged and washed four times with washing buffer
containing 0.25% NP-40 and 0.02% 5DS. The toxin-
binding protein complex was dissociated by heating in
Lzemml:i {1270} sample buffer and the binding proteins
were Cocmassie stained and detected by ligand bletting
with 1‘“I—Cry].]l.b and Western blot using Crylab

antiserum.

IrUNODETECTION OF PINK Borliwomd CryLA RECEPTOR.

Immunoprecipitated proteins were transferred to a
PVDF membrane, blocked with 5% nonfat dry milk in PES
buffer and incubated at 4°C overnight in the same
blocking buffer containing 10 pg/ml of CrylAb.
Unbound toxin was washed with PBS. Antibodies raised
in rabbits against the 60 kU CrylAb toxin were diluted
1:1000 and hybridized to the membrane for 2 hr at 25°C
ang the blot then was washed with PBRS. Peroxidase-
conjugated goat anti-rabbit Igl3 was diluted 1:3000 in
TBS blocking buffer and hybridized to the membrane for
2 hr. The membrane then was washed extensively with
PBS. Vigualization of the bound toxin was accomplished
uging the Enhanced Chemiluminescence (ECL} Western
blotting detection mebhod (AMERSHAM™) .

SCUTHERN BLOT BMALYSIS.

Forty pg of PvuH digested genomic DNA from P
gossypiella or M, sexta were separated on a 0.8 % 1X
TBE-agarose gel and blotted onto a nylon membrans (BIO-
RAD™, ZBTA-PROBE $5T™) . The analysis was carried out
according to Sambrook, et al. Molecular Cloming: A
Laborarory Manual, 2 Ed. Cold Spring Harbor

13
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Laboratory, N.Y. (1989). The filter was hybridized
with *P-labeled, random primed, C-terminal of BT-R,
CDPNA (HincH fragment, 0.5 kb). Filter hybridization
wag carried cut at 42°C for 21 hr in 50 % formamide, 5X
Denhardt's reagent, 1M NaCl, 2% SDS, 50 mM Tris-HC1 and
100 pg/ml of salmon sperm DNA. The filter was waghed
with 2¥ S3C, 0.5% 8D, then with 1X S8C, 0.5% 5D8, then
with 0.5X §5C, ©¢.5% SDS, fellowed by a fourth wash with
0_25X 33C, 0.5% 8D8. Each wash was for 30 min at 42°C,
Finally, the filter was rinsed in 2X 53C and expeosed to
Kodak X-ray film at -B5°C.

ELECTROPHORETIC ELUTION OF PROTEINS.

Electrophoresis was performed in 1.5-mm-thick
polyacrylamide slab gels using 7.5% acrylamide (pH
8.0}, After SDS-PAGE, proteins were revealed as
transparent bands with 4 M scdium acetate sclution.
The proteins were excised using a rasor blade.
Proteins in the gel strips were fixed in 50 % (v/v)
methancl solution for 15 min and equilibrated twice in
0.125 M Trig-HC1 buffer {pH 6&.8) and 2% 2-
mercaptoethanol for an additicnal 15 min.
Equilibration of the gel strips in the above buffer
with 1% (w/v) SDS was performed as described above.
The eguilibrated gel strips were inserted into a
dialyseis tube with a minimam amount of the buffer
containing 808 (25 mM Tris, 120 mM glycine and 0.1%
5D8;) . Electroelution wae carried out essentially as
degcribed by Findlay (199%6). A horigontal flat-bed

mini-gel electrophoresis apparatus (BIO-BAD™) was usad

for electroelution at 50 ¥V for 12 hr at 4°C. The
buffer congisted of 25 mm Tris, 192 oM glycine and 0.1%
EDS (pH B8.3). At the end of electrophoresis, the

polarity of electrodes was changed for 30 sec to aveoid
adsorption of proteins ontc the dialyeis tubes. The
buffer inside the dialysis tubes was ceollected and the

20
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tubes were washed three times with a mipmimum volume of
buffer. SBE was dialyzed out and proteir was
concentrated oy using & CENTRICON-30 micro-concentrator
{BMICOHN) .

Twa -DIMERSIGNAL GEL ELECTROPHORESIS .

Two-dimensional gel electrophoresis was periormed
according to the method of O'Farrell (1975]) .
Isoelectric focusing was carried out in 2.0 mm {I.D,)
glass tubes using 2.0% ampholines (pH 3.5-10;
LE3/PHARMACIA™) for 5600 volt-hr. After equilibration
for 10 miz in buffer "0', tube gels were applied to the
stacking gels on top of BY acrylamide (pH 8.0) slab
gels (14 = 14 cm}. S8DS slab gel electrophoresis was
carzied out for 4 hr at 12.5 mA, After
electrophoresis, one gel was stained with Coomassie
blue and the others were transblotted onto FVDF paper
overnight at 200 mA [Vadlamudi et al., 1993). The PVDF
paper was bleocked with powdered milk sclutionm,
ingukated with **I-Crylac or “**I-CrylAb and exposed to
X-ray f£ilm at -B5°C.

IDENTIFICATION AKD RECOVERY oF CDNA ENcODING BT-R;.

Tokal RNA was prepared Ifrom the midgut tissue of
fourth instar larvae of the PBW by the guanidinium
thiocyanate method {Chomezynki et al. Analyt. Biochem.
{1987) 162: 156). Poly (R+) RNA was isclated with the
POLYATRACT MRNA ISOLATION SYSTEM™ (PROMECA™). First
strand cONA wag ayntheszized using oligo- (dT) and random
hexamer primers and reverse transcriptase according to
standard methodologies and uged as the template for
amplification by polymerase chain reaction (PCR) of
desired mRNAs. Degenerate oligonucleotide primers were
designed based on the conserved amnio acides between M.
sextaz BT-R, and B. mori BT-R175. Such primers were

used to cleone partial fragments of F3W BT-R;.

21

JP 2004-500055 A 2004.1.8



L T e T e T e T e T e T e T e T T e T e T s O s O s O e TR s T e O e, T s T e, O e, T e, O e T e TR e O e, IO e T e T s R |

10

15

20

25

30

35

(48)

WO 01/34807 PCT/US00/4152)

For cleoning of the PBW BT-R;, RT-PCR was employed
using fully degenerate cligonucleotide primers derived
from =z segquence in the membrane proximal domain
conserved sequence between M sexte BT-K, and B. mori
BT-R175. Primers BT-R-1355U and BT-R-12030 against BT-
R-1485D were applied to PBW cDNA to amplify 421-Lp and
865-bp fragments. The PCR products were resolved on
1.5% agarcse, gel purified, cloned into a T2 clocning
vector (INVITROGEN™) and transformed into E. coli
INV=F., The presence and identity of the correct insert
was confirmed with EcoRl digestion and DNA sequencing.
The PBW-88¢ clone was found to contain the nuclecotide
sequence found in clone PRW-421, In addition, primer
12090 against 18570 was uged to clene a 1373-bp
fragment (PBW-31373}, which repregents most of the
membrane proximal domain and the cytoplasmic domain.
Clene PBW-287 [(aa 1346-1438) is a 287 bp internal
fragment from BE66-bp clone and was cloned using gene
specific primers PB5 and Pé.

Based on the sequence cbtained from the partial
clonea, sense and antisense primers were used to clone
the 3' and 5' ends of the PBW BT-R, clone by the S' and
2' RACE system accerding to the manufacturer's
instructions (GIB®CC BRL™). The 5' end was amplified
using gene-specific antisense primers GSP1, GSP2 and
GEP3 against ABRIDGED UNIVERSAL AMPLIFICATION PRIMER™
(RUAP™) provided in the kit. The 3' end was ampiafied
using gene primer GSP4 against AUAP™. The PCE product
of the predicted size was isolated and subcloned into
TA cleoning vector pCR2.1 {INVITROGEN™) and transferred
inte E. coli INV=F. For recombinant protein expresdion
in E. coli, or COS7 cells, the coding seguences for the
RT-PCRE clones or the full length PBW-BT-R; clone were
recioned into the pET30 or pcDHAZ .1 expressicn vectors
and transformed into BL2t (DE3) LysS (NOVAGEN™} or
C0S7 mawmalian cells. The E. cali cultures were

22
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induced using a 1 wM final concentration of IPTG for 3
hr.

The full length PBW BT-E; (~5.5 kb; see sequence
in Figure 1 3EQ ID MO:1) was ligated into the mammalian
expression vector pcDNA3.1 {INVITROGEN™} and confirmed
by DNA sequencing. The melecular mass of the deduced
polypeptide is 1%4 kD with a pl of 4.1. The receptor
has an opern reading frame of 172% aming acids (Figure
2] (SEQ ID NO: 2). The amino acid sequence contains a
putative signal peptide of 23 amino acid reridues, a
transmembrane domain of 27 residues (aa 1578-1605) and
a l24-residue cytoplasmic deomain. In additien, the
amino acid seguence contains 12 putative cadherin
motifs, 11 putative HN-glycosylaticn sites and tweo
leucin zipper motifs at amino zcid 16541-1562 and 1575-
1600. The minimum toxin binding fragment is aminoc
acids 1269 to 1367 (Figure 4).

wWhen the protein homology is analyzed by BLASTP,
ag described under definitions above, the closest
paralog in the GernBank nonredundant (nr) database is
the Bombyx mori zreceptor at Acc. No. JEQ128 with

Tdertibies = 103472708 (60%), Positives = 1266/1708

(73%), Gaps = 35/1708 {2%). The next closest species
was Manduca sexta at  Becc. Ne. AAB33T758.1  with
Tdentities = 87171540 (56%), Positives = 1101/1534Q
(70%), Gaps = 22/1540 (1%). The nucleotide sequence

showad ne significant homologies.

The peptide homologies amongst these three species
are shown in FIGURES EA-C where perfectly conserved
residues ars boxed. Peptide fragments of the SEW
sequence may be used to generate specific or
nongpecific antibedies. Deually, it is recommendesd
that at least 17 aminoc acid peptide fragments are used
to generate antibodies, however, smaller peptides may
algso be antigenic and sufficiently complex to be
unique. In particular, the carboxyl tail (aa 1677-end)

23
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oF the PBW sequence is unique to this species andé can
be used to generate PBYW unique antibedies. Exemplary
peptides that may be useful as antigens {numbered with
respect to FIGURE 5, SEQ 1D NO: 2) are shown as
fallows:

PBW Unigue Peptides Common Feptides

ai 534-544 as 291-304
aa 687-705 aa 62Z-632
aa $586-895 aa 731-803
aa 1055-106% aa le2i-1642

aa 1321-1331

aa 1451-1461

ad 1516-1525

aa 1572-15382

aa 1677-1729

TMMUNODETECTION OF TRE EXPRESSED BT-R, PROTEINS.

Cell lysates from tbe induced BL2L (DE3) LysS
bactarial cultures were electrophoresed and
transferred to PVDF membranes. Filters were blocked at
4°C in 50 ml of blecking buffer containing 10 ug/ml of
CrylAb toxin. Unbound toxin was removed by FPBS.
Rakbit primary antibedies for the THW was removed by
PBS. Rabbit primary antibodies for the THW BT-R,
extracellular domain or for the FPLC-purified Crylib
were diluted 1:1000 in 50 m} TBE blocking buffer. The
filters were incubated for 2 hr with the antiserum and
washed three times with the blocking buffer.
Peroxidase-conjugated goat anti-rabbit IgG was diluted
te 1:2000 and incubated with filters feor 2 hx at 27°C
and was developed with the enhanced chemeluminascence

{ECL) detection system (AMERSHAM™).
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MAMMALTAN EXPRESSICK OF BT-R,-

The PEW BT-R, <DNA «alened inko pcDNA3Z.1, a
manmalian expression vector {INVITROGEN™] , was
expressed in mammalian cells {COS-7 5V40 transformed
African green monkey cells; ATCC CRL-1651) according to
methods deseribed by Keeton and Bulla, Appl. Environ.
Microbiel. (1997) 63: 3419, Cos-7 cells (4 =x
10%/well) were grown in Dalbecco's Modified Eagle
Medium (DMEM! supplemented with 10% heat-inactivated
fetal hovine serum (FES) cn 12 mm cover slips placed in
a 24-well plate.

C05-7 cells were transfected with the construct
using the LIPOFECTAMIN PLUS REAGBNT™ (GIBCO BRL™}.
The cells were incubated for two days at 37°C in DMEM
medium containing 10% FES in 3 humidified atmosphere of
10%C0, . BT-R. wasg monitored by SDS-PAGE and
immuncblotting with anti-BT-R, or anticrylhAb antiserum.
gurface expression was detectad by immuncflucrescencs
microecopy with the anti-BT-K, antibodies. The effects
of BT toxin on the transfected cells were demonstrated
by incubating the cells in the presence or absence of
Cryldb toxin for 2 or 4 hr and monitoring the
morphological changes by immunofluorescence micrsscopy
ueing either anti-BT-R, ox anti-CrylAp antibedies.
Cell death is clearly demonmstrated (not shown}.

TrMMUNOFLOURESCERCE MICROSCOPY .

Co5-7 cells were grown on l2-mu glass coversglips
in & 24-well plate. The cells were fixed and
permeabilized either in cold methanol (-20°C) or 4%
paraformaldhyde for 15 minutes at 27°C. Coverslips
were rinsed three times with PBS and then blocked for
15 minutes with 1% BSA im PBS. (Cells were incubated
with primary antibody for 30 minutes at 27°C followed
by rinsing and blocking as just described. The same
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incupation and washing procedures were applied to
secondary antibody. Antibodies were detected with
TRITC goak anti-rabbit IgG. Coverslips were mounted in
FLURCMOUNT G™ and viewed with an OLYMPUS™ microscope
equipped with epi-fluorescence illumination and a 40X
Apochromat lems. Photography was done with an OLYMPUS

SEOT™ camera.

WESTERN BLOT ANALYSIS.

Tranzfected T0S-7 cells were washed with cold P35S,
lysed in lysis buffer (50 mM Tris/HCL, 1 wM EDTA, 10 uM
leupeptin) and reduspended on ice for 10 minutes.
Then, 4% cample buffer was added to the c¢ells and
heated at $5°C for 5 minutes. Lysates were gubjected
to electrophoresic through 7.5% SDE-PAGE, and protains
were electrophoretically transferred to a PVDF filter,
blocked and incubated with either anti-BT-R,, or anti-
Crylhb antibodies.

RESULTS: IDENTIFICATION OF **5I-CRY1A BINDING PROTEINS.

BBMV proteins of P. gossypiella ranged in
molecular size from greakter than 205 kD to less than 25
kD (data not shown) as determined by SDS-PAGE. b
labeled Crylha, Crylhb and CrylAc were used in ligand
blots to identify which P. gossypiella BEMV proteins
bind the respective toxins. Proteins that had been
separated by SDS-PAGE were transferred to FPVDF
membranes and incubated with each radiclabeled-toxin
I-CrylAcs
bound te a protein of about 200 kD {data not shown).

125

a

gseparately, T oCrylBa, *I-CrylAb  and

I-Crylie bound also to a protein band at about 120
kD. Weither Crylda nor Cryldb bound to the 120 kD
protein. The binding patterns for all three toxins
were the same undsr both reducing and nonrsducing

conditions {data act shownl.
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REsuLEs: COMPETITION INEIBITION BINDING ASSRYS.

“**1-labeled Crylha, Cryl Ab and CrylAc were used
in  binding assays with P. gossypiella BBMV.
Competition binding of '""1-Cryldc toxin to P
gossypiells was carried out in the presence of
increasing concentrations of unlabeled Crylda, Crylab,
CrylAc, Cry3A and CryllAh toxins. Fifty-percent
inhibition of Crylihc binding was chserved at 10 nM of
unlabeled CrylAc, 100 nM unlabeled Crylaa and 100 nM of
unlabeled Crylab. At a concentrationm of 1000 nm,
unlabeled Crylhe, Crylhb and CrylhAa reduced binding of
iodinated Crylac by 95, 82 and 80%, respectively (data
not shown). HNeither Cry3A nor CryllA toxin competed

t

or the CrylAc toxin binding site.

Fomologous competition binding assays were
performed with iodinated Crylh toxins and various
concentrations of the corresponding unlabeled toxin
CrylAa, Crylab and Crylac showed high binding affinity
to EBW proteins (data not shown). Fifty-percent
inhibiticon of binding of Cryld toxins was cbserved at
concentrations of approximately 10 nM  of the
corregponding urlabeled toxin. These data indicate
that =ach of the three toxins binds specifically with
high affinity  The binding site concerntration, B..,
and the disscciation constant, K;, of each toxin was
calculated from  the three separate homcologous
competition inhibition experiments by analyzing the
data with the GRAPHAD computer program {Tahle 1]. The
¥, vzlues all were similar and ir the low nM range
whersas the B, for CrylAc was higher than Cryida or
Crylab. The Hill coefficients for Crylaa, Crylhb and
Crylhc were ©.8%, ©.6%, and 0.77, respectively,
indicating a negative binding cooperativity for the
toxing against the BBEMV proteins, A single binding

site medel was indicated based on the nonlinear

v
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regression analysis for both Crylha and Crylab.
Significantly, CrylAc, the data waz best accommodated
by a two binding site model with high- and low-affinity

Dinding sites.

RESULTS ! SPECIFICITY OF **°I-CrYlAcC ToxXIN BINDING IN LIGEND BLOTS.

In view of the putative "two-binding site" model
predicted for the Crylic toxin, radioligand blote of P.
gossypiella BEMV proteins were carried out with ~*'I-
CrylAc toxin in the presence of increasing
concertrations of unlabeled Crylac Lo®in.
hutoradiography of these blots revealed gignificant
reduction in the intensity of the 200 kD band (data not
shown) . Indeed, it was undetectable at a Orylie toxin
concentration of 10 nM. In the casge of the 120 kb
band, howevex, there was virtually ne reduction in the
band intensity (data not shown] even at a Crylac
concentraticn of 1000 nM. In saturation kbinding
ascays, incubation of a fixed amount of each of the
thres 'I-labeled CrylA toxine with increasing
concentrations of BBMV showed that binding zeached a
gaturation level in each case bhut that the level of
Crylac binding was substantially higher than those of
CrylAa and CrylaAb. Maximum saturable binding at 40¢
pg/ml of BEMV was approximately 0.35, 0.05 and 1.5 ng
for Crylha, CrylAb and Crylhc, respectively, which
represents an approximately 30-fold difference in
CrylAc binding compared to Crylab, and, it ie 4 fold
higher for CrylAc compared te Crylha [data not shown).

RESULTS : IMMUNOPRECIPITATION OF THE CRYLAER BINDING FROTEIX.
Immunoprecipitation experiments were performed
using Crylab, which has the highest binding affinity of
the three toxins, to further examine the specificity of
binding of the toxin to the 200 kD protein. BEMV
proteins were eolubilized in 1% NONTDET P-40™ and
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immunoprecipitated with anti-toxin-protein A-Sepharcse
beads. The mixture of bound material was solubilized
in 38D8 gample buffer containing Z2-mercaptcoethanal.
Electrxophoresis and staining oI the gel with Coomassie
blue revealed a protein of about 200 kDa, demonstrating
selective precipitation of the 200 kD toxin-binding
protein. Radioligand blotting with “*I-CrylAb showed
a4 band of about 200 kDa (data net shown}, indicating

ation of the same binding protein as that
identified in previcus ligand blot experiments.
Additionally, a Wegtern blet (data not shown) of the
immenoprecipitated protein veing Crylab and anti-Cryldb
polyclonal antiserum cenfirmed the results of the
radic-ligand biot (data not ghown). The low-molecular
weight bands at 60 and 52 kDa correspond to the Cryilab
toxin and the heavy chain of ig, respectively.

RESULTS ! PURIFICATION COF THE BIFDIRG PROTEINS.

To determine whether the 200 kD hand contains more
then cne protein, the band was excised from a 7.5% SDS
polyacrylamide gel, electroeluted, dialyzed and
concentrated. The concentrated protein was analyzed by
two-dimensional gel electrophoresis over a pH range of
3.5-10. The protein migrated as one spot with an
estimated pl of 4.5 x 0.2 and apparent welefular mase
of 200 kDa. The purified 200 kD protein stainad with
Schiff's reagent (data not shewn)] indicating that the
hinding pretein is glycosylated. The 200 kD IEF spot
pound YT -CrylAb (data not shown) corroborates the
ragults from other immunoprecipitation studies.

RESULTS ¢ SOUTHERN BLOT ANALYSTS.

To detect the presence of the CrylA receptor in P.
gossypiella, genomic DNA from heth insects were
hybridized against the cloned THW BT-R. ¢DNA and its
507-bp minimum binding fragment. The two probes bound
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intensively to the Pvull fragment of M. sexta genomic
DNZ (data not shown). There was weak hybridization to
the P. gossypiella DNA, however, using the minimum
binding probe and none with the full-length BT-R; probe
{data not shown] . Thege results suggest that the
micimum binding fragment £rom M. sexta shares a
significant level of nuclectide similarity to the CrylA
Lipnding receptor in P. gossypiella, more so than to the
full-length BT-R, receptor.

RESULTS : IMMUNODETECTION OF NATIVE AnD CLosED PEW BT-R; UsINg BT-
R, AMTIRODIES.

To confirm the relatedness of the cloned PBW
fragment to the THW BT-R, and its ability to bind
toxin, it was subcloned into a pETI0 expression vector.
The native PBW BBMV proteins and the expressed proteins
from clones FBEW-287, -421 and -866 were roesclved by
S0S-PAGE, transferred tc a PVDF membrane and incubated
with either anti-BT-R, serum or Cryldb toxin followed
by antieerum te the toxin, The results reveal that
EBMV contain & 200 kD protein that interacts with TEW
BT-R. antigerum {data not shown). In zddition, c¢lones
PBW-287, -421 and -866 which express proteins of about
15, 21 and 32 kD, respectively, also cross-reacted with
BT-R, anrtieerum. The 32 kD clone, however, was the
cnly protein teo bind teoxin, whersas no detectable
binding was observed with the 21 kD protein (data not
shown}. These results confiym the fequance relatedness
of FPBW BT-E, teo THW BT-R, and demonstrate that the 32
XD protein contains the toxin-binding site of the

raceptor.

RESULTS : SPECIFIGITY F TOXIN BINDING TC THE CLONED RECEPTOR.
The specificity and affinity of toxin binding to

the receptor fragment (PBW-866) waeg determined usin

competition ligand bplot analysis. The expressed 32 kD

30
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protein was transferred to PYDF membranes and

P I-Crylbb in the absence or presence of

incubated with
increasing concentrations of unlabeled Crylab toxin.
autoradicgraphy revealed significant reduction in the
intensity of the 32 kD band to an undetectable level in
the presence of 500 nM¥ unlabeled CxylAb toxin (data not
shown) . Bound VPl toxin was guantitated with a gamma
counter and the BIO-RAD IMAGER™ analysis system wasg
used to calculate the binding affinity of toxin to the
expressed fragment. The binding affinity {(~17nM) of
the toxin was similar to the calculated value (Table 1}
for 2BMY. These results demonstrate that CrylAb binde
specifically with high affinity to PBW BT-R; 866.

other truncation fraoments were also tested, and it was
determined that the minimum binding fragment consists

ef aminc acids 1262 to 1367.

RESTLTS : EXPRESSION oF PBW BT-R; IN COS-7 CELLS.

PBW BT-R; cDNA was subclonsd into the mammalian
expression vector pCDHABZ .1 {INVITRCOGEN™) and
transfected intec COS-7 cells. Protein encoded by the
PEW ET-R, cDRA was expressed as & membrane protein
capable of binding CrylAb toxin. Membranes isolated
from  tyansiently  transfected CO5-7 cells were
solubilized, electropheresed, and immuncblotted either
with Crylab ftoxin and its antiserum or with BET-E,
antiserum directly. The expressed 220 kD receptor
bound CrylAb toxin and cress-reacted with BT-R,
antiserum. No interaction to vectox transfected celle
wag chsexved.

Expression of BI-R. receptor on the cell surface
was shown by fixing the cells in methancl or
paraformaldehyde and incubating firsc with anti-BT-R,
serum, =and then with TRITC IgG secondary antikodies.
Transfected cells portrayed bright surfaces due to the
bipding of BT-R, antibodiesg to the cell surface clearly
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showing that the PEW BT-R, receptor is expressed on the
cell surface.

The gsurface-expressed PBW receptor binds toxin and
kills the cells. Transfected cells were incubated with
Crylab toxin for 2 or 4 hr, washed, fixed and incubated
first with anti-Crylab antiserum, and thern with TRITC
IgG secondary antibodies. As =hown oy
immuenoflucrescence microscopy, BT-R, expressing C0S-7
celle bound the toxin, whereas cells transfected with
vector alone did not show any surface binding of toxin.
Incubation of cells expreasing PEW BT-R; with toxin for
2 or 4 hr showed significant wmorpheological changes
which include loss of cell integrity, loss of cell
cytoplasm and complete disintegration of the plasma
membrane and cell death.
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incorporated by reference herein and are used to suport

the invention digclosure:
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WHAT IS CLAIMED IS:

1. An isclated nucleic acid molecule, comprising
a seguence encoding a BT toxin receptor of about 200 kD

from the pink bellworm, Pectinrophora gossypielia.

3. The isclated nucleic acid molecule of claim
1, encoding the BT toxin recesptor sequence of SEQ ID
NC: 2.

3. The iseclated nucleic acid melecule of claim

1, comprising the seguence of SEQ ID NO: 1.

4. The isclakted nucleic acid molecule of claim
1, wherein said isclated nucleic acid meolecule is
capable of hybridizing at high stringency to a probe of
400 contiguous nucleotidea of SEQ ID NO: 1 over the

entire length of said probe.

5. The isclated nocleic acid melecule of claim
1. wherein said BT toxin receptor is at least 85%

homelogous to the sequence of SEQ ID NG: z.

€. The isolated nucleic acid molecule of claim
1, whersin s&id BT toxin receptor is abt leask 30%

homclogous to the seguence of SEQ ID NO: Z.

7. The isolated nucleic acid melecule of claim
i, wherein said BT toxin recepter is at least 85%
homologous to the sequence of SEQ ID NO: 2.

8. The isalated nuclelc acid molecule ol claim
1, wherein said BT toxin receptor is at least $8§%
nomologous to the seguence of SEC ID RO: Z.
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EY 5. The isclated nucleic acid melecule of claim
2 1, wherein the seguence is rcodon optimized for
3 expression in a prokaryotic system.

Wb

B N [N

=

1¢. The isclated poiymucleotide seguence of claim
1 wherein the sequence 1is codon optimized for

expression in a epkaryotic system.

1i. A&n expressicn vector, comprising the isclated

nucleic acid melecule of claims 1-10.

12. & host cell, comprisirg the vector of claim

13. The host cell of claim 12, which is used to
assess the level of cytotoxicity and mode of acticn cf

toxins.

14. A cell, comprising a naturally occurring BT
toxin receptor, which ie used tc assess the level of

cytotoxicity and mode of action of toxing.

15. A transgenic organism, comprising the vector

of claim 11.

16. An isolated nucleic acid molecule, comprising
a gequence encoding a peptide selected from the group
consizting of: amine acid {aa} 534-544, aa 291-304, za
€927-705, aa 622-€32, aa 885-895, aa 791-803, aa LU55-
1066, aa 1621-1642, aa 1321-1331, a=a 1451-1481, aa
1516-.525, aa 1572-1582, aa 1677-1729, and aa 126%-1367
of SEQ ID NO: 2.

17. A purified protein, comprising a sequence
that is at least 85% homologous to SEQ ID NO: 2.
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18. The purified protein of claim 17, whereir the
sequence is at least 90% homologous o SEQ ID NO: 2.

19. The purified protein of claim 17, wherein the
sequence is at least 95% homologous to SEC ID MO: 2.

20. The purified protein of claim 17, wherein the
gequence i1 at least 98% homologous to SEQ ID NO: 2.

21. The purified protein ¢f claim 17, wherein the
sequence ig BEQ ID NO: 2.

22. A purified peptide, comprising a sequence
selected from the group coneicting cf; anino acid {aa)
534-544; az 291-304; aa €87-705; aa 622-€32; aa B886-
8%5; aa 791-803; aa 1055-1066; aa 1621-1642; aa 1321-
1331; aa 1451-1461; aa 1516-1525; az 1572-1582; aa
1677-1729; and aa 1269-1367 of SEQ ID NMO: 2.

23. The purified peptide of claim 22, that
comprises aa 1269-1367 of SEQ ID NO: 2.

24. Apurified peptide that conprises at least 17
contiguous amino acids {aza) from aa 1677-172% of 3SEC ID
RO 2.

25. An isolated nucleic acid molecule, comprising
a first sequence that is capable of hybridizing at high
stringency to a probe of a second sequence along said
prebes entire length, wherein said second sequence is
nucleotides 3807-4101 of SEQ ID NO: 1.

26. An iselated nucleic acid moleculs, comprising
a sequence that encodes the peptide of claims 15-21.
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1 27. Bacillus thuringiensis Cry toxin receptor
2 antibody, that binds to an antigen present in the
3 carboxyl tail of a BT-RZ protein as identified in SEQ
4 IC NO: 2, and does mnot bind to silkworm or teobacco
5 hornworm Bacillus thuringiensis Cry toxin receptors.

moE W N e

28. A Bacillus thuringiensis Cry toxin receptor
antibedy, that binds to an antigen present in a BT-R2
protein as identified in SEQ ID NO: 2, and alsc binds
to silkworm and tobaces hornworm Bacilluz thuringiensis
Cry toxin receptors.
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1/9

ARCATTTACATRACAGCCAGTGTAGAT GACACAT TGETT TARAARARATAGTGCGAGTGCT TTGA
ATCTGTGAT T TCARATATCGARTCAARACGACTCATTACTGTITGTGGGARGT TAAAGTG I TTGT
GAGRATRGACCAACGRCCATGCAAGAT GECGOGTGATGCCTCCATACTGGTGACGGTGC I TCTC
ACCTTCGCARCATCAGTTT TCOGGCARGARACAACATCGTCCGAGATGTTACTACATGAC TGACG
CTATTCCGAGGGAACCGARACCGOATGATTTGCCTGACT TAGARTGGACTGGTGEATGGACCGA
CTGGCCTTTGATCCCGGCTGAGCCAAGAGACGACGTGTGCATAMACGGCTGGTACCCACAACTC
ACCAGCACTTCTCTCGGCACCATCAT CATCCACATGGAAGAGGAGATCGAGGGAGATGT IGCTA,
TCGCTRAARCTTAACTATGATGETTCTGGARCCCCAGARA T TGTCCAGCCEATGGT TATRAGGATC
TTCTARCCTGUTAAGTCCAGAGATCCGRAATCARAACCGEECGTGCTACCTTTRTRATARCCART
AGGCARGATTRATGAARCACCARCAATGCGTCGGTATACAT TCGACGTCCGAGTGCCAGACGRAGA
CTCGTEUGGCACGAGTGAGTCTGTCCATCGARRRCAT TCACGATARCGACCCTATCGTCAGGGT
GCTAGACGCTTCCCAAGTCCCOGAAT TGGEECAGCCTCGACTAACAGACTGCGTTTACCAAGTG
TCAGRCGAAGATGGGAGGC TTAGTATCGAGCLCATGACAT TCCGCCTCACATCAGACCGTGARG
ACGTACAGATATTUTATGTGGAGCCAGC TCACAT TACTGGTGATTGGTTCAACATGCARATTAC
TATCGETATCCTATCAGCGC T TARCT TCGARAGCRACCCGCTGCACATCTTTCARATCACTGCT
TTEGACTCCTGECCCAACARCCATAC GG TGACGE TGATCG TGCARGTCCAGRATGTGGARCALT
GACCGUCGCGATGGATGGRAARTCTTCGCAGTCCAGCAGT T TGACGAGATGACGGAGTAGCARTT
CCAGGTGCLLGLCATCGACGGAGACACTGECATCGGGARRGC TATACACTATACCCTCGRAGATA
GATGAGGAAGAAGATTTGTTC T TCAT CGAARCACTTUCGEGLGGCCATGACGGAGUCATCTTCA
GCACTBCCATGAT TGATGTGGATAGGCTCCOGLGAGATGTC TTCAGACTGTCCCTGGTGGCATA
CAAGTRACGACAATGTGTCCTICEGCCACCCCGACACCCETCGTGATCATAGTCARTGACATCAALC
ARCEAGAAACCCCAACCGCTGUAAGATGAGTACACAATCTCCATARTGGAAGRAACTCCACTST
CGCTGAATTTTECTGARCTTTTTGGTTTCTATGATGAAGAT TTGATCTACGCACAATCCTTGGT
GGARATACARGGCGAGAACCCTCCAGGCGTRAGRGCARGCGTTTTATAT TGCGCCCACCGECAGET
TTCCAGAACCAGRCATTCGCCATAGGGACTCARGATCACCGRATGCTGGATTATGAGGATGTTC
CTTTCCARARCATCAAGC TCAAGGTAATAGCRACGGACCGTGACRATACCAATTTTACTGGAGT
CECGEAAGTCARCGTGAACCTGATTAAT TGGRACGACGAGGAGCCGATCTTTGREGARGACCAG
CTCGTTGTCRAGTTCARGGAGACTGTACCCARGGAC TATCACGTCGGCAGRCTGAGGGCTCACG
ACCGEGRCATAGGRGACAGUGTTETGCAT TCCATCTTGGGARATGCGAATACATTT TTGAGAAT
CGACGAAGARACTGECGACATATACGTAGC TATTGATGACGCGTTCGAT TATCACAGACAGART
GARTTTAACATACARGTTCOCGCTCAGGRACACCATETCGGAGCCAGACTCCAGGCATACAGCGG
CTGCTCAGUTGGTCATAGAAC TUGAGGACG TCARCAACACACCTCCTACTCTGAGGCTGCCTCG

CoTRAGTCCGTC TETAGARGRGARTGTGLCAGAGEEC T TTGARATCAACCGGGRGATAACCGLT

ACGGACCCTEACACCACAGCATACCTGCAGTTTGARATAGAT TGGGACACATCCTTTGCCACTA
ARACAGGGGCGTGATACCAATCCAATAGAGTTCCACSGATGCGTGGATATAGRAACCATCTTCCE
AARCCCAGCCGACACCAGAGAGGL TGTGGEGCGAGTGG TAGCGARGEGGATCCGCCATAACSTS
AUCATCCATTTTGARGAGTTTGRAT TTUTCTACCTCACAGTEAGAGTTUGGGACTTECACACAS
ATGRCGEACGAGATTATGATGAATCTALCT TCACGETARTARTARTAGATATGAACGACARCTE
GCCTATITGGGCGTCTGGTTTCCTGAACCAGRCCTTCAGTATTCGGGAGCGATCATCTACCGSE
GTCGTCATCGGGTCCGTACTCGCTACAGACATTGATGGCCCACTTTACAACCARGTCCGGTACR
CCATTATCCOCCRAGGRAGATACTCCTGAAGGTCTASTCCAGATACATTTCGTTACGGGTCRART
TACAGTTGATGAGARTGGTGCARTCGACGCTGATATTCCACCTCGTTGGCACCTCARCTACALG
GITATAGCCAGCGACARATGT ICTCARGRAARTCARGAGARC TGTCCCCCEGATCCAGTGTTCT
GGEATACTCTGCGCGACARTGTARTTAACATCGTGGACATRARCAACRAGGTCCCGGCAGCAGA
CLTCAGTCCATTCARCGAARCGETGTACATTTATGAARATGCACCCGATT TCACGAACGYGETC

Figure 1A
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BAAGATATACTCCATCGACGRAGACRGAGACGARATATATCACACGGTGCGGTACCAGATCAATT
ATGLTGTGAACCARCGGITGCCAGACT TCT TCGCCATAGACCTGGATTCAGGCCAGG TG TACGT
GGAGAACACCARCAATGAGCTCCTGGATCGGGACAGRGGCGARGACCARCACRGGATATTCATT
ARCCTCATTGACARCTTTTATAGCGARGGRGATGGRARATAGRAATGTARACACTACAGAGCTGL
TEGTGATACTAT TAGRTGAGRATGACARCGL TCCTGRATTGC CGAC TCC AGARGAGT TGAGT TS
GAGCATTTCCGAGGATTTACARGAGGGTATAACACTCGA TGCCGAAAGCGATGTGATATALGCA
CCGGATATAGACAAAGAGGACACGICARRCTCTCACGTTGGCTACGCRATCC TGGUCATGACAS
TCACCAATAGAGACCTGGACACTGTTCCGRGACTTCTCARCATGETGTCGCC TAACRACGTAAL
CEGATTCCTCCAGACAGCAATGCCT TTGAGAGGATATTEGGGEGACT TACGATATAAGTGTACTG
GOGTTCGACCACGGTATTCCTCAGCAGATAT U TCATGAGGTG TATGAAT TGGARATTCGRCCTT
ACAATTACARTCCTCCTCAGTTCGTTT TTCCTGAATCCGGEACGATTC TACGACTGGC TTTGGA
ACGCCCAGTGGTAARTARTGTTT TG TCACT TG TARACGGTGRCCCGT TAGACAGGATACARGCA
ATTGRCGACGATGGTCTTGATGL TGGCGTGETRAC T TTCGATATTGTTGGAGATGUTGATSIGT
CARACTACTTCAGAGTAAATART GATGGCGACAGC TITGGARCCTTGTTGCTGRUACAGGUGCT
TCCTGAGGARGGCARGGAATTTCGAGGT TACCATCCOGECTACAGACGLUGGARCAGAACLTUGA
TCATATTCAACAGRCTCCACTATARCAGTCCTCTTCGTTCCGACTTTGGGTGATCCGATCTTTC
ARGATAACACTTACTCAGTAGCATTCT TTGAARAAGAGGTTGGCTTGACTGAGAGGTTCTCGLT
CCCACATGCAGAGGACCCTARGRAACARRCTC TGCACTGACCACTGTCACGATAT TTACTACAGS
ATCTTTGGETGGTGTGGATTACGRAGCCAT T TGACCTGGACCCGGTGACGARCCTGATCTITCCTGA
ARTCAGRBCTAGRCCGGGAGRCCACTGL TACGCATG TGGTECAAGTGHCAGCCASTAATTCGCC
CACAGGAGGCGGRPATACCACTCCCTGGGTC TCTTCTCACCGTCACTGTCACTGTACGAGRAGLG
GATCCACGGCCTGTETTCGRGCAGCGTCTGTACACGGCTGGCATTTCCACTTCCGATARCATCA
ACAGGGARCTACTCACCGTICGTGCARCTCATTCCGRARACGCACAAT TGACATATACCATCGR,
AGACGGTTCTATGECEGTGGACTUCACTCTGGRAGCCGTCAAGGACTCGGCGTTCCATC TGAAT
GUGCAGACCGGCGTCCTCATACTGAGGATACARCC TACTGCCAGCATGCAGECCATGTTTGRGT
TCAACGTCATCGLTACTGACCCAGATGAGRAGACAGATACGGCAGAGGTGAARGTCTACCTCAT
TTCATCCCAARAATASGGTGTCCTTCATATTCCTGAACGATGTGGAGACSGTTGAGAGTARCAGA
GARCTTTATCGCAGRARCGTTCAGCGTTGGUTTCARCATGACCTGUAATATAGATCAGGTGETEC
CLGGLACCAACGACGUCGGGGTGAT TCAGGAGGLCATGGUGEAAGTCCATGC TCACTTCATACA
GGATRAACATCCCTGTRAGCGCCGATAGTATTGAAGAGCT TCGLAGTGACACTCAGCTGCTGCED
TCCGTCLAAGGTGTGTTGAACCAACGGC TG TTGGTCCTGARC GACCTGETGACGGGGGTCAGLT
CTGATCTCGGCACTGLCGGELGTGLAGATCACCATC TATCTEC TAGCCGGGT TG TCAGCCATCLT
TGCCTTCCTGTGCCTTATTC TG TCATCACAT TCATCGTGAGGACCCCAGC TC TGARCCGLCGT
TTEGAAGCACTGTCGATGACGARATACGGCTCGGTGGATTCGGGEC TGARCCCAGTGGGGATAS
COGCCCCAGGRRCCAACAAACACGC CATCGRAGGL TCCARCCCCATCTGGARCGAGCAGATCAN
GGCCCCCGACTTCGATECCATCAGTGACACATCTGACGACTCTGATC TAATCGGCATCGAGGAT
AGCCTGCACGGACACT TAGRACAGAPARGECCAGACABAGCAGTAGATCCCTTGGTGARARAGT
TGEAAGAAGAACGRTGEAGCCATGGCEGAATACGRAT TCAAGGCCTCTCGAGCCTCTAGAACTAT
CETGAGTCGTATTACGTATATCCAGACATGATGAGATACATTGATGAGTT TGGACARACIGCAA
CTAGAATGCAGTGRAARRARTGCTTTATT TG T TGARATTTGTGATGC TATTGCTTTAT TTGGAA
CCATTATARGCTGCRATAARCAAGT TAACATCATCARTTGCATTCATT TTATGTTTCAGGTTCA
GGGEGAGGTGTEEEAGGCTATCT

Figure 1B
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