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Abstract

Arylphorin is an insect hexameric storage protein. The structures of the oligosaccharides attached to this protein have recently
been determined. However, their precise functions remain to be established. Proteolysis and MALDI MS studies disclose that the
amino acid residues Asn196 and Asn344 are N-glycosylated with Glc;ManyGIcNAc, and Mans_¢GIcNAc; oligosaccharides, respec-
tively. Interestingly, significant variations in the amounts of glycans involving Glc;MangGlcNAc, are evident in arylphorins purified
from larvae reared at different seasons. The data suggest that the metabolism of larvae and local protein structure contribute to glycan
development. Three-dimensional model of the protein speculated that N-glycosidic linkage to Asn196 in the Glc;ManyGIcNAc,
structure was buried inside the twofold axis of the hexamer, whereas oligosaccharide linkages to Asn344 were completely exposed
to solvent. This finding is in agreement with previous biochemical data showing that limited Glc;ManyGIcNAc, was released by pro-

tein-N-glycosidase F under non-denaturing conditions, in contrast to Mans ¢GlcNAc, oligosaccharides.
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Insect hexamerins belong to a growing superfamily of
arthropod proteins that includes chelicerate and crusta-
cean hemocyanins [1], arthropod tyrosinases [2,3], and
the dipteran hexamerin receptors [4,5]. Despite clear
structural similarities, these proteins serve very different
functions. Hemocyanins form hexamers or multihexa-
mers of identical or closely related subunits, and carry
oxygen in the hemolymph of arthropods by virtue of
two copper ions bound per monomer [6]. Insect hexa-
merins also form hexamers, but with no ability to bind
copper ions, and consequently, oxygen. It is proposed
that hexamerins have evolved from hemocyanins of
ancient crustaceans [1,5], in view of the proposed sister
group position of these subphyla [7-9].
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Hexamerins are synthesized from the fat body of a
wide range of lepidopteran and dipteran larvae, among
other insect orders. These proteins are accumulated to
high concentrations in the hemolymph. Hexamerins ap-
pear to be the central source of a storage pool of amino
acid resources for complete development of the adult,
since insect pupae do not feed during metamorphosis.
There are at least two types of hexamerins in lepidop-
tera. These form loose clusters on a bivariate plot of
the proportion of aromatic amino acids (tyrosine plus
phenylalanine) versus methionine [10]. One is arylphorin
that is rich in aromatic amino acids, while the second is
a methionine-rich storage protein. All the proteins are
hexamers composed of approximately 80 kDa subunits,
leading to molecular masses at around 500 kDa [10].

The Chinese oak silkworm, Antheraea pernyi, is a lep-
idoptera, along with the economically important wild
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silkmoth found in Europe and Far Eastern Asia. We
previously described the oligosaccharide structures and
possible functions of A. pernyi arylphorin [11]. Unex-
pectedly, arylphorin mainly contains the monoglucosyl-
ated oligosaccharide, Glc;ManyGIcNAc,, in the glycan
pool, as well as simple oligomannose and truncated
oligosaccharides.

Among the hemolymph proteins of A. pernyi,
GlciManyGIlcNAc, oligosaccharides are only associated
with arylphorin, and are not released from the native
protein by protein-N-glycosidase (PNGase) F treatment,
in contrast to Mans_¢GIcNAc, and paucimannose gly-
cans [11]. Accordingly, it is speculated that the N-glyco-
sidic linkage to GlciMangGIcNAc, is buried in the
hexamer, while the other oligosaccharides are exposed
on the surface of the protein. Here we identify the glyco-
sylation sites by proteolysis and matrix-assisted laser
desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometric analysis, and report a three-dimen-
sional structure of arylphorin hexamer by homology
modelling. This structural information should shed light
on the role of sugars in the folding and assembly of mac-
romolecular glycoproteins, such as arylphorin.

Materials and methods

Materials. Materials were obtained from Sigma Chemical
(St. Louis, Missouri, USA), except HPLC solvents, which were pur-
chased from Fisher. Exoglycosidases and PNGase F were purchased
from Prozyme (San Leandro, CA, USA) and New England Biolabs
(Beverly, MA, USA), respectively. The Chinese oak silkworm,
A. pernyi, was raised twice a year (late spring and autumn) in the oak
tree field established in Miryang National University, Korea. Larvae of
A. pernyi were reared on fresh or freezer-stored mulberry leaves.

Hemolymph collection. The abdominal leg of the silkmoth at the
fifth larval stage was injured with sharpened scissors, and hemolymph
bled from the wound. Hemolymph was directly collected into pre-
cooled test tubes with a few crystals of 1-phenyl-2-thiourea to inhibit
phenol oxidase. Next, hemolymph was centrifuged at 5000g for 15 min
to remove hemocytes and other debris. Prepared hemolymph was
maintained at —70 °C until analysis.

Purification of arylphorin. Arylphorin was separated by gel filtra-
tion on a Superdex pg 200 column (16 x 60 cm, Pharmacia, Uppsala,
Sweden), as described previously [11]. The buffer employed was 50 mM
sodium phosphate, pH 7.5, containing 0.1 M sodium chloride. The
flow rate was 1.0 ml/min, and eluting proteins were monitored at
280 nm. Arylphorin was eluted immediately after the void volume of
the column.

Preparation and analysis of arylphorin glycopeptides. Purified aryl-
phorin (10 pg) was denatured and digested with trypsin, as described
elsewhere [12]. The reaction was terminated by heating for 2 min at
100 °C and diluted with 20 volumes of buffer A (10 mM Tris, 150 mM
NaCl, 1 mM CaCl,, and 1 mM MnCl,, pH 7.5). The mixture was
applied to 0.3 ml Con A-Sepharose (Amersham Pharmacia, Uppsala,
Sweden) packed into a mini-column (Bio-Rad, Hercules, CA), equili-
brated with the buffer, and washed with six volumes of binding buffer
A. Glycopeptides were eluted twice with 1 ml of the above buffer
containing 100 mM o-methyl-mannoside. Effluents were pooled and
applied to 0.3 ml of the mini-C18 column equilibrated with methanol
and water. Salts and sugars were removed by washing the column with

3 ml water, and glycopeptides were eluted with 1 ml of 50% methanol.
Glycopeptides were lyophilized and stored at —20 °C until analysis.

Oligosaccharide preparation and analysis. Arylphorins (10 pg) were
employed for glycan analysis. Oligosaccharide release from proteins,
2-aminobenzamide labelling of glycans, and separation by normal-
phase HPLC were carried out as described previously [11].

Identification of glycosylation sites. N-glycosylation sites in aryl-
phorin were initially predicted with the NetNGlyc server [http://
www.cbs.dtu.dk/services/NetNGlyc/] using artificial neural networks
that examine the context of Asn-Xaa-Ser/Thr sequences [13]. To
establish the site of N-glycosylation on the protein, MALDI-TOF
mass spectrometry (MS) was used. All mass spectra were recorded on
Voyager DE-STR (ABI) MALDI-TOF MS in the positive linear mode
at 20 kV accelerating voltage. All samples were irradiated with UV
light (337 nm) from the N, laser at a repetition rate of 3 Hz and
average of 500 laser shots. Mass spectra were externally calibrated
using a standard peptide mixture that was spotted adjacent to the
sample spot. The 2,5-dihydroxybenzoic acid (DHB) matrix was pre-
pared by dissolving 10 mg DHB in 1 ml acetonitrile/water (1:1, v/v).
0.5 ul of sample dissolved in deionized water (20 pul) was loaded on the
MALDI target and mixed with 0.5 ul DHB matrix solution. Sample
spots were allowed to dry at room temperature and re-dissolved in
0.1 pl ethanol for re-crystallization.

Modelling of oligosaccharides. Three-dimensional atomic coordi-
nates of oligosaccharides were obtained from the glycosciences data-
base SWEET-DB [14] [http://www.dkfz-heidelberg.de/spec2/sweetdb/]
in which spatial representations were generated with SWEET-II [15]
and optimized using the MM3 force field, as implemented in the
TINKER molecular modelling package [16]. Oligosaccharide struc-
tures were obtained with the graphical software, PyMOL (http://
pymol.sourceforge.net/).

Sequence alignment and homology modelling of arylphorin. The
amino acid sequence of the Chinese oak silkworm A. pernyi arylphorin
(704 residues), was obtained from the Swiss-Prot/TTEMBL protein
database (Accession No. AAP34685). Highly homologous sequences
with known three-dimensional structures were identified from a se-
quence-structure homology recognition program, FUGUE [http://
www-cryst.bioc.cam.ac.uk/fugue] [17]. The resulting sequences were
aligned and formatted using JOY [18].

Three-dimensional models of the arylphorin monomer were gen-
erated using the MODELLER package [http://www.salilab.org/mod-
eller/modeller.html] [19]. Models were based on the crystal structures
of hemocyanin proteins from Panularus interruptus (3.20 A, 1hcl-6)
and Limulus polyphemus (2.20 A, 1lla) available within the Protein
Data Bank. The quality of the protein model was evaluated with two
different validation programs, specifically, Verify3D [20] and RAM-
PAGE [21].

Results and discussion
Identification of glycosylation sites

Asn57, Asnl96, and Asn344 of arylphorin are N-gly-
cosylated, as predicted using the NetNGlyc 1.0 Server
(http://www.cbs.dtu.dk/services/NetNGlyc/). To deter-
mine the glycosylation site and glycoform at each site,
the glycopeptide pool was subjected to MALDI-TOF
MS analysis. MS signals disclosed two N-glycosylation
sites in arylphorin, specifically, Asn196 and Asn344
(Fig. 1). These include oligomannose and truncated gly-
cans with or without fucosylation, in agreement with a
previous study [11]. The biggest structure detected was
consistent with the assignment of Glc;ManygGIcNAc,.
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Fig. 1. Glycosylation site analysis of arylphorin by MALDI MS.
Glycopeptides were prepared as described in Materials and methods. All
molecular weights represent the monoisotopic masses of the respective
[M + NaJ" ions of a particular glycan species. The major structures are
depicted as follows: G, glucose; M, mannose; N, N-acetylglucosamine;
and F, fucose.

Interestingly, the second site was occupied by bigger
oligomannose structures, including monoglucosylated
glycan, which were processed to a limited extent
in ER. However, the third site mainly contained
Man;s_¢GIcNAc, which were mostly processed glycans
and the same ones obtained as native arylphorin was
treated with PNGase F [11]. The data collectively
indicate that the second N-glycosylation site is in a
restricted local structure for processing glycosidases
(such as a-glucosidase II or a-mannosidase), while the
third site is in a freely accessible location.

Seasonal variation of the glycan profile

Protein glycosylation is significantly affected by envi-
ronmental conditions, including temperature and food.
A. pernyi larvae are cultured twice a year, specifically,
in the spring and autumn. Arylphorin purified from lar-
vae reared during the spring contains both truncated
and simple oligomannose type glycans, including mono-
glucosylated oligosaccharide (Fig. 2A). In contrast, the
storage protein of larvae grown in the autumn mainly
contains monoglucosylated oligosaccharide, along with
oligomannose type glycans (Fig. 2B). The findings sug-
gest that development of the oligosaccharide structure
is dependent on the metabolic rate of a given organism.
Additionally, the local protein structure of arylphorin
may affect glycan processing, since monoglucosylated
oligosaccharide is universally present in proteins which
are extracted from larvae reared at different seasons.
We conclude from the data that de-glucosylation at
the second glycosylation site is not completed before
the end of appropriate protein folding and assembly,
so monoglucosylated oligosaccharide remained in the
mature protein.
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Fig. 2. Seasonal variation of the glycan profile released from A. pernyi
arylphorin. Oligosaccharide preparation and analysis are described in
Materials and methods. Arylphorin glycans were obtained from larvae
grown in the (A) spring or (B) autumn. Oligosaccharide structures are
described as follows: G, glucose; M, mannose; N, N-acetylglucos-
amine; and F, fucose.

Sequence alignment of the arylphorin monomer

To determine the glycosylation sites in a three-dimen-
sional conformation of arylphorin, homology modelling
was performed. Two hemocyanin proteins (P. interrup-
tus and L. polyphemus) were selected as the templates.
The overall sequence identity between arylphorin and
hemocyanin was 28%. However, when structurally re-
lated amino acid residues in the mismatch positions were
included, the sequence similarity increased up to 45%.
Using the program FUGUE, the amino acid sequence
of arylphorin (residues 17-665) was aligned with those
of hemocyanin monomers from P. interruptus (residues
5-653) and L. polyphemus (residues 2-628), whose crys-
tal structures have been solved at resolutions of 3.2 A
[23] and 2.0 A [24], respectively (Fig. 3). A Z-score of
88.13 was calculated from the alignment. The data indi-
cate that the arylphorin monomer contains 16 a-helices,
3 3o-helices, and 15 B-strands.

Homology modelling of the arylphorin hexamer

The insect storage protein, arylphorin, consists of six
homogeneous subunits [10]. The structure of the aryl-
phorin monomer was obtained using the program
MODELLER (Fig. 4A), and the hexamer was con-
structed based on the atomic coordinates of hemocyanin
protein chains A to F (P. interruptus) (Fig. 4B). The
model structure of the arylphorin monomer was
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Fig. 3. Sequence alignment of arylphorin with hemocyanin proteins of P. interruptus and L. polyphemus. Lowercase, solvent accessible; uppercase,
solvent inaccessible; bold, hydrogen bond to main-chain amide; underline, hydrogen bond to main-chain carbonyl; cedilla, disulfide bond; and italic,
positive ¢ torsion angle. The proposed secondary structure elements in the arylphorin structure are specified (a, o-helix; b, B-strand; and 3, 3;¢-helix).
Glycosylated Asn residues are indicated with arrows. Aryl, arylphorin; Hemo_P, P. interruptus hemocyanin; and Hemo_L, L. polyphemus.

Fig. 4. Molscript [22] representation of homology-modelled structures of arylphorin monomer and hexamer. (A) Cartoon representation of the
predicted A. pernyi monomer structure. The potential second glycosylation residue is depicted with dotted open circles, and the Asn residue
of the third site as spheres. (B) Hexameric structure of arylphorin. The view represents the twofold axis of the hexamer. (C) Ramachandran plot of
the model structure of the monomer. The total number of residues analyzed is 626. The graph was prepared using the program RAMPAGE [25].
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analyzed using the validation software, RAMPAGE
[21], to evaluate its stereochemical quality. A Rama-
chandran plot exhibited good distribution for the [¢]/
[y] angles, consistent with a good quality model (Fig.
4C). For the monomer, 85.1% (533) of residues (non-
Gly and non-Pro) were in the most favored regions,

Man(a1-2)Man(al1-6)
an(al-6)
Man(al-2)Man(a1-3)

Gle(al-3)Man(al-2)Man(al-2)Man(al-3

>4an(B 1-4)GlecNAc(B1-4)GlcNAc

7.8% (49) in the additionally allowed regions, and
7.0% (44) in the disallowed regions. The model was
further validated with the program Verify3D [20]. Each
monomer scored between 0.00 and 0.82 (versus be-
tween 0.12 and 0.72 for P. interruptus, and 0.05 and
0.69 for L. polyphemus).

Man(al -6)\
sMan(al-6)
Man(al-3)
Man(p1-4)GlcNAc(f 1-4)GleNAc
Man(al-3)

Fig. 5. The three-dimensional model structures of glycans. Atomic coordinates were obtained from a carbohydrate-related database (SWEET-DB:
http://www.dkfz-heidelberg.de/spec2/sweetdb/) [14]. A graphical presentation was prepared using the software PyMol (http://pymol.sourceforge.net/).

Fig. 6. Stereo view of the arylphorin hexamer. The molecular surface of the arylphorin hexamer is illustrated using the graphical software, PyMol.
(A) Orthogonal view of the hexamer; (B) side view of the hexamer. Potential glycosylation sites are depicted as closed circles.
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Molecular modelling of arylphorin

The sequence alignment (Fig. 3) revealed no consen-
sus sequence within arylphorin between Tyr194 and
Phe213, which contains the second monoglucosylated
oligosaccharide site. It was almost impossible to build
up a reliable structure by current computer-aided mod-
elling technologies due to lack of homology, particularly
in situations where a number of sequences (i.e., 20 ami-
no acids) were missing. Although the missing sequences
contain the second glycosylation site, it was possible to
identify this site with the help of neighboring sequences.
In this regard, the homology model structure was built
up with truncated sequences from 194 to 213. According
to the model structure, amino acids 194-213 are buried
in the twofold axis of the hexamer (Figs. 4B and 6B).
Therefore, Asn196 of the second glycosylation site is un-
likely to be exposed to the surface of the protein hexa-
mer, and the N-glycosidic linkage of this residue is
completely buried inside the protein. However, the
three-dimensional structure of the monoglucosylated
glycan is bulky, as shown in Fig. 5. We thus speculate
that the bulky structure protrudes outside the interface
of the two trimers due to steric hindrance (Fig. 6B).

While the precise conformation of the Glc
ManyGIcNAc; oligosaccharide is yet to be determined,
it is clear that Asn196 of the second glycosylation site
is inaccessible consistent with previous biochemical
data [11]. In contrast, Asn344 is located on the surface
of the protein hexamer, implying that the third glyco-
sylation site is fully exposed to solvent (Figs. 4A and
6A). PNGase F treatment of native or denatured aryl-
phorin released simple oligomannose type glycans [11]
typically present in the third site.

GlciMangGleNAc, is rarely identified in native mature
glycoproteins, but has been described in many species. A
wide range of storage proteins, such as immunoglobulins
of egg yolk of hen, Japanese quail or pigeon [26-28] or tis-
sues, such as eggjelly coat of a starfish, Asterias amurensis,
and vitellogenic substances from the ovary of A. rubens
[29,30] and decapod crustacean Cherax quadricarinatus
[31] contain the oligosaccharide as a major N-glycan.
Moreover, monoglucosylated oligomannose comprises
some 20-40% of the total glycans in a-mannosidase ex-
tracted from jack bean that is a plant storage tissue [32].
These are all large hydrophobic proteins. Khalaila et al.
[31] suggested that protein size and hydrophobicity are
linked to the presence of the monoglucosylated oligosac-
charide, GlciMangGIcNAc,. This is the first report on
sterical resolution of the glycosylation site of arylphorin
containing monoglucosylated oligosaccharide.

The crystal structure of the arylphorin hexamer is
essential to locate glycans and establish their role in pro-
tein folding or assembly. The three-dimensional model
reported in this study provides a starting point for
addressing glycan function in arylphorin.
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