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D uring the last years, the number of
protein sequences of has increased
rapidly. In spite of the fact that the X-ray
crystallography is the main method for the
determination of protein structure, it is
consuming time and succeeds only if suit-
able conditions for growing crystals are
possible (Wieman et al., 2004). In this
concern, three main methods of computa-
tional prediction for protein structure are
used to determine three dimensional (3-D)
structure of a protein from its sequence
which are homology modeling, threading
and de novo methods (Polanski and Kim-
mel, 2007). Threading and de novo meth-
ods are used when no homologous struc-
ture is available, but these methods are not
yet very accurate. At the same time, the
homology modeling is an improved meth-
od based on the fact that homologous pro-
teins have similar 3-D structures. There-
fore, it is highly desired to model the 3-D
structure of protein by using structural
bioinformatics approach with homology
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modeling as a computational biological
tool (Sateesh et al., 2010).

The lepidopteran worm, Spodop-
tera littoralis is a polyphagous pest affect-
ing various economically important crops.
The homology modeling approach was
utilized to predict the 3-D structure of
aminopeptidase-N (APN) in Spodoptera
littoralis, in silico to identify its gene
function (Bravo et al., 2007; Choi et al.,
2009; Singh et al., 2010).
Aminopeptidase-N (APN) is one of the
four different kinds of insect receptors,
which binds to Bacillus thuringiensis (Bt)
toxins via oligomerization process. The
other three are cadherins, glycoproteins
and alkaline phosphatase (Knight et al.,
1994; Vadlamudi et al., 1995; Valaitis et
al., 2001; Jurat-Fuentes and Adang, 2004).

Aminopeptidases N (APNs) are a
class of endoproteases that cleave the N-
terminus of the polypeptides to release
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single amino acids (Piggot and Ellar,
2007; Crava et al., 2010). They are mem-
bers of the zinc dependant metalloprotease
M1 type-l, that need the divalent cation
zinc to activate a molecule of water, and
belong to a subfamily named gluzincins
(Albiston et al., 2004; Crava et al., 2010).
Furthermore, Luan and Xu (2007) and
Crava et al. (2010) stated that a single zinc
ion is joined with a highly conserved
HEX,HXgE amino acid motif, which
playing a major role with Cry toxin inter-
actions (Yang et al., 2010). In more depth,
the APN receptor plays a major role with
Cry toxin interactions located in the apical
membrane of midgut epithelial cells of
insect's microvilli (Bravo et al., 2004 &
2005; Crava et al., 2010). Luo and Adang
(1996); Denolf et al. (1997); Agrawal et
al. (2002) and Crava et al. (2010) reported
that all the different APNs genes encoded
proteins of approximately 1000 amino
acids that undergo various forms of post-
translational modification via glycosyl-
phosphatidylinositol  (GPl) membrane
anchored and N-glycosylation process to
produce mature proteins ranging 90-170
kDa in size.

During sporulation, of the Gram-
positive bacteria, Bacillus thuringiensis
(Bt) forms crystalline protein inclusions,
which possess insecticidal activity (Bravo
et al., 2005). The mode of action of Bt
toxins to kill insects is not fully under-
stood. However, Bravo et al. (2007) dis-
cussed the principal characterization of Bt
toxins effects in lepidopteran insects.
Whereas, the crystals of Bt toxins are sol-
ubilized in the insect midgut lumen due to

its characteristic pH and reducing condi-
tions. The soluble protoxins are then acti-
vated by midgut proteases to release the
toxin fragment (Bravo et al., 2005 &
2007; Piggot and Ellar, 2007).

Spodoptera litura and S. littoralis
are susceptible to Bt Cry1C toxin (Agrwal
et al., 2002; Yassin et al., 2010). Moreo-
ver, Yassin et al. (2010) added that such
toxin (CrylC) generated susceptibility to
2882 bp gene encoding a 109 kDa APN
receptor protein, which has been isolated
from S. littoralis and cloned into conven-
ient system pGEM-T easy vector.

As Known the 3-D structure of any
protein is essential to understand how pro-
tein performs its function. So, the protein
structure could be determined at high
resolution by either experimental (i.e., X-
ray crystallography and nuclear magnetic
resonance; NMR) or computational meth-
ods using bioinformatics tools as de-
scribed by Sasin and Bujnicki (2004). A
variety of advanced homology modeling
methods have been developed to provide
reliable models of a protein that sharing in
even 30% or more sequence identity with
a known protein structure (Burley, 2000).
The author reported also that the homolo-
gy modeling could offer a possibility for
the identification of target amino acid res-
idues for protein engineering. The com-
parative homology modeling takes ad-
vantages of the structural similarities with-
in the same family to construct an atomic
resolution model of a protein from its
amino acid sequence (Sali and Blundell,
1999). Such view depended on that the
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proteins in the same family share the same
basic folding in spite of low level of se-
quence identity (Choi et al., 2009).

The objective of this study was to
predict the complete 3-D structure of
Spodoptera littoralis aminopeptidase N
(SIAPN) protein based on comparative
homology modeling. This 3-D model ex-
plores the molecular basis of a potential
reaction mechanism between such APN
protein receptor and Bt Cry toxin.

MATERIALS AND METHODS
Sequence identification

The APN sequence of Spodoptera
littoralis (SIAPN) having length of 2882
bp was obtained from Yassin et al. (2010).
Such sequence was translated using Vec-
tor NTI® Suite software version 11 avail-
able from Informax, Inc., Bethesda, Md.

Sequence retrieval alignment and ho-
mology modeling

Protein sequence homology analy-
sis and homology modeling of Spodoptera
littoralis APN was compared with the
predicted model of Spodoptera litura APN
that has been deposited in the Model Pro-
tein Database at http://www.caspur.
ittPMDB/ with ID: PM0074654. A ho-
mology model for Spodoptera litura was
constructed based on X-ray crystallo-
graphic structure of both proteins, tricorn
interacting factor F3 of Thermoplasma
acidophilum (PDB: 1z1w) and leukotrien
A4 hydrolase D375n mutant of human
(PDB: 1gweé).

In silico: the 3-D homology modeling
software

Homology modeling was per-
formed using SWISS-MODEL, protein
modeling server (Guex and Peitsch, 1997;
Schwede et al., 2003; Arnold et al., 2006),
accessible via the EXPASY at
http://www.expasy.org/. Superimposition
of Spodoptera littoralis APN model on
that of Spodoptera litura APN was con-
structed by using RasMol (http://
www.umass.edu/microbio/rasmol/)  and
Deep-View program (http://spdbv.vital-
it.ch/).

The functional domains were iden-
tified from the National Center for Bio-
technology Information (NCBI) conserved
domain database (CDD) at
http://mwww.ncbi.nlm.nih.gov/betweenz/qu
ery. fcgi?db=cdd.

RESULTS AND DISCUSSION

In the current study, homology
modeling method and computer programs
were performed to predict the 3-D struc-
ture of SIAPN protein. The present study
recorded the schematic representation of
the predicted amino acid sequence of
SIAPN protein of previously nucleotide
sequenced by Yassin et al. (2010) as illus-
trated in Fig. (1). The results also showed
that the isolated SIAPN gene encoded a
putative 952 amino acid residues. In turn,
the molecular weight was calculated to be
108.58 kDa. In this concern, Khan and
Ranganathan (2009), Sahay and Shakya
(2010) and Tajne et al. (2012) used the
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same idea in their studies on a-D-
Mannosidase in mammalian, antioxidant
proteins of spinach and on Manduca sexta,
respectively.

In silico analysis of the present ob-
servations showed the primary amino acid
sequence that identified SIAPN as a mem-
ber of the aminopeptidase family. Such
results depended on the presence of com-
mon motifs of aminopeptidase family
which included the following conservative
regions:  zinc-binding/gluzincin  motif,
gluzincin aminopeptidase motif, GPI an-
chor aminopeptidase. These results are in
agreement with Crava et al. (2010) and
Tajne et al. (2012) who found such obser-
vations on aminopeptidase N gene family
in the lepidopterans.

In the present study, to analyze 3-D
model of the deduced amino acid se-
quence, both signal peptide and GPI re-
gions on SIAPN gene were excluded.
Whereas, the signal peptide is a sequence
of 15-30 amino acids at the N terminus of
a secreted protein requiring for transport
through a membrane and cleaved off after
secretion (Lodge et al., 2007). Whilst, GPI
anchor tethers C terminus end of APN
protein on the cell membrane by covalent
linkage, as reported by Pierleoni et al.
(2008). So, these regions are not involved
in the Bt toxicity interaction at this inves-
tigation. However, this step was complet-
ed after using both Signal P and GPI Pre-
diction GPI-SOM programs at http://
www.cbs.dtu.dk/services/SignalP/ and
http://gpi.unibe.ch/, respectively.

After using the previous Signal P
program, the obtained observations re-
vealed that N-terminal cleavable signal
peptide for retention in the endoplasmic
reticulum was at residues 1 to 20. This
result was also defined by Lodge et al.
(2007). Besides, the study also showed
that the cleavage site between the signal
and the mature protein was between ami-
no acid residues 20 and 21. Moreover, in
the present investigation, GPI prediction
program exhibited the presence of GPI
anchor signal sequence at the C-terminus.
Such sequence consists of three small
amino acids SNS and followed by a
stretch of 20 hydrophobic amino acid res-
idues PTIFASSFLILAAMLIQLYR.
There is also a signal sequence of three
amino acids DSA to attach with GPI an-
chor.

The APN analysis in the present
study showed the presence of three con-
served regions. Firstly, zinc-binding/
gluzincin motif HEX,HXgE (residues 355
to 378), which is a part of a typical cata-
Iytic active site for the majority zinc-
dependent metallopeptidases and is re-
quired for enzymatic function. Secondly,
the third zinc-binding ligand which is con-
served in the sequence motif NEXFA (res-
idues 377-381). Finally, gluzincin
aminooeptidase motif GAMEN (residues
319 to 323), which is believed to form part
of the active site and it also involves in
aminopeptidase activity (Herrero et al.,
2005; Kyrieleis et al., 2005).

Furthermore, the present results
showed that the potential N-linked glyco-
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sylation sites (NXS/T) are observed at
residues 103, 377, 430, 574, 711 and 782.
Besides, the amino acid sequence also
contained four Cys residues. These resi-
dues are highly conserved among APN
molecules of higher mammals (rat, rabbit,
pig and human), as detected by Agrawal et
al. (2002).

Finally, the present analysis re-
vealed a highly conserved 64 amino acid
residues from Leu 129 to Pro 193 in S.
littoralis APN. These residues are in
common with 11 APN family proteins.
However, these 64 amino acid residues are
believed to be important for CrylAa toxin
binding (Nakanishi et al., 1999 and 2002)
and after binding to a receptor in the in-
sect midgut, the toxin undergoes a con-
formational change leads to form pores
(Sanjay et al., 2001).

Based on computational alignment,
a theoretical 3-D model structure of S.
littoralis APN was obtained in this study,
whereas, about 814 amino acids (aa) resi-
dues of whole suggested 3-D model were
corresponded to residues 58-871 of the
primary structure. Considering that the N-
terminal cleavable signal peptide (residues
1-20) and the C-terminal GP1 modification
site (residues 930-952) were removed
from the predicted 3-D model as previous-
ly discussed.

The present SIAPN model con-
tained four structural domains, which
spread from N-terminal domain | to C-
terminal domain 1V over the regions
Asn®-11e”%; Ser®®’-Gly*®; Asn®”’-Leu®®

and Ser*®2-Ala®, respectively (Fig. 2).
The recorded overall dimensions of this
model were 91A x 55A x 65A forming
together a hook like structure.

Nevertheless, the former recorded
N-terminal domain | contained highly
conserved Bt Cryl toxin-binding region
(64 amino acid residues from Leu'® to
Pro'*). The second domain was the most
important one contained highly conserved
regions of aminopeptidase family; includ-
ing zinc-binding/gluzincin motif, the third
zinc-binding ligand and the gluzincin
aminopeptidase motif. The N-linked gly-
cosylation sites are located in all the four
domains starting from domain | (residues
Asn'®-Thr'%), domain Il (residues Asn®"’-
Ser®® Asn*®- Thr**?), domain Il (resi-
dues Asn®™“*- Thr’’® Asn’™'- Ser™™) and
finally in domain IV (residues Asn’®%-
Ser’®). The four highly conserved Cys,
among APN molecules of higher eukary-
otes, (residues 728, 735, 763 and 799)
reported by Agrawal et al. (2002) are lo-
cated in domain IV. In the 814 aa of
SIAPN, the contents of the a-helix, B-
sheet, turn, and random coil were 312 aa,
124 aa, 378 aa, and 0 aa, respectively.

The structure of the N-terminal
domain I (Fig. 3A) consists of a short a-
helix beside three clusters of B-sheets. The
first cluster contains five non consecutive
B-strands which are: S1 (Leu®-Thr'®), S2
(11 Met®), S3 (Asn'™- GIn'), sS4
(Thr**-Asn®®®) and S7 (11e?*®-11e?®). The
first four strands are in anti-parallel form
while the last strand (S7) runs parallel to
the first one (S1). Each of the second
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(55&56) and the third (58&59) clusters of
B-sheet are composed of two anti-parallel
strands which are S5 (Arg"®'-Tyr'®) and
S6 (GIu™-Thr'®%) and S8 (Glu?%- Arg?)
and S9 (Thr®®:-11e%"), respectively. The a-
helix of domain I (H1; Phe®- Cys'™) is
located between strands S6 and S7.

Concerning the description of de-
duced amino acids that are present in do-
main | of SIAPN protein, a highly con-
served Bt Cryl toxin-binding region (64
amino acid residues from Leu **° to Pro
193) is found. So, this region began a little
before S4 and continuing until reaching
the Pro’* residue, which located at the
loop after H1 helix. Since the Cryl toxin-
binding regions have many conserved
amino acid residues that may recognize
and bind to a common structure in Cryl
toxin regions. Most of those amino acids
are also conserved in lepidopteran APNS,
suggesting that this toxin might bind to
this region of APN in insects (Nakanishi
et al., 2002). This suggestion is confirmed
with the structure of that region which is
formed by various B-strands and a-helix,
as well as the large loops providing the
flexibility for binding to Cryl protein;
also confirmed with the position of that
part in the most distal part of membrane
anchor segment and localization in the
bottom of the saddle-like structure. All
these findings providing the stability of
that conserved region which is very neces-
sary for toxin binding.

In closer look, such domain reveals
also the oligosaccharide-binding site 103
is located within the Bt Cryl toxin-

binding region that possibly allowing ini-
tial interaction between toxin and receptor
and then an irreversible binding on the
APN recognition site. As, the binding of
toxin to the receptor is mediated by a two-
step mechanism involving initial reversi-
ble binding followed by irreversible bind-
ing and membrane insertion in the midgut
(Saraswathy and Kumar, 2004). In more
depth, Chen et al. (2005) proposed that
Cryl-APN interaction have two steps:
carbohydrate recognition and irreversible
protein-protein interaction.

Moreover, Pigott and Ellar (2007)
regarded glycosylation as an important
determinant of CrylA binding. Knight et
al. (2004) also considered the carbohy-
drates that attached to 120 kDa APN of
Manduca sexta (tobacco hornworm) were
epitope sites of CrylAc toxin. Also, Ning
et al. (2010) found that binding between
CrylAc and HaALPs was depended on
the presence of N-linked oligosaccharides
of these proteins, since digestion with N-
glycosidase F eliminated toxin binding.

Domain Il (Fig. 3B) was the mem-
brane-spanning domain and forms the
catalytic region of class proteases. The
structure of this domain appeared to be
consisting of two clusters of p-sheets and
nine a-helixs, presenting the structure of
this domain to be highly conserved (Luan
and Xu, 2007). Each one of both B-sheet
clusters is composed of two f3-strands. The
two PB-strands were in parallel at the first
cluster, involving S10 (Ser®®’- Ala’"") and
S11 (Asn*®-Ala®*?). Whilst, the two p-
strands of the second cluster were in anti-
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parallel configuration, including S12
(Ala*®- GIu*?) and S13 (Tyr®*®- Glu®h.
The rest of domain Il was nine a-helices
containing H2 (Ala?"®- Tyr?’"), H3 (GIn*®-
His?®), H4 (Val**- Trp®'), H5 (Trp®"-
Ala®?), H6 (Leu*®-Asp™?), H7 (Thr*-
Phe*®), beside H8 (Arg*®-Asp*™), H9
(Pro*®- Lys*™®) and H10 (Thr*®-11e>%)
helices. The first two a-helices were lo-
cated in between B-strands S10 and S11,
while the remains located after S13. The
recorded loop between H6 and H7 (Ala*">-
Ser*®) was a highly flexible and covered
the front of this domain.

On the avenue of that domain (II),
many conserved structures were observed
in this investigation, such as the conserved
zinc-binding/gluzincin motif
(HEXXHX18E) in helix H4 and H5; the
third zinc-binding ligand (NEXFA) in
helix H5, and the gluzincin
aminopeptidase (GAMEN) motif in -
strand S12. Hence, Cryl proteins can de-
velop toxic activity in a broad spectrum of
pest insects by recognizing the conserved
structures (Nakanishi et al., 1999; Agrwal
et al., 2002; Herrero et al., 2005). This
also bearing in mind the appearance of
conserved residues in domains Il and 11l
of Cry toxin; those domains are implicated
in receptor recognition and pore formation
(Shinkawa et al., 1999). Thus, the study of
the conserved regions in both toxin and
receptor could be helpful to know the in-
teraction of that enzyme with Bt toxins.
However, the main mechanism of re-
sistance to Cry toxins are due to the muta-
tions affect toxin receptor interaction
(Fernandez et al., 2008).

Comparison of APNs sequence of
experimented insect as well as vertebrate
and fungi aminopeptidases showed that
the most striking similarity was around the
zinc-binding motif, suggesting the role of
zinc metal in enzyme catalysis. The cata-
lytic role of domain Il in binding to differ-
ent substrates has been demonstrated in
several zinc-metallopeptidases including
aminopeptidase of the beetle Tenebrio
molitor (Cristofoletti and Terra, 2000).

Domain 111 (Fig. 3C) contains sev-
en B-strands; S14 (Asn®’- Asn®™), S15
(Gly*Y"-Asp®®), S16 (Arg>*® -Glu®™*), S17
(Thr**"-Pro®?), S18 (Thr**’-His**"), S19
(Ser®®-Lys*®®) and S20 (Thr’’- Leu®®).
They are arranged in a p-sandwich form-
ing the base of the saddle-like APN struc-
ture.

The C-terminal superhelix domain
IV (Fig. 3D) is formed of 18 a-helices and
is divided into two helical modules. The
helices are organized in the following ar-
rangement: H11 (Ser’®-val®®), H12
(Ser"®-Ala®*?), H13 (Ser®-Arg®®), H14
(Asn®3-Thr%"), H15 (11e%- Ala®®), H16
(Trp®™*-Phe®®), H17 (Leu®®-Asn®®), H18
(Ser™B-11e"®), H19 (Ala™’-Cys™), H20
(Leu™- Lys™) , H21 (Leu™-Cys™®),
H22 (Leu"-Asn™®), H23 (Ala’-Ala"®),
H24 (Asp®2- Leu®™®), H25 (Ser®-Met®),
H26 (Lys®®-Phe®®), H27 (Leu®*2-Glu®")
and H28 (Val®**-val®™").

The same Figure (3D) exhibited
that each of the two helical modules is
arranged into two layers. Whereas, the
first module is composed of eight parallel
helices; four of them are located in the
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outer layer (H11, H13, H15 and H17) and
the other four helices are found in the in-
ner layer (H12, H14, H16 and H18). The
second module contains ten helices, seven
of them (H19, H21, H23, H24, H25, H27
and H28) are in the outer layer and the rest
three helices (H20, H22 and H26) are in
the inner layer.

The evidences by several authors
who suggested the role of APNs to func-
tion as Cryl receptors are increased. Most
of these evidences are based on in vitro
binding and membrane reconstitution ex-
periments, and on in vivo expression in
transgenic Drosophila (Banks et al.,
2003). From in vivo evidences, silencing
of the APN gene resulted in the elevated
resistance of Spodoptera litura larvae to
CrylC protein, thereby demonstrating a
functional role for this protein in Cry pro-
tein-mediated toxicity (Rajagopal et al.,
2002). Similarly, Sf21 cells expressing
HaAPN1 obtained from cotton bollworm
(Helicoverpa armigera) showed increase-
toxin sensitivity (Sivakumar et al., 2007).
The same authors also found that the si-
lencing of HaAPN1 in H. armigera by
dsRNA resulted in a decreased larval sus-
ceptibility to CrylAc toxins. Moreover,
findings reported by Herrero et al. (2005)
suggested that the lack of APN production
in laboratory-selected beet armyworm
(Spodoptera exigua) were correlated with
resistance to CrylC toxin. Recently, the
strongest evidence which support the as-
sumption that APN proteins play an im-
portant role in Cry toxicity comes from
the recent findings of Zhang et al. (2009)
who postulated that toxin resistant of H.

armigera had a mutation in the APN gene.
These findings are in accordance with
those of Yang et al. (2010) who stated that
knocking down of any one of the three
APNs in sugarcane borer (Diatraea
saccharalis) resulted in a decrease in
Cry1Ab susceptibility.

As explained previously, Cryl tox-
ins  showed toxicity for  several
lepidopteran insects. In addition, APNs
from several insect species have been
identified as Cryl toxin receptors. It is
important to identify the binding sites on
both Cry toxin and receptor to understand
the interaction between them. In this con-
cern, Atsumi et al. (2005) hypothesized
that the receptor binding sites on Cryl
toxins have two basic features. The for-
mer, as described by the previous authors,
was a highly conserved structure, due to
that the Cryl toxins have similar primary
sequences, three-dimensional structures
and can recognize similar APNs in the
midguts of several lepidopteran insects.
Besides, a nonconserved structure, be-
cause the Cryl toxins also exhibited a
highly specific insecticidal activity and
could distinguish host species in the
lepidopteran spectrum.

From all the foregoing results, it
can be concluded that the three dimen-
sional structure of APNSs, of economically
important pest insect, must be identified
and investment in biological control using
Cry toxins scope. The results will provide
insights on the functional properties of
APN towards the understanding of the
receptor-toxin interactions which will be
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valuable for the production of Cry toxin
proteins with a greater activity.

SUMMARY

Insect pests are the major cause of
damage to commercially important agri-
cultural crops. The continuous application
of synthetic pesticides resulted in develop-
ing severe insect resistance in addition to
induce irreversible damage to the envi-
ronment. Bacillus thuringiensis (Bt)
emerged as a valuable biological alterna-
tive in pest control. The midgut
aminopeptidase N (APN) of pest insect is
a receptor for Bacillus thuringiensis Cryl
toxin. A 108.58 kDa APN has been char-
acterized in Spodoptera littoralis. In the
present in silico study, a homology model
of SIAPN was constructed using Swiss-
Model, Protein Modeling Server. The
study detected that SIAPN three-
dimensional structure has 4 structural do-
mains. Domain | of the receptor is the
region that recognizes Cryl toxins, a part
of this section might be very important in
this role. Domain 1l has functions in Cryl
protein-APN interaction. Domain Il has a
sandwich topology and domain IV is a
superhelix. The present data help in the
development of a roadmap for the design
and synthesis of novel Cry toxins and im-
prove toxic activities depending on the
APN's conserved structures which will
contribute to the management of insect
resistance in the field.
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Fig. (1): Schematic representation and putative signature domains of Spodoptera littoralis
APN.

Fig. (2): Spodoptera littoralis APN 3-D structure of ho-
mology modeling. Domain | is in turquoise,
domain Il in green, domain Il in blue and do-
main 1V in orange.
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Fig. (3): Structural domains of Spodoptera littoralis APN; A- Domain I, B-Domain Il, C-
Domain 111 and D-Domain 1V. Letter (S) Stands for B Strands and letter (H) stands
for a helix.



