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ABSTRACT: Cryl1Aa is the most active Bacillus thuringiensis israelensis toxin against Aedes aegyptilarvae. Ae.
aegypti alkaline phosphatase (ALP) was previously identified as a Cryl1Aa receptor mediating toxicity. Here
we report the cloning and functional characterization of this Ae. aegypti Cryl1Aa-ALP receptor. Of three
ALP’s cDNA clones, the recombinant produced ALP1 isoform was shown to bind Cryl1Aa and P1.BBMV
peptide phage that specifically binds the midgut ALP-Cryl1Aa receptor. An anti-ALP1 antibody inhibited
binding to brush border membrane vesicles and toxicity of CryllAa in isolated cultured guts. Two ALP1
Cryl1Aa binding regions (R59—G102 and N257—1296) were mapped by characterizing binding of Cryl1Aa
to nine recombinant overlapping peptides covering the ALP1 sequence. Finally, by using a peptide spot array
of Cryl1Aa domain III and site-directed mutagenesis, we show that the ALP1 R59—G102 region binds
Cryl1Aa through domain II loop a-8 while ALP1 N257—1296 interacts with Cryl1Aa through domain III
SSTRVQSQNSGNN Jocated in £18-519. Our results show that Cryl1Aa domain IT and domain IIT are
involved in the binding with two distinct binding sites in the ALP1 receptor.

Bacillus thuringiesis (Bt)' Cry toxins are used worldwide for the
control of insect pests in agriculture and in public health. The
family of Cry toxins includes more than 200 toxins with different
specificities against various insect orders and nematodes (7).
Despite the large number of Cry toxins characterized so far, only
a few are used in commercial insecticidal products (2).

One of the most successful applications of Bt is the control of
mosquito vectors of dengue and malaria, human diseases that
cause the death of millions annually. The Bt strain subsp.
israelensis (Bti) is highly active against several mosquito species
including Aedes aegypti, a transmission vector of dengue fever,
yellow fever, and chikungunya fever viruses (3). Bti produces at
least six different toxins that belong to two distinct Bt toxin
families: the three-domain Cry family (Cry4Aa, Cry4Ba,
Cryl0Aa, and CryllAa) and the Cyt family (CytlAa and
Cyt2Ba).

The structures of several three-domain Cry toxins with differ-
ent insect specificities have been solved and shown to be
composed of three distinct domains (/). These protein structures
show important similarities despite the fact that they share low
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amino acid sequence identity. The amino-terminal domain I is
composed of seven a-helices and is involved in membrane
insertion and oligomerization, domain II, formed by three
p-sheets that are connected by exposed loops in the apex, has
been shown to be involved in receptor binding, while domain III,
a f-sandwich, is also involved in receptor interaction (/).

The mechanism of action of CrylA toxins that are active
against lepidopteran insects has been described in detail and
shown to involve sequential interaction with at least two insect
proteins located in microvilli of larval gut (1, 4). CrylA are
produced as 130 kDa protoxins that are proteolytically activated
by midgut proteases to yield 60 kDa toxins. The activated CrylA
toxins bind first to cadherin receptor by exposed domain II loops
0-8, -2, and -3 (5—7). Cadherin binding facilitates additional
proteolysis by an uncharacterized protease at the amino termi-
nus, resulting in cleavage of a-helix 1 and formation of a 250 kDa
oligomer (8). Finally, the oligomer binds to GPI-anchored
proteins, such as aminopeptidase-N (APN) or alkaline phospha-
tase (ALP), through a domain III binding epitope in 5-16 and
also by exposed loops of domain II (6). These GPI-anchored
receptors are located in lipid rafts where the oligomeric toxin
inserts and forms pores that cause cell lysis and insect death (4, 9).

In the case of mosquitocidal Cry toxins, it is proposed that the
mechanism of action is conserved since similar molecules in
larvae midgut have been identified as Cry toxin binding mole-
cules, like a cadherin of Anopheles gambiae that binds Cry4-
Ba (10), or GPI-anchored proteins such as APN in Anopheles
quadrimaculatus and A. gambiae that bind Cryl1Ba (11, 12), or
an ALP in Ae. aegypti that binds Cryl1Aa toxin (/3). Further-
more, domain IT loop regions of Cry4Aa, Cry4Ba, and Cryl1Aa
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have been shown to be important for binding to midgut
membranes and toxicity, and in CryllAa loop a-8 of domain
ITis involved in the interaction with 4e. aegypti ALP (13—16). In
addition, Cryll1Aa forms a 250 kDa oligomer after activation
with trypsin in the presence of brush border membrane vesicles
(BBMYV), and this prepore oligomer is efficient in pore-formation
activity in contrast with the monomeric Cryl1Aa toxin (/7).

In order to understand the molecular basis of insect specificity
and the mode of action of mosquitocidal Cryl1Aa toxin, we
decided to further characterize the CryllAa—Ae. aegypti ALP
interaction. Here we report the cloning and functional character-
ization of the Ae. aegyti ALP—CryllAa receptor. We also
mapped the binding sites both in Cryl1Aa and in the receptor
revealing that Cryl1Aa domains IT and III are each involved in
binding two distinct ALP regions.

EXPERIMENTAL PROCEDURES

Site-Directed Mutagenesis of the cryllAa Gene. Muta-
genesis of the pGC6 plasmid that encodes the cryl1A4a gene (18)
was performed using the QuikChange XL kit (Stratagene, La
Jolla, CA). Appropriate oligonucleotides were synthesized for
each mutant construction. Mutants were sequenced and trans-
formed into acrystalliferous Bt strain 407 (19).

Toxin CryllAa Purification and Activation. Bt strains
harboring pCG6 or c¢ryllAa mutants were grown for 72 h in
sporulation medium (20) plus erythromycin (25 ug/mL) at
200 rpm and 30 °C until complete sporulation. The spores and
crystals were harvested and washed three times with buffer
containing | mM EDTA, 0.1 mM phenylmethanesulfonyl fluor-
ide (PMSF), 1 ug/mL pepstatin, and 5 ug/mL leupectin in PBS
(150 mM Nacl, 2.8 mM NaH,PO,, 4 mM Na,HPO,- 7H,0, pH
7.2). Crystals were isolated by sucrose gradients as previously
described (21). The crystals were recovered in 50 mM Tris, pH 8,
and 1 mM PMSF, solubilized for 1 h at 4 °C with 0.1 M NaOH,
and then activated with trypsin (1:50 w/w) for 2 h at 25 °C.

Toxicity ex Vivo Assays with Cultured Guts. Mosquito
guts were cultured as previously described with some modifica-
tions (22). Briefly, third instar larval guts were dissected in a drop
of PBS containing | mM PMSF, | mM EDTA, and 0.1 mM
leupeptin and washed thoroughly with this buffer. Two midguts
per well were placed in a 96-well culture plate (Nalgene Nunc Co.,
Naperville, IL) containing 100 uL of Schneider’s Drosophila
medium (Gibco, Invitrogen). Cryl1Aa protoxin (1 ug) with or
without anti-ALP1 (1:1000) or anti-NHE3 (1:1000) antibodies
was added to the cultured guts and left at room temperature for
18 h. When antibodies were included in the assays, the cultured
guts were incubated for 30 min with the antibody before addition
of Cryl1Aa protoxin. Then lactate dehydrogenase (LDH) release
was determined using Cytotox 96, a nonradioactive cytotoxicity
assay (Promega, Madison, WI) as follows. Fifty microliters of
medium was transferred to a 96-well ELISA plate to which 50 uLL
of assay solution was added per medium sample and incubated
for 30 min at room temperature. Fifty microliters of stop solution
was added per well and absorbance at 490 nm recorded with a
microplate reader from Molecular Devices (Sunnyvale, CA). For
positive controls of LDH release, 3 uL of 10x lysis solution was
added to the cultured guts and incubated for 15 min at room
temperature. Three replicates per treatment were recorded.

Cloning of ALP ¢DNAs and Their Expression. Full-
length ALP1 and ALP3 cDNAs were isolated from an Ae.
aegypti cDNA library constructed in pSPORTI (Invitrogen) as
previously described (23). To obtain ALP2, 5’ and 3’ RACE were
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performed using Aedes midgut cDNA and primers based on the
Ae. aegypti genome (http://aaegypti.vectorbase.org). In addition,
an internal fragment that overlapped the two RACE products
was similarly obtained, and the three fragments were then used to
construct a full-length ALP2 cDNA.

For protein expression the three cDNAs were either cut using
available restriction enzyme sites (ALP1 and ALP2) or amplified
using specific primers (ALP3) to obtain fragments that when
expressed would not have the N-terminal peptide signal se-
quence. These fragments were then cloned into expression vector,
pQE30 (Qiagen, Valencia, CA). The fragments were fully
sequenced at the Institute of Integrative Genome Biology,
University of California, Riverside. The final constructs in
pQE30 were transformed into the Escherichia coli strain M15
(pREP4). ALP1 was also cloned into plasmid pET-32b to
produce it as a fusion protein with thioredoxin using appropriate
primer sequences and transformed into E. coli strain ER2566.
Protein expression was induced by addition of 1 mM isopropyl f5-
p-thiogalactoside (IPTG). The N-terminal 6 x His-tagged recom-
binant proteins were solubilized and purified in urea using Ni-
NTA resin (Qiagen, Valencia, CA) and resolved in SDS—PAGE.

For antibody production, the purified 6xHis-tagged ALP1
protein produced using pQE30 was separated by SDS—PAGE,
and the gels were stained and then destained. Purified protein
bands were excised from the gel, washed three times with water,
and then used to immunize rabbits for antibody development
according to standard protocols.

Construction and Expression of Overlapping ALP1 Pep-
tides. Nine overlapping peptide fragments of 150 residues
(P1—P9) that cover the whole ALP1 amino acid sequence were
amplified by PCR using the primer sequences described in Table 1
and the ALP1 clone as template. The PCR products were purified
with the QIAquick PCR purification kit (Qiagen, Valencia, CA),
digested with Bg/ll and HindIII restriction enzymes, and ligated
into pET-32b expression vector previously digested with the same
restriction enzymes. Ligation mixtures were transformed into
strain ER2566. After cloning complete nucleotide sequences of
the nine fragments were obtained revealing no mutations.

E. coli ER2566 cultures were grown at 37 °C in 2x TY
(supplemented with 100 ug/mL ampicillin and 0.1% glucose)
to an OD of 0.7 at 600 nm, and protein expression of ALP1
fragments was induced by adding 0.5 mM IPTG followed by a
further incubation for 4 h at 25 °C. All ALP1 fragments were
solubilized from inclusion bodies with 8§ M urea and 300 mM
Tris-HCI, pH 8. The solubilized fragments were applied to a Ni-
agarose column (Qiagen, Germany) and washed with PBS, and
the ALP1 fragments were eluted with 2 mL of 250 mM imidazole
and 0.2% azide in PBS.

Preparation of Brush Border Membrane Vesicles
(BBMYV). BBMV were prepared from dissected midguts of
fourth instar Ae. aegyptilarvae by differential precipitation using
MgCl, as previously reported (24) and stored at —70 °C until
used.

Qualitative Assays of CryllAa Binding to BBMYV.
Cryl1Aa toxin was biotinylated using biotinyl-N-hydroxysucci-
nimide ester (Amersham Pharmacia Biotech). Binding was
performed in 100 uL of binding buffer (1x PBS, 01% BSA,
0.1% Tween 20, pH 7.6). After incubation of 10 nM labeled toxin
with 10 ug of Ae. aegypti BBMV for 1 h at 25 °C, unbound toxin
was removed by centrifugation (10 min at 14000g). The mem-
brane pellet with bound toxin was washed twice with 100 4L of
binding buffer and suspended in 1x PBS, pH 7.6. An equal
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Table 1: Oligonucleotides Used for Amplification and Cloning of the Nine
ALPI1 Overlapping Sequences

name of peptide and
ALP1 amino acid

sequence oligonucleotide sequence

P1, S26—A176 ALPF1bgl-f: 5-GAA GAT CTA TCG CAG GAA
TTC GTC C-3

ALPF1-1: 5-ACCAAG CTT GGG TATATT TGA
CCG CAG CCG TC-¥

ALPF2bgl-f: 5-GAA GAT CTG AGA CTG ATT
TCC GCG TCG-¥

ALPF2-r: 5-ACC AAG CTT GGG GGT GGT
CAC AAT GCC TGT GGC-3'

ALPF3bgl-f: -GAA GAT CTA GAT GGC ATG
CTG ATT CCG-3¥

ALPF3-r: 5-ACC AAG CTT GGG TCG CAC
GAG TTG GGA TGC-3¥

ALPF4bgl-f: 5-GAA GAT CTT AAG CAG GTT
GCA GAT TCG-3

ALPF4-r: 5-ACC AAG CTT GGG ATA GTA
CCA TTC CGA GAT C-%

ALPF5bgl-f: 5-GAA GAT CTC ATG AGC TGG
GCT C-3

ALPF5-1: 5-ACC AAG CTT GGG CTT CTTTTG
TGT TGC TGT CC-%

ALPF6bgl-f: 5-GAA GAT CTT CCA AAT GAC
TGC CAA GAC-¥

ALPF6-1: 5-ACC AAG CTT GGG ACC GTT
TCG TCC AGG GAT TTC-%

ALPF7bgl-f: 5-GAA GAT CTC TCG GAAT GGT
ACT ATA GC-3¥

ALPF7-1: 5-ACC AAG CTT GGG TTG TCG
TGG GAT GAA CC-%

ALPF8bgl-f: ¥-GAA GAT CTA GAA GAC CCC
ACC CTA AGC-¥

ALPF8-r: 5¥-ACC AAG CTT GGG GGT TTC
GTA CTT CAA AGG-3

ALPF9bgl-f: ¥-GAA GAT CTC CTG GAC GAA
ACG GTC-¥

ALPF9-r: 5¥-ACC AAG CTT GGG CCC TAT
GCA CGC CGT TAA TCC-3

P2, R5S9—T211

P3, D103—R256

P4, K148—Y301

P5, M196—E347

P6, P244—Q396

P7, S297—E446

P8, E347—-T496

P9, L391-G542

volume of 2x sample loading buffer (0.125 M Tris-HCI, pH 6.8,
4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.01% bromo-
phenol blue) was added; samples were boiled for 3 min, separated
by SDS—PAGE (10%), and electrotransferred to nitrocellulose
membranes. The biotinylated protein was visualized by incuba-
tion with streptavidin—peroxidase conjugate (1:6000 dilution) for
1 h, followed by incubation with luminol (Pierce, Rockford, IL)
as described by the manufacturer. For competition assays
biotinylated Cryl1Aa was preincubated with peptides or anti-
bodies for 1 h at room temperature before incubation with
BBMV.

Toxin Overlay Assay. Peptides (1 ug) were separated in 15%
SDS—PAGE and electrotransferred to Hybond-ECL mem-
branes. After blocking, the membranes were incubated for 2 h
with 10 nM biotinylated Cryl1Aa or mutant proteins, and the
bound protein was revealed with streptavidin—peroxidase as
described above.

Enzyme- Linked Immunosorbent Assay (ELISA). ELISA
96-well plates (Costar, NY) were incubated for 12 h at 4 °C with
0.5 ug/mL corresponding ALP recombinant protein (ALPI,
ALP2, ALP3) in 50 mM NaHCO; pH 9.6, followed by five
washes with PBS and 0.2% Tween 20. The plates were then
incubated with PBS, 0.5% gelatin (Bio-Rad) and 0.2% Tween 20
for 1 h at 37 °C and washed five times with buffer A (PBS, 0.1%
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Tween 20). The ELISA plates were incubated with biotinylated
CryllAa or CryllAa mutants (5 nM), biotinylated Cry4Ba
(5 nM), or P1.BBMV (10"’ PFU) for 2 h at 37 °C and washed
again with buffer A. Cry proteins that bound ALP1 were detected
with streptavidin—peroxidase conjugate (Amersham Bioscience)
for 1 h. In the case of P1.BBMV, plates were incubated with anti-
M13 antibody (1:2000) in blocking solution for 1 h at room
temperature. The plates were then washed three times with
washing buffer and incubated with anti-mouse HRP antibody
(1:2000), and finally, plates were incubated with 2 mM
o-phenylenediamine and 0.7% H,0, in 0.1 M Na,HPO,, pH 5.
The enzymatic reaction was stopped with 6 N HCI and absor-
bance read at 490 nm with a microplate reader from Molecular
Devices (Sunnyvale, CA).

ALPI Binding to Cellulose Membrane-Bound Peptides.
Fifty-seven cellulose-bound peptides of CryllAa domain III
(1462—K643) were prepared by Jerini AG (Peptide Technologies,
Berlin) by automated spot synthesis (25). Membrane-bound
peptides were washed with ethanol and then with Tris-buffered
saline (TBS; 50 mM Tris, 137 mM NaCl, 2.7 mM KCl, pH 8)
before blocking for 16 h at 4 °C with TBS, 0.1% Tween 20, and
5% skim milk. The membrane was washed with TBS and 0.1%
Tween 20 and incubated afterward with 20 ug/mL ALP1 in TBS
and 0.1% Tween 20 at 4 °C for 4 h and detected with anti-ALP1
antibody (1:2000). After three washes with TBS and 0.1% Tween
20 the membrane was incubated with anti-mouse HRP antibody
(1:2000) followed by incubation with luminol and visualized with
SuperSignal chemiluminescence substrate (Pierce, Rockford, IL).

Insect Bioassays. Ten early fourth instar Ae. aegypti larvae
reared at 28 °C, 87% humidity, and 12:12 light:dark were placed
in 100 mL of dechlorinated water. The effect of Cryl1Aa toxin
and different mutants on mortality was analyzed after 24 h. The
mean lethal concentration (LCsy) was estimated by Probit
analysis using statistical parameters after four independent assays
(Polo-PC LeOra Software).

RESULTS

Cloning of Ae. aegypti ALP That Binds CryllAa.
Previously, we reported the construction of an EST library from
RNA samples of Ae. aegypti larvae Malpighian tubules and
midgut tissue (23). Analysis of DNA sequences of random clones
from this library by BlastX revealed at least two different ALP
transcripts (ALP1 and ALP3). In addition, Blast analysis of the
Ae. aegypti genome database revealed a third ALP gene (ALP2)
that was also expressed in the midgut library and cloned using
appropriate oligonucleotides (Experimental Procedures). Full-
length cDNAs of the three ALP clones excluding signal peptides
sequences were cloned into pQE30 and produced in E. coli. We
also previously reported a peptide phage (P1.BBMYV) selected by
biopanning against Ae. aegypti BBMV that specifically recog-
nized the 65 kDa ALP protein that is a receptor of Cryl1Aa. This
phage competed Cryl1Aa binding to midgut tissue sections and
inhibited Cryl1Aa toxicity (/3). Therefore, we took advantage of
this specific peptide phage to identify the cDNA clone coding for
the midgut ALP protein. ELISA binding assays showed that
ALP1 bound CryllAa, Cry4Ba, and P1.BBMV phage. In
contrast, ALP2 and ALP3 proteins showed poor or no binding
to the Cry toxins and the P1.BBMV phage (Figure 1).

Analysis of the translated DNA sequence of ALP1 revealed an
open reading frame of 542 residues with a predicted molecular
mass of 59.5 kDa, p/ of 6.8, and nine potential glycosylation sites.
Glycosylation may account for the differences of the predicted
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ALP1 ALP2 ALP3

FIGURE 1: ALPI is involved in CryllAa binding. ELISA binding
assays of recombinant alkaline phosphatase isoforms ALP1, ALP2,
and ALP3 to CryllAa and Cry4Ba toxins and P1.BBMV peptide
phage.

and the observed molecular mass in the native 65 kDa ALP (13).
The ALPI sequence corresponds to the Ae. aegypti ALP gene
bank accession number (gb.) EAT39089. However, ALP
EAT39089 codes for an open reading frame of only 513 residues.
The ALP1 amino acid region V30—K358 is not present in the
EAT39089 sequence most probably due to incorrect annotation
since the rest of the protein sequence is identical.

ALPI shows amino acid sequence similarities with ALPs from
Culex quinquefasciatus (75% identity, gb. EDS32226), A.
gambiae (66% identity, gb. EAA03918), Tribolium castaneum
(48% identity, gb. XP_971418.1), and Heliothis virescens (47%
identity, gb. ACP39712) (26). Figure 2 shows an alignment of the
Ae. aegypti ALP1 amino acid sequence with ALPs from the
insects mentioned above. ALP’s are homodimeric metalloen-
zymes that catalyze the hydrolysis or the phosphotransfer of
monophosphoesters. Each monomer contains a catalytic site
with conserved catalytic serine and arginine residues and con-
served residues for three metal binding sites, M1, M2, and M3
that bind two zinc atoms and one magnesium atom, respec-
tively (27). The metal binding sites are comprised of two
histidines and one aspartate residue for M1, one histidine and
two aspartates for M2, and one aspartate, one glutamate, and a
threonine that in some ALP’s is substituted by a serine for M3.
ALP1 has a 23 amino acid N-terminal signal peptide and also a
predicted GPI anchor site (S515). In addition, ALP1 contains
catalytic serine (S153) and arginine (R229) residues and residues
involved in metal binding in M1 (H383, D379, and H497), M2
(D103, D420, and H421), and M3 (D103, S217, and E374)
(Figure 2).

ALPI Is Involved in CryllAa Toxicity. To determine the
role of ALPI in CryllAa binding and toxicity, we raised a
polyclonal antibody against the recombinant ALP1 to use it in
competition binding assays and to inhibit Cryl1Aa toxicity, and
we also analyzed the effect of a control antibody that was raised
against the larval midgut sodium—proton exchanger NHE3 of
this mosquito species. To determine the specificity of the anti-
bodies used in competition experiments, we analyzed the binding
of these antibodies to BBMV proteins by Western blot. Figure 3A
shows that the anti-ALP1 antibody only recognized a 65 kDa
band that was previously shown to correspond to the ALP—
Cryl1Aa receptor while the anti-NHE3 antibody recognized two
bands of 150 and 120 kDa. NHE3 encodes for a 130 kDa protein
which is both glycosylated and phosphorylated, and the two
bands probably represent modified and unmodified forms of the
proton exchanger (S. S. Gill, unpublished results). Binding of
trypsin-activated biotinylated Cryll1Aa to Ae. aegypti BBMV
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was performed in the presence of the anti-ALP1 antibody. When
treated with trypsin, CryllAa protoxin is cleaved into two
fragments of 36 and 32 kDa that remain associated and retain
toxicity (28). Figure 3B shows Cryl1Aa binding was competed by
the anti-ALP1 antibody while the anti-NHE3 antibody only
displaced 30% of the Cry11Aa binding as judged by scanning the
optical density of the Cryl1Aa 36 kDa protein band.

To assess the toxicity of CryllAa on midgut tissue, we
used an ex vivo toxicity assay using cultured larval guts that
were exposed to CryllAa protoxins. This assay relies on the
quantification of LDH release by larval guts after toxin exposure
(Experimental Procedures). Figure 3C shows the anti-ALPI
antibody inhibited 90% of LDH release while the control
anti-NHE3 antibody protected 50% of LDH release after toxin
treatment.

Two Binding Sites of ALP1 Play a Role in Its Interaction
with CryllAa. In order to map the Cryl1Aa binding sites in
ALP1, we constructed nine overlapping ALP1 peptides of 150
residues each, in such a way that each peptide had a 100-residue
overlap with the previous peptide. ALP1 and the DNA fragment
of each peptide were cloned into pET-32b and expressed in E. coli
as a fusion protein with thioredoxin protein (TRX). Biotinylated
Cryl1Aa bound ALP1—TRX but not thioredoxin in ligand blot
assay (data not shown). Binding of biotinylated Cryl1Aa to the
purified peptides was performed by ligand blot assays. Figure 4A
shows Cryl1Aa bound peptides P1, P2, P4, P5, and P6. Peptides
P1 and P2 share the amino acid region R59—G102 while P4, P5,
and P6 share the amino acid region N257—1296 (underlined in
Figure 2), indicating these two ALP regions are involved in
Cryl1Aa binding.

To determine if both ALP1 binding sites are involved in
CryllAa binding to BBMV, we analyzed toxin binding to
BBMYV in the presence of peptides P2 and P5 using peptide P8
as a control. Figure 4B shows that both P2 and P5 peptides
competed with Cryl1Aa binding to BBMV while P8 did not. A
mixture of P2 and P5 improved binding competition although
recombinant ALP1—TRX was more efficient in competing with
Cryl1Aa binding to BBMV (Figure 4B).

Domains Il and 111 of CryllAa Are Involved in ALP
Binding. ALP1 contains at least two Cryl1Aa binding sites, one
of which could interact with loop a-8 from domain II, since a
synthetic peptide with sequence corresponding to loop -8 of
CryllAa competed with the binding of P1.BBMV to midgut
tissue sections (/3). In a previous work (/5) we selected two
peptide phages (P1.tox and P5.tox) that bound to Cryl1Aa toxin
and competed binding of Cryl1Aa to BBMV and inhibit toxicity
to Ae. aegyptilarvae. The peptide phage P5.tox binds domain 11
loop o-8. We then isolated point mutants in loop -8 demon-
strating that this region is involved in binding to BBMV and in
toxicity against Ae. aegypti (15). However, the binding site of
peptide phage Pl.tox remained elusive. Ligand blot assays
indicated P1.tox phage binds the 32 kDa fragment and not the
36 kDa fragment of trypsin-activated Cryl1Aa toxin (data not
shown). Since the 32 kDa fragment contains the C-terminal end
of the toxin including all of domain III (28), we propose that P1.
tox phage may recognize a region located in domain III. To
determine if CryllAa domain III sequences are involved in
binding with ALP1, a library of overlapping peptides derived
from domain III (1462—K643) was created using a peptide-spot
synthesis technique (25). Fifty-seven peptides of 15 amino acids
each (12 residues overlap with the previous peptide) were bound
to the nitrocellulose membrane and screened with labeled ALP1
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ALP1 ----MYLLRMFAVFVVLLSSVLRASRGNPSQ---------- EFVQYLTTTPSDHVHPPPD 46
Culex  -------- MSTAIKIKNFSNTWWIQR-NP------------ EGNDTVIMHP----- PPVS 34
Anopheles MKECFVCSRTVLVLVIVIVSVHRPHHPNALELLGAADSLQPRAAASANVTESESVHPPPA 60
Tribolium  ------ MRVEGTIFLALVAATL----------~--=-~-------—-—~ PFLVSGDDWMHPHLP 31
Heliothis = --------- MMSLYQCLLAVLC-----------—-—-—-—-——--—-—-—— CAACARAHWFHPAAT 28
. *
ALP1 R---------- DGDDGNLNRKKRLISASDYEETAQFWNIGAQLKLKEQLLKRKNFNKAKN 96
Culex L---------- PTDEKETLRQKRLISASEYEKTAQFWNVGAQLKLKEQLLKRTNRNVAKN 84
Anopheles ATIAEERSTPEETGNEAHHRQKRLVSAGEYEKTAQYWNIGAQLKLKEHLMRQPNRNIAKN 120
Tribolium K-------- === —- NPSKRSLENNE-ENTAAYWTRNGLQAVRERIERKRNENMAKN 73
Heliothis AG----------"—"—-—-"-—-—-—--- RAAATTRVETSANYWVQDAQAAIDARLAQVESVKKARN 68
* *ook ok .. : HES *ok
ALP1 VIFFLGDGMSIPTLAASRMYLGQKQGHSGEETQLSFEEFPDVGLVKTYCVDKQVADSACS 156
Culex VIFFLGDGMSIPTLAASRMYLGQMHGHTGEETQLSFEEFPDVGLVKTYCVDKQVADSACS 144
Anopheles VVFFLGDGMSIPTLAASRMYLGQQQGHTGEESQLSFEEFPDVGLVKTYCVDKQVADSACT 180
Tribolium VILFLGDGMSIPTISAARVYLG------ GEEKSLTFDKFPYTGLSKTYCVDQQVADSACS 127
Heliothis VIMFLGDGMSVPTLAAARTLLGQRQGNTGEETKLHFETFPTIGLVKTYCVDAQIADSACT 128
hoakkkkkkkokk, ckok kK kkk |k k. kk  kk kkkkkk k.kkkkk .
ALP1 ATAYLCGVKANYATIGVTAAVKYNNCTTGNDPKNHVHSIMSWAQAAGKATGIVITTTRVTH 216
Culex ATAYLTGVKANYATIGVTAAVKYNNCADSSDPKNHVQSIMSWAQAAGKGTGIVITTRVTH 204
Anopheles STAYLCGVKANYATLGVTAAVNYGNCAASNDPRNQVESIMAWAQAAGKATGIVTTTRVTH 240
Tribolium ATAYLCGVKANYGTIGVTGDVKRDDCSSMLNSTNHVHSIAHHFQNSGKMTGVVTTARVTH 187
Heliothis ATAYLCGVKNNYGAIGVDATVRRGDCQTASNTATHVESIAEWALADGRDVGIVTTTRITH 188
ckkkk kkk kk _.okk ok ok L Lk k% ko kokkkokokk
ALP1 ASPAGTYAHVSNREHECDADILAQNADPNDCQDIASQLVRNNPGKNLKVILGGGRRKFTP 276
Culex ASPAGTYAHVANRDWESDADVEAKVEDSSQCQDIASQLVRNEPGKNFNVILGGGRRKFIP 264
Anopheles ASPAGAYAHTSNRDWECDADIVRSGGDPAQCPDIATQLIYGDTGKQFRVILGGGRRKFLP 300
Tribolium ASPAGTYAHTAERDWESDNDVISANHDPVTCRDIAWQLVHGDTGRGLNVILGGGRSNFIP 247
Heliothis ASPAGTYAKTANRTWENDGEVSQMGFDAKDCPDIAHQLVHHHPGNKFKVILGGGRRAFLP 248
Fkkkk  kk ok Kk ko k. ok kkk ko, DLk kkkkkkk ok ok
ALP1 NTEKDPSGKPGQRMDGVNLISEWYYS-KPLG-SARYVINKQGLMGINFNETEYLMGLFNY 334
Culex KNEKDVSGKPGQRMDSANLISEWFYS-KPMG-TARYVINKRDLMGINFNETEYLMGLFNS 322
Anopheles RTMKDEEGIRGQRMDGANLISQWYYG-KPLG-TARYVSNRQELMALNFTEVDYLLGLFAA 358
TRIBOULIUM QGEKDEDGFEGHRLDKVNLIEQWLVQKKEMGYNAKYVWNREGLLKTDYNQTDYLLGLFNS 307
Heliothis NTVQDDEGSYGRRIDNRDLIKEWEDDKVARNVSHQYVWNREQLMSLNDDLPEYMLGLFGS 308
HE R FR I P T A A : B
ALP1 DHMKYHMDSNPKEDPTLSDLTYAAIKTLEKNKAGFVLFVEGGKIDLAHHETKARKSLDET 394
Culex DHLKYHMDSDLSEDPSLSDLTYAAIKSLEKHRNGFVLFIEGGKIDLAHHETKARKSLDET 382
Anopheles DHLKFHLDARPDLDPTLGDLTYAAIRTLEKYPEGYVLFVEGGKIDLAHHFTKARKSLDET 418
Tribolium DHVTFNLKRDPNREPSLAEMTQAATIKLLDKSQONGYFLFVEGARIDMGHHNAQARMALDET 367
Heliothis SHMKYHMKSNPQXDPTLAELTEVAIRSLRRNEKGFFLFVEGGRIDHAHHDNLVELALDET 368
R A LorEok pak (kR ok Foo kR okk ok kK L. rEREEK
ALP1 VQLSEAVQLATQYTNSDDTLILVTADHAHTMSMAGYSKRGHDILGVSGSSHDKGKSPYTT 454
Culex VQFSEAVLLATQLTNSDNTLIVVTADHSHVMSLAGYSKRGHDILDISDSISDVDKKAYTT 442
Anopheles VQLSEAVQVARQLTTODDTLLVVTADHSHTMTLSGYATRGNDILGLNSQISDGDRKPYTT 478
Tribolium IEFSKAVQAAVDLTDESETLIVVTSDHAHTMSYSGYAHRGNDVLGIAGNADDT - -LPYTI 425
Heliothis LEMDKAVATATQLLSEDDSLIVVTADHAHVMTINGYSGRGNDILGPSRD-LGRDSMPYMT 427
HEE I P R R R Fok o Kk pkpk . . . *
ALP1 LSYANGPGGPSLTD-GRRLNITEE-MLTNKDFQYPKLVPLKYETHGGDDVALFAYGPWSH 512
Culex LSYANGPGGPGPDEKGHRRNITQQ-MVKNKEFQYPKMVPLKYETHGGDDVALFAYGPWSH 501
Anopheles LAYANGPGGPVPGPKGQRPNITES-MIKDRDFQFPKVVPMKYETHGGDDVALFAYGPWSH 537
Tribolium LNYANGPG--YKASQGQRYDVSND-DMSNAEYRYPGISPLDAETHGGDDVAIFAQGPWAH 482
Heliothis LSYTNGPG-FRPHVNGIRPDVTAEPNFRTLDWESHVDVPLEDETHGGDDVAVFARGPHHS 486
* ok kk Kok * koo . e o, kkkkkkkkk o kk kk
ALP1 LFSGMYEQNVIPHIIGYAACIGSGLTACIG----------------------- 542
Culex LFGGMYEQNVIPHLIGYAACIGDGLTACKR-------------—-—-——-——-—-—-—---- 531
Anopheles LFGGMYEQNVIPHLIGYAACIGNGEHACSTVGSL------------------- 571
Tribolium LFTGVMEENVIPYLLAYASCVGNGTTMCDNIKETNSRIMNLVKKQLL------ 529
Heliothis MFTGLYEQSQLPHLMAYAACIGPGRHACVSAAHLPTAHFFIALFALFTPILLK 539
Lk k. K. sk .. Kkk.kok ok *

FIGURE 2: Protein sequence alignment of membrane-bound midgut alkaline phosphatase from Ae. aegyti larvae (ALP1) with different insect
ALP’s. Conserved residues involved in catalysis or in metal binding are marked in gray. The amino-terminal signal peptide and the two Cryl1Aa
binding regions R59—G102 and N257—1296 are underlined. The nine overlapping peptide sequences correspond to the following ALP1 amino
acid sequence: P1, S26—A176; P2, R59—T211; P3, D103—R256; P4, K148—Y301; P5, M196—E347; P6, P244—Q396; P7, S297—E446; P8,
E347—T496; P9, L391—G542.

as described in Experimental Procedures. Binding of ALPI (Figure 5). Based on a model of the structure of CryllAa
to the peptide array revealed an amino acid region comp- that was previously constructed (I5), amino acids **'RVQ-
rised of residues **’RVQSQNSGNN>" (spots 33, 34, and 35) SQNSGNN’" are located in S18-519 and are exposed to the
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Ficure 3: ALPlisinvolved in binding to BBMV and toxicity of Cryl1Aa to Ae. aegypti. (A) Western blot of BBMV proteins detected with anti-
ALPI or anti-NHE3 antibodies. (B) Binding competition assay of 5 nM trypsin-activated Cry11Aa with 10 ug of BBMYV in the presence of anti-
ALPI1 or anti-NHE3 antibodies at different dilutions of the antibodies (1:1000 or 1:100). Numbers in the bottom represent percentage of binding
by scanning optical density of the 36 kDa band. (C) Lactate dehydrogenase release of isolated cultured Ae. aegypti gutsin the presence of Cryl1Aa
protoxin with or without incubation with anti-ALP1 or anti-NHE3 antibodies. Three replicates of two guts per well for each treatment were
analyzed.
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Ficure 4: Two binding sites in ALPI are involved in CryllAa interaction. (A) Toxin overlay assays of blotted ALP1 overlapping peptides
P1—P9 corresponding to lanes 1—9 revealed with Cryl1Aa. (B) Binding competition assay of 5 nM trypsin-activated Cryl1Aa with 10 ug of
BBMYV in the presence of different molar excess of ALP1 peptides P1, P5, P8, and ALP1. Numbers in the bottom represent percentage of binding
by scanning optical density of the 36 kDa band.
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FIGURE 5: Cryl1Aa peptide-spot array of domain I1T amino acid sequence revealed with ALP1. Numbers in the figure were included to facilitate
identification of the peptide spots in each row.

solvent (15). These data suggest that domain III residues To further study the role of the domain III **'RVQSQ-
SSIRVQSQNSGNN" might be involved in the binding interac- NSGNN3" region on binding with ALP1 and in toxicity, we
tion of Cryl1Aa toxin to ALP1. performed site-directed mutagenesis of this region and created
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two CryllAa mutants, QSQ563—565AAA and NSG566—
568AAA. The two mutants produced crystals as wild-type
Cryl1Aaand upon activation with trypsin produced the expected
36 and 32 kDa bands, indicating these mutations did not affect
protein structure that render proteins more susceptible to pro-
teolysis (data not shown). The two mutants showed a 3-fold
reduction in toxicity against Ae. aegypti larvae (Table 2).
We determined the binding of the two CryllAa mutants,
QSQ563—565AAA and NSG566—568AAA, to ALP1 by ELI-
SA. We also included mutant E266A located in domain II loop a-
8, which as mentioned above has lower larval toxicity and
binding to Ae. aegypti BBMV (15). All three mutants showed
reduced binding to ALP1-TRX in comparison with wild-type
Cryl1Aa (Figure 6A).

Finally, in order to identify binding epitopes in ALPI that
are recognized by loop -8 and by the domain III
SSTRVQSQNSGNR region of Cryl1A, we performed ligand
blot assays of mutant E266A (located in loop o-8) and mutant
QSQ563—565AAA (located in domain III) to the nine ALP1-
overlapping peptides described above. Mutant E266A has re-
duced binding to the Pl and P2 peptides (Figure 6B) while
mutant QSQ563—565AAA shows reduced binding to the P4, P5,
and P6 peptides (Figure 6C). These results demonstrated that
loop a-8 binds ALP1 through the R59—G102 region while
domain IIT **'RVQSQNSGNN°" binds ALPI through the
N257—-1296 region.

DISCUSSION

As mentioned above, the three-domain Cry toxins are a large
family of proteins toxic to different insect orders. Even though
different members of this family of proteins share low sequence
identity, they share a similar three-domain structure suggesting
these toxins may share a conserved mode of action. It is then
proposed that in different insect orders a similar sequence of

Table 2: Biological Activity of Cryl1Aa Mutant Proteins to Ae. aegypti
Larvae“

toxin LCs” (ng/mL)

CryllAa
Cryl1Aa QSQ563—565AAA
Cryl1Aa NSG566—568AAA

324.12(245-376)"
881.7(803—1250)
1019.5(910—1720)

“Bioassays were performed with 10 early fourth-instar Ae. aegyptilarvae
in 100 mL of H,O per dose. Three independent experiments of ten different
doses each were done. Mean lethal concentration (LCsy) was estimated by
Probit analysis. 95% confidence limits are given in parentheses.
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events will render Cry proteins from soluble activated toxins to
membrane inserted pores that cause osmotic lysis of midgut cells
and insect death. However, what is somehow surprising is that
similar insect midgut proteins seem to participate in binding and
toxicity of Cry toxins in different insect orders. These data may
reflect that similar midgut protein components are present in
different insect orders and thus were selected as toxin receptors.
Alternatively, the interaction of Cry toxins with these protein
targets may indicate that binding to proteins with particular
function (APN, ALP, cadherin) in the physiology of the insect
gut is critical for Cry toxicity. For instance, binding of CrylAc or
Cryl1Aa toxins to their corresponding ALP receptors in lepi-
dopteran or dipterans insects lowered ALP enzymatic activity
(13, 29). However, proteins like a 270 kDa glycoprotein in
Lymantria dispar (30), a GPI-anchored ADAM metalloprotease
in Lepinotarsa decemlineata (31), or a GPI-anchored glucosidase
in A. albimanus (Fernandez-Luna and Miranda, unpublished) can
also function as toxin receptors. Thus a wide variety of proteins
with differing function may participate in Cry toxin action.

Here we report the cloning and functional characterization of
the Ae. aegypti Cryl1Aa-ALP receptor. We identified three ALP
cDNA clones, one of which (ALPI) bound CryllAa, Cry4Ba,
and the peptide phage PI.BBMV. We show that ALP1 is a
functional Cryl1Aa receptor involved in toxicity since recombi-
nant ALP1—TRX competed with Cryl1Aa binding to BBMV.
Furthermore, a polyclonal anti-ALP1 antibody competed bind-
ing of CryllAa to Ae. aegypti BBMV and inhibited CryllAa
toxicity in ex vivo toxicity assays with cultured guts. As control
antibody we analyzed the effect of an antibody that recognizes a
larval midgut sodium—proton exchanger (NHE3). The anti-
NHE3 antibody competed CryllAa binding to some extent
(30%) as judged by scanning the CryllAa 36 kDa band
(Figure 3B) and showed some protection of CryllAa toxicity
(50% protection) although not as high as that shown by anti-
ALP1 (90% protection). We have no definite explanation for the
marginal protective effect shown by anti-NHE3 antibody,
although this may be a background effect due to nonspecific
interactions between antiserum and gut proteins.

Regarding the binding events that occur during interaction of
Cry toxins with receptors, it has been shown that binding of
CrylA toxins to cadherin receptor in lepidopteran insects is a
complex event that involves three exposed loops of domain II.
The binding epitopes of mosquitocidal toxins with cadherin
receptor have not been mapped yet, although in the case of Ae.
aegypti cadherin it involves at least Cryl 1Aa domain II loop a-8
(Chen and Gill, submitted). In the case of lepidopteran GPI-
anchored APN, not only are CrylAb or Cryl Ac domain II loop
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F1GURE 6: Cryl1Aa domain ITloop -8 and domain I11 318-319 regions are involved in ALP1 binding. (A) ELISA binding assays of recombinant
ALPI-TRX to different toxin proteins: CryllAa (lane 1), CryllAa E266A (lane 2), CryllAa QSQ563—565AAA (lane 3), and
NSG566—568AAA (lane 4). (B) Toxin overlay assays of blotted ALP1 overlapping peptides P1—P9 corresponding to lanes 1—9 revealed with
Cryll1Aa E266A mutant toxin. (C) Toxin overlay assays of blotted ALP1 overlapping peptides P1—P9 corresponding to lanes 1—9 revealed with

Cryl1Aa QSQ563—565AAA mutant toxin.



8906  Biochemistry, Vol. 48, No. 37, 2009

regions involved in APN binding interaction but domain III
exposed regions are also important in the interaction of CrylA
toxins with APN (6, 31). A sequential binding mechanism for
CrylAc interaction with L. dispar APN was proposed where
CrylAc domain III participates in initial binding to APN that
favors the subsequent binding of domain I1 exposed loops with a
different site of APN (32). Here we show that in Ae. aegypti the
ALP1 receptor contains at least two different toxin-binding sites
comprised by residues R59—G102 and N257—1296 that bind
Cryl1Aa through domain II loop o-8 and domain IIT *'RV-
QSQNSGNN>" amino acid regions, respectively. However, we
cannot exclude that additional binding regions are involved in the
binding of Cry11Aa to ALP1 especially since Cry11Aa binding to
BBMYV was not completely competed by ALP1 peptides P2 and
P5 as did ALP1 (Figure 4B). In addition, we cannot exclude
sugar-mediated interactions between Cry toxin and ALPI that
would have not been revealed since a recombinant E. coli
produced ALP1 was used in our binding assays.

These results indicate that domain III and domain II exposed
regions are involved in the binding interaction with the GPI-
anchored ALP receptor. The proposed role for GPI-anchored
receptors in the mode of action of Cry toxins is to facilitate
toxin oligomer membrane insertion in lipid rafts (33). The fact
that similar structural regions in nonrelated Cry toxins (CrylAc
vs CryllAa) are involved in the binding with different
GPI-anchored receptors (APN vs ALP) in two different insect
orders suggests that the mechanism of action of Cry toxins
is highly conserved at least in dipteran and lepidopteran insect
orders and that CrylA and CryllA pass through a similar
sequence of events from soluble activated toxins to membrane-
inserted pores.
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