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ABSTRACT: BT-R1 (Mr ) 210 kDa) represents a new type of insect cadherin that is expressed specifically
in the midgut epithelium during growth and development ofManduca sextalarvae. It also is a target
receptor for the Cry1A toxins of the entomopathogenic bacteriumBacillus thuringiensis. Expression of
BT-R1, which varies during larval development, correlates with the abundance of the protein and with the
differential cleavage of the molecule at each developmental stage. The cleavage of BT-R1 is calcium
dependent, and consequently, Ca2+ directly influences the structural integrity of BT-R1. Indeed, removal
of calcium ions by chelating agents promotes cleavage of the BT-R1 ectodomain, resulting in formation
of fragments that are similar to those observed during larval development. Partial purification of proteins
from brush border membrane vesicles (BBMVs) by gel filtration chromatography hinders the cleavage of
BT-R1 in the presence of EDTA and EGTA, indicating that there is specific proteolytic activity associated
with the BBMV. This specific proteolytic cleavage of BT-R1 not only alters the integrity of BT-R1 but it
most likely is implicated in cell adhesion events during differentiation and development ofM. sextamidgut
epithelium. We propose a model for calcium-dependent protection of BT-R1 as well as a cleavage pattern
that may modulate the molecular interactions and adhesive properties of its ectodomain. Molecular
characterization of such a protection mechanism should lead to a better understanding of how the function
of specific cadherins is modulated during tissue differentiation and insect development.

Cadherins constitute a large family of transmembrane cell
adhesion molecules that are central determinants in cell
patterning and preserving tissue architecture in metazoan
organisms (1-5). Functional characteristics of cadherins are
attributed to their Ca2+-dependent structural features (6-9).
The ectodomain of cadherins contains Ca2+-binding sites that
stabilize its characteristic rodlike structure and preserve its
adhesive function and molecular interactions (10-15).
Defects in Ca2+ binding preclude cadherin adhesive function
(16). Removal of Ca2+ or changes in the concentration of
the ion affects the adhesive activity and induces conforma-
tional changes in the ectodomain rendering the cadherins
vulnerable to proteases (1, 12, 15-18). Changes in the
adhesive function of cadherins influence initiation and
maintenance of intercellular junctions and overall cell
function (13-18). However, such changes are important
during development and morphogenesis because the adhesive
functions of tissue-specific cadherins have crucial roles in
cell differentiation, establishment of cell polarity, develop-
mental patterning, and organ formation.

Previously, we characterized a new type of epithelial
cadherin, BT-R1 (Mr ) 210 kDa), from the larval midgut of

the tobacco hornwormManduca sexta(ref 19; GenBank
AF310073). BT-R1 is a target receptor for Cry1A toxins of
the entomopathogenic soil bacteriumBacillus thuringiensis
(20). The domain architecture and structural features of BT-
R1 (Figure 1) together with its tissue-specific expression in
larvae point up the importance of the molecule in differentia-
tion and development of midgut epithelium inM. sexta(19-
21). In the present study, we show that larval development
accompanies changes in the abundance of BT-R1 concomitant
to specific cleavage of the molecule in the different
developmentalstages(instars)of the larva.Becauseectodomain
integrity of cadherins depends on calcium, we were interested
in knowing whether the stability of BT-R1, likewise, is
calcium dependent. The results of our investigations reveal
that calcium, indeed, influences the structure of the BT-R1

ectodomain and that, upon removal of calcium by chelating
agents, the ectodomain is cleaved into two fragments (145
and 120 kDa), both of which bind to the Cry1Ab toxin ofB.
thuringiensis.However, BT-R1 contained in BBMVs1 be-
came refractory to cleavage after purification of the BBMV
by gel filtration, indicating that a specific protease(s),
separable from BT-R1, directly affects the integrity of the
ectodomain. These results support our hypothesis that a
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critical decrease in Ca2+ concentration renders the BT-R1

susceptible to protease(s), which specifically cleaves the
ectodomain, thereby, altering its adhesive properties. A
mechanism for the specific cleavage and modulation of
molecular interactions of the BT-R1 is proposed. We believe
that cleavage of BT-R1 and alteration of the adhesive
properties of this specific cadherin may have functional
significance in the differentiation and establishment of
structural integrity of the midgut tissue during development
of M. sextalarvae.

EXPERIMENTAL PROCEDURES

Preparation of M. sexta BBMVs and Detection of BT-R1.
Hornworm eggs and diet for larvae were obtained from
Carolina Biological Supply Company. Eggs were placed on
diet and incubated under constant light at room temperature
in a 24 × 36 cm tray. Larvae were selectively harvested
according to their stage of development (instar). Larvae with
no signs of molting were designated as specific instars
primarily according to their length: first instar, 5-8 mm;
second instar, 9-18 mm; third instar, 19-30 mm; fourth
instar, 31-45 mm; and fifth instar, 46-75 mm (21). Larval
midguts (anterior, middle and posterior sections) were
removed and BBMVs were prepared using the procedure
described by Wolfersberger et al. (23). All preparations were
stored at-70 °C in buffer A (10 mM Hepes, pH 9.5, 130
mM KCl, and 10% glycerol). In experiments involving
divalent ion chelation, ethylenediaminetetraacetic acid (EDTA)
and ethylene-glycol-bis(2-aminoethyl ether)-N,N,N,N′-tet-
raacetic acid (EGTA) were used at a concentration of 10

mM. All results reported in this study using EDTA were
similar with EGTA, and therefore, only the EDTA results
are reported herein.

The BBMV proteins (50µg/lane) were separated by SDS-
PAGE in 8% gels and analyzed by radio-ligand blotting with
[125I]Cry1Ab, which provides a specific, high-affinity reagent
for the detection of BT-R1 (19, 20). Iodination of Cry1Ab
was accomplished as previously described (24, 25). Auto-
radiography was performed at-70 °C, and radioligand
bound proteins were detected using Kodak X-Omat AR film.
The amount of radioligand-bound protein fragments was
determined in excised protein bands using a gamma counter
(Beckman Gamma 5500) as well as from radioligand blots
using a Bio-Rad GS525 molecular imager system. Total
counts in the sampling areas were recorded and analyzed
with Molecular Analyst software. Identical areas from outside
the samples were counted and subtracted as background.
Protein loadings onto SDS-PAGE gels were adjusted based
on protein concentrations that were determined with the BCA
protein assay (Pierce) using bovine serum albumin (Sigma)
as standard. The protein masses on all gels and blots were
estimated according to SDS protein standards containing
rabbit muscle myosin (205 kDa),Escherichia coliâ-galac-
tosidase (116 kDa), and rabbit muscle phosphorylase b (97
kDa) (Sigma, cat. no. M2789).

Cloning, Expression, and Purification of the BT-R1

Ectodomain Fragment.A DNA fragment encoding 450
amino acid residues (amino acids 1078-1528) of the BT-
R1 ectodomain containing the Cry1Ab toxin binding region
was cloned and expressed using plasmid vector pET30(b)
in E. coli BL21(lambda DE3) (Novagen) cells. Most of the
expressed fragment was sequestered in inclusion bodies
within the bacterial cells. Inclusion bodies were collected
as pellets by centrifugation at 16000g for 20 min at 4°C.
The pellets were washed three times in 50 mL of wash buffer
(20 mM Tris-HCl, pH 7.5, 10 mM EDTA, 1% Triton X-100)
and dissolved in 50 mL of solubilization buffer (50 mM
CAPS, pH 11.0, 0.15%N-laurilsarcosine). After incubation
in solubilization buffer for 15 min at room temperature, the
protein was dialyzed against 20 mM Tris-HCl (pH 8.5)
containing 0.1 mM DTT. Final dialysis was performed using
the same buffer without DTT. The protein was purified using
a nickel affinity column that was packed and activated as
described by Novagen. After elution in buffer containing 1
M imidazole and 20 mM Tris-HCl (pH 8.0), the protein was
dialyzed against 20 mM Tris-HCl (pH 8.0) and concentrated
using a Centriplus YM-10 column (Millipore). The protein
was further purified by FPLC using a Superdex 200 column
(30 × 1 cm) (Amersham Biosciences) equilibrated with 10
mM Tris (pH 8.0).

Circular Dichroism (CD) Spectroscopy.CD spectra were
obtained using a Jasco J-710 spectropolarimeter (Jasco Co.,
Tokyo, Japan). Spectra were recorded at 20°C in a quartz
cell with a path length of 1.0 mm by scanning in the 240-
190 nm range at 0.1 nm intervals with a scan speed of 50
nm/min. Results were scaled to molecular ellipticity and
presented as the averages of 10 accumulations and corrected
for baseline that was obtained using the signal from the
respective buffers. The concentration of the protein was 10
µM in 10 mM Tris-HCl buffer (pH 8.0) in the presence or
absence of 5mM CaCl2.

FIGURE 1: BT-R1 domain structure. The amino acid sequence of
BT-R1 was scanned using ProfileScan algorithm (http://hits.isb-
sib.ch/cgi-bin/PFSCAN) to confirm the domain organization of the
protein. BT-R1 is composed of four domains: (i) EC (ectodomain),
(ii) MPED (membrane-proximal extracellular domain), (iii) TM
(transmembrane domain), and (iv) CYTO (cytoplasmic domain).
The EC consists of 12 ectodomain modules (EC1-EC12). Putative
calcium binding sequences are distributed throughout the ectodomain
(34). The EC harbors a pair of putative cell-adhesion sequences,
HAV (His-Ala-Val) and two putative integrin binding sequences
RGD (Arg-Gly-Asp) and LDV (Leu-Asp-Val). The Cry1A toxin-
binding region (dark elipse) folds into the EC11 close to the MPED.
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Protease Inhibitors.The effects of protease inhibitors and
chemical modifying agents on EDTA- and EGTA-induced
cleavage were tested in reaction mixtures containing 50µg
of BBMV proteins in buffer A at various pH values and
temperatures. After 30 min of preincubation of BBMVs in
the presence of chemical modifying agents, or specific
protease inhibitors, the mixtures were further incubated with
or without EDTA (10 mM) in buffer A (pH 9.5) at 4°C for
24 h. The BBMVs were precipitated by centrifugation,
resuspended in buffer A, and applied to gel. All chemicals
were obtained from Sigma except sulfo-NHS-acetate, which
was obtained from Pierce. The hydroxamic-acid-type met-
alloprotease inhibitor, KD-IX-73-4 (26), was provided by
Dr. Kei Kishimoto of Boehringer Ingelheim. The following
inhibitors and modifying agents were used at the specified
concentrations: soybean trypsin inhibitor, chymostatin, and
pepstatin A (10µg/mL); phosphoramidon and 1,10-phenan-
throline (50µM); tosyl lysyl chloromethyl ketone (TLCK)
and tosyl phenylalanyl chloromethyl ketone (TPCK) (0.1-
1000µM); N-ethylmalemide (0.5-5000µM); iodoacetamide
(5-50 mM); phenylmethanesulfonyl fluoride (PMSF) and
p-nitrobenzenesulfonyl fluoride (PNSF) (0.1-2 mM).

Gel Filtration Chromatography of BBMVs.Partial solu-
bilization of BBMVs was accomplished as previously
described by Francis and Bulla (27) using a buffer containing
10 mM Hepes (pH 7.4), 130 mM KCl, 10% glycerol, 0.5%
CHAPS, and 10 mM CaCl2. Partially solubilized BBMVs
were applied to a Superdex 200 column (30× 1 cm) attached
to an FPLC system (Amersham Biosciences) equilibrated
with buffer A at 4 °C. Eluates were monitored at 280 nm
and 1-mL fractions were collected for analysis. The proteins
were examined before and after gel filtration by SDS-PAGE
to confirm partial purification of the proteins.

RESULTS

LarVal DeVelopment and CleaVage of BT-R1. The expres-
sion pattern of cadherins during development is highly
regulated and is essential to the morphogenesis of tissues
and organs of vertebrates and invertebrates (28). To examine
the expression of BT-R1 duringM. sextalarval development,
BBMV proteins from different developmental stages (first
through fifth instars) of the larva were analyzed by radio-
ligand blotting (Figure 2). Results show that there is an
overall increase in the abundance of the 210-kDa BT-R1

throughout larval growth and development. As the larva
progressed from first to fifth instar, smaller protein fragments,
particularly a 145- and a 120-kDa fragment (Figure 2,
arrows), were generated. Formation of the 145-kDa fragment
was noticeable mainly in instars 3-5. The appearance of
the 120-kDa fragment was prominent in the fifth instar larva.
The dramatic increase in the abundance of BT-R1 and the
formation of the 145- and 120-kDa fragments coincided with
the period during which the larva exhibited phenomenal
growth, especially in the fifth instar. The build-up of BT-R1

in the midgut epithelium may reflect a differentiation process
that establishes the specialized structure and function of
epithelial cells in the midgut tissue. The smaller molecular-
weight bands observed in Figure 2 may be the result of
nonspecific binding of the Cry1Ab toxin to BBMV proteins
as has been demonstrated by Daniel et al. (29). Alternatively,
the smaller bands may represent products of further cleavage
of the BT-R1 in the midgut.

Effects of DiValent Metal Ions on BT-R1. Because the
integrity of cadherins depends on calcium ions which bind
to and stabilize the ectodomain, the effects of different metal
ions and chelating agents on the integrity of BT-R1 was
examined by adding CaCl2, SrCl2, MgCl2, to the BBMV-
toxin incubation mixture. The physiological concentration
of calcium in theM. sextalarval midgut is 1-10 mM (30),
a range sufficient to protect cadherins from proteolysis (31,
32). As can be seen in Figure 3, binding of [125I]Cry1Ab to
BT-R1 was not altered by any of the three metal ions as
observed in Western blot experiments (Figure 3, lanes 1-3).
However, upon addition of EDTA, binding of toxin to full-
length BT-R1 was reduced markedly because of its cleavage
to the 145- and 120-kDa fragments which appeared to retain
high toxin-binding affinity (Figure 3, lane 4, arrows). Results
obtained using EDTA were similar with EGTA, and there-
fore, only the EDTA results are shown in this and the
following figures. Similar observations have been reported
by Martinez-Ramirez et al. (33).

FIGURE 2: BT-R1 expression inM. sexta larval development.
Larvae with no signs of molting were selected according to their
developmental size. Midguts (anterior, middle, and posterior
sections) were removed and BBMV proteins (50µg) for all five
instars were analyzed by radio-ligand blotting using [125I]Cry1Ab,
which binds specifically and with high-affinity to BT-R1 (33, 34).
The larval developmental stages from which BBMV proteins were
isolated are indicated as instars for each lane. Protein loadings were
adjusted based on protein concentrations that were determined with
the BCA protein assay (Pierce) using bovine serum albumin (Sigma)
as standard. The protein masses in this figure as well as all other
figures below were estimated according to SDS protein standards
containing rabbit muscle myosin (205 kDa),E. coli â-galactosidase
(116 kDa), and rabbit muscle phosphorylase b (97 kDa) (Sigma,
cat. no. M2789).

FIGURE 3: Ligand blot analysis of BT-R1 in the presence of metal
ions and EDTA. BBMVs from fifth-instarM. sextalarvae were
incubated for 24 h at 4°C in 10 mM Hepes, 130 mM KCl, pH 9.5,
containing 5 mM CaCl2 (lane 1), 5 mM SrCl2 (lane 2), 5 mM MgCl2
(lane 3), and 10 mM EDTA alone (lane 4). Proteins (50µg) were
separated by SDS-PAGE and [125I]Cry1Ab toxin binding was
examined on a nylon membrane by ligand blotting.
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Influence of Calcium on the BT-R1 Ectodomain.The
conformation, structural integrity, and adhesive function of
cadherin ectodomain depend largely on extracellular calcium
influxes (15, 34). To determine the extent of the influence
of calcium on the conformation of BT-R1, the effects of Ca2+

ions on the CD spectrum of a segment encompassing EC10-
EC12 of the BT-R1 ectodomain to which Cry1Ab toxin binds
was examined (see Figure 4). The spectrum of the fragment
(Figure 2) was similar to the spectrum of mammalian
E-cadherin ectodomain whose main secondary structure
consists ofâ -sheets (16, 35, 36). The shape of the spectrum
for the BT-R1 fragment (Figure 4) indicates the presence of
a large fraction ofâ -structure in the molecule. The
â-structure conformation remained intact in either the absence
or the presence of Ca2+. However, a significant decrease in
the molar elipticity at 215 nm was observed in the presence
of CaCl2 (Figure 4). This phenomenon suggests that the BT-
R1 ectodomain undergoes structural changes upon binding
of Ca2+. In other words, the conformational change of the
EC10-EC12 fragment may reflect a Ca2+-dependent struc-
tural transformation of the ectodomain. Both the nature and
magnitude of the observed decrease are similar to those
described for other cadherins (13).

Calcium-Dependent Sequential CleaVage of BT-R1. Re-
moval of calcium affects the conformation and, subsequently,
the integrity of cadherin ectodomain. To gain insight into
the influence of calcium on the integrity of BT-R1, a time-
course radio-ligand blot analysis was performed. (Figure 5).
The analysis revealed that there is an increase in the
formation of the 145- and 120-kDa fragments in the presence

FIGURE 4: CD spectra of BT-R1 ectodomain fragment. The spectra
of the recombinant BT-R1 fragment were recorded using a 1-mm
quartz cell at a protein concentration of 10µM in a buffer containing
10 mM Tris‚HCl, pH 8, with calcium (5 mM CaCl2) and without
calcium at 20°C. Results from 10 measurements were averaged
and scaled to molecular elipticity.

FIGURE 5: Time-course ligand blot analysis of BT-R1 in the presence of EDTA and CaCl2. (A) BBMVs from fifth-instar M. sextalarvae
were incubated for 24 h at 4°C in 10 mM Hepes, 130 mM KCl, pH 9.5, containing 10 mM EDTA, and [125I]Cry1Ab toxin binding to the
210-kDa cadherin BT-R1 and the 145- and 120-kDa cleavage products was examined. Lane 1 contains BBMV proteins incubated for 24 h
at 4°C in buffer without EDTA. Lanes 2, 3, and 4 are ligand blots of BBMV proteins incubated with EDTA for 4, 8, and 24 h, respectively.
(B) Relative levels of [125I]CryAb toxin bound to BT-R1 and to the combined 145- and 120-kDa fragments at 0, 4, 8, and 24 h of incubation
with EDTA. (C) Effect of CaCl2 on the formation of the 145- and 120-kDa fragments on BBMVs. Lane 1, BBMV proteins incubated for
24 h in buffer containing 10 mM EDTA only. Lane 2, BBMV proteins incubated for 4 h in buffer containing 10 mM EDTA and for an
additional 20 h after 25 mM CaCl2 was added. Lane 3, BBMV proteins incubated for 8 h in buffer containing 10 mM EDTA and incubated
for an additional 16 h after 25 mM CaCl2 was added. (D) Effect of CaCl2 on the levels of [125I]CryAb toxin binding to BT-R1 and the 145-
and 120-kDa fragments combined. Forty micrograms of BBMV protein was applied to each lane for analysis.
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of EDTA or EGTA, which corresponds to a decrease in the
amount of the 210-kDa BT-R1 molecule (Figure 5A, lanes
2-4). The amount of the 145- and 120-kDa fragments after
incubation in EDTA or EGTA varied considerably with time
(up to 24 h) although the total amount of BT-R1 and the
two fragments remained virtually the same throughout the
time course (Figure 5B). Treatment of BBMVs with 10 mM
EDTA or EGTA for 24 h resulted in the disappearance of
∼85% of the 210-kDa BT-R1 band (Figure 5A, lane 4) and
led to the accumulation of the 145- and 120-kDa fragments
(Figure 5B). Further incubation up to 48 h (data not shown)
resulted in complete disappearance of the 210-kDa band, and
no other protein fragments other than the 145- and 120-kDa
protein bands were produced. These results indicate that
incubation of BBMVs in either of the chelating agents
apparently did not expose other proteins that are inaccessible
on the membrane and that the 145- and 120-kDa fragments
are products of sequential cleavage of BT-R1. Addition of
Ca2+ to the incubation mixture containing EDTA or EGTA
at 4 and 8 h blocked the accumulation of the 145- and 120-
kDa fragments (Figure 5C, lanes 2 and 3, respectively) and
prevented any further fragment accumulation in the reactions.
Figure 5D shows the extent of fragment accumulation at 24
h in the reactions to which CaCl2 was added at 4 and 8 h.
Efficient production of 145- and 120-kDa fragments occurred
at pH 8-10 which corresponds to the physiological pH in
the midgut ofM. sextalarvae and only minimal production
of the fragments was observed at pH 7 and lower (data not
shown).

InVolVement of BBMVs in the Specific CleaVage of BT-
R1. The cleavage of BT-R1 does not appear to be the result
of proteolytic activity associated with BT-R1 itself because
partial purification of BT-R1 by gel filtration excludes any
such activity (Figure 6). Previously, we reported that partial
solubilization of BBMVs using 0.5% CHAPS followed by
gel filtration does not affect the general endoproteolytic
activity in the eluates (27). As can be seen in Figure 6 (lanes
3 and 4), incubation of gel filtration-purified BT-R1 with
EDTA or EGTA did not bring about formation of the 145-
and 120-kDa fragments, indicating that there is a protease-
(s) residing on the BBMV that specifically cleaves BT-R1.
Moreover, there was no apparent degradation of the total
BBMV proteins in the presence of EDTA or EGTA (data

not known). Thus, chelation of divalent metal ions appears
to increase the susceptibility of BT-R1 to specific cleavage,
either by exposing a segment of the protein that is normally
resistant to proteolysis or by activating a specific protease
on the BBMV. Interestingly, a variety of chemical modifying
agents and protease inhibitors did not result in blocking the
proteolysis of BT-R1. Treatment of BBMVs with NBSF,
TLCK, TPCK,N-ethylmalamide, and sulfo-NHS-acetate did
not affect the cleavage of BT-R1 (data not shown). Soybean
trypsin inhibitor, chymostatin, pepstatin A, iodoacetamide,
PNSF, PMSF, as well as metalloprotease inhibitors 1,10-
phenanthroline, phosphoramidon, and KD-IX-73-4, which
is an inhibitor for selectin cleavage, also did not affect the
cleavage of BT-R1 individually or in combination under a
variety of experimental conditions. In all cases, EDTA and
EGTA treatment resulted in the formation of the 145- and
120-kDa Cry1Ab toxin binding fragments (data not shown).

Specific CleaVage of BT-R1 and Cry1Ab Toxin Binding.
To determine whether Cry1Ab binding to BBMVs affects
the proteolytic cleavage of BT-R1 in the presence of EDTA
or EGTA, BBMVs were preincubated with and without
unlabeled Cry1Ab toxin (Figure 7). Preincubation with
unlabeled Cry1Ab did not affect binding of the labeled toxin
to the BT-R1 in the absence of the two chelating agents
(Figure 7, lane 2), nor did toxin binding inhibit the formation
of the 145- and 120-kDa fragments in the presence of them
(Figure 7, lane 4). There was no noticeable reduction in [125I]-
Cry1Ab toxin binding to the protein bands on the blots,
indicating that preincubation of BBMVs with unlabeled
Cry1Ab toxin did not interfere with the specific cleavage
sites on the BT-R1 receptor.

The Pattern of CleaVage of BT-R1 on BBMVs. To
determine the pattern of cleavage of BT-R1 in the presence
of EDTA and EGTA, we examined [125I]Cry1Ab toxin
binding to both soluble and membrane-bound fractions after
treatment of BBMVs with the two chelating agents for a
24-h period (Figure 8). Membrane-bound and soluble
proteins were separated by centrifugation and blotted on
PVDF membrane. Radiolabeled toxin bound to the 145- and
120-kDa protein fragments in the precipitated fraction (Figure
8, lane 3) but not in the soluble fraction (Figure 8, lane 2).
Addition of DTT (final concentration of 5 mM) to the
incubation mixture did not affect the cleavage of BT-R1

(Figure 8, lane 4) or the retention of the 145- and 120-kDa

FIGURE 6: Effect of gel chromatography on the cleavage of BT-
R1. Partially solubilized BBMVs (see Experimental Procedures)
was filtered through a Superdex 200 column attached to an FPLC
system. Eluates were monitored at 280 nm and 1-mL fractions were
collected for analysis. General endoproteolytic activity was unal-
tered after the gel filtration as previously reported (27). The proteins
were examined before and after gel filtration by SDS-PAGE to
confirm partial purification of the proteins. The BBMV proteins
(50 µg) were analyzed by ligand blotting with [125I]Cry1Ab toxin.
Lanes 1 and 2, BBMV proteins incubated in buffer without EDTA
and with 10 mM EDTA, respectively. Lanes 3 and 4, BBMV
proteins filtered through a Superdex 200 column incubated in buffer
without EDTA and with 10 mM EDTA, respectively.

FIGURE 7: Radioligand blot analysis of BBMVs preincubated with
unlabeled Cry1Ab toxin in the absence and presence of EDTA.
BBMVs were preincubated with or without 100 nM Cry1Ab toxin
in the absence or presence of EDTA for 24 h at 4°C in 10 mM
Hepes, 130 mM KCl, pH 9.5. Lane 1, BBMV proteins in buffer
without EDTA; lane 2, Cry1Ab-treated BBMVs in buffer without
EDTA; lane 3, BBMV proteins in buffer with 10 mM EDTA; lane
4, Cry1Ab-treated BBMVs in buffer with 10 mM EDTA. The
intensity of labeled bands on the blots with [125I]Cry1Ab is
comparable in each lane because the labeled toxin efficiently
removes unlabeled toxin from the same binding site on BT-R1 (20).
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toxin-binding fragments on the membrane-bound fraction
(Figure 8, lane 6). Obviously, a significantly large portion
of BT-R1 ectodomain, containing the toxin binding region,
remains attached to the membrane after cleavage of BT-R1,
and this cleavage is not dependent on the oxidized/reduced
state of the molecule.

DISCUSSION

Both in vivo and in vitro studies have demonstrated that
calcium ions affect the structural stability and specific regions
of cadherins that are essential to adhesion function and
various interactions on the cell surface (6-9, 37-43).
Adhesion and interactions of cells with their neighboring cells
provide not only mechanical support but the necessary signals
for regulation of cellular processes and their morphological
states as well (44, 45). Such interactions are crucial in
maintaining normal epithelial organization and differentiation
of cells in epithelial tissues. Furthermore, oncogenic proper-
ties of various signaling pathways are linked to cell adhesion
events involving cadherins. Calcium influx or depletion of
the ions triggers specific proteolysis of cadherins resulting
in rapid destruction of intercellular adhesion junctions, which
apparently are important in the proliferation and migration
of epithelial cells during development and morphogenesis
and in regeneration of mucosal tissues (18, 34, 46, 47).
Cleavage of extracellular domains of cadherins is mecha-
nistically important in modulating the function of cadherins
and is required for the assembly and disassembly of cell
junctions and dissociation of cells from tissues in response
to change in calcium concentrations (18, 48-51).

M. sextaBT-R1 (Mr ) 210 kDa) (GenBank AF319973)
represents a new type of cadherin, which is composed of an
ectodomain (EC) with 12 EC modules, a membrane-proximal
extracellular domain (MPED), a transmembrane domain
(TM), and a cytoplasmic domain (CYTO) (Figure 1). The
ectodomain contains putative calcium-binding sequences
distributed throughout the ectodomain (20). The ectodomain
harbors two cell-adhesion sequences, HAV (His-Ala-Val),
which is important for cadherin function (52). The ectodomain
also contains integrin binding sequences RGD (Arg-Gly-Asp)
and LDV (Leu-Asp-Val) that usually are found in fibronectin
(53-60). BT-R1 is involved in the toxic action of Cry1A
toxins produced by the entomopathogenic bacteriumB.
thuringiensis (20). Our previous findings showed that

Cry1Aa, Cry1Ab, and Cry1Ac toxins bind to a specific toxin
binding region (TBR) on BT-R1 located on EC11 (20). Now,
we report that chelation of calcium by EDTA or EGTA leads
to cleavage of BT-R1 and causes formation of two fragments,
145- and 120-kDa, both of which bind to Cry1Ab toxin. This
finding indicates that the TBR, which folds into EC11, is
represented in both of the fragments generated by treatment
with either of the two chelating agents. Preincubation of
BBMVs with Cry1Ab toxin prior to incubation with EDTA
or EGTA did not inhibit the cleavage of BT-R1, indicating
that the toxin binding and cleavage sites are mutually
exclusive. The 145- and 120-kDa fragments were generated
sequentially (Figure 5, panels A and B), and both fragments
were retained in membrane-bound fractions after EDTA or
EGTA treatment of BBMVs. Moreover, the addition of
calcium stopped the sequential formation of the 145- and
120-kDa protein bands, and these fragments were not further
cleaved in the presence of EDTA or EGTA. Collectively,
the data support the supposition that the cleavage pattern of
BT-R1, as well as the sites of cleavage, is specific.

The sequential cleavage of BT-R1 involves at least two
sites (see model in Figure 9). According to this model,
cleavage of BT-R1 correlates with calcium removal and takes
place at a region between EC3 and EC6 where BT-R1

displays an E-cadherin folding motif and contains one of
the potential cadherin cell adhesion recognition sequences
(HAV). Presumably, removal of calcium alters the structural
stability of BT-R1 and exposes the EC3-EC6 region to a
protease(s), resulting in a specific cleavage pattern of BT-
R1. Cleavage of BT-R1 in this region may have functional
significance during larval development in that the molecule
becomes detached from the N-terminal portion containing
the integrin-binding sequence RGD as well as one of the

FIGURE 8: Ligand blot analysis of soluble and membrane-bound
fractions of EDTA-treated BBMV proteins. BBMVs were incubated
for 24 h at 4°C in the presence of 10 mM EDTA (pH 9.5). The
incubation mixture was centrifuged for 10 min at 8000g in a
microcentrifuge tube. [125I]Cry1Ab toxin-binding proteins in the
pellet (membrane-bound) and supernatant (soluble) were examined
on blots. Lane 1, total incubation mixture before centrifugation of
BBMVs; lane 2, soluble fraction of BBMVs incubated with EDTA;
lane 3, membrane bound fraction of BBMVs incubated with EDTA;
lanes 4-6, same as lanes 1-3 except 5 mM DTT was added to
the incubation mixture.

FIGURE 9: Proposed model for cleavage of BT-R1. Calcium ions
stabilize the structural conformation of BT-R1 on membrane.
Removal of calcium leads to destabilization of the BT-R1 structure,
causing susceptibility to proteolytic attack. Sequential proteolytic
cleavage involves two sites within a region between EC3 and EC6
of BT-R1 and results in the formation of 145- and 120-kDa
ectodomain fragments retained on the membrane.
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potential cadherin-binding sequences (HAV), while retaining
the other potential binding sequences for integrin (LDV) and
cadherin (HAV). Indeed, the scheme depicted in Figure 9
could explain how specific cleavage modulates the adhesive
properties of BT-R1 in vivo, depending on calcium ion
concentration.

The proteolytic activity related to the cleavage of BT-R1

does not reside in BT-R1 itself because this activity can be
separated from BT-R1 when BBMVs are solubilized and
passed through a gel filtration column (Figure 6). The
protease(s) on BBMVs appears to exhibit specificity for the
cleavage of BT-R1. This type of behavior is characteristic
of the activity of certain membrane enzymes such as
secretases and sheddases, many of which are Zn2+-dependent
membrane metalloproteinases (26, 45, 61-65). Although
these proteases mediate the cleavage of various membrane-
anchored proteins, including cadherins, specific proteases
have not been identified yet. The cleavage of BT-R1 upon
removal of calcium is not prevented by metalloprotease
inhibitors phosphoramidon, KD-IX-73-4, and 1,10-phenan-
throline (data not shown). Perhaps, the enzymes that act on
BT-R1 have a mode of action different from the established
families of metalloproteinases because the pH of theM. sexta
midgut is high (pH 10.5). Under such an alkaline condition,
lysine or tyrosine groups may exist in the active site of a
proteinase because these side chains generally have pK values
of ∼10 and they may be better able to function in acid-
base catalysis than the imidazole group of histidine, the thiol
group of cysteine or the carboxylate groups of aspartate and
glutamate. But, addition of sulfo-NHS-acetate, which modi-
fies lysine residues, had no effect on proteolysis at a
concentration of 5 mg/mL. At a concentration of 10 mg/
mL, proteolysis increased. Furthermore, addition of NBSF,
a tyrosine modifying reagent, likewise had no effect (data
not shown).

Specific proteolytic cleavage of cadherin ectodomains is
an important aspect of cell regulation and cell interactions
(61, 66). Developmental and tissue-specific expression of
BT-R1 in the midgut of M. sexta larvae supports our
hypothesis that the cleavage of the BT-R1 ectodomain is
important to specific cell interactions in the midgut epithe-
lium. The midgut consists of highly structured epithelial cells
that are organized in a characteristic pattern (67). During
larval development (including growth and larval-larval
molts), the organization ofM. sextamidgut cells undergoes
dramatic arrangements to support cell proliferation as well
as structural and functional integrity of the tissue indicating
involvement of dynamic cell-cell adhesion events in this
insect (68, 69) as is true for all metazoan tissues (66, 70,
71). Some of the activities associated with cadherins involve
not only cell-cell adhesion events but also activation of
specific intracellular signaling pathways as well. Thus,
increased proteolysis of cadherins, which has been implicated
in various morphogenetic events, affects both cell-cell
contact and cell-cell communication (18, 34, 44-51). The
increase in BT-R1 proteolysis that occurs, especially in the
fifth instar, precedes the destruction of larval midgut
epithelium prior to replacement by pupal epithelium (72, 73),
reflecting turnover of this particular cadherin at the end of
larval development. Further studies are necessary to elucidate
the functional significance of Ca2+-dependent proteolysis of
BT-R1 in the larval midgut epithelium ofM. sexta. Certainly,

isolation and characterization of the proteolytic activity
related to the cleavage of the cadherin receptor BT-R1, as
well as determination of the cleavage sites on the molecule,
are important aspects for future investigations. Determining
the specific cleavage pattern, modulation of interactions, and
the clustering of cadherins on cell surfaces may provide
insight into how specific cell adhesion events participate in
epithelial cell proliferation, differentiation, cell migration,
tissue structuring, wound repair, and programmed cell death,
not to mention a variety of pathophysiological conditions,
including cancer.
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