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Interaction of Bombyx mori aminopeptidase N and
cadherin-like protein with Bacillus thuringiensis CrylAc toxin
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Abstract: Bacillus thuringiensis (Bt) produces Cry toxins that are widely used as insecticides in agriculture and forestry.
Receptors are important to elucidate the mode of interaction with Cry toxins and toxicity in lepidopteran insects. Here, we
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purified the Cry toxin from Bt and identified this toxin by flight mass spectrometry as CrylAc, and then recombinantly
expressed aminopeptidase N (BmAPNG6) and repeat domains of cadherin-like protein (CaLP) of B. mori. Using
co-immunoprecipitation (co-1P), Far-Western blotting, and enzyme-linked immunosorbent assays (ELISAs), we identified the
interaction between Cry1Ac and BmAPNG. Furthermore, analysis of the cytotoxic activity of CrylAc toxin in Sf9 cells showed
that BmAPNG directly interacted with CrylAc toxin to induce morphological aberrations and cell lysis. We also used co-IP,
Far-Western blotting and ELISAs to analyze the interactions of CrylAc with three binding sites corresponding to cadherin
repeat (CR) 7 CR11, and CR12 of CaLP. Notably, the three repeat domains were essential CrylAc binding components in
CaLP. These results indicated that BmAPN6 and CaLP served as a functional receptor involved in Bt CrylAc toxin
pathogenicity. These findings represent an important advancement in our understanding of the mechanisms of CrylAc toxicity
and provide promising candidate targets for gene editing to enhance resistance to pathogens and increase the economic value

of B. mori.

Keywords:

Bacillus thuringiensis (Bt) is a Gram-positive
bacterium that produces crystal proteins (Cry toxins)
during sporulation. Cry toxins are encoded by
different Cry genes located on plasmids in most Bt
strains!!). Because of the specific activities of Cry
toxins against insect species, Cry toxins have been
extensively used as biological pesticides for
farming and forestry pests. A generally accepted
mechanism is that Cry protoxins are activated in the
larval alkaline midgut environment, and the
activated toxins then bind with receptors on the
midgut epithelial membrane to destroy midgut
tissue and lead to larval death, likely through
septicemial®. Receptors in the epithelial membrane
play crucial roles in forming toxin oligomers to
embed and lyse cells or trigger signaling cascades.
To date, many types of receptors, including
cadherin-like protein (CaLP)®!, aminopeptidase N
(APN)™, alkaline phosphatase (ALP)®, and
ATP-dependent binding cassette (ABC) transporter’®,
have been well characterized in Lepidoptera
species.

Manduca sexta CalLP was the first CrylA
receptor identified following purification from the
midgut epithelium® and was cloned as the Bt-R1
genel in Lepidoptera. Subsequently, CaLPs as
CrylA receptors were widely identified in several
Lepidoptera insects, including Bombyx moril®,
Heliothis virescens™, Pectinophora gossypiellal*®,
Helicoverpa armigera™ and Ostrinia nubilalis!*?.
Lepidoptera CaLPs contain 9-12 cadherin repeats
(CRs), which are necessary for Cry binding,
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particularly for CRs close to the transmembrane
region®. CR7, CR11 and CR12 of CaLP
interacting with CrylA-type toxins are essential for
their toxicity in M. sexta™*™®l. APN M. sexta was
the first molecule that was tentatively identified as a
Cry toxin-binding protein®. A series of
lepidopteran APNs were shown to bind to CrylAc
in H. virescens, Plutella xylostella and Trichoplusia
nil*®*®  Moreover, the absence, mutation or
knockdown of APNs is associated with resistance to
Cry toxin in Lepidoptera insects! %,

Unlike the above receptors, ABC transporters
were found to be responsible for insect resistance
against Cry toxins wusing forward genetics
approaches, such as linkage mapping and position
cloning analysis, in Lepidopteral® 2% A silkworm
mutant with an amino acid insertion in ABC
transporter C2 (BmABCC2) was resistant to CrylA
toxin and could be susceptible to CrylA when
transformed with a wild-type BmABCC2 gene!®.
Overexpression of BmMABCC2 in Sf9 cells imparts
susceptibility to Cry1A, CrylF and Cry8Ca toxins*l.
Moreover, defects in the 12th transmembrane (TM)
domain of ABCC2 confer CrylAc resistance in
P. xylostella by a 30-bp deletion in the gene
encoding the protein'®; however, overexpression of
Px-abcc2 in the Drosophila midgut conferred high
susceptibility to both CrylAc protoxin and
trypsin-activated toxin®!. Recently, ABCC2 was
applied as a causal factor in insecticidal resistance
owing to its important binding with CrylA toxins,
similar to CaLPs.
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As a uniquely economic insect, B. mori is also
a useful model host for studies on insecticidal
resistance. Several receptors have been identified in
B. mori, including a GaLP™®! an ABC transporter *!
and four APNs?*271_ B, mori GaLP, also known as
BtR175, binds CrylAa toxin on the last CR domain
adjacent to the membranel®®. All four APNs bind
CrylAa and/or Cry1Ab toxins?”. In a genome-wide
analysis, researchers annotated 16 APNs in the
silkworm genomel®. However, it is unclear
whether other members are also functional receptors
and whether additional CR domains of CaLP can
facilitate binding with CrylAc toxin.

B. thuringiensis subspecies kurstaki strain
HD73, toxic to lepidopteran larvae, contains only
one endotoxin gene, the crylAc gene, which was
found in the pHT73 plasmid®®. Accordingly, in this
study, we cloned and expressed recombinant
BmMAPNG and three CR domains (CR7, CR11 and
CR12) of CalLP. We then evaluated the
susceptibility of Sf9 cells expressing BmAPNG6 to
CrylAc and used  Far-Western  blotting,
co-immunoprecipitation, pull-down assays, and
enzyme-linked immunosorbent assay (ELISA)
binding assays to assess the interactions among
BmMAPNSG, the three CR domains, and CrylAc toxin.
Furthermore, based on mode of action of Bt Cry
toxin in the lepidopteran®Y, we propose a schematic
model for the process by Bt CrylAc interacting with
CaLP and BmAPNSG. Specifically, Bt CrylAc binds
to the high-abundance BmAPNG receptor, allowing
the toxin to locate in close proximity to the
membrane, which is followed by high-affinity
binding to the CaLP receptor by the cadherin
fragments CR7, CR11 and CR12, leading to disrupts
homeostasis and material exchange throughout the
insect body. In addition, Bt Cry toxins are known as
the most successful microbial insecticide against
different orders of insect, especially for insect pests,
in agriculture. Our results reveal that Bt CrylAc
interacts with BmAPN6 and CaLP makes them as
good candidate for deployment with Bt
CrylAc-resistant silkworm to enhance economic
benefit of sericulture.

&: 010-64807509

1 Materials and methods

1.1 Purification of Cry proteins from Bt

Parasporal crystal inclusions were purified
from B. thuringiensis subsp. kurstaki strain
HD73B%  which expressed the CrylAc toxin.
Briefly, after 48 h of incubation at 37 °C, the
spore-crystal mixtures of Bt were centrifuged at
8 000xg for 20 min. The pellet was washed three
times with 1 mol/L ice-cold NaCl at 8 000xg for
20 min and then washed three times with distilled
water. The pellet was suspended in sodium
carbonate buffer containing 50 mmol/L Na,CO; (pH
9.5) and 10 mmol/L dithiothreitol. After incubation,
the samples were centrifuged at 8 000xg at 4 °C to
obtain supernatants. The supernatants were adjusted
to pH 4.5 with 4 mol/L CH3;COONa-CH;COOH
buffer overnight and were then centrifuged at
12 000xg for 20 min at 4 °C. The pellets were
washed three times with distilled water, solubilized
in 1 mL of 10 mmol/L NaOH, and incubated for 4 h
at 4 °C. After centrifugation at 12 000xg for 10 min,
the supernatant containing the solubilized
parasporal crystals was retained. The solubilized
parasporal crystal proteins were activated by
treatment with trypsin for 6 h using 1 ug trypsin per
20 pg protein®2. The purified protein was then
added to 1/10 (V/V) 4 mol/L CH3COONa-
CH3;COOH buffer and centrifuged for 10 min at
12 000xg as described above. The protein concentration
was determined by the Bradford method using
bovine serum albumin (BSA) as a standard. The
protein profiles were analyzed by sodium dodecyl
sulfate  polyacrylamide  gel  electrophoresis
(SDS-PAGE) on 10% gels with Coomassie brilliant
blue staining.

1.2 Expression vector construction and
recombinant protein expression

BmAPN6 (BGIBMGAO008061) was cloned into
the BamH I /Not I sites of the vector pGEX-4T-1
(GE Healthcare Life Sciences) with a GST tag on
the N-terminal end. The recombinant vector was
transformed into Escherichia coli BL21 (DE3) to
induce the expression of GST-tagged BmAPNG6
(GST-BmAPNSG). Next, the recombinant protein was

<. cjb@im.ac.cn
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induced by adding isopropyl-B-D-thiogalactoside
(IPTG) to a final concentration of 0.1 mmol/L, and
cells were grown for 5 h at 37 °C. Cells were
collected by centrifugation and resuspended in
phosphate-buffered saline (PBS: 140 mmol/L NacCl,
2.7 mmol/L KCI, 10 mmol/L Na;HPO,, 1.8 mmol/L
KH,PO,, pH 7.3). After lysing by sonication, Triton
X-100 was added to a final concentration of 1%,
and samples were mixed gently at room temperature
(25 °C) for 30 min to solubilize proteins. The crude
extract was then centrifuged at 10 000xg for 5 min
at 4 °C. GST-BmAPNG6 was purified by GSTrap FF
(GE Healthcare), according to the manufacturer’s
instructions. Cadherin fragments encoding repeats
CR7 (M*-A%) CR11 (L™'-T"%) and CR12
(N®8_G'*® of cadherin-like membrane protein
BtR175 (NM_001044217) were cloned into
pET-28a expression vectors with a 6xHis tag, as
previously described®J. The His-CR7, His-CR11
and His-CR12 proteins were purified by affinity
chromatography using Ni-NTA (GE Healthcare).
The purified proteins were used for subsequent
experiments.

1.3 Cell transfection

The transfection plasmid was constructed by
cloning the open reading frame (ORF) encoding
BmAPNG6 into the pSL1180[hr3-BmAct4-DsRed-
SV40] plasmid between the BamH I and Not I

restriction sites, yielding the plasmid
pSL1180[hr3-BmAct4-BmAPNG6-SV40]. As
described in a previous study®! Sf9 cells
(Invitrogen, Carlsbad, CA, USA) were cultivated in
Grace medium (Gibco) supplemented with 10%
fetal bovine serum, 0.35 g/L NaHCOj; and
antibiotic-antimycotic (HyClone) at 27 °C. Cell
transfection with the constructed plasmid was
performed using Cellfectin Il Reagent (Invitrogen),
according to the manufacturer’s instruction
(Protocol  Pub. No. MANO0007821). For
immunofluorescence analysis, cells were collected
and washed with PBS and incubated with
anti-APNG6 antibody from mice at room temperature
for 1 h. After three washes with PBS, cells were
incubated  with  fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse 1gG antibody
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(1:500) at room temperature for 1 h. Finally,
following three washes with PBS, cells were
mounted in buffered glycerol and observed under a
fluorescence microscope. Primers (BmAPNG6 F:
5-CCTAACATCGGCTGACCACCCA-3'; R: 5'-AT
CCCCTCCAAATACCCCTCTT-3") were used to
test the expression of BMAPN6 by reverse
transcription polymerase chain reaction (RT-PCR).
The ribosomal 30 gene (accession number:
AF400225.1; F: 5'-TGGCTCGTGCTGGTAAGG-3’;
R: 5'-CTGCGTCCGAATGTCTGG-3’) was used as
internal control.

1.4 Cytotoxicity assay

Sf9 cells were harvested and transferred to
48-well tissue culture dishes (Costar) at 1x10° cells
per well. After the cells settled, they were transfected
with pSL1180[hr3-BmAct4-BmAPNG6-SV40]. After
48 h, the cell layer was washed gently with PBS
three times and overlaid with activated CrylAc
toxin (50 pg/mL in PBS). The cells were incubated
with activated CrylAc toxin for 6 h and were then
observed under an Olympus TH4-200 microscope.
The total number of cells per field was counted.
Final values represent an average of 50 fields,
which were randomly selected for each treatment.
This assay measured the amount of stable cytosolic
lactate dehydrogenase (LDH) released from the
lysed cells using a coupled enzymatic assay[34].
Briefly, the culture medium was replaced with
200 pL HEPES-buffered Dulbecco’s modified
Eagle’s medium (DMEM) containing 1% bovine
serum albumin (BSA) and various concentrations of
activated CrylAc. The cells were incubated at 37 °C
for 1 h and centrifuged at 250xg for 10 min. A
100 pL aliquot of the supernatant was transferred to
another microplate. The LDH activity in the
supernatant was measured using an LDH
Cytotoxicity Detection Kit (TaKaRa Biomedicals,
Shiga, Japan) following the manufacturer’s
instructions. The amount of released LDH activity
was indicated as a proportion of the total LDH
activity, which was measured by disrupting
untreated cells with 1% Triton X-100. Background
leakage of LDH activity, which occurred without
Cry protein during the incubation, was separately
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measured and subtracted from all the data, including
the total LDH activity. All experiments were
performed in triplicate.

1.5 Western blotting

Plasma membrane proteins were collected
when Sf9 cells were transfected with BmAPNG6 48 h
later, as previously described®®). Briefly, cells were
harvested, resuspended in extraction buffer, and
incubated on ice under a microscope for complete
lysis. Cell lysates were combined with sucrose
buffer and centrifuged at 5 000xg for 10 min. The
supernatants were then subjected to
ultracentrifugation at 100 000xg for 60 min at 4 °C.
High-speed pellets were solubilized in Triton-X
lysis buffer containing phosphatase inhibitor (Pierce)
and protease inhibitor cocktail (Roche). Total
membrane proteins were resolved by SDS-PAGE on
10% gels. After the proteins were transferred to
polyvinylidene difluoride (PVDF) membranes, they
were immunoblotted with anti-BmAPNG6 antibodies
or anti-tubulin monoclonal antibodies (Sigma-
Aldrich, St. Louis, MO, USA) following standard
procedures.

1.6 Far-Western blotting

Far-Western  blotting was performed as
previously described™®. Briefly, the trypsin-
activated CrylAc toxin was electrophoresed by
SDS-PAGE on 12% (W/V) gels and transferred to
PVDF membranes at 100 V for 1 h at 4 °C. The
transferred membrane was blocked with 5% milk in
PBST for 1 h at room temperature and then
incubated with recombinant BmAPNG6, CR7, CR11,
CR12, GST and BSA proteins in protein-binding
buffer overnight at 4 °C. After washing the
membrane with PBST three times, the blots were
incubated with anti-GST or anti-His antibodies
(1:8 000) targeting the recombinant proteins for 1 h
in 3% milk in PBST and then incubated with
secondary antibodies (1:10 000) for 1 h.
Chemiluminescent detection was performed using an
ECL kit according to the manufacturer’s instructions.

1.7 Co-immunoprecipitation (Co-IP)
One hundred micrograms of BmAPNG6 protein
with GST tag at N terminal was incubated with

&: 010-64807509

anti-GST antibodies for 1 h at room temperature,
and the complexes were then bound to Protein A
magnetic beads (Thermo Fisher Scientific) at room
temperature, according to the manufacturer’s
instructions. BS3 (Thermo Fisher Scientific) was
used for crosslinking. After washing, the beads were
incubated with trypsin-activated CrylAc protein
(100 pg) overnight at 4 °C. The complexes were
eluted after washing and were separated by
SDS-PAGE on 10% gels stained with silver
staining.

1.8 Pull-down assays

His pull-down experiments were performed
using a Pierce Protein Interaction Pull-Down Kit
(Thermo Fisher Scientific) according to the
manufacturer’s instructions. Briefly, purified CR7,
CR11 and CR12 were added to a Pierce Spin
Column and incubated at 4 °C for at least 30 min
with gentle rocking on a rotating platform. After
five washes using wash solution, trypsin-activated
CrylAc was added to the Pierce Spin Column and
incubated at 4 °C for at least 1 h. After another five
washes, the spin columns were incubated with
elution buffer for 5 min and centrifuged at 1 250 x g
for 30-60 s to collect the sample.

1.9 ELISA binding assays

One microgram of trypsin-activated CrylAc
was added to ELISA plates in 100 puL PBS/well
overnight at 4 °C. The plates were washed three
times with PBS and then blocked with 200 pL/well
PBS-M for 2 h at 37 °C. After three washes with
PBS, the purified proteins (BmAPN6, CR7, CR11
and CR12) were used for incubation. The unbound
proteins were removed by three washes with PBS-T
and three washes with PBS. The bound proteins
were detected using rabbit anti-BmAPNG6 antibody
or anti-His tag antibody and anti-rabbit or
anti-mouse antibodies conjugated with horseradish
peroxidase. Finally, ortho-phenylenediamine
(Sigma) plus H,0O, was used as the substrate for
detection. The reaction was stopped by adding
50 pL of 1 mmol/L H,SO,4, and the absorbance was
measured at 490 nm using an ELISA microplate
reader.

<. cjb@im.ac.cn



1814 ISSN 1000-3061 CN 11-1998/Q =¥ T #2244  Chin J Biotech

1.10 Statistical analysis

Statistical analysis was performed with
GraphPad (GraphPad Software, La Jolla, CA, USA)
using Student’s t-tests. Differences with P values of
less than 0.05 were considered significant.

2 Results

2.1 Purification of Bt Cry toxin, BmAPNG,
and CaLP fragments

To investigate the mechanisms of Cry toxins in
the lepidopteran insect B. mori, we first purified Bt
CrylAc (Fig. 1A, lanes 1, 2). Because Bt protoxin is
not toxic to Lepidoptera insects, Cry protoxins are
processed by midgut proteases for proteolytic
removal of the C-terminal half and N-terminal
peptide, which is important for toxicity®"). The
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Fig. 1 Purification of CrylAc toxin and recombinant
proteins. (A) SDS-PAGE analysis of the purification of
Bt CrylAc from Bt (lanes 1, 2) and trypsin-activated
CrylAc (lane 3). (B) Recombinant GST-BmAPNG6
protein purified from the Escherichia coli expression
system by GSTrap FF purification. (C) CR7, CR11 and
CR12 fragments of BtR-175 were expressed as
recombinant proteins with His-tags and purified by
affinity chromatography using Ni-NTA.
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purified Bt Cry was digested with trypsin to obtain
the activated Cry toxin (Fig. 1A, lane 3). The results
of matrix-assisted laser desorption/ionization-time
of flight mass spectrometry showed that nine
peptides matched insecticidal CrylAc (gi|87298907)
in this band (Table 1). To investigate the specificity
of Bt CrylAc toxins for B. mori receptors, the B.
mori midgut receptor BmAPNG6 with the GST tag
(Fig. 1B) and three cadherin fragments
corresponding to CR7 (Fig. 1Ca), CR11 (Fig. 1Ch)
and CR12 (Fig. 1Cc) were expressed and purified.

2.2 Binding assays of CrylAc with BmAPNG6

To test whether BmAPNG interacted with
CrylAc, we performed Co-IP, Far-Western blotting,
and ELISA. Far-Western blotting analysis showed
that positive bands were observed only when the
trypsin-activated CrylAc/BmAPNG6 complexes were
present, indicating that activated CrylAc toxin
could bind to silkworm BmAPNG6 (Fig. 2A). As
shown in Fig. 2B, the Co-IP assay demonstrated that
trypsin-activated CrylAc was capable of interacting
with  BmAPNG6. Furthermore, ELISA binding
saturation assays showed that trypsin-activated
CrylAc bound to BmAPNG6 (Fig. 2C), which
confirmed the interaction between Bt CrylAc toxin
and BmAPNG.

2.3 CrylAc toxin induced Sf9 cell death via
BmAPNG

To ascertain whether BmAPNG6 was involved in
CrylAc toxin pathogenicity, the cytotoxic activity
of CrylAc toxin in Sf9 cells transfected with the

Table 1 MALDI-TOF/TOF analysis of the purified

Bt CrylAc
Rumber. | doscription Methed peptides
APMFSWIHR
APTFSWQHR
GYIEVPIHFPSTSTR
Insecticidal IVAQLGQGVYR
gi[87298907 C:ﬁg‘} LIGNYTDYAVR
‘()Bt ClrylAc) SGTVDSLDEIPPQNNNVPPR
VWGPDSRDWVR
WGFDAATINSR
WYNTGLER
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Fig. 2

Binding assays of trypsin-activated CrylAc and BmAPNG6. (A) Far-Western blotting analysis of

trypsin-activated CrylAc and BmAPNG. Trypsin-activated CrylAc was separated by SDS-PAGE on 12% (W/V) gels and
transferred to PVDF membranes for Far-Western blotting analysis. The recombinant BmAPNG6 (Lane 1), GST (Lane 2)
and BSA (Lane 3) proteins were incubated with the membranes before adding anti-GST antibodies. The membranes
were used for direct immunoblotting with anti-GST antibodies (Lane 4). Positive bands were observed only when
trypsin-activated CrylAc/BmAPN6 complexes were present. (B) Co-IP assay for trypsin-activated CrylAc and
BmAPNG6. Lane 1 shows trypsin-activated CrylAc incubated with BmAPNG6, which was immunoprecipitated with
anti-GST antibodies. Lane 2 shows trypsin-activated CrylAc immunoprecipitated with anti-GST antibodies as a control.
The complexes were separated by SDS-PAGE on 10% gels stained with silver staining. Triangle: BmAPNG; asterisk:
trypsin-activated CrylAc. (C) ELISA binding saturation assays of trypsin-activated CrylAc and BmAPNG6. Data were
analyzed using GraphPad Prism software, and data are shown as mean SEM of three experiments. Statistically

significant differences from the control samples are indicated as **P<0.01.

BmAPNG6 gene was tested. RT-PCR analysis showed
that BmAPNG was expression in Sf9 Cells (Fig. 3A).
Furthermore, immunofluorescence was used to
evaluate the location of BmAPNG in cells (Fig. 3B).
In addition, BmAPN6 was expressed in the
membrane fractions of Sf9 cells as demonstrated by
Western blotting (Fig. 3C), indicating that BmAPNG6
may be as a membrane receptor. Separately, the
incubation of live, viable Sf9 cells expressing BmAPNG6
with trypsin-activated CrylAc toxin induced distinct
cytological changes, including swelling and lysis,
which led to cell death (Fig. 3D-d), suggesting that
expressed BmAPNG directly interacted with CrylAc
toxin to induce morphological aberrations and cell

&: 010-64807509

lysis.  The number of viable cells after
trypsin-activated CrylAc toxin administration was
counted in 50 different optical fields. The results
showed that the numbers of viable Sf9 cells
expressing BmAPNG6 after treatment with trypsin-
activated CrylAc toxin were reduced (Fig. 3E).
Cytotoxicity assays based on the extracellular release
of LDH activity indicated that trypsin-activated
CrylAc toxin caused a 16.4% increase in the release
of LDH activity from BmAPNG6-transfected Sf9 cells
into the culture medium (Fig. 3F). Together with the
results of the binding assay in Fig. 2, these findings
indicated that BmAPNG6 served as a functional
receptor involved in Bt CrylAc toxin pathogenicity.

<. cjb@im.ac.cn
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Fig. 3 Trypsin-activated CrylAc induced cell death in Sf9 cells expressing BmAPNG. (A) RT-PCR analysis of Sf9 cells
expressing BmAPNG6. Total RNA was extracted from Sf9 cells at 48 h after transfection with the
psl1180[hr3-BmAct4-BmAPNG6-SV40] vector. Lane 1 shows native Sf9 cells as a control. Lane 2 shows BmAPNG6
expressed by Sf9 cells; the gene encoding ribosomal protein S30 was used as an internal control for RT-PCR. (B) The
localization of BmAPNG in Sf9 cells was observed by microscopy. (C) Western blotting analysis of Sf9 cells expressing
BmAPN6. Membrane proteins were extracted from Sf9 cells at 48 h after transfection with the
psl1180[hr3-BmAct4-BmAPNG6-SV40] vector. Tubulin was used as an internal control for Western blotting. (D) Sf9 cells
exposed to trypsin-activated CrylAc toxin in the presence or absence of BmAPNG6. Photomicrographs of healthy Sf9 cells
(a), BmAPNG6-expressing Sf9 cells (b), healthy Sf9 cells treated with trypsin-activated CrylAc (c), and
BmAPNG-expressing Sf9 cells overlaid with trypsin-activated CrylAc (d) are shown. BmAPNG6-expressing cells incubated
with trypsin-activated CrylAc showed swelling and lysis. (E) The number of BmAPNG6-expressing Sf9 cells displaying
morphological aberrations after incubation with trypsin-activated CrylAc. (F) Trypsin-activated CrylAc-induced cell death
was measured based on the extracellular release of LDH activity after incubation for 6 h. Data are shown as mean SEM of
three experiments. Statistically significant differences from the control samples are indicated as **P<0.01.

2.4  Interaction of CrylAc with cadherin fragments corresponding to CR7, CR11 and CR12

fragments of CaLP

Bt CrylA(a) toxin binds to a 175 kDa glycoprotein
(BtR-175) on the microvillus membranes of
columnar cells in the B. mori midgut and causes
lysis of the cells®®. Using Escherichia coli, we
previously cloned and produced three cadherin

http://journals.im.ac.cn/cjbcn

of B. mori CaLP, corresponding to M. sexta Bt-R1.
We performed His pull-down assays of trypsin-
activated CrylAc toxin with cadherin fragment
proteins, indicating that activated CrylAc toxin
bound to CR7, CR11 and CR12 (Fig. 4A). As shown
in Fig. 4B, Far-Western blotting showed the positive
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bands that reacted with the anti-His antibody only ELISA binding assays confirmed that trypsin-
when the trypsin-activated CrylAc/CR7, trypsin- activated CrylAc bound to CR7, CR11 and CR12.
activated CrylAc/CR11, and trypsin-activated These results showed that Bt CrylAc toxin interacted
CrylAc/CR12 complexes were present. Furthermore, with B. mori CaLP by binding to CRs.
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Fig. 4 Interaction of trypsin-activated CrylAc with CR domains of CaLP. (A) His-tag pull-down assays for CaLP fragments
with trypsin-activated CrylAc. Lane 1 shows His-CR7, His-CR11 and His-CR12 incubated with trypsin-activated CrylAc
and purified with Ni-NTA beads. The bands represent the trypsin-activated CrylAc protein, which bound to His-CR?7,
His-CR11 and His-CR12, respectively. Lane 2 shows His-CR7, His-CR11 and His-CR12 incubated with Ni-NTA beads as a
negative control. Lane 3 represents another negative in which Ni-NTA beads alone were incubated with trypsin-activated
CrylAc protein. (B) Far-Western blotting analysis of CrylAc-CaLP interactions. Trypsin-activated CrylAc was separated by
SDS-PAGE using 12% (W/V) gels and transferred to PVDF membranes. The recombinant His-CR7, His-CR11 and His-CR12
proteins (Lane 1) were incubated with membranes. The membrane was either incubated with BSA (lane 2) or directly
immunoblotted (Lane 3) as a negative control. Positive bands were observed with anti-His tag when trypsin-activated
CrylAc/CR7, trypsin-activated CrylAc/CR11, and trypsin-activated CrylAc/CR12 complexes were present. (C) ELISA
binding saturation assays of trypsin-activated CrylAc and CalLP fragments. Data are shown as mean SEM of three
experiments. Statistically significant differences from the control samples are indicated as **P<0.01.
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3 Discussion

Protoxins produced by bacteria are known to
be activated by proteolytic cleavage in the host
alkaline midgut environment. Activated toxins bind
with receptors on the midgut epithelial membrane
undergoing oligomerization to form pores and lyse
cells, thereby leading to cell death. Thus, receptors
in host midgut brush border membrane vesicles play
crucial roles in the pathogenicity of insect pathogens.
In the study, we used several methods to show that
CrylAc could interact with 1 BmAPNG6, a member
of the APN gene family (using Far-Western blotting,
Co-IP and ELISA); and 2 CR domains from B. mori
CaLP (using pull-down assays, Far-Western blotting
and ELISA). APNs are extensively studied putative
receptors isolated from many lepidopteran
insects™8). Four APNs have been shown to interact
with toxins®?, BmAPN2, BMAPN3 and
BmAPN4, which have molecular masses ranging
from 90 to 110 kDa, can interact with CrylAb but
not with Cry1Aa®"!. Native BmAPN1 and CaLP had
high-affinity binding with Cry1Aa®®. Our results
showed that one member of the APN gene family
from B. mori, BmAPNSG, interacted with CrylAc.

Bt - -]

Bt Cry protoxin protein < a@@» Spore

i
Midgut protease % l

. Activated CrylAc toxin

Furthermore, BmAPNG6 was found to function as a
receptor for CrylAc in Sf9 cells, suggesting that
APNs may be crucial receptors involved in the
mechanisms underlying toxicity. Three CRs (CR7,
CR11 and CR12) from silkworm CaLP can interact
with CrylAc, similar to three corresponding CrylAb-
binding domains from M. sexta Bt-R1I1%40
Moreover, a PC toxin purified from B. bombysepticus
showed obvious interactions with CR7 and CR12,
barely detectable interactions with CR11, and
binding with BmAPN4 and BmAPN5E3442 Thys,
these data suggested that multiple receptors play
crucial roles in toxin binding. Based on previous
research of Bt Cry toxin mode of action®. we
propose a schematic model for the process by Bt
CrylAc interacting with CaLP and BmAPNG6 (Fig.
5). Specificallyy, Bt CrylAc binds to the
high-abundance BmAPNG6 receptor, allowing the
toxin to locate in close proximity to the membrane,
which is followed by high-affinity binding to the
CaLP receptor by the cadherin fragments CR7,
CR11 and CR12, leading to disrupts homeostasis
and material exchange throughout the insect body
(Fig. 5). APN is a multiple gene family. Although
different members had been demonstrated or verified
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_—-__——_
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Pre pore toxin
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R
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Fig. 5 A schematic representation of the model for Bt CrylAc causing damage to the silkworm via BmAPN6 and CaLP. Bt
CrylAc can be digested by gut proteases. The activated toxin binds the high-abundance BmAPNG receptor, allowing the toxin
to be located to cell membrane and the interaction with the CaLP by CR7, CR11 and CR12, leading to cell lysis and death.
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to bind different type Cry toxins, systematic
comparison of interaction between APN members
and several Cry toxins was still lacking, which need
to be investigated.

Proteins that bind with or act as receptors for
toxins are complex and varied rather than
monotonic. This is a common characteristic of
multigene families such as APNs and ABC
transporters, or repeats domain-containing proteins
such as CaLPs, and may be an effective strategy for
continuous evolution of pathogens to overcome the
defense systems of insect hosts. If even one receptor
mutation results in loss of binding capacity, toxins
can utilize other binding receptors or members of
the same family. Thus, single gene mutations in host
insects may not confer complete resistance. For
example, in H. virescens, CaLP mutations account
for 40%-80% of the Cry resistance phenotypel®,
and ABCC2 can confer a higher level of resistance
than CaLP™: however, none of these mutations
confer absolute resistance. This can explain why
toxins selectively utilize different families and
repeat domain-containing proteins as receptors
instead of some simple structural proteins encoded
by single-copy genes. Another strategy is the
rapidly evolutionary divergent toxin families. To
date, more than 700 genes encoding Cry toxins have
been identified from the soil bacterium Bt!***4. The
toxic activities and binding receptors of Cry toxins
differ, even among the same evolutionary subclass.
For example, H. virescens CalLP functions as a
receptor for Cry1A toxins, but not Cry1Fa toxin!*®).
In H. armigera, APN1 interacts with CrylAa,
CrylAb and CrylAc, whereas APN2 only interacts
with CrylAct®. Recently, wild-type CrylAc was
found to be rapidly evolved to variants by a
phage-assisted continuous evolution (PACE)
selection®”!. Evolved variants of CrylAc bind T. ni
CaLP and kill CrylAc-resistant T. ni strains with
about 335-fold more potency than wild-type
CrylAc*. Thus, rapidly evolutionary toxins
should provide more targets for insect control.

Insect toxin resistance is disadvantageous to
agricultural and forestry pest control, however, for
the economically valuable insect B. mori, such
resistance may be useful for sericulture. In

&: 010-64807509

Lepidoptera insects, toxin resistance of pest larvae
has been introduced using several mutant models,
such as deletion mutations, mRNA mis-splicing,
mutations in regulatory regions, and protein
mislocalization. For example, a CrylAc-resistant
strain of H. armigera, derived from selection with
toxins, is a deletion mutant of the APN1 gene®l. A
mutant CaLP of H. armigera was mislocalized in
the endoplasmic reticulum instead of the plasma
membrane, leading to resistance to Cry1Ac toxin*®!.
In the silkworm, a Cas9/gRNA-induced mutant of
CaLP increased the resistance to PC toxin and B.
bombysepticust> “!. Although the molecular mechanism
is still unclear, a single amino acid insertion in
ABCC?2 indeed enhances resistance to Cry toxins in
the mutant silkworm!®!, Thus, elucidation of the
clear biological functions of receptors, such as
APNs, CaLP and ABC transporters, will provide
promising candidate targets for the genetic control
of B. mori in order to achieve enhancement of
resistance to pathogens and virulence factors.
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