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Biviana Flores-Escobar, Hector Rodriguez-Magadan,® Alejandra Bravo,® Mario Soberén,? Isabel Gémez®

Departamento de Microbiologfa Molecular® and Departamento de Genética del Desarrollo y Biologia Molecular,” Instituto de Biotecnologfa, Universidad Nacional

Autdénoma de México, Cuernavaca, Morelos, Mexico

Aminopeptidase-N (APN1) and alkaline phosphatase (ALP) proteins located in the midgut epithelium of Manduca sexta have
been implicated as receptors for CrylAa, CrylAb, and CrylAc insecticidal proteins produced by Bacillus thuringiensis subsp.
kurstaki. In this study, we analyzed the roles of ALP and APN1 in the toxicity of these three CrylA proteins. Ligand blot analysis
using brush border membrane vesicles of M. sexta showed that CrylAa and CrylAb bind preferentially to ALP during early in-
stars while binding to APN was observed after the third instar of larval development. CrylAc binds to APN throughout all larval
development, with no apparent binding to ALP. ALP was cloned from M. sexta midgut RNA and expressed in Escherichia coli.
Surface plasmon resonance binding analysis showed that recombinant ALP binds to CrylAc with 16-fold lower affinity than to
CrylAa or CrylAb. Downregulation of APN1 and ALP expression by RNA interference (RNAi) using specific double-stranded
RNA correlated with a reduction of transcript and protein levels. Toxicity analysis of the three CrylA proteins in ALP- or APN1-
silenced larvae showed that CrylAa relies similarly on both receptor molecules for toxicity. In contrast, RNAi experiments
showed that ALP is more important than APN for CrylAb toxicity, while CrylAc relied principally on APN1. These results indi-
cated that ALP and APN1 have a differential role in the mode of action of Cry1A toxins, suggesting that B. thuringiensis subsp.
kurstaki produces different CrylA toxins that in conjunction target diverse midgut proteins to exert their insecticidal effect.

C ry toxins produced by Bacillus thuringiensis are pore-forming
toxins that have been used worldwide in the control of insect
pests in agriculture, either in transgenic crops or as spray formu-
lations (1-3). Their mechanism of action is complex and involves
several steps. In the case of lepidopteran-active CrylA proteins, it
has been proposed that protease-activated toxins first bind to
highly abundant glycosylphosphatidylinositol (GPI)-anchored al-
kaline phosphatase (ALP) or aminopeptidase-N (APN) proteins
as a mechanism to bring the toxins close to the insect midgut
epithelium. Then, the toxins could bind to the cadherin protein
with high affinity. This interaction induces further proteolytic
cleavage of the amino-terminal end of the toxin, including the
helix a-1 region of domain I, leading to toxin oligomerization (4,
5). Finally, the CrylA oligomers gain affinity to APN or ALP and
bind again to these receptors, leading to the insertion of the oligo-
meric structure into the membrane forming ionic pores, causing
osmotic lysis of midgut epithelial cells and insect death (6-8).
Although this mechanism of action is generally accepted, the role
of the two GPI-anchored proteins in the toxicity of different
CrylA toxins remains to be determined (9).

B. thuringiensis subsp. kurstaki produces several CrylA toxins,
such as CrylAa, CrylAb, and CrylAc, and also the less related
Cry2Aa. Cadherin and APN1 Cry1A receptor molecules have been
cloned, heterologously expressed, and shown to bind CrylA pro-
teins by ligand blot analysis (6). Although functional proof for
cadherin as a CrylA protein receptor has been demonstrated by
cytolysis of insect cells expressing Manduca sexta cadherin protein
and by gene silencing of cadherin expression by RNA interference
(RNAIi) (10-13), a similar characterization of APN-CrylA inter-
action has not yet been done. However, compelling evidence that
lepidopteran APN is a functional receptor for CrylA comes from
studies by Gill and Ellar, who expressed M. sexta APN1 in Dro-
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sophila melanogaster and demonstrated that the transgenic flies
acquired sensitivity to CrylAc (14). Also, the functional relevance
of APN of Spodoptera litura for Cry1C toxicity was demonstrated
by an APN silencing strategy using RNAI (15). Nevertheless, some
CrylAc mutants affected in binding to APN1 showed a marginal
effect on toxicity against M. sexta larvae, suggesting that other
CrylAcbinding proteins may be involved in CrylAc toxicity (16).
In the case of Bombyx mori, it was shown that anticadherin anti-
bodies protected detached midgut cells from the toxic effects of
CrylAa, in contrast to anti-APN antibodies, which had no effect
on the toxicity of this toxin (17). These apparently contradictory
data could be explained if an additional secondary receptor could
play the same role as APN in midgut cells. In this regard, a GPI-
anchored ALP was also identified as a receptor for CrylAc toxin in
different lepidopteran species (18). Recently, we showed that a
mutant of CrylAb toxin affected in binding to ALP was not toxic
to M. sexta larvae, supporting the role of this receptor in toxicity
(1, 7).

CrylAa, CrylAb, and CrylAc exhibit similar toxicities toward
M. sexta larvae and show high degrees of sequence and presumed
structural identities (19). The three toxins share almost identical
domain I amino acid sequences, with 97 to 98% identity, but show
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differences in amino acid sequences in domains IT and III. CrylAa
and CrylAb share 97% identity in the amino acid sequence of
domain III but only 71% domain II sequence identity. Specifically,
the domain II loop regions, which are involved in receptor inter-
action, show low amino acid similarity. In contrast, CrylAc and
CrylAb share 98% identity in the amino acid sequence of domain
II but only 45% sequence identity in domain III. Domain I is a
seven-alpha-helix bundle involved in membrane insertion, oli-
gomerization, and pore formation, while domains II and III,
principally composed of beta-sheets, are involved in receptor in-
teraction. Interestingly, CrylAc domain III contains an N-acetyl-
galactosamine binding pocket that has been shown to be crucial
for APN1 binding (16, 20). Thus, differences in amino acid se-
quence identities of domain II and domain III among the three
CrylA toxins could determine different capabilities of binding to
the diverse receptor molecules. To determine the role of both
APNI1 and ALP proteins in the toxicity of the three CrylA toxins
described above, we analyzed the binding properties of recombi-
nant expressed ALP and analyzed the effect of downregulation of
ALP and APNI1 gene expression on the toxicity of these Cry toxins.
Our results show that ALP and APN1 have a differential role in the
mode of action of CrylA toxins from B. thuringiensis subsp.
kurstaki.

MATERIALS AND METHODS

Toxin expression and proteolytic activation. The acrystalliferous strain
407cry™ (21) transformed with pHT409 (22) harboring the crylAa gene or
pHT315-1Ab harboring the crylAb gene was used for CrylAa and CrylAb
production. CrylAc was produced from the wild-type B. thuringiensis
strain HD73. Crystals of proteins were produced in B. thuringiensis trans-
formant strains grown for 3 days at 29°C in nutrient broth sporulation
medium (23). The crystal inclusions were purified from sporulated B.
thuringiensis cultures using discontinuous sucrose gradients (24). The
crystals were solubilized in 50 mM Na,CO;-NaHCOj; buffer containing
0.02% mercaptoethanol, pH 10.5, at 37°C for 2 h. The solubilized protox-
ins were centrifuged for 10 min at 14,000 rpm to remove insoluble mate-
rial and stored at 4°C. For proteolytic activation, the solubilized protoxins
were digested with 1:50 trypsin (Sigma) at 37°C for 2 h. Protein concen-
tration of protoxins and toxins was determined by the Bradford method
using bovine serum albumin (BSA) as a standard (25).

Bioassays. Different doses of pure crystals (from 0.1 to 50 ng/cm?)
were applied onto the artificial diet surface of 24-well polystyrene plates
(cell wells; Corning). One first-instar M. sexta larva was used per well, and
24 larvae were assayed per toxin concentration in three repetitions. Mor-
tality was recorded after 7 days, and the 50% lethal concentration (LCs)
was estimated by using Probit analysis (Polo-PC; LeOra Software).

BBMYV preparation and Western blotting. Brush border membrane
vesicles (BBMVs) were prepared from dissected midgut tissue of each
instar of M. sexta larvae by following the protocol described by Wolfers-
berger (26). We resolved 2.5 ug of protein of BBMV isolated from the
different larval instars in 9% SDS-PAGE gels, and then proteins were
electrotransferred to a polyvinylidene fluoride (PVDF) membrane from
Millipore. Blots were blocked with 5% nonfat dry milk in phosphate-
buffered saline (PBS)-0.1% Tween 20 (PBST) and incubated with
1:30,000 anticadherin, 1:25,000 anti-APN, or 1:5,000 anti-ALP antibodies
in PBST. Subsequently, blots were incubated with horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (1:30,000) in PBST from Santa
Cruz and developed with luminol (Pierce) as indicated by the manufac-
turer.

Ligand blot analysis. CrylAa, CrylAb, and CrylAc toxins were bio-
tinylated using biotinamido caproate N-hydroxysuccinimide ester (Am-
ersham Biosciences) according to the manufacturer’s instructions. Mem-
brane preparations containing 2.5 pg of protein of BBMV from each
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instar were resolved in 9% SDS-PAGE and transferred to PVDF mem-
branes. After blocking of the membrane in PBS buffer supplemented with
2% bovine serum albumin (bovine serum albumin fraction V; Roche), 5
nM CrylA biotinylated toxin was added and the membrane was incu-
bated for 1 h at room temperature. The blots were then washed twice with
PBST and overlaid with streptavidin-horseradish peroxidase (Amer-
sham) for 1 h. After three washes with PBST, the blot was developed with
luminol (Pierce) as indicated by the manufacturer.

Cloning of alkaline phosphatase and heterologous expression from
M. sexta larval gut tissue. Total RNA from second-instar larval midguts
of M. sexta was extracted using an RNeasy minikit (Qiagen). The 5" and 3’
flanking regions of the alp gene were obtained by 5" and 3’ rapid amplifi-
cation of cDNA ends (RACE) using a GeneRacer kit (Invitrogen) accord-
ing to the manufacturer’s instructions. Primers were designed based on a
larval midgut ALP expressed sequence tag (EST) of 1,193 nucleotides
(nt) generated using 454 pyrosequencing (GenBank accession no.
GR922057.1) (27). The 1,600-bp PCR product was subcloned into the
TOPO vector (Invitrogen) and transformed into E. coli TOP10 cells (In-
vitrogen), and plasmids from transformants were purified and sequenced
in the DNA sequencing facility of Instituto de Biotecnologia-UNAM. M.
sexta alkaline phosphatase (MsALP) was subcloned into the pET22b ex-
pression vector (Novagen) using PCR primers designed with EcoRI and
HindIII restriction sites at the 5" and 3’ ends, respectively. pET22b plas-
mid was selected since it adds a His tag at the C-terminal end of the
protein. To ensure proper protein expression, the coding frame in trans-
formants was verified by DNA sequencing in the forward and reverse
directions.

For protein expression and purification of MsALP, the pET22b plas-
mid with MsALP was transformed into E. coli strain BL21(DE3). Trans-
formants were grown overnight with constant agitation at 37°C in 5 ml of
LB broth containing 50 pg/ml of ampicillin. The following morning, 100
.l of this overnight culture was used to inoculate 100 ml of 2X TY broth
(in 1 liter: 10 g Bacto yeast extract, 16 g Bacto tryptone, 5 g NaCl) supple-
mented with 100 pwg/ml of ampicillin in a 250-ml flask. This culture was
incubated at 37°C with constant agitation until an optical density at 600
nm (ODy,,) of 0.7 was reached, and expression of MsALP was induced by
addition of 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG; Sigma)
for 5 h at 30°C. After this period, 200 pl of the culture was removed and
mixed with Laemmli sample buffer (28), 15-ul aliquots were separated on
a 12% SDS-PAGE gel, and expression of the MsALP clone was confirmed
using Coomassie blue staining. For MsALP protein purification, cells were
pelleted by centrifugation (5,000 rpm for 15 min at 4°C) and the pellet was
suspended in STE buffer (10 mM Tris-HCl, 1 mM EDTA, 8 M urea [pH
8]). After sonication for 5 min on ice, cell debris was eliminated by cen-
trifugation (70,000 rpm for 30 min at 15°C), and the supernatant was
subjected to affinity purification using Ni-agarose beads (Qiagen). After a
washing with 35 mM imidazole in PBS buffer (pH 7.5), the recombinant
protein was eluted with 250 mM imidazole and gradually dialyzed against
PBS buffer. The purified proteins were separated by 12% SDS-PAGE, and
concentrations were measured as described above. Purified protein was
used as antigen to develop antiserum to MsALP. A New Zealand White
rabbit was immunized subcutaneously three times with 1 mg of MsALP,
which had been mixed with incomplete Freund’s adjuvant, at 15-day in-
tervals. The serum was recovered 40 days after the primary immunization.
A similar procedure was used to obtain anticadherin and anti-APN anti-
bodies.

Biosensor analysis of CrylAa, CrylAb, and CrylAc toxin affinities.
A SensiQ instrument (ICX Nomadics) was programmed to conduct sur-
face plasmon resonance (SPR) experiments and kinetic analysis. The sen-
sogram was recorded as a plot of binding response (resonance unit) versus
time. All the sensograms were processed using the double reference
method to eliminate the nonspecific binding from background contribu-
tion and buffer artifacts by subtracting signals from the reference flow cell
and from buffer blank injections. Purified MsALP protein was immobi-
lized onto a COOH sensor (ICX Nomadics) by conventional amine cou-
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TABLE 1 Primers used to amplify APN and ALP regions for dsRNA synthesis and for gPCR*

Region Forward primer (5'-3") Reverse primer (5'-3")

APN1 CGACAACTCGAGGTCGCCGAACCCTACCAC GTCAATGACTCTAGACTGTCCAGTCATAAC

ALP GTTGTTCAAGCTTCTGGCCTGCGCGATCGCGACG CCGTCCATCTAGATGACTCCGTACTTAGTCTTCACTCC
GCAGAGGATGT AGTCAAG

qAPN CGACAACTCGAGGTCGCCGAACCCTACCAC CATCTTGCCTGAACGAGAGTCATACGGCCG

qALP GTTGTTCAAGCTTCTGGCCTGCGCGATCGCGACG TTTCTCCTGGAGCTTGGCGTTCAGCGCTGC
GCAGAGGATGT

RPS3 GTGTCACCCCTACCCGATCGGAGATCATCA ATCTCAAAGACTCGGCCTGAGCGATGGCGC

“ Restrictions sites used for cloning in pLITMUS 28i plasmid are underlined.

pling. The running buffer for all experiments was HBS buffer, pH 7.4,
containing 10 mM HEPES, 150 mM NacCl, and 0.005% (vol/vol) Tween
20. Running buffer was freshly prepared, filtered (pore size of 0.22 pwm),
and degassed. Serial doubling dilutions from 0 to 100 nM CrylAa,
CrylAb, and CrylAc were injected in randomized orders, and the surface
was then regenerated with a 1-min injection of 20 mM NaOH. The data
for all binding proteins were analyzed and fitted to 1:1 Langmuir binding,
and binding constants were calculated using SensiQ software, version
B.02, supplied by ICX Nomadics.

Reverse transcription and dsRNA synthesis. Total RNA was ex-
tracted using an RNeasy minikit (Qiagen). The quantity and quality of
RNA were determined spectrophotometrically using a NanoDrop 2000
(Thermo Scientific). cDNA was synthesized from 1 pg of total RNA using
a SuperScript III reverse transcriptase kit (Invitrogen Life Technologies),
by following the manufacturer’s instructions. The cDNA was stored at
—80°C prior to further analysis. A 308-bp internal fragment of apnI and
434 bp for alp were obtained by PCR using the primers indicated in
Table 1. The truncated fragments of M. sexta apnl and alp were sub-
cloned into pLITMUS 28i vector (New England BioLabs) and used for
the preparation of double-stranded RNA (dsRNA). dsRNA was pre-
pared with a TranscriptAid T7 high-yield transcription kit (Fermentas,
Life Sciences) according to the manufacturer’s protocols. Purified
dsRNA was stored at —20°C until use.

Knockdown of APN1 and ALP using RNA interference and their
effect on toxicity with CrylAa, CrylAb, and CrylAc toxins. Newly
emerged M. sexta larvae were starved for 2 h and then fed with a single
drop of 1 pl containing 4 pug dsRNA (4 g of dsRNA/larva). Each larva
was located in front of the drop, and we took care to observe that each of
them ingested the complete drop. Larvae that did not consume the drop
were not further analyzed. Additional larvae were fed with water without
dsRNA and used as control group. After feeding, larvae were reared on a
diet without toxin under standard rearing conditions for 12 h. We used a
total of 72 larvae in each treatment, and three repetitions were performed.

Larvae from the control and dsRNA feed treatments were randomly
divided into two groups. One group was placed on an untreated control
diet, and the other group was placed on a diet containing 25 ng/cm? of
CrylAa, CrylAb, or CrylAc purified crystals. Individual larvae were
placed into separate wells of a 24-well plate, and larval mortality was
evaluated after 7 days.

Quantitative real-time PCR. Seven days postfeeding, larvae that were
not exposed to toxin were evaluated for expression of apnl and alp. Ten
larval guts from each of the control or dsRNA feed groups were dissected
into RNAlater, and total RNA was isolated (RNeasy kit; Qiagen). Quan-
titative real-time PCR was performed on each template using primers
listed in Table 1 on a LightCycler 480 instrument (Roche) using a Sybr
green I detection system (Fermentas Life Sciences). Relative-fold calcula-
tions were made with duplicates for each treatment group, analyzing the
rps3 (ribosomal protein S3) gene to normalize gene expression.

RESULTS

Binding of CrylAa, CrylAb, and CrylAc toxins to M. sexta
BBMYV proteins. We determined the LC,,s for CrylAa, CrylAb,
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and CrylAc toxins and found that the three toxins have similar
toxicities to first-instar M. sexta larvae, although CrylAa showed a
slightly lower toxicity, with an LCs, of 3 ng/cm” (fiducial limits,
0.4 to 5), than CrylAb and CrylAc, which showed LCyys of 1
ng/cm’ (fiducial limits, 0.4 to 1.8) and 0.7 ng/cm? (fiducial limits,
0.1 to 1.1), respectively.

To determine the binding of the three CrylA toxins to M. sexta
BBMYV proteins, ligand blot analysis of biotinylated CrylA toxins
was performed using BBMV samples obtained from first-, third-,
and fifth-instar M. sexta larvae. When analyzing the binding to
BBMYV from the first and third instars, CrylAa and CrylAb were
found to have similar binding properties (Fig. 1); both toxins
bound to several proteins, where one of them could correspond to
ALP protein of 65 kDa. The binding of these two toxins to BBMV
prepared from fifth-instar larvae showed that both proteins
bound to a 120-kDa protein that could correspond to APN1, and
CrylAb also bound to a 210-kDa protein that could correspond to
cadherin protein. In contrast, CrylAc toxin interacted only with
APNI1 in the three larval instars that were analyzed. The identity of
the 65-, 120-, and 210-kDa proteins as ALP, APN1, and cadherin,
respectively, was confirmed by Western blotting assays using spe-
cific polyclonal antibodies (see Fig. S1 in the supplemental mate-
rial), suggesting that cadherin and APN1 expression is increased
during larval development,while ALP is produced through larval
development, with a higher expression during the third instar and
a slightly lower expression in the last larval instar (see Fig. S1).

Cry1Aa Cry1Ab
1st 3rd 5th 1st 3rd 5th

Cry1Ac
1st 3rd 5th

A B Cc ' -

250 kDa— . <— Cadherin
130 kDa— - . . ...<—APN

95 kDa— 13

72 kDa— e

- < ALP
55kDa— o
36 kDa—

FIG 1 Differential binding of Cry1A toxins to Manduca sexta BBMV proteins
during larval development. CrylA-binding proteins were revealed by ligand
blot analysis of biotinylated CrylAa (A), CrylAb (B), and CrylAc (C) toxins
using BBMV prepared from M. sexta larvae from the first, third, and fifth
instars, respectively.
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FIG 2 Protein sequence of MsALP from the midguts of M. sexta larvae. Multiple-sequence alignment of the deduced Ms-ALP amino acid sequence against
ALPs from other lepidopteran insects was conducted using ClustalX. A dashed line indicates the amino-terminal signal peptide. The predicted phospha-
tase domain is included in a box, with the predicted active site in bold. Putative N-glycosylation sites are underlined. A predicted GPI anchor site is

indicated with a triangle.
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——————————————————————— MKYLLPTAAAG-—-—-=-——-——-——-LLLLAAQPAMAMD
MMSLYQCLLAVLCC----AACARAHWFHPAATAGRAAATTRVETSANYWVQDAQAAIDAR
MVTLFPYVVAVLCG----ATSARAHWLHPAAPA----AASRAETSANYWAQDAQAAINAR
MRSIVTLLVLVAACG---ALADRYHPAEPAERAGPAGRASPAELLGSHWRAQAQDALKER
MSTWWLVVVAAAAAAGLVRAEDRYHPERLAAGEASAATRSAAESEASFWVREAQEAIERR

IG--INSDPNS—====—=— MFIGDGMSLATVMAARTFGGQLERGLGEENVLDFEKFPVCGL
LAQVESVKKAR----NVIMFLGDGMSVPTLAAARTLLGQRQGNTGEETKLHFETFPTIGL
LERVESVKKAH----NVIMFLGDGMSVPTLAAARTLLGQRQGKTGEETKLHFETFPTIGL
LARPANRNKAR----NVIMFLGDGMSVPTLAAARALLGQRQGATGEEAQMTFESFPTSGL
EREGAGAKQAAGHAKNVVMFLGDGMSVPTLAAARTLLGQRRGQTGEEASLHFEQFPTLGL

ARTYCIDAQVADSACTATISYLTGVKTKYGVIGLDGNVTRSSCYSQLHKGNWAPSIGQWAL
VKTYCVDAQIADSACTATAYLCGVKNNYGAIGVDATVRRGDCQTASNTATHVESIAEWAL
VKTYCVDAQIADSACTATAYLCGVKNNYGAIGVDGTVRRGDCQAASNTATHVESIAEWAL
SKTYCVNSQVADSACSATAYLCGVKTNQGLLGVDASVQRHNCESSIDTARHVESIAEWAL
AKTYCVNAQVPDSSCTATAYLCGVKANQGTLGVTAAVPRHDCEASTDVTKRVQSIAEWAL

EHGLDVGLVTTTRVTHASPAGMYAHTSERNWESDVDVPEECLALG-CRDIAYQLVMNNPG
ADGRDVGIVTTTRITHASPAGTYAKTANRTWENDGEVSQMGFDAKDCPDIAHQLVHHHPG
ADGRDVGIVTTTRITHASPAGTFAKTANRTWENDGEVSQMGLDAKDCPDIAHQLVHHHPG
ADGRDAGIVTTTRITHASPAGVFAKTANRNWENDAEVKAANQDINACPDIAYQLIHKHPG
ADGRDVGIVTTTRITHASPAGAFAKVANRNWENDNDVKQEGHDVNRCPDIAHQLIKMAPG

RQFKVIMGGGRREFLPE;!EGVAGGAGKRIDGVDLTEMWHVDKQEKgéEHQYVTDRVELM
NKFKVILGGGRRAFLPNTVQDDEGSYGRRIDNRDLIKEWEDDKVARNVSHQYVWNREQLM
NKFKVIFGGGRRAFLPNTVQDDEGSYGRRIDNRDLIQEWKNDKDSRNVSHQYLWQREQLM
NKFKVILGGGRRNFLPTTVTDEESQAGRRTDGRNLIEEWQQDKAARGVSFKYVWNVSELL
NKFKVIFGGGRREFLPTTQVDKEGTRGLRTDGRNLIEEWQNDKESQKVSYKYLWNRQELL

KVFNSDELPEYLLGLFQNDHMDYHLKAQ--NQPTLEEMAEVAIKMLSRSPNGYFLFVEGG
SLN--DDLPEYMLGLFGSSHMKYHMKSNPQXDPTLAELTEVAIRSLRRNEKGFFLFVEGG
NLN--DDLPEYMLGLFESSHMEYHLKSDPQTEPTLAELTEVAIRSLRRNEKGFFLFVEGG
QLN--DNLPEYLLGLFESNHLQYHMOANLNTEPTLEQLTETAIRMLNRNEKGFFLFVEGG
KLA--SSPPDYLLGLFEGSHLQYHLEGDESTEPTLAELTDVAIRVLSRNERGFFLFVEGG

RIDHAHHDSLAHLALDETVEYAKAVKKAKSITDEEDTLIVVSSDHAHTMTVAGYPSRGND
RIDHAHHDNLVELALDETLEMDKAVATATQLLSEDDSLIVVTADHAHVMTINGYSGRGND
RIDHAHHDNLVELALDETLEMDKAVATATKMLSEDDSLIVVTADHAHVMTINGYSGRGND
RIDHAHHDNLAHLALDETLEMDKAIKRAVELLSEEDTLIVVTADHAHVMSYNGYSRRGNS
RIDHAHHDNYAHLALDETIEMDRAVKVATDALKEDESLVVVTADHTHVMSFNGYSPRGTD

ILGTVDTAKGGDGKPYTTISYANGKAASISPDGTRVDVTLHDQFVSRDLNYAYPSLVPLD
ILGPSRDLGR-DSMPYMTLSYTNGPGFRPHVNGIRPDVTAEPNFRT--LDWESHVDVPLE
ILGPSRDVGR-DRMPYMTLSYTNGPGFRPHVNDIRQNVTAEPNYRT-~-LDWESHVDVPLV
ILGPSRDTDE-NNVPYMTLSYTNGPGFRPHVNGKRSDVTQENGFGT--LTWKSHVDVPLD
VLGTVRSLDS-NRMPFMVLSYTNGPGARIQQONGVRPDVTTDANFGA--LRWRTHTDVPLD

v
SETHGGEDVAVYAVGPWQHLFTASYEQSLVPHMMAYAMCLTDDQHPKLAAALE———=———
DETHGGDDVAVFARGPHHSMFTGLYEQSQLPHLMAYAACIGPGRHACVSAAHLPT————~—
DETHGGDDVAVFARGPHHSMFTGLYEQSQLPHLMAYAACIGPGRHACASAAHLPS ———--
SETHGGDDVAVFARGPYHMLFTGLYEQNQIPHLMAYAACIGPGLHSCAEADTTSTPEANP
SETHGGDDVTVFAWGVHHWMFSGLYEQTHVPHRMAWAACMGPGRHVCVSAATVPT —————

------------------ AHFFIALFALFTPILLK-——
------------------ AHFFVALPALFISILLR---
PEATTASPTTAEPSAAAPVSATLALFALLTTLTLLLH-
—————————————————— AALLSLLLAAFITLRHQCFL
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Binding of CrylA toxins to recombinant expressed MsALP.
Previously, it was shown by surface plasmon resonance (SPR)
binding analysis that CrylAa, CrylAb, and CrylAc bound to pu-
rified M. sexta APN1 protein with similar Kds (apparent affinities)
ranging from 28 to 40 nM (29). To determine the rates of binding
of the three Cry1A toxins to ALP receptor, we cloned a full-length
ALP cDNA from RNA samples obtained from second-instar lar-
vae where we observed binding of CrylAb to ALP (7). The full-
length ALP clone (MsALP) revealed an open reading frame of
1,473 residues with a predicted molecular mass of 53.4 kDa and an
isoelectric point of 5.08. The MsALP shared amino acid sequence
identity with different insect ALPs, such as those of Bombyx mori
(56%, GenBank accession no. AB013386.1), Heliothis virescens
(54%, GenBank accession no. FJ416470.1); Helicoverpa armigera
(53%, GenBank accession no. ACF40807.1), and Trichoplusia ni
(53%, GenBank accession no. AEG79734.1) (Fig. 2). The full-
length MsALP was cloned into the E. coli expression vector and
purified from inclusion bodies.

The affinities of binding of CrylAa, CrylAb, and CrylAc to
MsALP were determined in real time by SPR analyses (Fig. 3). The
overall affinities of CrylAa and CrylAb for binding to MsALP
(Kd) were 268 nM and 289 nM, respectively, estimated from the
association rate constant (k,,,) and dissociation rate constant (k )
values (Fig. 3A and B). In contrast, CrylAc bound immobilized
MsALP with the low apparent binding affinity of 4 wM (Fig. 3C).
These results show that CrylAa and CrylAb bound MsALP with a
16-fold-higher affinity than that of CrylAc.

Toxicities of CrylA toxins to M. sexta ALP- or APN1-si-
lenced larvae. To determine the role of MsALP and APN1 in the
toxicity of the three CrylA toxins to M. sexta larvae, we determine
the toxicity of the three toxins to MsALP- or APN1-silenced lar-
vae. The dsRNAs of 308 bp from the MsAPN1 gene and 434 bp
from the ALP gene were produced by in vitro transcription using
T7 polymerase. M. sexta neonate larvae were starved for 2 h and
then fed with 4 g of dsRNA in a droplet, leaving the treated larvae
on a normal diet until they reach the second instar. RNA and
protein were extracted from the treated larvae to analyze MsALP
and APNI1 transcript and protein levels. qRT-PCR analyses
showed reductions of MsALP and APN1 transcripts of 80% and
84%, respectively (Fig. 4A). Accordingly, a significant reduction of
MsALP and APN1 proteins was observed by Western blotting of
midgut tissues from individual silenced larvae (Fig. 4B and C). It is
important to mention that silencing the expression of specific pro-
teins by feeding the larvae with dsRNA was not 100% efficient, and
some larvae showed expression of APN1 or ALP. In general, pro-
tein silencing by dsRNA was observed in 70 to 90% of the analyzed
larvae. In addition, Fig. 4A shows that MsALP-silenced larvae
were not affected in APN1 gene expression and that APN1-si-
lenced larvae were not affected in MsALP expression. To deter-
mine the effect of MsALP and APN1 gene silencing on the toxicity
of CrylA toxins, larvae treated with alp dsRNA or with apn dsRNA
as described above were fed a diet containing 25 ng/cm” of each
toxin, and mortality was recorded after 7 days of exposure to these
toxins. As controls, we fed larvae with two unrelated dsSRNAs from
LacZ (30) and MalE (New England BioLabs). The larvae that sur-
vived in the bioassay with the different CrylA toxins were ana-
lyzed by Western blotting, showing that in all cases the expression
of toxin receptors of either APN or ALP was reduced (see Fig. S2 in
the supplemental material). Figure 5 shows the mortality levels of
the APN- or ALP-silenced M. sexta larvae compared to control
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FIG 3 CrylAc binds to MsALP with lower affinity than CrylAa and CrylAb
toxins. SPR analysis of binding of CrylAa (A), CrylAb (B), and CrylAc (C) to
immobilized MsALP was conducted by conventional amine coupling. Senso-
grams of serial dilutions of CrylA toxins from 1 to 100 nM are shown. For the
kinetics of binding of CrylAa and CrylAb toxins to M. sexta alkaline phospha-
tase, k,,, is the association rate constant, koﬁ is the dissociation rate constant,
and Kd is the apparent affinity (k,,/k,,,).

larvae. It was observed that APN1- or MsALP-silenced larvae
showed similarly reduced mortality due to CrylAa toxin, 50% or
60%, respectively, compared to control larvae, in which 100%
mortality was observed. For CrylAb toxin, a higher reduction of
mortality was observed in MsALP-silenced larvae, 80% reduction,
compared to APN1-silenced larvae, in which a 40% reduction in
mortality was observed compared to that of control larvae. Finally,
for CrylAc toxin, the most significant reduction in mortality was
observed with APNI silencing (70%), in contrast to MsALP si-
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FIG 4 Efficient silencing of MsALP and APN1 by feeding specific dsSRNA to neonate M. sexta larvae. (A) Transcript abundance was determined using qRT-PCR
and Sybr green. Bars represent the means and standard errors for 5 individual midguts. (B) APN Western blot of midgut proteins (5 n.g) prepared from individual
control larvae (lane 1) and 5 apn dsSRNA-fed larvae (lanes 2 to 8). (C) ALP Western blot of midgut proteins (5 g) prepared from individual control larvae (lane

1) and 5 alp dsRNA-fed larvae (lanes 2 to 6).

lencing, with which a reduction of only 20% in mortality was
observed. These data show that CrylAa relies similarly on both
receptor molecules, while CrylAD relies the most on MsALP and
CrylAc on APNI1 for toxicity.

DISCUSSION

In the mode of action of CrylA toxins, it has been suggested that
ALP and APN could have redundant roles on CrylA toxicity, in
which these insect molecules have been proposed to fulfill two
roles: first, as abundant low-affinity binding sites for monomeric
CrylA toxins that have a role in carrying the toxin to the insect
epithelium, where the toxins bind to cadherin receptor, and sec-
ond, as a high-affinity binding site for Cry1A oligomers, facilitat-
ing oligomer insertion into the membrane. However, previous
work suggested that CrylAc preferentially binds APN1, whereas
CrylAb preferentially interacts with ALP (7, 8, 31). As mentioned
previously, CrylAa, CrylAb, and CrylAc differ in domain II and
domain III, which are involved in receptor interaction. These
findings could suggest that both GPI-anchored proteins may play
a differential role in the toxicity of the three CrylA toxins pro-
duced by B. thuringiensis subsp. kurstaki.

The analysis of the binding of Cry1A toxins to BBMV proteins,
along with the analysis of the expression of APN1, ALP, and cad-
herin during larval development, suggested that CrylAa and
CrylAb interact principally with ALP during the first larval instar,
while CrylAc interacts principally with APN1 through all larval
development, suggesting that CrylAc relies principally on APN
interaction, in contrast to CrylAa and CrylAb. The observation
that CrylAa and CrylAb proteins bound to ALP only in early
instars despite the fact that ALP was observed in all instars by
Western blotting suggests that a second ALP isoform that does not
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bind CrylA toxins is produced during late-instar stages of devel-
opment.

Here we show that CrylAa and CrylAb bound recombinant
MSsALP with similar binding affinities, in contrast to CrylAc,
which bound MsALP with a 16-fold-lower binding affinity. Nev-
ertheless, it has been shown that CrylAc relies on N-acetylgalac-
tosamine interaction for binding to APN1 (16), and recombinant
MsALP produced in E. coli is not glycosylated, explaining the low
affinity of binding of Cry1Ac to this MsALP. In Heliothis virescens,
CrylAc binding to ALP also relies on sugar interaction (32).

Finally, we evaluated the in vivo role of M. sexta APN1 and ALP
in the toxicity of the three CrylA toxins by gene silencing with
specific dsSRNA molecules. We observed a differential effect of
APN1 or ALP downregulation in the toxicity of the three CrylA
toxins. The toxicity data shown in Fig. 5 indicate that CrylAa
relies similarly on both APN1 and ALP, indicating a redundant
role of these molecules in CrylAa toxicity. However, toxicity data
for ALP-silenced larvae clearly indicate that CrylAb principally
interacts with ALP to exert its toxic effect, while CrylAc relies
principally on APN1. In the case of Cryl1Ab, we showed previously
that a single mutation in domain III residue L511 reduced binding
to ALP, in contrast to APN, and affected the toxicity, indicating
that domain IIT is important for ALP interaction and that CrylAb
relies primarily on interaction with ALP rather than on APN bind-
ing (7). CrylAa and CrylAb have similar domain III sequences,
explaining the important role of MsALP in the toxicity of both
toxins. In the case of CrylAc, the domain III N-acetylgalac-
tosamine binding pocket is an important binding epitope for
APNI interaction, explaining the differential binding of the three
toxins to both receptor molecules (29). Overall, the results pre-
sented here indicate that CrylA toxins differentially interact with
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FIG 5 Effects of MSALP and APN1 gene silencing on the toxicity of CrylA toxins. M. sexta MsALP-silenced, APN-silenced, or control larvae were exposed to a
diet containing 25 ng/cm” of CrylAa (A), CrylAb (B), or CrylAc (C), and mortality was recorded after 7 days. Seventy-two larvae were used in each treatment.
(D) Mortality of larvae that were fed with nonrelated dsRNA sequences (LacZ and MalE) after treatment with CrylAb toxin. Bars represent the means and
standard errors.

the two GPI-anchored receptors to exert their toxicity and show
that ALP and APN1 have a differential role in the mode of action
of each one of the B. thuringiensis subsp. kurstaki CrylA toxins.
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