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Protein glycosylation is a central issue for post-genomic (proteomic) sciences. We have
taken a systematic approach for analyzing soluble glycoproteins produced in the nema-
tode Caenorhabditis elegans. The approach aims at assigning (i) genes that encode gly-
coproteins, (ii) sites where glycosylation occurs, and (iii) types of attached glycan
structures. A soluble extract of C. elegans, as a starting material, was applied first to a
concanavalin A (ConA) column (specific for high-mannose type N-glycans), and then the
flow-through fraction was applied to a galectin LEC-6 (GaL6) column (specific for com-
plex-type N-glycans). The adsorbed glycoproteins were digested with lysylendopepti-
dase, and the resultant glycopeptides were selectively recaptured with the same lectin
columns. The glycopeptides were separated by reversed-phase chromatography and
then subjected to sequence determination. As a result, 44 and 23 glycopeptides captured
by the ConA and GaL6 columns, respectively, were successfully analyzed and assigned
to 32 and 16 corresponding genes, respectively. For these glycopeptides, 49 N-glycosyla-
tion sites were experimentally confirmed, whereas 21 sites remained as potential sites.
Of the identified genes, about 80% had apparent homologues in other species, as repre-
sented by typical secreted proteins. However, the two sets of genes assigned for the
ConA and GaLé6-recognized glycopeptides showed only 1 overlap with each other. Proof
of the practical applicability of the glyco-catch method to a model organism, C. elegans,

directs us to explore more complex multicellular organisms
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Glycosylation endows a protein with reinforced properties
not inherent to the naked protein (7). Because a majority of
glycans are expressed on the cell surface or in the extracel-
lular space, they are destined to play important roles in
various recognition phenomena, such as in cell differentia-
tion (2-6), immunity (7), morphogenesis (8), apoptosis (9),
carcinogenesis (10, 11), etc. Ever since completion of
genome/cDNA sequencing projects for some multicellular
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organisms, eg., Caenorhabditis elegans (12), Drosophila

melanogaster (13), Mus musculus (14), and Homo sapiens:

(15), keen attention has been paid to protein glycosylation
as a critical and complicated issue regarding post-transla-
tional modifications in eukaryotes. From a practical view-
point, most of the genes encoding either secreted or mem-
brane-anchored proteins are likely to be glycosylated,
because they have consensus “sequeon(s)” for N-glycosyla-
tion sites (i.e., Asn-X-Ser/Thr; X is any amino acid except
Pro; 16). In most cases, however, such information is based
on computer prediction (i.e., in silico annotation), and thus
has not been confirmed by experiments. Since the process
of protein glycosylation is entrusted to the eventual work of
individual glycosyltransferases existing in the ER and
Golgi, the final products (i.e., glycoproteins) are inevitably
diversified in terms of attached saccharide chains. Such
heterogeneous nature of glycans is believed to have some
important implications for life systems, but we are still far
from arriving at a satisfactory concept. Apparently, this is
due to the lack of basic knowledge on protein glycosylation
from a holistic viewpoint. With the concept of “glycomics,”
where “glycome” is defined as a whole set of glycans pro-
duced in a single organism (I17), our glycome projects are
focused on the following four points; (i) which genes encode
glycoproteins (genome information), (ii) which of their
potential glycosylation sites are actually glycosylated (site
information), (iii) what are individual glycan structures
(structural information), and (iv) what are the biological
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effects of these glycans (functional information).

To substantiate the project, we adopted our recently
devised “glyco-catch” method (18, 19). This enables one to
assign glycoprotein genes in a systematic manner through
the combination of conventional lectin-affinity chromatog-
raphy and an advanced in silico database search. Briefly,
groups of glycoproteins are purified from a crude extract on
lectin-agarose columns (step 1). Since the adsorbed glyco-
proteins often contain non-glycoproteins (e.g., through pro-
tein—protein interaction) or non-target glycoproteins (e.g.,
through incorporation of cross-linking endogenous lectins),
they are extensively digested with lysylendopeptidase (step
2). The resultant glycopeptides are reapplied to the same
lectin columns as those used in step 1 (step 3). The recap-
tured glycopeptides are separated by reversed-phase chro-
matography (step 4), and then each fraction is subjected to
automated sequencer analysis (step 5). Finally, nucleotide
sequences satisfying the result obtained in step 5 are
searched for in genome/proteome databases (step 6). For
unambiguous assignment of genes, we need not know the
whole sequence of the peptide. In practice, the acquisition
of sequence information on 5-8 positions (not necessarily
from the N-terminus) is adequate for assigning a target
gene in genome/proteome databases. In principle, it is pos-
sible to begin the glyco-catch procedure with protease di-
gestion (step 2) without purification of a group of glycopro-
teins (step 1). From a practical viewpoint, however, it is
strongly recommended to include this step for the following
reasons: firstly, if step 1 is omitted, a large amount of pro-
tease (e.g., >10 mg) should be used for complete digestion of
proteins included in the crude extract. Moreover, various
lines of important information on target glycoproteins
should be lost. These include molecular sizes determined by
SDS-PAGE and reactivity with biotinylated lectins deter-
mined by lectin-blot analysis.

As the first target of this glycoproteomic approach, solu-
ble glycoproteins secreted by the nematode C. elegans were
chosen. Nematodes belong to the protostomes, and are thus
very distant phylogenically from vertebrates, which belong
to the deuterostomes. However, this worm has various mer-
its as a multicellular model organism: firstly, its complete
genome sequence is known (12) as well as the established
cell lineage (20). Secondly, its genome size is relatively
small (approximately 1 x 10® bp), and thus it should pro-
duce a smaller number of proteins (estimated to be
<19,000) than mammals (30,000-50,000). Presently, how-
ever, only limited information is available on protein glyco-
sylation in C. elegans (21, 22). In this study, concanavalin A
(ConA) and C. elegans galectin LEC-6 (GaL.6) were chosen
to prepare distinct types of glycans; i.e., high-mannose type
and complex type N-glycans, respectively. The former is a
representative plant lectin having high affinity for high-
mannose type N-glycans (23, 24). On the other hand, the
latter is characterized as a major endogenous galectin in C.
elegans (25; for a review of galectins, see Ref 26). GalL6
retains all of the critical amino acids for exerting sugar-
binding functions (His*, Asn%, Arg#, Val®®, Asn®, Trp®,
Glu™, and Arg™; the residue numbers are those of human
galectin-1). Therefore, this galectin, as well as many verte-
brate galectins, retains high selectivity to complex-type N-
glycans (19, 27, 28). Thus, by using these two types of lec-
tins as core tools, we can expect to acquire a global view of
the glycoproteins of an organism most efficiently.
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In the present study, 47 genes that encode glycoproteins
recognized by either ConA or GaL6 as well as 70 N-glycosy-
lation sites were assigned based on experiments. We also
analyzed N-glycans released on hydrazinolysis from the
two groups of glycoproteins, and compared their chemical
structures by matrix-assisted laser-desorption ionization
time-of-flight, mass spectrometry (MALDI-TOF MS).

MATERIALS AND METHODS

Reagents—ConA-agarose (5 mg/ml gel) and biotinylated
ConA were products of Vector Laboratories. Anhydrous
hydrazine (99%) was from Kodak. 2-Aminopyridine and all
other biochemical reagents were purchased from Wako
Pure Chemicals (Tokyo).

Preparation of Glycoproteins—Mixed stage worms (10 g,
wet weight) were disrupted by sonication on ice with 50 ml
of Tris-buffered saline (TBS; 50 mM Tris-HCI [pH 7.5], 150
mM NaCl). The homogenate was centrifuged (15,000 Xg,
4°C, 25 min), and the obtained supernatant (soluble ex-
tract) was applied to a ConA-agarose column (bed volume,
20 ml), which had previously been treated with 20 ml of a
metal solution (0.1 mM CaCl,, 0.1 mM MnCL) and then
equilibrated with TBS at 4°C. After extensive washing of
the column with TBS, the adsorbed glycoproteins were
eluted with TBS containing 0.1 M methyl-a-D-mannoside.
On the other hand, the flow-through fractions (70 ml) were
pooled, supplemented with 2 mM EDTA, and then applied
to a column of GaL6-agarose (bed volume, 15 ml; 5 mg/ml
gel) prepared as described previously (25), which had previ-
ously been equilibrated with phosphate-buffered saline
(PBS; 20 mM Na-phosphate [pH 7.2], 150 mM NaCl) sup-
plemented with 4 mM B-mercaptoethanol and 2 mM EDTA
(MEPBS). After extensive washing of the column, the
adsorbed glycoproteins were eluted with MEPBS contain-
ing 20 mM lactose. The fraction volume was set at 20 ml
throughout the experiment.

Preparation of Glycopeptides—Glycoproteins eluted from
the above lectin columns (both ConA and Gal6) were pre-
cipitated with two volumes of ethanol (-20°C). After centrif-
ugation (9,000 xg, 4°C, 20 min), the precipitate was dried
and protein was dissolved in 4 ml of 8 M urea containing 40
mM B-mercaptoethanol for denaturation (1 h at 37°C).
Immediately after dilution of the reaction solution with 4
ml of 0.1 M NaHCO,, pH 8.5, lysylendopeptidase [Achromo-
bacter protease I (29); Wako Pure Chemicals, Tokyo], 1/100
(w/w) relative to the glycoproteins, was added, and then
digestion was allowed to proceed for 48 h at 37°C. For inac-
tivation of the protease, p-aminoethylbenzenesulfonyl fluo-
ride (Wako Pure Chemicals) was then added to give a final
concentration of 0.1 mM, and the incubation was continued
for another 1 h at 37°C. After dilution of the digest with the
same volume of equilibration buffer, TBS for the ConA frac-
tion or EPBS for the Galé fraction, the digest was applied
to the same type of lectin column with a reduced bed vol-
ume, i.e., 10 ml (ConA-agarose) and 7.5 ml (Gal.6-agarose).
After extensive washing of the columns, the captured glyco-
peptides were eluted from the ConA column with the buffer
containing 0.1 M methyl-a-D-mannoside and from the
Gal.6 column with that containing 20 mM lactose. The gly-
copeptides thus eluted (2040 ml) were concentrated by
ultrafiltration using a Centriplus YM-3 (Millipore; exclu-
sion size, 3,000 Da), and fractionated by reversed-phase
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chromatography on a trimethylsilyl (TMS)-derivatized col-
umn,.Develosil UG-5 (Nomura. Chemicals, Tokyo, Japan;
4.6 x 150 mm). Peptides were eluted with a linear gradient
of increasing concentrations of acetonitrile in 0.1% (v/v) trif-
luoroacetic acid, i.e., 5-15% (0—5 min) and then 1545% (5—
55 min), at a flow rate of 1.0 ml/min. The elution of pep-
tides was monitored as to absorbance at 210 nm (A4,,,) and
fluorescence (excitation and emission wavelengths, 285 and
350 nm, respectively) based on tryptophan. Fractions were
taken every minute, and an aliquot of each (1/8 for ConA
fractions and 1/2 for GaL6 fractions, respectively) was sub-
jected to analysis with a Shimadzu PPSQ-21 protein se-
quencer.

Assignment of Genes and Prediction of Protein Types—
On the basis of the peptide sequence information obtained
above, genes in the C. elegans genome databases (Gen-
Bank/EMBIL/DDBJ) were assigned essentially as described
previously (I8). For searching databases, the motif search
program, SQMATCH, developed by the National Institute
of Genetics, Mishima (http/ftp2.ddbj.nig.ac.jp:8080/
sqmatch_ja.html), was mainly used with relatively short
query sequences. On the other hand, the more common
TBLAST-N (30) was used when searching databases with
relatively long query sequences that contained multiple
ambiguous sites. In any case, to establish a valid gene
assignment, the following conditions must be fulfilled: (i)
considering the rigorous specificity of lysylendopeptidase
(29), the captured peptides should follow lysine except
those derived from the N-terminal part of mature proteins.
(i1) Each peptide should contain at least one potential N- or
O-glycosylation site. (ili) The length of each peptide de-
duced from the genome sequence should be consistent with
its retention on a reversed-phase chromatography column.
Some fractions may contain more than two peptides, but it
is often possible to assign multiple genes by considering the
yields of phenylthiohydantoin (PTH)-amino acids and the
requirements for the “hit” mentioned above.

For prediction of hydrophobic regions and classification of
membrane proteins, a SOSUI program (http://www.
genome.ad.jp/SOSui/index.html) was used.

Hydrazinolysis and Pyridylamination—Hydrazinolysis
was performed for portions (0.1 mg) of the purified glyco-
protein fractions obtained above according to an estab-
lished procedure, i.e., 100°C and 10 h (31). The liberated N-
glycans were labeled with 2-aminopyridine to generate PA-
oligosaccharides by the established procedure (32). An ex-
cess amount of 2-aminopyridine was removed by repeated
extraction with buffered phenol (pH 7)~chloroform (1:1, v/v,
3 times) followed by chloroform (3 times), and further by
gel filtration on an Asahipak GS-310 column (Asahi Chemi-
cals, Tokyo; 7.8 x 250 mm; exclusion size determined for
pullulan, 40,000 Da) equilibrated with 10 mM ammonium
acetate, pH 6.0.

MALDI-TOF MS Analysis of PA-Oligosaccharides—PA-
oligosaccharides derived through the above procedure were
subjected to MALDI-TOF MS analysis essentially as de-
scribed previously (33) except that dihydroxybenzoic acid
was used as the matrix instead of a-cyano-4-hydroxy ben-
zoic acid. The data were collected with a TOF mass spec-
trometer, PE Biosystems Voyager DE STR MALDI (Foster
City, CA, USA).
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RESULTS

Purification of Soluble Glycoproteins by ConA and GaL6-
Affinity Chromatography—In this study, a soluble extract
of worms (10 g) was first applied to a ConA-agarose column
(bed volume, 20 ml), and the flow-through fractions were
then applied to a Gal6-agarose column (15 ml). The pro-
teins adsorbed on the two columns were eluted with either
0.1 M a-methyl-mannoside (ConA, shown by an arrow in
Fig. 1a) or 20 mM lactose (Gal6, Fig. 2a). As a result, 23.1
and 3.9 mg, respectively, of glycoproteins were obtained. As
far as examined by SDS-PAGE (Figs. 1b and 2b for the
ConA and Gal.6 fractions, respectively), the compositions of
the observed bands for the two fractions were totally differ-
ent. Therefore, it seems likely that glycoproteins specifically
recognized by ConA and GaL.6 were obtained. However, the
possibility remains that some glycoproteins having affinity
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Fig. 1. (a) Purification of soluble glycoproteins from C. elegans
on a ConA-agarose column. A soluble extract from 10 g of worms
was applied to a column of ConA agarose (bed volume, 20 ml) equili-
brated with TBS at 4°C. After extensive washing of the column, the
adsorbed glycoproteins were eluted with 0.1 M methyl-«-D-manno-
side (shown by an arrow). (b) Analysis of the adsorbed glycopro-
teins separated by SDS-PAGE. An aliquot of the ConA-agarose-
adsorbed fraction was applied to a 14% gel, and the protein was
stained with silver. (¢) Elution profile on reversed-phase chro-
matography of glycopeptides recaptured by ConA-affinity
chromatography. Adsorbed glycoproteins obtained in “a” were pre-
cipitated with EtOH, extensively digested with lysylendopeptidase,
and then recaptured by using a ConA-agarose column with a re-
duced bed volume (10 ml). The adsorbed glycopeptides were eluted
with 0.1 M methyl-a-b-mannoside (data not shown), concentrated to
4 ml by ultrafiltration (Millipore YM-3 filter), and then applied as an
aliquot (2 ml) to an HPLC separation system on a TMS column (for
details, see “MATERIALS AND METHODS”). An aliquot of each
fraction (1 ml) was subjected to sequencer analysis, and the assigned
peptides were designated as C1 to C44. For peptide sequences and
relevant information, see Table I. Solid line, absorbance at 210 nm;
faint line, fluorescence (excitation and emission wavelengths, 285
and 350 nm, respectively).
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to Gal8, such as those having hybrid type N-glycans or
those having both high-mannose type and complex type N-
glycans, were adsorbed on the ConA column, because it was
used first in this study. However, this possibility is less
likely due to the fact that biotinylated Gal.6 did not signifi-
cantly stain protein bands of the ConA fraction (data not
shown). The conclusion that ConA-binding glycoproteins
are dominant (>80%) over GaL6-binding glycoproteins is
consistent with a recent observation by Natsuka et al. (34).

Affinity Capturing of Glycopeptides and Gene Assign-
ment—To proceed with the glyco-catch analysis, we pooled
the glycoproteins described above, ethanol-precipitated
them, and then digested them with lysylendopeptidase.
Completion of proteolysis was confirmed by the disappear-
ance of high-molecular-weight proteins upon SDS-PAGE on
a 14% gel (data not shown), and the resultant glycopeptides
were selectively recovered by using the same lectin col-
umns. Thus recaptured glycopeptides were concentrated by
ultra-filtration, and then fractionated by high-performance
liquid chromatography on a trimethylsilyl reversed-phase
column (Fig. 1¢ for the ConA-binding glycopeptides, and
Fig. 2¢ for the GaL6-binding glycopeptides). Every fraction
between 10 and 50 in each chromatography was subjected
to automated sequencer analysis. Based on the acquired
amino acid sequence information, corresponding nucleotide
sequences were searched for in the C. elegans genome data-
bases. As a result, 44 glycopeptides (C1-C44) from the
ConA fraction and 23 glycopeptides (G1-G23) from the
Gal6 fraction were successfully sequenced. From these
data, 32 genes were assigned for the ConA fraction (Table
D), whereas 16 genes were assigned for the GaL6 fraction
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Fig. 2. (a) Purification of soluble glycoproteins from C. elegans
on a Gal.6-agarose column. The flow-through fraction obtained in
Fig. 1a was applied to a column of GaL6 agarose (bed volume, 15 ml)
equilibrated with MEPBS at 4°C. After extensive washing of the col-
umn, the adsorbed glycoproteins were eluted with 20 mM lactose
(shown by an arrow). Explanations for “b” and “¢” are essentially the
same as in Fig. 1 except that the assigned peptides were designated
as G1 to G23.
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(Table II). Notably, there was only one overlapping gene
(i.e., ZC64.2), which was found in both fractions (discussed
more in detail later). The assigned genes are listed in
Tables III and IV, respectively.

The features of the thus assigned peptides and genes are
as follows: (1) As expected, these peptides were preceded by
a lysine with the exceptions of C3, C19, C24, and G7. Ac-
cording to genome database information, all of these pep-
tides were found to be preceded by presumed signal pep-
tides, all of which ended with Ala. (ii)) Among the analyzed
67 peptides, 60 had a single N-glycosylation site, and 5
(C16, G16, G17, G19, and G20) had multiple sites, whereas
the remaining 2 (C39 and G18) unexpectedly lacked such a
site. As a possible explanation for this discrepancy, non-gly-
copeptide G18 may be covalently linked to glycopeptide
G19 through disulfide bond(s), because both peptides are
encoded by F57F4.4, having multiple cysteine residues.
More conclusively, both G18 and G19 were recovered in the
same fractions, 35-38, in similar yields (see Table II) on
reversed-phase chromatography (Fig. 2¢). On the other
hand, the lack of an N-glycosylation site in C39 may be
attributed to either accidental contamination or miss-pre-
diction of an open reading frame for gene F20D6.4. Yet
another possibility remains, i.e. that C39 is a non-glycosy-
lated peptide having significant affinity for ConA. (iii)
Among the assigned 47 genes (note that ZC64.2 overlaps),
37 encoded proteins having homologues in other species
and most having extracellular functions, eg., proteases
(serine protease, cysteine protease, and metalloprotease),
protease inhibitors (Kunitz family protease inhibitor and
a2-macroglobulin), glycosidases (melibiase, B-hexosamini-
dase, and glucosidase), carriers for calcium ions (calseques-
trin) or hormones (transthyretin), vitellogenin (35), ex-
tracellular type superoxide dismutase (36), and cell-adhe-
sion molecules [von Willebrand factor A domain and C-type
lectin (37)]. On the other hand, the remaining 10 had no
apparent homologues in other species. (iv) According to the
result of SOSUI analysis of the assigned 47 genes, 33
encoded secreted proteins as expected, having a single sig-
nal hydrophobic region in the N-terminus (known as a
cleavable leader sequence). Among the remainder, 7
encoded membrane-anchored proteins, ie, 1 type-I
(C44B7.5) and 3 type-1I (F32B5.8, F35C5.9, and F23B2.11),
and 3 with multiple membrane-anchored regions
(W09D12.1, Y16B4A.2, and F57F4.4). The corresponding
peptides were possibly derived through partial proteolysis
during the extraction procedure, or derived from soluble
proteins as a result of alternative splicing. On the other
hand, the other 7 (F20D6.4, C18H7.1, T06D8.1, KO7TE12.1,
Y49E10.18, Y4C6B.6, and T28F3.8) were predicted to be
soluble, and thus cytoplasmic proteins having no hydropho-
bic regions. However, as far as their predicted functions are
concerned, they are not likely to be cytoplasmic proteins;
i.e., Kunitz family protease inhibitor (F20D6.4), von Wille-
brand factor A domain (C18H7.1), cell-adhesion molecule
(KO7E12.1), lipase (Y49E10.18), and glucosyl hydrolase
(Y4C6B.6) are all proteins with extracellular functions.

Representative C. elegans Glycoproteins Recognized by
ConA and GaL6—Among the identified genes, C37C3.6
and F57F4.4 encode major glycoproteins in the ConA and
Gal6 fractions, respectively, because both of them code for
extremely large proteins (1,558 and 2,153 amino acids,
respectively), contain a number of potential N-glycosylation
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sites (Fig. 3), and are expressed abundantly (Tables III and
IV). In the present analysis, 7 glycopeptides (C1, C6, C15,
C23, C27, €29, and C32) from C37C3.6, and 7 (G2, G186,
G17, G18, G19, G20, and G21) from F57F4.4 were captured
in relatively high yields (Table I). Asn268 (C23), Asn933
(C1), and Asn1090 (C6) were not detected as a PTH deriva-
tive in the corresponding cycles, and thus were confirmed

107

to be actually glycosylated (.e., “confirmed” glycosylation
site, denoted by N on black background in Fig. 3). On the
other hand, Asn445 (C29), Asn541 (C32), and Asn638 (C15)
were out of the range of the sequence analysis, and there-
fore their glycosylation has not yet been confirmed based
on experiments. However, these peptides contain only 1
potential N-glycosylation site; and thus they should be glyc-

TABLE 1. Summary of the assigned peptides captured by ConA-agarose.

ID Analyzed sequences* Fr. No. (yield, pmol) Cosmid
Cl INGTGCGENCL TTK. 12 (68) C37C3.6
C2 NRTI TYDK. 12 (41) T14F9.3
C3 BL‘QNVTVK. 13 (1160) Y5F2A.1
15 (48)
Cc4 CEQHANGTIT MQAANDPK. 13 (64) ZC412.3
(o) YLRATNRMES QLETK. 13 (80) ZK337.1a
Cé6 LAA_CN@( YES GTVCGAGYK. 14 (188) C37C3.6
16 (40)
Cc7 LNGSVSGLAA GK. 15(37) F55H2.1
Cc8 YTLYK. 15 (25) F32B5.8
C9 SICER[NSTIL NARN. 16 (32) ZK858.3
C1i0 SDLKPYVGNA TIK. 17 (31) ZK337.1a
Cili N_FNRTVFAED TK. 17 (28) F40E10.3
Cl12 STDIGVYVK. 17 (38) RO7B7.11
Ci3 ITNDVPAS SPADCARK. 19 (40) TO6DS. 1
Cl4 GGLSYHGNTR NNTGIIDLSG ESK. 20 (164) C44B7.5
Cl5 TRRVICAIHQ NGGLEVVDEG HCQAEK/ PEGK/ TNCTNEEK. 20 (140) C37C3.6
Cl6 APENMTLPET MNTATQESAC GSL ..... NDSL ..... VPLK. 20 (64) K07C11.3
C17 SKFTINETCTP HLVYSPQTAQ VK 21(28) C05D9.3
Cl18 lVNLYYYTG DK. 22 (40) ZK688.6
Cl19 GADLDVPTNI ANRTMAVK. 22 (72) ZC64.2
C20 DGIVTGSYT ANNGCK. 22(112) C25B8.3
23 (140)
C21 TVPADTRmLT VNVDDEDTPY VVK. 22(19) KO7E12.1
C22 IIGCHAENVG NTIGINQVT SGDIVYSCTK. 25 (140) ZC412.3
C23 GSDHFYLNG NGLIQVEK. 26 (144) C37C3.6
C24 EITVISNLAV VGSPESHVGT PN& 28 (112) F54D7.4
C25 ADVPCLNDTE MLSYMNNPK. 29 (196) F41C3.5
30 (140)
C26 DLGTTAFEDI SFPARAPPAF VNQTTEK. 31 (56) C25A1.8
C27 TIAFGPHYSG CERSSFPCEL SDF ..... LGK/ NGTG..... LTTK. 31(100) C37C3.6
32 (68)
C28 QIVTDRFFW PPETYK. 32 (160) TI13F3.6
C29 SCETVDCEAE WFTGDWESCS STC ..... NCTV ..... PPVK. 32 (56) C37C3.6
C30 MASVVYIESP AGVGYSYATD GNITT ..... EAVK. 33 (264) F41C3.5
C31 TYNYWTVSSR PENNENDRVV VQL ..... NITM ..... IELK. 35 (468) C42D8.2
36 (120)
37 (56)
C32 LLAADACPAD EQEKFDTERT CNL ... NDTE ..... VTCK. 35(108) C37C3.6
36 (270)
37 (44)
C33 SSSFLAPFN VQVPDEVDWR DTHLVTDVK. 35 (144) TO3EG.7
C34 RLATAYFHDE VNQTGWAFLE VDVISPK. 38 (92) Y37D8A.2
C3s5 YCVGLPRGCV GTECNFAFSS ISNGTH .....V IDK. 38 (48) C44B7.5
C36 NMIRATINVE PRQRLTVNMT IET ..... EQK. 39 (36) K07H8.6
C37 MSSTVLNYI TGTSSSFLIN SVE ..... SEK. 40 (64) K07H8.6
C38  ELHDRVLFYP QGAFPLNNGS VIL ..... NDK. 41 (56) WO09D12.1
C39 SAMFVMEEPK DFTADHPFFF VLSK. 42 (84) F20D6.4
C40 RARDAVSSGF EMYTVAYTA HTP ... NE TL ..... LIDK. 43 (64) CI18H7.1
C4t ALEVGLELMA QRNVSIPTLV MVV ... DPK. 43 (56) CI18H7.1
C42 ATLFVVNSO DEWDAVREHF PQT ..... FEK. 44 (48) C25B8.4
C43 T_LNGSDNPAT WLQVADM VY VDN ..... DDK. 45 (64) F22E12.1
C44 KFTVVHNYGH SGNGFTLGYG SAV..... NATISEWVK. 46 (20) F20H11.5

*Analyzed regions are underlined. Internal lysine residues, possibly resulting from incomplete porteolysis, are
denoted in italics. Asparagine residues that were confirmed to be glycosylated are shown as white N on black back-
ground, whereas those remaining as potential N-glycosylation sties, because they were out of the range of sequence
analysis, are shown as N on gray background.
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osylated from a logical viewpoint (i.e., “logical” glycosylation
site). Similarly, F57F4.4, Asn554, Asn840, Asn1069, and
Asnl1578 are considered “confirmed” N-glycosylation sites,
whereas all of the others (i.e., Asn608, Asn632, Asn656,
Asn680, Asn865, Asnl1192, Asnl1214, Asnl789, Asn1818,
and Asn1836) remain as potential N-glycosylation sites. In
this case, no logical sites were assigned.

(C37C3.6 protein belongs to the Kunitz family of protease
inhibitors (PF00014 in the Pfam protein family database).
It shows the highest similarity to the tissue factor pathway
inhibitor precursor (38). On the other hand, F57F4.4 pro-
tein is characterized as a protein having EGF-like repeats

dJ. Hirabayashi et al.

(PF00008). Recent RNAi analysis of this gene showed a
phenotype in which the growth of worms was suppressed,
and the body became thin and sickly (39). As a result of a
genome database search, we also found that F57F4.4
showed close similarity (96% amino acid identity) to
F57F4.3 belonging to the same EGF-repeat family. There-
fore, we cannot determine which gene was responsible for
the captured glycopeptides. However, the latter gene
(F57F4.3) is predicted to encode two additional membrane-
spanning regions at the C-terminus. Notably, predicted
amino acid sequences for both genes contained the GPI-
anchoring consensus sequence (40, shown by an arrowhead

TABLE II. Summary of the assigned peptides captured by Gal.6-agarose.

ID Analyzed sequences* Fr. No. (yield, pmol) Cosmid
Gl VAAFQFANQS TAVPTYNNRR HYTRK. 15 (43) ZK1320.2
G2 VHN[CTSPEA GVTACCCDSD ACLDPNRGK. 16 (35) FS7F4.4

17 (49)

18 (44)
G3 DVVIQAVSAN RHNYTK. 16 (10) T28F3.8
G5 GMAFAMSDG]N TTAELQK. 19 (16) F35C5.9
G6 LVTRRNLTVT SPROPWYYQQ GSQY VITIAGYAK. 20 (10) Y16B4A.2
G7  GADLDVPTNIANRTMAVK. 21 (16) 7C64.2
G8 EGYWRSFNYN YDNAGYTSSP SENTTTC TEK. 23(9) ROSE3.2
G9 TEVNTTIPWT RPQ SAQSVN LRES VLK. 23 (35) F23B2.11
G10  IADANA[NNSI SEPSDFFGPP K. 24(8) K06GS.1
Gt1 NENLT VEDLQYK. 25(13) YA4C6B.6
G12  TFSVNCSEVG PQTDCFGFTS FDTTQK. 26 (6) Y49E10.18
G13  RS[N[YSDYWIG ANDLETSGTW K. 27 (10) WO4E12.8
Gl4  YLEMNVTELIK. 29 (12) T20D3.2

30 (5)
G15  YG[NSSTFAVVIAPAMDLK. 31(9) FI3H8.5
G16  [NATVYYCAPY GMCRYFGLGE GGS ..... NVTA ..... NISQ..... NNSH 32(14) F57F4.4

..... NCST ... VPGK. 33Q21)

34.(26)

35(27)

36 (28)

37(18)
G17  GDCVAVNLINT TYNGVATTASLYT .....NSTN ..... PPRK. 32(34) F57F4.4

33 (40)

34 (52)
G18  DTCRPLWSDR EVTACCCNNA DNCNLK. 35(23) F57F4.4

36 (24)

37 (16)

38 (8)
G19  DPNVKPGPAV LPDFPTACYQ GLLVNNQTY..... NHTA.... NMSN 35(7) F57F4.4

..... GPAK. 36 (10)

37 (13)

38 (13)
G20 CASYNARIAN DNVTLFACVP HSL ... NTTI ..... NGTA ..... INLK. 39 (25) FS7F4.4

40 (17) 1

41 (18)

42 (20)
G21 INJISMPVTNF RDYPIACFSG LYVNNMPISIAGWQACK. 39 (14) F57F4.4

40 (10)

41(15)

42 (12)
G22  IGNDFPLPDP IQDSTENRLI SYV....NGTFYNGLK. 46 (15) F40F4.6
G23  IGDDNPQIDP IQDFSSNRLI TYV... .NGTFYNGLK. 47 (13) F28B4.3

"Analyzed regions are underlined. Internal lysine residues, possibly resulting from incomplete proteolysis, are
denoted in italics. Asparagine residues that were confirmed to be glycosylated are shown as white N on black back-
ground, whereas those remaining as potential N-glycosylation sties, because they were out of the range of sequence
analysis, are shown as N on gray background. The asparagine residue in peptide G20, which was detecetd as a PTH

derivative on sequence analysis, is shown as N on rectangle.
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in Fig. 3b). This type of modification has also been pre-
dicted for C05D9.3 (integrin B-subunit) and ZK337.1a (a2-
macroglobulin) assigned from the ConA fraction.
MLADI-TOF MS Analysis of C. elegans N-Glycans—The
above results of glyco-catch analysis directed toward solu-
ble proteins of C. elegans indicated that ConA- and GaLé-
captured glycopeptides had essentially no overlap. This
implies that genes that encode glycoproteins having high-
mannose type and complex-type N-glycans are largely sep-
arated by some unknown mechanism. To confirm that
ConA- and GaL6-binding glycoproteins have actually dis-
tinct types of N-glycans, we performed hydrazinolysis of
both fractions under the conditions where N-glycans are
selectively released (i.e., 100°C and 10 h; 31). Liberated gly-
cans were labeled with a fluorescent reagent, 2-aminopyri-

109

dine (32), and the derived PA-oligosaccharides were directly
analyzed by MALDI-TOF MS. . The spectrum obtained for
the PA-oligosaccharides derived from the ConA fraction
included 19 peaks of significant intensity (Fig. 4a), which
indicates the presence of a series of high-mannose-type N-
glycans ranging from M3 (m/z = 1,011.51 due to Man,Gle-
NAc,-PA + Na*) to M9 (m/z = 1,983.86 due to Man,Gle-
NAc,-PA + Na*) structures. Notably, the spectrum also in-
cluded many other peaks corresponding to M3 to M6 modi-
fied with 1 to 3 deoxyhexoses (possibly L-fucose), i.e., m/z =
1,157.55 (possibly Fuc,Man,GlcNAc,-PA + Na*), 1,303.62
(Fuc,Man,GlecNAc,-PA + Na'*), 1,319.64 (Fuc,Man,GlecNAc,-
PA + Na*), 1,465.69 (Fuc,Man,GlcNAc,-PA + Na*), 1,481.70
(Fuc,Man,GlcNAc,-PA + Na*), 1,611.72 (Fuc;Man,GlcNAc,-
PA + Na*), 1,627.78 (Fuc,Man,GlcNAc,-PA + Na*), 1,773.80

TABLE III. List of the genes identified on analysis of ConA-captureed peptides and their features.

Cosmid EST ORF  Protein Assigned regions N-Glycosylation  Homology to known proteins
(Chromosome) No. (aa)  type (peptide 1D) sites* (gene name)
YSF2A.1 (1V) 3 132 Secreted 20-27 (C3) 23 Transthyretin
KO7C11.3 (V) 0 140 Secreted 68-108 (C16) 71 None
(93) ’
ZC64.2 (X) 0 164 Secreted 19-36 (C19) 30 Transthyretin
F55H2.1 (1) 0 184  Secreted 55-66 (C7) 56 Superoxide dismutase (sod-4)
T13F3.6 (V) 2 191 Secreted 37-52(C28) 39 None
ZK858.3 (1) 10 225  Secreted 212-225(C9) 217 C-type lectin
C25A1.8(D) 113 233 Secreted 60-85 (C26) (81 C-type lectin
C44B7.5 (II) 0 236 Typel 37-75 (C35) (59) None
187-209 (C14) 197
ZC412.3 (V) 15 250  Secreted 154-171 (C4) 159 None
206-235 (C22) 223
C25B8.4 (X) 14 262 Secreted 140-177 (C42) 140 C-type lectin
F54D7.4 (1) 8 274 Secreted 22-44 (C24) 43 Two immunoglobulin domain (zig-7)
TO3E6.7 (V) 26 337  Secreted 108-136 (C33) 108 Papain type cysteine protease
F20D6.4 (V) 0 366  Cytoplasmic  332-355 (C39) None Serine protease inhibitor
C05D9.3 (X) 0 372 Secreted 61-82 (C17) 65 Integrin  subunit
C25B8.3 (X) 22 379  Secreted 189-204 (C20) 196 Cysteine protease (crp-6)
F20HI1.5 (V) 0 383  Secreted 324-379 (C44) 371) D-amino acidd oxidase
F40E10.3 (X) 21 417  Secreted 51-62 (C11) 53 Calsequestrin (¢csg-1)
F32B5.8 (1) 5 427  Typell 308-313 (C8) 308 Cysteine protease
RO7B7.11 (V) 2 451 Secreted 317-326 (C12) 317 Melibiase
F41C3.5 (1) 2 469  Secreted 104-142 (C30) (125) Serine carboxypeptidase
322-340 (C25) 328
ZK688.6 (I11) 0 507  Secreted 326-337 (C18) 331 Lysosomal Pro-X carboxypeptidase
CI18H7.1 (IV) 4 534 Cytoplasmic = 227-259 (C41) 239 von Willebrand factor A domain
475-524 (C40) (499)
T14F9.3 (X) 2 555  Secreted 47-54 (C2) 47 B-hexosaminidase
Y37D8A.2 (1) 14 571 Secreted 51-77 (C34) 62 None
W09DI12.1 (V) 4 715 Multi 615-659 (C38) 632 Collagenase
F22E12.1 (V) 8 1203 Secreted 844-877 (C43) 846 Serine carboxypeptidase
ZK337.1a () 2 1519 Secreted 179-811 (C10) 177 a2-macroglobulin
1012-1026 (CS) 1019
C37C3.6 (V) 22 1558  Secreted 268-285 (C23) 268 Kunitz type trypsin inhibitor
395-454 (C29) (445)
499-552 (C32) (541)
607-632/644 (C15)  (638)
897-932/945 (C27) (933)
933-945 (C1) 933
1086-1104 (C6) 1090
C42D8.2 (X) 61 1613 Secreted 1235-1281 (C31) 1268 Vitellogenin (vit-2)
KO7HS.6 (IV) 84 1651  Secreted 244-279 (C37) 252 Vitellogenin (vit-6)
1271-1326 (C36) 1271
TO6DS8.1 (1) 14 1829  Cytoplasmic  1666-1688 (C13) 1667 None
KO7E12.1 (III) 0 13055  Cytoplasmic  771-793 (C21) 778 von Willebrand factor A doamin (dig-1)

‘Potenial N-glycosylaton sites that were out of the range of éequenc analysi; are shown in parentheses
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(Fuc,Man,GlcNAc,-PA + Na*), and 1,935.85 (Fuc,Man,Gle-
NAc,-PA + Na*). As regards such perfucosylation, the occur-
rence of an M3 derivative, of which the innermost GlcNAc
was al-3 and «l-6 fucosylated, and the further distal
GlcNAc was «1-3 fucosylated, has previously been reported
for the parasitic nematode Haemonchus contortus (41).

The spectrum also included a small number of peaks (m/
z = 1,214.61, 1,360.68, and 1,377.66), which can be ex-
plained by incorporation of an additional N-acetylhex-
osamine (possibly GIlcNAc); i.e., these corresponded to Hex,-
HexNAc;-PA (possibly Man,GlcNAc,-PA), Hex,dHexHex-
NAc;-PA (possibly Man,Fuc,GlcNAc,-PA), and Hex Hex-
NAc;-PA, (possibly Man,GlecNAc,-PA), respectively. They
may be reaction products of either GLY-12, GLY-13, or GLY-
14, which are GnT I (UDP-N-acetylglucosamine: «-3-D-
mannoside B-1,2-N-acetylglucosaminyltransferase I) homo-
logues in C. elegans (42). According to Chen et al., GLY-13 is
the most probable functional GnTI in C. elegans, and it can
only utilize the physiological acceptor M5, i.e.,
Man;GlcNAc,-Asn (43). Although the peak intensity was
not very high, we could detect such a peak corresponding to
Hex,HexNAc,-PA + Na* (theoretical m/z value, 1,538.56;
denoted by an arrowhead in Fig. 4a). As regards the third
peak (m/z = 1,377.66 corresponding to Hex,HexNAc,-PA),
one of the 4 hexose residues could be galactose instead of
mannose as a result of the action of some galactosyltrans-
ferase. With only this exception, no peak was observed that
apparently corresponded to known complex-type N-glycans,

J. Hirabayashi et al.

such as biantennary N-glycans, i.e., Galp1-4GlcNAcB1-
2Manal-3(GalB1-4GlecNAcB1-2Manal-6)ManB1-
4GlcNAcB1-4GlcNAc. Therefore, we can assume that N-gly-
cans derived from the ConA-captured glycoproteins in C.
elegans exclusively consisted of high-mannose type glycans.

On the other hand, the spectrum observed for the GaL6
fraction contained as many as 44 peaks of significant inten-
sity. Among them, we could depict 12 peaks having the
same m/z values as observed for the ConA fraction (i.e.,
m/z = 115766, 1,173.62, 1,214.56, 1,303.62, 1,319.61,
1,335.61, 1,465.67, 1,481.70, 1,611.73, 1,627.70, 1,773.79,
and 1,935.84; denoted by asterisks in Fig. 4b), whereas the
remaining ones were unique for the GaL6 fraction (i.e., m/z
= 95441, 976.44, 1,037.13, 1,116.53, 1,130.55, 1,159.56,
1,278.62, 1,317.81, 1,333.64, 1,361.62, 1,418.67, 1,449.70,
1,479.70, 1,507.65, 1,625.70, 1,641.72, 1,643.74 ,1,658.74,
1,669.73, 1,771.79, 1,787.80, 1,789.77, 1,803.79, 1,815.77,
1,933.85, 1,947.88, 1,949.86, 1,975.88, 1,977.91, 2,095.87,
2,097.76, 2,137.93, and 2,139.96). At the moment, we can
assign none of the latter group of peaks to any of the
known complex-type N-glycan structures found in mam-
mals. However, we could detect (i) the presence of multiple
deoxyhexose (possibly L-fucose) residues, as in the ConA
fraction, (ii) the extensive occurrence of doublet peaks with
a 2-mass difference (shown in brackets in Fig. 4b), and (iii)
the absence of an additional N-acetylglucosamine. As
regards the second point, the 2-mass difference corresponds
to the mass difference between a methyl (-CH,) group and

TABLE IV. List of the genes idenfied on analysis of GaL6-captureed peptides and thier features.

Cosmid EST ORF  Protein Assigned N-Glycosylation  Homology to known proteins
(Chromosome) No. (aa) type regions sites* (gene name)
2C64.2 (X) 0 164  Secreted 19-36 (G7) 30 None
ZK1320.2 (1) 1 208  Secreted 71-96 (G1) 79 None
T20D3.2 (1V) 0 234 Secreted 84-94 (G14) 88 None
Y49E10.18 (I1) 0O 238  Cytoplasmic 6-31(G12) 8 Lipase
RO8SE3.2 (X) 0 314  Secreted 184-213 (G8) 206 Proteoglycan precursor
WO4E12.8 (V) 10 321 Secreted 79-99 (G13) 81 C-type lectin
F35C5.9 (1D 8 394  Typell 218-234 (GS5) 227 C-type lectin
K06GS5.1 (X) 30 507  Secreted 380-401 (G10) 387 None
Y4C6B.6 (1V) 0 508  Cytoplasmic 156-167 (G11) 158 Glucosyl hydrolase
T28F3.8 (1V) 4 548  Cytoplasmic 66-81 (G3) 78 None
F13H8.5 (1) 0 981 Secreted 291-308 (G15) 293 Phospholipase
F23B2.11 (1IV) 23 1121 Type i 538-563 (G9) 541 Lysosomatl carboxypeptidase
YI6B4A.2 (X) 21 2105  Muli 1448-1480 (G6) 1453 Lysosomal protective protein
F57F4.4 (V) 32 2153 Muli 554-709 (G16) 554 EGF-like repeat
(608)
(632)
(656)
(680)
832-897 (G17) 840
(865)
1066-1094 (G2) 1069
1127-1261 (G20) (1192)
(1214)
1577-1613 (G21) 1578
1738-1763 (G18) None
1764-1871 (G19) (1789)
(1818,)
1836)
F40F4.6(X) 3 2214  Secreted 1369-1421 (G22) (1413) EGF-like repeat
F28B4.3 (X) 13 2229  Secreted 1372-1424 (G23) (1416) EGF-like repeat

"Potential N-glycosylation sites that were out of the range of sequence analysis are shown in parentheses
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a hydroxy (-OH) group. Therefore, it is possible that some of
the Gal.6-recognized N-glycans contain methylated deoxy-
hexose (eg, methyl-L-Fuc, residue mass value = 160)
instead of hexose (e.g., galactose, residue mass value = 162).
The third point completely disagrees with the previous con-
cept that complex-type N-glycans contain N-acetyllac-
tosamine (LacNAc) units. Since GaL6 preserves all of the
essential features established for proto-type mammalian
galectins, a preference for lactosamine-type disaccharides
(Galp1-3/4GlecNAc) is assured. In fact, GaL6 shows signifi-
cant affinity toward a series of mammalian complex-type
N-glycans (19, 27, 28). Nevertheless, the possibility re-
mains that GaL6 recognizes disaccharide units other than
LacNAc, because in many galectins the structural require-

MRLLLFSAAL LLCSVPTWAF SLSSFFGSDV AQKPYLHPNS DPERDPASSR MKROAYOVYV 60
DGDVSVTVDK SGOKETGNWG PWVPENECSR SCGGGVOLEK RQCSGDCTGA SVRYISCNLN 120
ACESGTDFRA EQCSKFNDEA LDGNYHKWTP YKGKNKCELV CKPESGNFYY KWADKVVDGT 180
KCDSKSNDIC VDGECLPVGC DGKLGSSLKF DKCGKCDGDG STCKTIEGRF DERNLSPGYH 240
DIIKLPEGAT NIKIQEARKS TNNLALKEGS DHFYLNGNGL IQVEKEVEVG GTIFVYDDAE 300
PETLSAQGPL SEELTVALLF RKGSRDTAIK YEFSIPLEEE VDYMYKFDNW TPCSVSCGKG 360
VQTRNLYCID GKNKGRVEDD LCEENNATKP EFEKSCETVD CEAEWFTGDW ESCSSTCGDQ 420
GQOYRVVYCH QVFANGRRVT VEDGNCTVER PPVKQTCNRF ACPEWQAGPW SACSEKCGDA 480
FOYRSVTCRS EKEGEEGKLL AADACPADEQ EKFDTERTCN LGPCEGLTEYV TGEWNLCTRC 540
SDTEETREVT CKDSQGRAYP LEKCLVDNST EIPTDTRSCA TQPPCEYEWT VSEWSKCTTE 600
CGHGHKTRRV_ICATHQNGGL EVVDEGHCQA EKPEGKTNCT NEEKCTGTWY TSSWSECTAE 660
CGGGSQDRVA VCLNYDKKPV PEWCDEAVKP SEKQDCNVDD CPTCVDSEFG CCPDNSTFAT 720
GEFNFGCSNC SETEFGCCAD NVTVATGPNS KGCEEFVESP LNLEADVANA DAEASGDAPE 780
LCSVINENGE AVDVECATIA PITALLGDGE LIGNDTDASN ETIHCSKTEF GCCPDWYTAA 840
SGKGNEGCPS FTLGGCNETQ FGCCHDDVTL ARGANLEGCG EPSCAASLYG CCKDRKTIAF 900
GPHYSGCERS SFPCELSDFG CCPDGETAAL GKJGTGCGEN CLTTKFGCCP DGKTTAKGSH 960
NEGCGCEFAQ YGCCPDGKSV AKGAGFYGCP ESCAQSQFGC CPDGKTRARG ENKEGCPCQY 1020
TRYGCCPDGE TTALGPRNDG CDNCRYAKHG CCPDGETKAL GPDGAGCPPT TTPPFLMGGT 1080
VAPHKIAACY QTQESGTVCG AGYKLAWHYD TTEGRCNQFW YGGCGGNDNN FASQDMCETT 1140
CVEPPGKGRC YLPRVDGPLR CDQLQPRYYY DHSKKHCVAF WWRGCLGNAN NFNSFEECSM 1200
FCKDVGPYDA PTTAAPPPPP QQNAQQYLPT PEVQQIEIQS AEQPOPQQPQ QQQQQQQQQP 1260
QQPROSMEDI CRSRQDAGPC ETYSDQWFYN AFSQECETFT YGGCGGNLNR FRSKDECEQOR 1320
CFFVHGAQPS AARQEQAQPA AQPAQPAQPS NIVSPPQQOSA SPVVVPSNSK QRDACHLNVD 1380
QGRCKGAFDS WYYEVATGSC VTFKYTGCGG NANRFASKDQ CESLCVKPAS EAASAGIDGA 1440
AGINSVCDEA KDTGPCTNFV TKWYYNKADG TCNRFHYGGC QGTNNRFDNE QOCKAACONH 1500
KDACQLPKVQ GPCSGKHSYY YYNTASHQCE TFTYGGCLGN TNRFATIEEC QARCPSKF 1558

a

Fig. 3. Predicted amino acid sequences for cosmids C37C3.6 (a)
and F57F4.4 (b) that were identified as major glycoproteins cap-
tured by ConA and GalL#é columns, respectively. Underline, re-
gions corresponding to captured peptides; dashed line, extended
regions beginning with internal lysine residues presumably resistant
to Achromobacter protease I digestion; shaded regions, presumed sig-

TABLE V. Summary of the present glyco-catch analysis.
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ment for GlcNAc is less rigorous compared with that for
galactose (44). For example, human galectin-1_can recog-
nize GalB1-4Man almost equally to GalB1-4Glc (45). More-
over, it is known that N-acetylglucosaminidase activity is
high in plants and insects, and thus the GleNAc residue
should be readily liberated even if it is transferred by GnTI
(43). Therefore, it is quite possible that the additional
GlcNAc residue observed for the three peaks for the ConA
fraction (i.e., m/z = 1,214.61, 1,360.68, and 1,377.66) is also
liberated through the action of N-acetylglucosaminidase in
C. elegans. In this case, novel complex-type N-glycans
would be produced. There has also been a report that para-
sitic nematodes, such as Schistosoma mansoni and Tri-
chinella spiralis, utilize a LacdiNAc (GalNAcB1-4GlcNAc)

MRLGIFLLAL AGCCSFASAK QNCLVGNLIV SENVITSKSV ELRECEGLCR KQTVKSPSGG 60
LVLLTCEENK LMAFINKGOD CSSSELETSC FCEDELCNKV DLEENIPKPI EVINAPNNIL 120
CYVGFYANNT TPGFGSGDTV TCSAGNVCTS VSGVYNGYDA AAYACMPQGL CDSIFPNIDP 180
NNPIACTNLA GTNIQGCCCY KQDCTSLAPM NNPPTPSPWN KNNQTCYQGI SVNGALLYGG 240
SFSQCLGECG SARIRTTYNG ANVWGEIFVC DPVNVFTALN LDSGCMNLDT QNINGVPTAL 300
ITGCACNSMD KCIDPTVVPP VYPVKQLRCA VGLYNGTTWL GAEMNCQOGRC GRVRFNANGQ 360
QVSYFTCMPY DVCAGFGLAS TEGQTYNPPQ DEELEVYCCS ASNNCNVNNP YILGRVNNSA 420
VSTAKYPVLC YGGIWVNGVS ITNSAYGLCQ GECASASFTT TFANQVHNAT IYTCDPVTMC 480
QOQAGISNSCG SVLGGVNACC CDNDLCIDPN RGSQRPQLRC YSGVSIPQDK YNTGGDQFCD 540
GWCGSLNSVV NGKNATVYYC APVGMCRYFG LGFGGSYGNC GQIPGADPQV TGCCCSETDN 600

CLAPAGVNVT AIPARRDPRI VClgGIHLNG—QN_I [SQPYYRM CDGECVSVSEH GGTVNNNSHY 660
ATLYTCDPSS ACARMGLRNN CSTIDNSLTA CCCDSNECID PTYNRVPGKA LKCYVGISTQ 720
HKGNIAGAEV LCDGYCATVS AVVGSDYVTA FHCAPRSMCR SLGLDNSNNT FYLDRFVNAY 780

CCDVFDNCNV ATSGFNVTIP PLAPNEMPRA CYSGIFIGGS QISDGGWTAC KGDCVAVNLE 840

TTYNGVATTA SLYTCDPSYI CRMMNSTNRC HQQEQGFETC CCDSDACLDP TSTPPRKPYG 900
DGNLCYVGAY SYDLKGNTIF NAGGEQYCEG NCASVTSTLA NANVTVYACV PAYVCNSLYV 960
YDSCRTLWYD RDITGCCCTN GPNCNLNQVV PRPPINNPGR RRPRVEYPIT CPAGLIVDGF 1020
NQTPMEFSVC FGECASVSIN ATINGTLHTA SFYTCDPSSV CYQLKVHNNC TSPEAGVTAC 1080
CCDSDACLDP NRGKTVPTPP LKCYVGLYST SVPSLQTGAE QLCDGKCASV NARTANDNVT 1140
LEACVPHSLC RSLELYDSCA RMEPYYPEFR_ACCCDNADNC NVROTHLANV INTTIPLTPL 1200
NDAPISCYSG LFINGTAYSS AGWQVCOGEC VSVSITSQFN GOAGTAALYT CDPSRVCRNL 1260
NILNKCSTLE NGITGCCCNT NACIDPTVYP ARNPGNQLMC YAGISSNYIV NGSAVNVGAQ 1320
IPCNGOCSSL SGVVGGFQVN TYHCMPNSIC NSLELYDNCK PVWNDNQVTG CCCNNANNCN 1380
IANTTITPPP PPTSVDYAIA CYTGLYVNGV PSTPVILGAC QGQCASISLN TTLNGVATTA 1440
TLYGCDPSTV CQSLNMNNWC ASPIPGVSGC CCNTDLCLDP DKNKTVPSGF RKCFAGIYAQ 1500
GKATGSEIFC PGKCASIQAT LNQDPVAIFG CVPTQFCRQL EMYDECKPLP YDTTVIGCCC 1560
DNYNNCNVDL AGYGGKIJTS MPVINFRDYP IACFSGLYVN NMPISTAGWQ ACKGECASAT 1620
LSTMYNGALT NATIYTCDPV STCYQLGMNN NCTTIENGLS GCCCSTDACL DPTVSPPRTP 1680
NPLKCYVGLQ STYNSLSLGA ETYCSGQCAS LTGIVGGFNV TTYHCVADTI CKSLEIKDTC 1740
RPLWSDREVT ACCCNNADNC NLKDPNVKPG PAVLPDFPTA CYQGLLVNNQ TYGAPLTLQG 1800
CYGDCASITI STTIQONQNHT ATLLTCDPTT VCOQLNMSNS CQTVEPGVSG CCCDTDGCLN 1860
PLTNTYPGPA KCYVGVYTSD GNVNVGGTVS CDGYCGSLET TVNNVLYKSY HCVPKTICKS 1920
LGLNNERKTI STDKDITGYC CTTGTNCNVK EAAVNTTNTI PVPTGIPMIL CRSSIYLNGG 1980
PVTADSYSAC AGSCASISYT APYNGGNQTL TLYTCDPVTV CTSLNLTNSC ASIDGGLSGC 2040
CCSTNNCVGP NNGPGIVTTQ SPATTTKGSS SITFSILALF AAVYIALTRH 2090

b

nal sequences required for secretion; N on black background, aspar-
agine residue, the glycosylation of which was confirmed by sequence
analysis; N on gray background, asparagine residue, as a potential N-
glycosylation site. N on rectangle, asparagine residue detected as a
phenylthiohydantoin derivative on sequence analysis. The arrowhead
in “b” indicates a predicted GPI-anchor site (40).

ConA fraction Gal.6 fraction

Total number of identified peptides 44 23

preceded by Lys 41 22

not preceded by Lys 3(C3,C19, C24) 1(G7)

containing internal Lys 3 (C15, C17,C39) 1(G19)

beginning with Lys 1 (C44) 0

not ending with Lys 1(C9) 0

carrying a single N-glycosylation site 42 17

carrying multiple N-glycosylation sites 1(C16) 4 (G15, G16, G18, G19)

carrying no N-glycosylation site 1(C39) 1 (G17)
Total number of identified genes 32 16

encoding secreted proteins 25 9

encoding type I membrane proteins 1 (C44B7.5) 0

encoding type II membrane proteins 1(F32B5.8) 2 (F35C5.9, F23B2.11)

encoding multi-spanning membrane proteins
encoding cytoplasmic soluble proteins

encoding proteins having homology to known proteins 26
encoding proteins having no homology to known proteins 6

1(W09D12.1)
4 (F20D6.4, C18H7.1, T06D8.1, KO7E12.1) 3 (Y49E10.18, Y4C6B.6, T28F3.8)

2 (Y16B4A.2, F57F4.4)

11
5
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Fig. 4. MALDI-TOF MS analysis of the total PA-oligosaccharides
derived from glycoproteins adsorbed to ConA-agarose (a) and
GalL6-agarose (b). N-Glycans attached to the purified glycoproteins
were liberated by hydrazinolysis, labeled with 2-aminopyridine, and
then subjected to MALD-TOF MS analysis. Theoretically possible
sugar compositions are shown above the individual mass values

unit rather than a LacNAc (Galp1-4GlcNAc) one (46, 47).
However, this is not likely in the case of the free-living
nematode C. elegans, because no signal was observed that

where H, dH, and N represent hexose (possibly Man or Gal), deoxy-
hexose (possibly L-Fuc), and N-acetylhexosamine (possibly N-acetyl-
glucosamine), respectively. Horizontal lines with arrows denote a
mass difference due to to a hexose residue (i.e., 162). An arrowhead in
“a” denotes a signal corresponding to Hex;HexNAc,-PA + Na* (theo-
retical m/z value, 1,538.56).

corresponded to a glycan containing this unit. Alhough fur-
ther studies are necessary to define the compositions and
linkage features of the complex-type N-glycans of C. ele-
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gans, our conclusion is consistent with that the ConA- and
GaL6-captured glycoproteins are distinct as regards both
genes and glycans.

DISCUSSION

In the present study, 32 genes in the C. elegans genome
database were assigned to 44 glycopeptides specifically cap-
tured by ConA-agarose, whereas 16 genes were assigned to
23 glycopeptides specifically captured by Gal.6-agarose (for
summary, see Table V). This has never been attained by
means of a conventional proteomic procedure, in particular
for C. elegans, because evidence for protein glycosylation is
extremely limited in the case of C. elegans: for example,
among 62 hits against the queries “N-glycosylation” or “gly-
cosylation (unknown type)” to a recent C. elegans proteome
database (http//www.proteome.com), only 6 cases (9.7%)
are based on experimental results with some biochemical
background; i.e., ZK945.9 (lov-1), C44B12.2 (ost-1), TO1C8.7
(mec-4), C42D8.2 (vit-2), C04F6.1 (vit-5), and KOTHS8.6 (vit-
6). On the other hand, the remaining 56 cases are based on
only prediction, and thus lack experimental confirmation.
Among the former genes, C42D8.2 (vit-2) and KO7HS8.6
(vit-6) were previously characterized as glycoproteins recog-
nized by ConA (35), consistent with the present results. On
the other hand, F55H2.1 (sod-4), which has been predicted
to be a glycoprotein only by analogy to homologous proteins
in other species (36), proved to be actually glycosylated in
this study. In this regard, the present analysis is extremely
meaningful as the first demonstration of the practical
validity of the proposed strategy.

Based on the present results, it is now possible to predict
a substantial number of C. elegans genes that encode pro-
teins that are actually glycosylated. For the sake of simplic-
ity, the following discussion focusses on N-linked type
glycoproteins. According to the results of a C. elegans data
base search, the number of genes containing at least one
hydrophobic region, i.e., those required for secretion or
membrane anchoring, is approximately 7,000. Although
most of them (but not all) contain at least one potential N-
glycosylation site, these potential sites are, from an empiri-
cal viewpoint, not always N-glycosylated. Thus, a rough
estimate of the actual number of genes encoding N-linked
type glycoproteins in C. elegans can be 5,000. On the other
hand, the contribution of O-glycans is assumed to be much
smaller; ie., approximately 10% (I6). Among the above
7,000 genes, 2,600 are for proteins having a single hydro-
phobic region, i.e., secreted or type II membrane proteins.
If we assume that 50% of them constitute the secreted pro-
teins, the number of genes encoding the secreted N-linked
type glycoproteins is estimated to be 1,000: i.e., 2,600 x 0.5
(the probable number of secreted proteins)-300 (the proba-
ble number of non-glycosylated proteins). The total number
of genes identified in this work is 47, which corresponds to
4.7% of coverage (i.e., 47/1,000 x 100%). Furthermore, if we
assume that approximately 20% of the soluble glycopro-
teins were captured by either the ConA or GaL6 column,
the ratio of successfully identified N-linked type glycopro-
teins in this work is estimated to be 24%; i.e., 47/(1,000 x
0.2) x 100%. Most of the remaining 76% would be less
abundant proteins or scarcely glycosylated ones. Therefore,
many other minor glycoproteins should remain to be identi-
fied.
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Nevertheless, the glyco-ctach method has now proved to
work in principle; and thus, its.application to minor compo-
nents and different types of cells is promising. For example,
further improvement by use of liquid chromatography/
mass spectrometry (LC/MS) should enable us to identify
genes for affinity-captured glycopeptides much more sensi-
tively and with a much higher throughput. Such an experi-
mental approach is already in progress (Kaji and Isobe,
unpublished). Once glycoprotein genes are assigned, con-
ventional glycoform analysis targeting individual glycopro-
teins in a more systématic manner becomes possible. Ap-
plication to much more complicated organisms such as
mammals is also promising. In this context, we have re-
cently applied the glyco-catch procedure to identify genes
for both soluble and membrane-anchored glycoproteins
(Hirabayashi, Hashidate, and Kasai; submitted) using the
recently published mouse ¢cDNA database (14) and human
galectin-1 (48) as a probe. Since the glyco-catch method
depends on the binding performance of lectins, we would
miss some important glycoproteins and glycopeptides hav-
ing saccharide chains not fully recognized by any lectin. In
this respect, we continue to pursue a new procedure for
trapping every glycoprotein regardless of the structure of
its saccharide chains. However, if we assume that lectins
are decipherers of “glycocodes” (49), this defect means, on
the other hand, that we can use various types of lectins,
which could provide us with the “essence” of glycan infor-
mation.

The important implication of the present result is that
the two groups of genes identified for the ConA- and GalL6-
captured fractions exhibited essentially no overlapping
with each other; i.e., there was only a single exception,
7.C64.2 (see Tables IIT and IV). Apparently, this observation
implies that glycoproteins having high-mannose or complex
type N-glycans are distinguished at the gene level, as far as
secreted glycoproteins are concerned. As regards membra-
nous proteins destined to remain in the Golgi lumen, the
tetrapeptide sequence “Lys-Asp-Glu-Leu” has been shown
to be a Golgi retention signal (50). Membranous proteins
having this signal remain in the lumen of the Golgi,
whereas those lacking it are rapidly translocated to the
plasma membrane. However, the presence of such a reten-
tion signal that directs the type of N-glycosylation (e,
high-mannose type or complex type) has never been dis-
cussed. To examine this point thoroughly, further studies
are necessary to identify the genes that encode both
secreted and membrane-anchored glycoproteins in a much
more comprehensive manner. Functional analysis of indi-
vidual glycosyltransferases involved in protein glycosyla-
tion (http./glycomics.scripps.edw/) is also awaited.

We wish to thank Drs. Kiyoshi Furukawa, Takeshi Sato, Shunji
Natsuka, and Sumio Hase for the helpful discussions.
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