




reacted with the lectin weakly, perhaps due to lower protein
abundance compared to the 170-kDa protein or due to less
glycosylation. No reaction with the streptavidin-horseradish
peroxidase complex in the absence of biotin-labeled lectin was
observed with BBMV or the purified proteins (data not
shown).

Toxin overlay assays performed with activated Cry1Aa (Fig.
1, lane 4) and Cry1Ac (Fig. 1, lane 6) toxins showed that
MonoQ-purified proteins bound both toxins. Competition with
100 mM GalNAc strongly inhibited binding of Cry1Ac toxin to
both proteins on ligand blots (Fig. 1, lane 7). However, the 170-
and 130-kDa proteins still bound Cry1Aa in the presence of
excess sugar (Fig. 1, lane 5).

An analysis of the aminopeptidase activities in the partially
purified fraction revealed a slight increase in leucine amino-
peptidase activity in pool I and decreases in lysine and phenyl-
alanine aminopeptidase activities (Table 1). Pool II, which
contained the 120-kDa aminopeptidase, exhibited the highest
leucine aminopeptidase activity; this activity was approximately
2.5 times higher than the CHAPS-solubilized BBMV activity
(data not shown).

Cry1Ac toxin affinity determination. Since we previously
showed that a protein complex consisting of the 170- and
130-kDa proteins has a lower affinity (6) than the affinity re-
cently demonstrated by Luo et al. (29), we determined the
Cry1Ac toxin affinities to the 170- and 130-kDa proteins sep-

arately. Thus, individual 170- and 130-kDa protein bands were
excised, and the affinities were monitored by using homologous
competition assays. As we observed previously, the 170-kDa
protein bound radiolabeled Cry1Ac; however, incubation with
100 nM cold Cry1Ac toxin resulted in an increase in toxin
binding, and incubation with 1,000 nM cold Cry1Ac toxin re-
sulted in only 25% displacement (6) (data not shown). In
contrast, when Cry1Ac binding to the 130-kDa protein was
tested under the same conditions, Cry1Ac was displaced, and
1,000 nM unlabeled toxin displaced more than 80% of the
bound iodinated toxin (Fig. 2). Scatchard analysis yielded an
apparent affinity value of 32.1 nM.

N-terminal sequencing of 130- and 170-kDa proteins. To
determine the structures of the 130- and 170-kDa proteins,
N-terminal sequencing was performed. Both proteins were
found to have the same N terminus, DPAYRLPTTTR, sug-
gesting that the two proteins are identical and that possible
posttranslational modifications account for the molecular mass
difference. This sequence is nearly identical to the previously
reported N-terminal amino acid sequence of a 170-kDa pro-
tein (15, 29).

Cloning and sequencing of the 170-kDa Cry1Ac toxin-bind-
ing protein. To clone the 170-kDa Cry1Ac toxin-binding pro-
tein, a midgut size-selected plasmid cDNA library previously
used to clone the 120-kDa leucine aminopeptidase (15) was
utilized. Using primers for the N terminus described above,
internal sequences of the 170-kDa protein (29), and conserved
lepidopteran APN sequences, we identified a number of spe-
cific products amplified during PCR. In particular, primers
APN1F and APN5R, a vector-specific primer and APN5R,
APN3F and APN5R, and a vector primer and APN2R gave
products that were 1.1, 1.3, 0.7, and 0.8 kb long, respectively.
The PCR product obtained with APN1F and APN5R was
cloned into a TA vector and sequenced. Sequence-specific
primer APN6R was made and then used in conjunction with a
vector-specific primer to screen the plasmid library as previ-
ously described (15, 37). The cDNA clone isolated was ana-
lyzed by PCR with the primer pairs mentioned above, and

FIG. 1. Analysis of pool I Cry1Ac and Cry1Aa toxin-binding proteins. One
microgram of protein was loaded in each lane, and the proteins were separated
on 8% polyacrylamide SDS-PAGE gels. For immunoblotting, toxin overlay as-
says, and lectin blotting, the proteins were transferred to an Immobilon-P mem-
brane. Lane 1, silver-stained CHAPS-solubilized BBMV; lane 2, silver-stained
pool I MonoQ fraction; lane 3, soybean agglutinin lectin blot detection of gly-
cosylated proteins in pool I; lane 4, Cry1Aa toxin binding to pool I proteins; lane
5, Cry1Aa toxin binding to pool I proteins in the presence of 100 mM GalNAc;
lane 6, Cry1Ac toxin binding to pool I proteins; lane 7, Cry1Ac toxin binding in
the presence of 100 mM GalNAc. The positions of molecular mass markers (in
kilodaltons) are indicated on the left.

FIG. 2. Competitive binding of 125I-labeled Cry1Ac to pool I 130-kDa pro-
tein. Pool I protein (1 mg) was separated on an 8% acrylamide SDS-PAGE gel
and transferred to an Immobilon-P membrane. The 130-kDa protein band was
excised from the membrane and incubated with 1 nM 125I-labeled Cry1Ac toxin
in the presence of unlabeled competitor at different concentrations. The data are
averages based on three replicates and include specific binding calculated by
subtracting the background value from the values obtained for membrane slices
coincubated with each protein slice in the same assay. The Kd value (32.1 nM)
was determined by Scatchard analysis.

TABLE 1. Aminopeptidase activities in isolated fractions obtained
from the H. virescens midgut

Fraction
Aminopeptidase activities (mmol/min/mg of protein)

Leucine Lysine Phenylalanine

Solubilized
BBMV

3.12 0.77 1.17

Pool Ia 3.67 0.345 0.41

a This pool contained the 170- and 130-kDa proteins.
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identical amplified products were obtained. The internal pep-
tide sequences reported previously for the 170-kDa protein
(29) corresponded to amino acids 396 to 405 and 332 to 341 in
our deduced amino acid sequence. These results suggest that
the N terminus described by Gill et al. (15) and the peptide
sequences described by Luo et al. (29) are probably derived
from the same gene.

Both strands of the cDNA clone isolated were sequenced,
and the deduced amino acid sequence showed that the cDNA
which we isolated coded for the 170-kDa protein. This clone
had 3,198-bp insert containing a 3,030-bp open reading frame
that encoded a 1,010-amino-acid protein with a deduced mo-
lecular mass of 112.2 kDa (Fig. 3). A signal sequence cleavage
site (33) after serine 20 was predicted. The N terminus ob-
tained from the peptide sequencing analysis suggested that
there was additional processing of the 170-kDa protein, which
started at amino acid 40 in the cDNA clone. An intriguing
polythreonine stretch was present at the C terminus and con-
tained predicted sites for O glycosylation (21–23) beginning at
threonine 939 and extending to threonine 984 (Fig. 4). O
glycosylation was also predicted at serine residues 22 and 969.
This polythreonine stretch is unique to the 170-kDa amino-
peptidase, and possible O glycosylation at these sites could
explain the high molecular weight of the BBMV protein com-
pared to the deduced molecular weight of the cDNA clone. A
predicted signal sequence (10), DSA, for attachment of a GPI
anchor was present at amino acid 988. A hydrophobic region
extended from amino acid 988 to amino acid 1011, and the GPI
anchor addition sequence was preceded by the hydrophilic
threonine-rich sequence. A single N-linked glycosylation was
observed at amino acid 458. The 170-kDa protein also con-
tained the canonical metal-binding motif HEXXH (26, 31) at
positions 355 to 359. A dendrogram analysis of previously
described insect aminopeptidases (Fig. 4) indicated that the
170-kDa protein clustered in a homology group with previously
described Cry1A toxin-binding proteins.

To determine the size of the translated product, the 170-kDa
cDNA clone was transcribed and translated in vitro. A 116-
kDa translation product (Fig. 5, lane 1) was obtained, suggest-
ing that the 130- and 170-kDa proteins may result from addi-

tional co- and posttranslational processing which includes
cleavage of the N terminus, N and O glycosylation, and addi-
tion of a GPI anchor.

Antibody generation and immunoreactivity. A 29-kDa pro-
tein fragment of the 170-kDa aminopeptidase produced in E.
coli was used as an antigen to raise antibodies. The antibody
recognized the 170-kDa protein in BBMV (Fig. 5, lane 2) and
also reacted with the 170- and 130-kDa proteins in the pool I
fraction (Fig. 5, lane 3) but not with the 120-kDa leucine
aminopeptidase present in pool II (data not shown). The 120-
kDa H. virescens aminopeptidase antibody recognized the 120-
kDa APN in BBMV (Fig. 5, lane 4) but did not cross-react with
either the 130-kDa protein or the 170-kDa protein (Fig. 5, lane
5).

Deglycosylation. Removal of N-linked glycosylation sites
with PNGase F resulted in slight decreases in the molecular

FIG. 3. Deduced amino acid sequence of the 170-kDa Cry1Ac-binding protein. The 3,198-bp cDNA clone encodes a 1,010-amino-acid polypeptide with a predicted
cleavage site at Ser-20, which follows a signal sequence (dot underlining). The N terminus obtained from peptide sequencing (solid underlining), the canonical
metal-binding site (box), the GPI anchor addition site (boldface underlining), and the cleaved C-terminal hydrophobic sequence (dash underlining) are shown.
Predicted sites for N glycosylation (double underlining) and O glycosylation (dots) are also indicated. The polythreonine-rich stretch extends from amino acid 939 to
amino acid 984. The GenBank accession number for this sequence is AF173552.

FIG. 4. Sequence similarity of known insect APNs. The phylogenetic tree was
constructed based on sequence similarity data by performing a Clustal analysis
with the DNAstar program. GenBank accession number are as follows: B. mori
APN1 (BmoAPN1), AF084257 (45); M. sexta APN1 (MseAPN1), X89081 (27);
H. virescens 170-kDa protein (Hvi170 kDa), AF173552 (this study); P. xylostella
APNA (PxyAPNA), AF020389 (3); H. virescens 120-kDa protein (Hvi120 kDa),
U35096 (15); P. interpunctella APN1 (PinAPN1), AF034483 (46); B. mori APN2
(BmoAPN2), AB011497 (25); M. sexta APN2 (MseAPN2), X97877 (8); P. xylos-
tella APN1 (PxyAPN1), X97878 (8); P. xylostella APN3 (PxyAPN3), AJ222699
(8a); L. dispar APN1 (LdiAPN1), AF126442 (13); and L. dispar lAPN2
(LdiAPN2), AF126443 (13).
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masses of the 170- and 130-kDa proteins (Fig. 5, lanes 6 and 7).
However, the proteins were still larger than the in vitro trans-
lated products, suggesting that possible O glycosylation oc-
curred (Fig. 5, lane 1). Attempts to remove the O-linked sugars
did not appear to reduce the molecular mass of the 170-kDa
protein (data not shown). The presence of extensive localized
glycosylation may impede the efficiency of the glycosidase.

DISCUSSION

Inquiries into the mechanism of action of Cry1A toxins in H.
virescens resulted in the cloning of a second Cry1Ac-binding
protein, the 170-kDa aminopeptidase. Our investigations un-
covered additional parameters that complicate and clarify
toxin binding. In this study, purification of the 170-kDa ami-
nopeptidase resulted in isolation of an additional 130-kDa
protein that binds Cry1Aa and Cry1Ac toxins on ligand blots.
Scatchard analysis of the 130-kDa protein yielded an apparent
Cry1Ac toxin affinity value of 32.1 nM. As previously observed,
excess unlabeled Cry1Ac toxin could not displace the radiola-
beled toxin bound to the 170-kDa protein. Luo et al. (29) also
isolated a 170-kDa leucine aminopeptidase, which copurified with
a ca. 140-kDa protein that contained a cleaved GPI anchor.

Our results indicate that the 170- and 130-kDa aminopepti-
dases have different affinities for Cry1Ac toxin, with the 130-
kDa protein having higher affinity. When real time analysis of
toxin binding with SPR was used, two binding sites on 170-kDa
APN were identified, a high-affinity site and a low-affinity site
(29). To determine affinity, Luo et al. (29) immobilized the
170-kDa protein; however, the protein preparation contained
trace amounts of a 140-kDa protein, which was probably the
130-kDa protein found in our study. Immobilization of two
proteins during SPR analysis (29) could result in identification
of two binding sites for Cry1Ac toxin. The difference in the
estimated molecular masses of the 130-kDa protein was prob-
ably due to variations in the SDS-PAGE analyses.

Lectin blots obtained with biotin-labeled soybean agglutinin
revealed strong cross-reactions with the 170-kDa protein and,
to a lesser extent, the 130-kDa protein. Cry1Ac toxin binding
to the 170-kDa protein was not detected in the presence of the
sugar GalNAc; however, Cry1Aa still bound, suggesting that
there is another binding site which is involved in Cry1Aa toxin
binding and is not readily blocked by sugars. These results are
in agreement with results that show that GalNAc competes
with Cry1Ac binding (15) but not with Cry1Aa and Cry1Ab

binding in experiments performed with ligand blots, in binding
assays, and in SPR analyses (29). We believe that Cry1Ac toxin
binding to the 170-kDa aminopeptidase could be enhanced by
high-level glycosylation, and this binding could not be readily
eliminated in homologous competition experiments under our
conditions, thus resulting in lower affinity values. The low af-
finity value was probably obtained because extensive glycosyl-
ation of the 170-kDa protein provided numerous Cry1Ac tox-
in-binding sites that were not readily saturable at nanomolar to
millimolar concentrations. Therefore, the 130-kDa form,
rather than the 170-kDa protein, could function as receptor A
in BBMV since it has similar kinetic profiles. As observed for
other partially purified proteins, the affinity of the 130-kDa
protein is nevertheless lower than the affinity reported for
BBMV (29, 30).

Gill et al. (15), Luo et al. (29), and we identified nearly
identical N-terminal sequences in the 170-kDa protein. Al-
though Luo et al. (29) speculated that the 140- and 170-kDa
proteins are different, our finding that the N termini of the 130-
and 170-kDa proteins are identical implied that these proteins
are the same. Furthermore, an antibody towards the C-termi-
nal variable region (amino acids 520 to 778) recognized both
the 170-kDa protein and the 130-kDa protein, suggesting that
these proteins are derived from the same gene. Furthermore,
the antibody did not cross-react with a homologous 120-kDa
aminopeptidase.

Like other cloned aminopeptidases, the 170-kDa protein has
a GPI anchor signal sequence, a metal-binding motif, and
hydrophobic N and C termini. Also, the 170-kDa protein is
processed at the N terminus, yielding the mature BBMV pro-
tein. The cDNA clone encodes a 113-kDa protein with exten-
sive predicted C-terminal O glycosylation. The single N-linked
glycosylated site at amino acid 458 is utilized, as treatment with
PNGase F slightly reduces the molecular masses of the 130-
and 170-kDa proteins, raising the possibility that these two
proteins are N glycosylated to similar extents but differ in O
glycosylation. The 170-kDa protein is the highest-molecular-
mass aminopeptidase described so far; however, the cDNA
codes for a polypeptide whose deduced molecular mass is
nearly identical to the molecular masses of the other APNs.
Thus, the higher molecular mass of the mature protein can
probably be attributed to extensive O glycosylation at the C
terminus of the polypeptide.

O glycosylation is a posttranslational and postfolding event
that has implications for protein structure and stability, recog-
nition, and signaling molecule activity (42). The 35-amino-acid
polythreonine-rich stretch with predicted O glycosylation could
serve as a scaffold that brings aminopeptidase-bound toxin
molecules close to the cell membrane. This process may aid in
the oligomerization step necessary for toxin pore formation.
Cry toxins do not form oligomers containing less than 10 sub-
units in solution (20); thus, it is likely that oligomerization
occurs after toxin binding. In addition, it has been proposed
that the sugar moiety on the GPI anchor itself plays a similar
role (12). The pore-forming aerolysin toxin also binds to a
GPI-anchored receptor, and the local increase in toxin con-
centration results in oligomerization and membrane insertion
prior to cellular internalization of the toxin (1).

Dendrogram analyses of the available aminopeptidase se-
quences showed that insects have at least four APNs. The
170-kDa aminopeptidase exhibits 63.2% similarity to the M.
sexta aminopeptidase (27), 60.2% similarity to the recently
described Cry1Aa-binding B. mori aminopeptidase (45), and
57.6% similarity to P. xylostella APN-A (3). The 120-kDa ami-
nopeptidase which we described previously (15) falls into a
different homology group and exhibits 53.8% similarity to a P.

FIG. 5. In vitro transcription-translation and immunoblot analysis of the 130-
and 170-kDa proteins. In vitro-produced mRNA was translated in a rabbit
reticulocyte system; 35S-labeled proteins were separated on a 10% polyacryl-
amide SDS-PAGE gel and visualized by autoradiography; and BBMV and 1 mg
of pool I protein were separated on an 8% polyacrylamide SDS-PAGE gel and
transferred to an Immobilon-P membrane. Lane 1, in vitro transcripton and
translation of the cDNA clone; lanes 2 through 5, immunoblot analysis of pool
I proteins performed with 170-kDa protein antiserum (lanes 2 and 3) and 120-
kDa protein antiserum (lanes 4 and 5) (lanes 2 and 4, BBMV; lanes 3 and 5, pool
I protein); lanes 6 and 7, SBA lectin blot analysis of PNGase-treated (lane 7) and
control (lane 6) pool I protein.
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interpunctella aminopeptidase sequence available from the
GenBank database and 58.8% similarity to the newly identified
APN1 of Lymantria dispar (13). A third homology group con-
tains the Cry1Ab toxin-binding P. xylostella and M. sexta amin-
opeptidases (8) and an additional L. dispar aminopeptidase,
lAPN2 (13). A fourth group contains a single P. xylostella
aminopeptidase sequence available from the GenBank data-
base (accession no. AJ222699) (8). It has been suggested that
gene duplication explains the existence of multiple aminopep-
tidases (3, 13). Such aminopeptidase diversity could explain the
heterogeneity observed with BBMV preparations used to de-
termine toxin affinity. Clearly, more than one or two toxin-
binding aminopeptidases are present in the insect midgut, and
each enzyme may exhibit different affinities. For insects, the
presence of multiple related aminopeptidases is important for
hydrolysis of amino acids from peptides and subsequent trans-
port of amino acids by amino acid transporters across the brush
border membrane (17). It has been shown that Cry1Aa toxin
specifically inhibits K1-dependent leucine transport either by
acting on the transporter itself or by acting through an associ-
ated protein (36). Toxin insertion in the vicinity of the amino-
peptidase that may be associated with the leucine transporter
could lead to inhibition of leucine transport into the cell.

Insect resistance to B. thuringiensis toxins has been identified
in field and laboratory populations (19, 40), and several resis-
tance mechanisms appear to be involved. The mechanism of
resistance in a Cry1Ac-resistant laboratory-selected H. vire-
scens strain is apparently not related to receptor alteration
(19). Proteolytic activation of Cry1Ab protoxins in this Cry1Ac-
resistant H. virescens strain is slower, and processing of the
active toxin is quicker, thereby reducing the amount of active
toxin present in the midgut after ingestion (11). However, the
same experiment was not performed with Cry1Ac toxin, al-
though a similar result may be expected due to Cry1Ab and
Cry1Ac cross-resistance in this strain.

Another Cry1Ac-resistant strain, YHD2 (18), which exhibits
up to 10,000-fold resistance, lacks Cry1Aa binding (28) yet
exhibits Cry1Ab and Cry1Ac binding similar to that of the
susceptible strain. Cry1Ac competes with Cry1Aa toxin-bind-
ing sites; thus, it is possible that alterations in the high-affinity
Cry1Aa-binding sites may be sufficient for resistance, although
other lower-affinity Cry1Ac-binding sites remain intact (28). In
the same study the workers detected a slight difference in
binding of Cry1Aa toxin to a 120-kDa protein on ligand blots
(this protein may be the same as the 130-kDa in this study).
Since the ligand blot analyses were performed with solubilized
BBMV rather than chromatographed proteins, as was done in
this study, it is possible that slight changes in toxin binding may
have been masked by proteins which migrated at the same
molecular weight.

Therefore, identification of genes at the loci which affect
resistance is necessary to understand the mechanism of action
of B. thuringiensis (24). Our results, combined with cloning of
cDNAs that encode toxin-binding proteins, should allow work-
ers to gain more fundamental insight into the processes in-
volved. The data that have been obtained also cannot eliminate
the possibility that processing enzymes involved in glycosyla-
tion, GPI anchor addition, and lipid metabolism play a role in
the development of resistance, as this study revealed that af-
finity differences between identical polypeptides may be due to
posttranslational modifications.
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