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Abstract Neutral glycosphingolipids containing one to six
sugars in their oligosaccharide chains have been isolated from
cysts of the brine shrimp Artemia franciscana. The structures of
these glycolipids were identified by methylation analysis, par-
tial acid hydrolysis, gas-liquid chromatography, combined
gas-liquid chromatography-mass spectrometry, matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry,
and proton nuclear magnetic resonance spectroscopy to be
Glcp1-Cer, Man314Glcp1-Cer, Fucal-3Man31-4Glcf31-Cer,
GlcNAcpB1-3Man314GlcB1-Cer, GlcNAcal-2Fucal-3Manf31-
4Glcp1-Cer, GalNAcP1-4GlcNAcB1-3Manf31-4Glcf1-Cer,
GalNAcf314(Fucal-3) GlcNAcf31-3Man31-4Glcf31-Cer (CPS),
and GalNAcf31-4(GlcNAca1-2Fuca1-3) GIcNAcf31-3Manf31-
4GlcB1-Cer (CHS). Two glycosphingolipids, CPS and CHS,
were characterized as novel structures. Because Artemia
contains a certain series of glycosphingolipids (-Fuca3Man3-
4GlcBCer), which differ from the core sugar sequences
reported thus far, we tentatively designated the glycosphin-
golipids characterized as nonarthro-series ones. Further-
more, CHS exhibited a hybrid structure of arthro-series and
nonarthro-series sugar chain.li Two novel glycosphingolip-
ids were characterized from the brine shrimp Artemia fran-
ciscana; one was composed of arthrotetraose and a branching
fucose attached to N-acetylglucosamine residue, and the
other was composed of CPS with an additional N-acetylglu-
cosamine residue attached to the branching fucose.—
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Glycosphingolipid (GSL) is composed of sugar chain
and ceramide, the latter of which consists of a fatty acid
and a sphingoid. GSLs, which are expressed on the outer
side of the lipid bilayer in animal cells, form patches with
sphingomyelin (microdomains) and play a foundational
role in intercellular adhesion, cellular recognition, differ-
entiation/growth, and immune response (1-3). However,
a comprehensive understanding of GSL function has not
yet been attained because of the structural complexity in
the sugar chain of GSLs even in vertebrates and inverte-
brates (4, 5). We have analyzed the GSL structures in lower
animals on the assumption that their complexity plays an
important role in maintaining the biological activity of
multicellular organisms.

In invertebrates, structural analyses of GSLs have been
performed in several phyla and are well known in Arthro-
poda, Mollusca, and Nematoda. The immune response by
a-galactosylceramide from a marine sponge (3) and the
induction of cytokine secretion by zwitterionic GSLs from
a parasitic nematode (6) are interesting in terms of GSL
function, and investigation of invertebrate GSL structures
could therefore be a productive research area. In Arthro-
poda, structural analyses of GSLs have begun for flies
(Diptera Insecta) (7, 8), and a characteristic arthro-series
sugar chain (GlcNAcB3ManB4GlcBCer; AtsCer) has been
identified. In Drosophila, mactosyl ceramide (MacCer) and
arthrotriaosylceramide (At;Cer) are biosynthesized by
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catalytic B4-mannosyltransferase (egghead, egh) and B3-
N-acetylglucosaminyltransferase (brainiac, brn), respec-
tively (9-12). It was reported that the mutant of brn was
shown to be a lethal phenotype at the pupal stage (9);
therefore, the arthro-series trisaccharide appears to be es-
sential for development in insects.

In this report, we analyzed GSL structures in cysts of the
brine shrimp Artemia franciscana, a crustacean arthropod.
This species is a kind of plankton inhabiting saline envi-
ronments such as the Great Salt Lake in the USA. Analyti-
cal reports on this species have mainly related to nutritional
analyses in aquaculture using the species as instant live
food (13). There have only been two reports regarding
sphingolipid characterization: one on a ceramide tetrasac-
charide (CTeS) in newly hatched nauplii (14) and the
other on sphingomyelin in diapausing eggs (15). Here, we
present novel nonarthro-series and arthro-series GSLs, as
well as hybrid structure GSL composed of core arthro-
series sugar chains with a branching nonarthro-series di-
saccharide in the brine shrimp.

MATERIALS AND METHODS

Isolation of neutral GSLs

Great Salt Lake brine shrimp cysts (1.8kg) purchased from A
and A Marine LLC (Salt Lake City, UT) were ground to powder
by using automatic mortars. Lipids were extracted once with 7.2
liter of chloroform-methanol (2:1, v/v), once with 5.3 liter of
chloroform-methanol (2:1, v/v) and once with 4.4 liter of chloro-
form-methanol (1:1, v/v). The combined chloroform-methanol
extracts were concentrated by a rotary evaporator and subjected
to mild alkaline hydrolysis with 0.5 M potassium hydroxide
(KOH) in methanol. The hydrolyzate was acidified (pH 1) with
several drops of concentrated hydrochloride (HCI), kept in an
ice bath for 1 h, and dialyzed against tap water for 2 days. The
inner fluid was concentrated to near dryness in vacuo at 40°C,
and precipitated by addition of cold acetone (yield: 8.6 g, alka-
line-stable product). The alkaline-stable product was dissolved in
chloroform-methanol-water (30:60:8, v/v/v) and applied to a col-
umn (¢3.5 x 48 cm) packed with quaternary ammonium ethyl
(QAE)-Sephadex A-25, OH form (GE Healthcare Co.) equili-
brated with the same solvent. The column was successively eluted
with the same solvent (5 column volumes) and pure methanol (1
vol) as neutral solvents, and with 0.45 M ammonium acetate in
methanol (5 vols) as a polar solvent. The separation of neutral
and acidic glycolipids was monitored by thin-layer chromatogra-
phy (TLC) as described below. The eluates obtained from this
column using the neutral solvents were pooled and evaporated to
dryness (yield: 610 mg, crude neutral GSL fraction). The crude
neutral GSL fraction was acetylated and then fractionated on a
column (column size 2.0 x 57 cm) packed with Florisil, 60 ~100
mesh (Nacalai Tesque, Inc.) by slightly modifying the method of
Saito and Hakomori (16). The column was successively eluted
with 3 column volumes of n-hexane-dichloroethane (1:4, v/v),
3 vols of pure dichloroethane, 3 vols of dichloroethane-acetone
(1:1, v/v), 6 vols of dichloroethane-methanol (9:1, v/v), 3 vols of
dichloroethane-methanol (3:1, v/v), 3 vols of dichloroethane-
methanol-water (2:8:1, v/v/v), 6 vols of chloroform-methanol-
water (6:4:1, v/v/v), and 3 vols of chloroform-methanol-water
(2:8:1, v/v/v). In the course of this fractionation, different spe-
cies of neutral GSLs were eluted with the various mixtures of

dichloroethane-acetone and dichloroethane-methanol solvents.
The solutions of acetylated GSLs were each evaporated to dryness,
deacetylated with 0.5 M KOH in methanol at 37°C for 6 h, and dia-
lyzed against tap water for 2 days. The inner fluids were concen-
trated to near dryness in vacuo at 40°C. The concentrated lipid
fractions were tested by TLC as described below and combined
(yield: 102 mg, neutral GSL fraction). For isolation of each neu-
tral GSL, the neutral GSL fraction (97 mg) was applied to an Iatro-
beads (6RS-8060, Mitsubishi Kagaku Iatron Inc., Tokyo, Japan)
column (column size 1.0 x 111cm). The neutral GSLs were eluted
with two linear gradient elution systems of chloroform-methanol-
water with compositions of [80:20:1 (v/v/v) 255 ml ~50:50:5
(v/v/v) 325 ml] and [50:50:5 (v/v/v) 252 ml ~20:80:10 (v/v/v)
330ml], respectively. Fractions of 3 ml were collected in each tube
and aliquots from every three tubes were tested by HPTLC.

Solvent system for TLC

The following solvent system was used: chloroform-methanol-
water (60:40:10, v/v/v). In QAE-Sephadex and Florisil column
chromatography, the eluates on TLC plates of silica gel 60 (Merck
KGaA) were visualized by spraying with orcinol-sulfuric acid reagent
(17) followed by heating at 110°C and by spraying Dittmer-Lester
reagent (18) to detect sugar and phosphate groups, respectively. In
Iatrobeads column chromatography, GSLs on HPTLC plates of sil-
ica gel 60 (Merck KGaA) were visualized by spraying with orcinol-
sulfuric acid reagent followed by heating at 110°C.

Analysis of fatty acid and sugar components

For determination of the composition of fatty acids and sug-
ars, 0.1-0.2 mg of each GSL was methanolyzed with 1 M anhy-
drous methanolic HCI at 100°C for 3 h. The produced fatty acid
methyl esters were extracted with n-hexane and analyzed by GC
and GC-MS. The remaining methanolic phase was neutralized by
adding silver carbonate and evaporated to dryness after removal
of silver chloride. The residue containing methyl glycosides was
N-acetylated by adding 10 ul of pyridine and 50 pl of anhydrous
acetate in 0.5 ml of methanol for 30 min (19), evaporated under
a nitrogen stream, and dried in a vacuum desiccator with a water
aspirator. The N-acetylated residue was trimethylsilylated (20),
and subjected to GC.

Methylation analysis

About 0.2 mg of each GSL was permethylated according to the
method of Ciucanu and Kerek (21). In brief, each GSL was dried
in a screw-capped glass test tube and dissolved in 0.2 ml of dimeth-
ylsulfoxide while sonicating for 5 min. Immediately after, about 20
mg of fine powdered sodium hydroxide (NaOH) and 0.2 ml of
methyl iodide were added, the test tube was capped tightly and
vigorously stirred for 2 min. The methylated GSL was extracted
with chloroform, washed with water six times, dried under a nitro-
gen stream, and hydrolyzed with 0.3 ml of acetic acid-HCl-water
(16:1:3, v/v/v) using a microwave oven (22, 23). The acetolyzate
was dried under a nitrogen stream using a few drops of toluene,
dried in a desiccator with a water aspirator for 1 h, and then re-
duced by adding 0.25 ml of 0.01 M NaOH followed by 0.25 ml of
0.01 M NaOH solution containing 2% sodium borohydride (final
concentration: 1% sodium borohydride, 0.01 M NaOH) at room
temperature overnight. The reduction was stopped by adding a
few drops of acetic acid. The reduced and partially methylated al-
ditols were dried under a nitrogen stream while adding ~1 ml of
methanol a few times, and then dried in a desiccator with a water
aspirator for 1 h. The residue was acetylated by adding 0.25 ml of
pyridine followed by 0.25 ml of acetic anhydride and then incu-
bated in boiling water for 12 min. The partially methylated alditol
acetates were extracted with chloroform, washed with water six
times, and then subjected to GC and GC-MS.
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Analysis of partial acid hydrolysis

About 4 mg of ceramide hexasaccharide (CHS) was hydro-
lyzed with 1 ml of 0.1 M HCI in boiling water for 60 min. The
hydrolyzate was extracted into a lower phase by adding 5 ml of
chloroform-methanol (2:1, v/v), evaporated to dryness under a
nitrogen stream, and dissolved in 2 ml of chloroform-methanol
(2:1, v/v). The GSL fragments produced were separated on a sil-
ica gel 60 TLC plate, developed in the solvent mixture of chloro-
form-methanol-water (60:40:10, v/v/v) for 20 min, and dried.
After slight exposure to iodine vapor, the spots corresponding
to mono-, di-, tri-, and tetraglycosyl ceramide were scraped off,
extracted with chloroform-methanol-water (2:1:0.1, v/v/v), and
subjected to sugar composition analysis.

Analysis of sphingoids

Sphingoid composition was determined by the method of
Gaver and Sweeley (24). In brief, about 0.2 -0.3 mg of each GSL
was measured into a screw-capped glass test tube and dried under
a nitrogen stream. After adding 0.2 ml of aqueous HCl-methanol
reagent (methanolic reagent containing 8.6% concentrated HCI
and 9.4% water), the mixture was hydrolyzed at 70°C in the oven
for 18 h. The hydrolyzate was washed with n-hexane to remove
fatty acids. The residual methanolic phase was dried under a ni-
trogen stream, alkalized with 0.6 ml of methanol-1 M NaOH solu-
tion (4:3, v/v), extracted with 0.72 ml of chloroform, and washed
twice with 0.4 ml of methanol-water (1:1, v/v). The residual chlo-
roform solution was evaporated under a nitrogen stream, dried
in a vacuum desiccator with a water aspirator, trimethylsilylated,
and subjected to GC and GC-MS.

GC and GC-MS

Compositional analyses of methylation, fatty acids, sugars, and
sphingoids were carried out using a Shimadzu GC-18A gas chro-
matograph with a Shimadzu HiCap-CBP 5 capillary column (0.22
mm x 25 m). The temperature increase was programmed at 2°C/
min from 140 to 230°C for sugar component analysis, 4°C/min
from 140 to 230°C for the methylation study, 4°C/min from 170
to 230°C for fatty acid analysis, and 2°C/min from 210 to 230°C
for sphingoid analysis. Electron impact ionization mass spectra
were obtained using a Shimadzu GCMS-QP5050 gas chromato-
graph-mass spectrometer with the same capillary column under
the following conditions: an interface temperature of 250°C, an
injection port temperature of 240°C, a helium gas pressure of
100kPa, and an ionizing voltage of 70eV. The oven temperatures
for GC-MS analyses were 80 (2 min) to 180 (20°C/min) to 240°C
(4°C/min) for the methylation study, 80 (2min) to 170 (20°C/
min) to 240°C (4°C/min) for fatty acid analysis, and 80 (2min) to
220 (20°C/min) to 280°C (6°C/min) for sphingoid analysis,
respectively.

MALDI-TOF MS

MALDI-time-of-flight (TOF) MS analysis was performed using
an Applied Biosystems/Voyager-DE STR™ Biospectrometer with a
nitrogen laser (337 nm) operating in the reflector positive-ion
mode at an acceleration voltage of 20 kV. The matrix used was
a-cyano-4-hydroxycinnamic acid (Proteomics Grade, Wako Chemical
Co.). External mass calibration was provided by the [M+Na]" ions
of angiotensin I (1296.96 mass units; Sigma Chemical Co.) and bra-
dykinin fragment I-V (573.31 mass units; Sigma Chemical Co.).

Proton-nuclear magnetic resonance (IH-NMR)
spectroscopy

NMR spectra were obtained using a JEOL-ECS400 400MHz
NMR spectrometer at an operating temperature of 60°C. The pu-
rified GSL was dissolved in 0.5 ml of dsdimethylsulfoxide con-
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taining 2% D,O. The chemical shift was referenced to the solvent
signals (8H 2.49 ppm) in dsdimethylsulfoxide as the internal
standard.

RESULTS

Purified neutral GSLs

Crude sphingolipids (8.6 g) were obtained from chloro-
form-methanol extracts (285 g) of brine shrimp (Artemia
Jfranciscana) cysts (1.8 kg) by alkaline- and acid-treatment
and chromatographed on a QAE-Sephadex column using
a solvent mixture of chloroform-methanol-water (30:60:8,
v/v/v). In the TLC analysis of the resultant fraction (610
mg), GSLs (102 mg) and sphingomyelin (359 mg) were
detected with orcinol-sulfuric acid and Dittmer-Lester re-
agent, respectively. Zwitterionic GSL could not be de-
tected. GSLs were separated using Florisil and silicic acid
column chromatography into 26 fractions. GSLs with one
to six sugar residues were developed by TLC (Fig. 1). The
yields of the purified GSLs obtained from 1.8 kg of brine
shrimp cysts were 2.8 (CMS), 2.7 (CDS), 5.1 (nonarthro
CTS, nAtCTS), 2.1 (arthro CTS, AtCTS), 5.1 (nonarthro
CTeS, nAtCTeS), 6.9 (arthro CTeS, AtCTeS), 1.9 (CPS),
and 5.3 mg (CHS). GSLs with more than six sugar residues
are currently under investigation.

Sugar composition

Each GSL was methanolyzed and the methylglycosides
were converted to N-acetyl-O-trimethylsilyl derivatives for
GC analysis. Their gas chromatograms defined the sugar
composition of CMS as glucose; CDS as glucose and man-
nose (molar ratio, 1:1); nAtCTS as glucose, mannose, and
fucose (1:1:1); AtCTS as glucose, mannose, and N-acetyl-
glucosamine (1:1:1); nAtCTeS as glucose, mannose, fucose,
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Fig. 1. Thin-layer chromatogram of neutral glycosphingolipids
isolated from the brine shrimp Artemia franciscana. Lane 1, total neu-
tral glycosphingolipid fraction obtained by QAE-Sephadex A-25 and
Florisil column chromatographies; lanes 2 to 9, isolated CMS, CDS,
nAtCTS, AtCTS, nAtCTeS, AtCTeS, CPS, and CHS, respectively.
The HPTLC plate was developed in chloroform-methanol-water
(60:40:10, v/v/v). The spots were visualized by orcinol-sulfuric acid
reagent.



and N-acetylglucosamine (1:1:1:1); AtCTeS as glucose,
mannose, N-acetylglucosamine, and N-acetylgalactosamine
(1:1:1:1); CPS as glucose, mannose, N-acetylglucosamine,
N-acetylgalactosamine, and fucose (1:1:1:1:1); and CHS
as glucose, mannose, N-acetylglucosamine, N-acetylgalac-
tosamine, and fucose (1:1:2:1:1) (see Table 1). Sugar
compositional analysis of AtCTS indicated 0.1 mol of
fucose corresponding to the impurities in nAtCTeS,
which could not be separated by the Iatrobeads column
chromatography.

Methylation analysis

The partially methylated alditol acetates derived from
the obtained GSLs were separated by GC as shown in
Fig. 2. The identification was confirmed by GC-MS analysis
according to the data of Jansson et al. (25) and Tai et al.
(26). The methylation analysis revealed 1,5-di-O-acetyl-
2,3,4,6-tetra-O-methylglucitol (1Glc) from CMS; 1,4,5-tri-O-
acetyl-2,3,6-tri-O-methylglucitol (1,4Glc) and 1,5-di-O-
acetyl-2,3,4,6-tetra-O-methylmannitol (1Man) from CDS;
1,4Glc, 1,3,5-tri-G-acetyl-2,4,6-tri-O-methylmannitol (1,3Man),
and 1,5-di-O-acetyl-2,3,4-tri-O-methylfucitol (1Fuc) from
nAtCTS; 1,4Glc, 1,3Man, and 1,5-di-O-acetyl-3,4,6-tri-O-
methyl-N-acetylglucosaminitol (1GlcNAc) from AtCTS;
1,4Glc, 1,3Man, 1,2,5-tri-O-acetyl-3,4-di-O-methylfucitol
(1,2Fuc), and 1GlcNAc from nAtCTeS; 1,4Glc, 1,3Man,
1,4,5-tri-O-acetyl-3,6-di-O-methyl-N-acetylglucosaminitol
(1,4GIcNAc), and 1,5-di-G-acetyl-3,4,6-tri-O-methyl-N-acetyl-
galactosaminitol (1GalNAc) from AtCTeS; 1,4Glc, 1,3Man,
1,3,4,5-tetra-O-acetyl-6-O-methyl-N-acetylglucosaminitol
(1,3,4GlcNAc), 1GalNAc, and 1Fuc from CPS; and 1,4Glc,
1,3Man, 1,3,4GlcNAc, 1GalNAc, 1,2Fuc, and 1GlIcNAc from
CHS. Although 1,4Glc and 1,3Man are not separated by
GC analysis using the Shimadzu HiCap-CBP 5 capillary col-
umn, their identities were determined from their electron
impact ionization mass spectra. Their identities were subse-
quently confirmed by repeating the analysis using a column
of DB-210 capillary column (0.25mm x 30 m, Agilent Tech-
nology) that provided separation and characteristic reten-
tion times for both 1,4Glc and 1,3Man (data not shown).

Position of glycosidic substitution on the branching
saccharide by partial acid hydrolysis

The methylation analysis described above for CHS
indicated the presence of a saccharide branch on the Nacetyl-
glucosamine residue. To determine the position of glycosidic
substitution on MNacetylglucosamine to N-acetylgalac-
tosamine residue, CHS was hydrolyzed with 0.1 M HCI at

TABLE 1. Sugar components and their molar ratios in the neutral
glycosphingolipids purified from the brine shrimp Artemia franciscana
Glc Man Fuc GIcNAc GalNAc
CMS + - - - -
CDS 1 0.8 - - -
nAtCTS 1 0.9 0.8 - -
AtCTS 1 0.9 0.1 1.1 -
nAtCTeS 1 0.9 0.8 1.0 -
AtCTeS 1 1.0 - 1.0 1.1
CPS 1 1.0 0.8 1.1 1.0
CHS 1 0.9 0.8 2.0 1.2

100°C for 60 min, and the resulting products were sepa-
rated with preparative TLC. From the hydrolysis, four
products corresponding to GSLs with one to four sugar
residues (CHS-M, -D, -T, and -Q)) were obtained (Fig. 3),
methanolyzed, trimethylsilylated, and subjected to GC.
The gas chromatogram revealed the sugar composition of
CHS-M as Glc, CHS-D as Glc and Man (molar ratio, 1:1);
CHS-T as Glc, Man, and GlcNAc (1:1:1); CHS-Q as Glc,
Man, GlcNAc, and GalNAc (1:1:1:1). This result indicates
the presence of the sugar chain, GalNAc-GlcNAc-Man-Glc,
in the CHS structure as a core sequence. Therefore, we
concluded that the branching Fuc residue attaches to
the 3-position on GlcNAc residue in the core AtCTeS,
GalNAc1-4GIcNAc1-3Man1-4Glc.

Aliphatic components

The compositions of fatty acid and sphingoid in the ob-
tained GSLs are given in Table 2. The fatty acids were
mainly normal saturated acids ranging in length from Cy;
to Cyy, of which Cyy acid was the most predominant. In
some GSLs, odd-numbered saturated acids ranging in
length from Cyg to Cyg were also detected in low amounts.
The monoenoic acids of Cyy and Cy, were common in all
GSLs. CMS contained 2-hydroxy acids as minor compo-
nents. The sphingoids of the GSLs were composed of
hexadeca- and heptadeca-4-sphingenines. In each case,
the amount of the shorter base accounted for more than
57.5% of the total amount.

MALDI-TOF MS analysis

The putative structures of the eight purified GSLs were
confirmed by the positive-ion reflector mode of MALDI-
TOF MS analysis, as shown in Fig. 4 and summarized in the
supplemental table. Their mass spectra have two to four
sodium adducted ion species, [M+Na]" ion species, the
mass difference of which ranged from —319 to +463 ppm
against the values calculated from the proposed structures,
throughout the whole measurement period; that is, for
CMS, [M+Na]® ions at m/z 722.78, 738.77, 778.86, and
792.87 with one mole each of glucose, fatty acid (assigned
as 18:0, h18:0 or 22:0), and sphingoid (assigned as d16:1
or d17:1); for CDS, [M+Na]" ions at m/z 884.62, 898.64,
940.69, and 954.70 with one mole each of glucose, man-
nose, fatty acid (assigned as 18:0 or 22:0), and sphingoid
(assigned as above); for nAtCTS, [M+Na]" ions at m/z
1030.67, 1044.68, 1086.73, and 1100.74 with one mole
each of glucose, mannose, fucose, fatty acid (assigned as
above), and sphingoid (assigned as above); for AtCTS,
[M+Na]" ions at m/z 1143.69 and 1157.69 with one mole
each of glucose, mannose, N-acetylglucosamine, fatty acid
(assigned as 22:0), and sphingoid (assigned as above); for
nAtCTeS, [M+Na]" ions at m/z 1233.88, 1247.89, 1289.95,
and 1303.96 with one mole each of glucose, mannose, fu-
cose, N-acetylglucosamine, fatty acid (assigned as 18:0 or
22:0), and sphingoid (assigned as above); for AtCTeS,
[M+Na]® ions at m/z 1290.78, 1304.80, 1346.84, and
1360.85 with one mole each of glucose, mannose, N-acetyl-
glucosamine, N-acetylgalactosamine, fatty acid (assigned
as above), and sphingoid (assigned as above); for CPS,
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Fig. 2. Gas chromatograms of partially methylated
alditol acetates derived from the isolated GSLs. A:
CMS; B: CDS; C: nAtCTS; D: AtCTS; E: nAtCTeS; F:

= _ AtCTeS; G: CPS; H: CHS; a: 1Glc; b: 1Man; c: 1,4Glc;

J d: 1Fuc; e: 1,4Glc and 1,3Man; f: 1GlcNAc; g: 1,2Fuc;
h: 1GalNAc; i: 1,4GlcNAc; j: 1,3,4GlcNAc.
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[M+Na]* ion at m/z 1493.18 and 1507.16 with one mole
each of glucose, mannose, N-acetylglucosamine, N-acetyl-
galactosamine, fucose, fatty acid (assigned as 22:0), and
sphingoid (assigned as above); and for CHS, [M+Na]® ion
at m/z 1695.54 and 1709.55 with one mole each of glu-
cose, mannose, Nacetylgalactosamine, fucose, two moles of
Nacetylglucosamine, and one mole each of fatty acid (assigned
as 22:0) and sphingoid (assigned as above), respectively.

Anomeric configurations of the sugar residues

Anomeric configurations of the sugar residue in GSLs
were determined by a "H-NMR spectrometer (Fig. 5).
Configurations were assigned by reference to the data of
MacCer and AtgCer (11), that of At;Cer (27), of Fuc (28),
and of a-GlcNAc (29, 30) in terms of chemical shifts and
coupling constants, these assignments of which are listed
in Table 3. The anomeric assignments of a-Fuc and
a-GlcNAc in nAtCTeS were determined by downfield shift
of glycosyl-substituted fucose compared with the data of
nAtCTS, which was consistent with the data of Xu et al.
(14). In the anomeric region of the spectrum for each
GSL, the following anomeric proton resonances were ob-
served: at 4.09 ppm (}; o=7.8Hz) for B-Glc (Fig. 5A, CMS);
at 4.15 ppm (; »=7.8Hz) for B-Glc and at 4.50 ppm (] o=
~1Hz) for B-Man (Fig. 5B, CDS); at 4.15 ppm (}; ,.=7.8Hz)
for B-Glc, at 4.52 ppm (J; o= ~~1Hz) for B-Man and at 4.79
ppm (/; s=3.7Hz) for a-Fuc (Fig. 5C, nAtCTS); at 4.16 ppm
(1.2=7.8Hz) for B-Glc, at 4.53 ppm (J; = ~1Hz) for -Man,
at4.53 ppm (J; o=7.3Hz) for B-GlcNAc (Fig. 5D, AtCTS); at
4.15 ppm (f; »=7.8Hz) for B-Glc, at 4.52 ppm (}; o= ~1Hz)
for B-Man, at 4.95 ppm (], »=3.7Hz) for a-Fuc, and at 4.80
ppm (/; 5=3.7Hz) for a-GlcNAc (Fig. 5E, nAtCTeS); at 4.15
ppm (J;»=7.8Hz) for B-Glc, at 4.52 ppm (], o= ~1Hz) for
-Man, at 4.55 ppm (/; ,=8.2Hz) for B-GlcNAc and at 4.35
ppm (/;9=8.7Hz) for B-GalNAc (Fig. 5F, AtCTeS); at 4.16
ppm (J;,=7.8Hz) for B-Glc, at 4.52 ppm (J; o= ~1Hz) for
-Man, at 4.62 ppm (/; y=6.4Hz) for 3-GIcNAc, at 4.29 ppm
(19=8.7Hz) for B-GalNAc, and at 4.83 ppm (}; ,=3.7Hz)
for a-Fuc (Fig. 5G, CPS); at 4.15 ppm (},»=7.8Hz) for
B-Glc, at 4.52 ppm (/= ~~1Hz) for 3-Man, at 4.64 ppm
(f12=7.3Hz) for B-GlcNAc, at 4.31 ppm (};=8.2Hz) for
B-GalNAc, and at 5.01 ppm (J;,=2.7Hz) for overlapping
a-Fuc and a-GIcNAc (Fig. 5bH, CHS).
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DISCUSSION

This study shows the structures of cerebroside, manno-
lipid, and fucomannolipids as neutral GSLs in the cysts of
the brine shrimp Artemia franciscana. There are some dif-
ferences in the sphingolipids between the brine shrimp
and insect culture cell/flies; the differences are that the
dominant sphingoids are mainly hexadeca-4-sphingenine/
heptadeca-4-sphingenine and tetradeca-4-sphingenine/
hexadeca-4-sphingenine, respectively, and that the domi-
nant fatty acids are behenic acid and arachidic acid/stearic
acid/behenic acid, respectively (7, 31). Compared with
the dominant sphingoids of the CTeS (BSG-I and II) in
newly hatched nauplii of the brine shrimp (14), those of
nAtCTeS are similar, whereas the dominant fatty acids are
quite different between the nauplii and the cysts. In the
CTeS isolated from the hatched shrimp, the dominant
fatty acid was 2-hydroxy behenic acid, followed by behenic
acid, as inferred from the density of BSG-I and BSG-II on
the TLC plate (14). On the other hand, in the CTeS iso-
lated from the cysts, behenic acid was largely dominant

" i

12 3 4 5 6 7

Fig. 3. Thin-layer chromatogram of hydrolyzates of CHS with
HCI. 1, intact CHS; 2, hydrolyzates before separation; 3, product
with mono-saccharide residue (CHS-M); 4, product with di-saccha-
ride residue (CHS-D); 5, product with tri-saccharide residue
(CHS-T); 6, product with tetra-saccharide residue (CHS-Q); 7, re-
maining CHS. The plate was developed with chloroform-methanol-

water (60:40:10, v/v/v). Spots were visualized with orcinol-sulfuric
acid reagent.



TABLE 2. Ceramide composition of the neutral glycosphingolipids
purified from Artemia franciscana

FA (%) CMS CDS nAtCTS ArCTS nAtCTeS AtCTeS CPS CHS

16:0 1.4 1.3 tr. tr. tr. tr. 1.8
18:0 145 8.7 5.4 2.4 7.9 5.4 3.8 49
19:0 tr. — tr. — tr. — — —
20:0 19 26 1.6 1.5 2.0 1.6 1.5 1.7
21:0 tr. 1.2 tr. 1.0 1.0 tr. tr. tr.
22:1 14 27 8.3 3.5 5.9 3.0 3.0 2.7
22:0 66.4 835 774 86.4 80.7 87.4 87.2 88.0
23:0 tr. tr. tr. 1.3 tr. tr. 1.3 tr.
24:1 1.7 . 6.0 1.6 2.5 1.2 tr. 1.1
24:0 1.1t 1.3 2.3 tr. 1.4 14 1.6
2 h16:0 1.0 — — — — — — -
2 h18:0 92 — — — — — —_ -
2 h20:0 tr. — — — — — — -
2 h22:0 14 — — — — — —_ -
LCB (%)

d16:1 75.8 64.2 575 65.3 61.2 60.6 58.7 64.0
d17:1 24.2 358 425 34.7 38.8 394 41.3 36.0

2 h, 2-hydroxy; d, dihydroxy sphingoid, tr., trace. —, not detected.

and 2-hydroxy behenic acid was below detection limits.
There are many sibling Artemia species, which cannot mate
with each other despite being indistinguishably similar in
morphology among Artemia species: A. franciscana, A. mon-
ica, A. parthenogenetica, A. persimilis, A. salina, A. sinica, A.
tibetiana, A. tunisiana, and A. urmiana. It would be interest-
ing to know whether the difference due to sibling species
or stages is due to the difference in the fatty acid composi-
tion of CTeS in two stages. Apart from CTeS, it appears
that the hatched brine shrimp contains GSLs, such as
CMS, CDS, CTS, CPS, and CHS, as indicated by a previous
report on the CTeS in the hatched shrimp by Horibata
etal. (32). The dominant GSLs are CTS and CTeS; of these,
CTS appears to be Fuca3ManB4GlcBCer because CTeS is
anonarthro-series GSL (GlcNAca2Fuca3Man4GlcBCer).
As for CPS and CHS, the cysts apparently contain a higher
amount than the hatched shrimp; this could be due to the
fact that Horibata et al. used only the solvent of chloro-
form-methanol 2:1 (v/v) as the solvent in the lipid extrac-
tion and recovered only the lower-phase extract after a
Folch partition in the purification of lipids. Compared
with the GSLs in the hatched shrimp, those in the cysts dif-
fer considerably regarding the amount of CDS. Although
only a small difference exists in the simple GSLs between
the cysts and the hatched shrimp, further studies are re-
quired in the future to determine whether there are fur-
ther differences in the complex GSLs between the two
developmental stages and the other stages. In addition, it
is also interesting to note that identical dominant cer-
amide components of sphingomyelin and GSLs have been
detected in the cysts of the brine shrimp Artemia francis-
cana (15). It seems likely that in the case of neutral GSLs
as well as the sphingomyelin ceramide, biosynthesis in this
species utilizes a common ceramide pool.

It was assumed that the arthro-series GSL would be de-
tected in the brine shrimp as a major GSL because this
species belongs to the phylum Arthropoda. Structural
analyses of neutral GSLs with some sugar residues have
been performed in several Arthropodae: the green-bottle
fly Lucilia caesar (7) and the blowfly Calliphora vicina (8),
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Fig. 4. Positive-ion reflector mode MALDI-TOF MS spectra of the
isolated GSLs. A: CMS; a: [M+Na] " ion at m/z 722.78; b: [M+Na] " ion at
m/z738.77; c: [IM+Na] " ion at m/z778.86; d: [M+Na] " ion at m/z792.87;
B: CDS; a: [M+Na]" ion at m/z 884.62; b: [M+Na]" ion at m/z 898.64; c:
[M+Na]" ion at m/z 940.69; d: [M+Na]" ion at m/z 954.70; C: nAtCTS;
a: [M+Na]" ion at m/z 1030.67; b: [M+Na]® ion at m/z 1044.68; c:
[M+Na]" ion at m/21086.73; d: [M+Na]" ion at m/z 1100.74; D: AtCTS;
a: [M+Na]" ion at m/z 1143.69; b: [M+Na] ion at m/z 1157.69; E:
nAtCTeS; a: [M+Na] " ion at m/21233.88; b: [M+Na] " ion at m/21247.89;
¢ [M+Na]" ion at m/z 1289.95; d: [M+Na]" ion at m/z 1303.96; F:
AtCTeS; a: [M+Na]" ion at m/z 1290.78; b: [M+Na]" ion at m/z 1304.80;
c: [M+Na]" ion at m/z 1346.84; d: [M+Na]" ion at m/z 1360.85; G: CPS;
a: [M+Na]" ion at m/z1493.18; b: [M+Na] " ion at m/z 1507.16; H: CHS;
a: [M+Na]" ion at m/z 1695.54; b: [M+Na]" ion at m/z 1709.55.
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the fruit fly Drosophila melanogaster (33), the insect culture
cell line High Five Cell derived from the cabbage looper
Trichoplusia ni (31), the moth Manduca sexta (34), and the
millipede Parafontaria laminata armigera (28), all of which
have been verified to contain AtsCer. From the brine
shrimp, arthro-series GSL (At;Cer) was characterized as a
minor CTS, but on the other hand, and surprisingly, a
nonarthro-series GSL. (nAtCTS) was characterized as a ma-
jor CTS. However, nonarthro-series GSLs account for
~10% of the total 102 mg of neutral GSLs. Both CTSes are
elongated from MacCer as the common substrate by the
two enzymes involved, B3-N-acetylglucosaminyltransferase
and a3-fucosyltransferase (see Scheme 1), and both CTSes
independently elongate a saccharide to synthesize each
series of CTeS. Interestingly, not only nAtCTeS but also
At,Cer were abundant as CTeS in the brine shrimp Artemia
Jfranciscana, despite the fact that there is no report that has
detected AtyCer to be abundant except for reports of flies’
GSLs (5, 7, 8, 33). It has been shown in Arthropoda that
the nonarthro-series sugar chain was dominant in a cul-
tured insect cell line, namely High-Five cells (31). The
report discussed the following: I) the existence of an alter-
native nonarthro CTS (GalB3Manp4GlcB1Cer) to AtzCer
in High Five GSLs implies that there is potential for the
generation of multiple pathways with a possibility for core
switching as observed in mammalian cells, 2) the fact that
the dominant CTS of the cell is itself a substrate for further
glycosylation supports the premise that the potential for
sequence variability is inherent in the nature of the ma-
chinery for glycosylation, and 3) although the potential
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existence of a GalB3ManB4GlcB1Cer core pathway is not
sufficient to rescue the brn mutation, the observation that
brn is essential for development does not rule out the exis-
tence of one or more alternative glycosylation pathways
operating during the life cycle of a normal fly. It was also
indicated that more complex GSLs such as At,Cer and
AtzCer were necessary for normal development in Drosophila
(27). In the current report on Artemia, we show that
AtCTeS was abundant in amount (6.9 mg) whereas AtCTS
was minor (2.1 mg), and we propose that the likely source
of GSL with more than five sugar residues is the core
arthro-series sugar chain, elongated by transfer of the
sugars occurring at the terminus of the nonarthro-series,
as a branch (see Scheme 1). In Artemia, although both
arthro-series and nonarthro-series GSLs were detected as
both CTS and CTeS, the only CPS detected was derived
from AtCTeS. Thus, CPS is composed of only the core
arthro-series sugar chain plus a branching fucose, whereas
CHS is characterized by the additional presence of an
N-acetylglucosamine residue on this branching fucose.
CHS is therefore a hybrid structure, as it were, composed
of the core arthro-series sugar chain plus the sugars from
the nonreducing end of the nonarthro-series chain as
a branch. We speculate that Artemia contains two pools
(arthro and nonarthro) of CTS and CTeS, each pool
serving individual biological functions, and that the or-
ganism may divert either form of CTS and CTeS as
needed for the biosynthesis of more complex GSLs, such
as a sequence variability.

The observations reported herein that a fucosylated
LacdiNAc trisaccharide (GalNAcB1-4[Fucal-3]GlcNAcf)
determinant has been found in CPS and internally in CHS
is interesting in several respects. This trisaccharide is a Lewis
X (LeX) analog previously reported in the parasite Schisto-
soma mansoni (35, 36), albeit on different aglycone struc-
tures. It has also been found as a carbohydrate terminus
on a human immunosuppressive glycoprotein, glycodelin
(87). An enzyme al,3-fucosyltransferase, which is capable
of producing fucosylated LacdiNAc trisaccharide from
LacdiNAc, has been cloned from the nematode Caenorhab-
ditis elegans as CEFT-1 (38) and from the honeybee Apis
mellifera (39). Although the presence of this enzyme has
not been studied, it might be found in the brine shrimp.
As far as we know, there is no report about whether ter-
minal aGlcNAc, terminal aFuc, or the disaccharide of
GlcNAca2Fuca3 in GSL are involved in brine shrimp de-
velopment. Because CPS and CHS contain fucosylated
LacdiNAc structure, a Le® analog, it is possible that these
novel GSLs interact with each other and aggregate to form
patches of microdomain in which developmental signals
are transduced according to GSL-GSL interaction, such as
on Le*Le", Le-H, and Gb,Ggs (40).

The structure of CHS consisted of core arthro-series
GSLs with a branching nonarthro-series disaccharide
(GlcNAca2Fuca-). In the structures of nAtCTeS and
CHS, “ac-anomeric” GlcNAc was attached at the nonre-
ducing end. This type of sugar chain in GSL structure is
reported in only a few cases: GIcNAca4GalaCer from the
marine sponge Axinella damicornis (29), GlcNAcal-HPO;-



TABLE 3. Chemical shifts and }; o coupling constants of the protons of the isolated glycosphingolipids
in the anomeric regions

CMS Glcl
1
Chemical shifts (ppm) 4.09
Coupling constants (Hz) 7.8
CDS Manl-  4Glcl
11 1
Chemical shifts (ppm) 4.50 4.15
Coupling constants (Hz) ~1 7.8
nAtCTS Fucl- 3Manl-  4Glcl
11T I 1
Chemical shifts (ppm) 4.79 4.52 4.15
Coupling constants (Hz) 3.7 ~1 7.8
AtCTS GlcNAcl- 3Manl- 4Glcl
v 1I 1
Chemical shifts (ppm) 4.53 4.53 4.16
Coupling constants (Hz) 7.3 ~1 7.8
nAtCTeS GlcNAcl- 2Fucl- 3Manl- 4Glcl
\% 11 11 I
Chemical shifts (ppm) 4.80 4.95 4.52 4.15
Coupling constants (Hz) 3.7 3.7 ~1 7.8
AtCTeS GalNAcl- 4GlcNAcl-  3Manl-  4Glcl
VI v 1I !
Chemical shifts (ppm) 4.35 4.55 4.52 4.15
Coupling constants (Hz) 8.7 8.2 ~1 7.8
CPS GalNAc1-4 (Fucl-3) GlcNAcl- 3Manl- 4Glcl
VI I v 11 I
Chemical shifts (ppm) 4.29 4.83 4.62 4.52 4.16
Coupling constants (Hz) 8.7 3.7 6.4 ~1 7.8
CHS GalNAcl-4 (GlcNAcl- 2Fucl-3) GlcNAcl- 3Manl-  4Glcl
VI \Y I v 1I !
Chemical shifts (ppm) 4.31 5.01 5.01 4.64 4.52 4.15
Coupling constants (Hz) 8.2 2.7 2.7 7.3 ~1 7.8

6GalCer from the liver fluke Fasciola hepatica (30), and
CTeS (BSG-I and II) from newly hatched nauplii in the
brine shrimp (14). Mucin-type O-glycan with terminal
aGIcNAc is also reported in only two cases: gastric mu-
cins from pig [Fuca2GalB4GlcNAcB6(GlcNAca4Galp3)
GalNAc-ol and GlcNAca4GalB4GlcNAcB6 (GlcNAca4Gal
B3)GalNAc-ol] (41) and a human gastric mucin [GIcNA
ca4GalB4GlcNAcB6 (GleNAca4GalB3) GalNAcaSer/Thr]
(42). Interestingly, it was reported that these mucins
arrested proliferation of the spiral-shaped gram-negative
bacterium Helicobacter pylori, which causes stomach upsets
and peptic ulcers (43). It will be interesting to examine
whether nAtCTeS and CHS from the brine shrimp arrest
the growth of H. pylorias the mucins do and to investigate
the presence of further unique sugar chains in more
complex GSLs.

This report on Artemia shows the existence of a sugar
chain with rare terminal aGlcNAc. To the best of our knowl-
edge, although the sugar addition appears to be catalyzed
by al,2-Nacetylglucosaminyltransferase (a2GnT), it has
not been reported among animals to date. Its homologous
transferase, al,4-N-acetylglucosaminyltransferase (a4GnT)
has been characterized in human (42). By using the data of
nucleic or amino acid sequences of a4GnT, homology
searches were performed via BLAST searches (blastn,
tblastn, and tblastx) with the filter of “invertebrate” on the
DDB]J web server. As a result, only two homologous se-
quences were found: al,4-Nacetylgalactosaminyltransferase
(GalNACT) from the fruit fly Drosophila melanogaster and

lactosylceramide 4-a-galactosyltransferase putative mRNA
from the salmon lice Lepeophtheirus salmonis. Further homol-
ogy searches were performed according to the method
mentioned above by using the data of nucleic or amino acid
sequences of the fly GalNAcT, and again only two records
from the same organisms as mentioned above were found.
Thus, a2GnT appears rare. This warrants further study in

[CMS] Glcp1Cer

[MacCer] Manp4Glcp1Cer —

[ALCTS (At,Cer)] [nAtCTS]

GIcNAcB3ManB4Glcp1Cer Fuca3Manp4Glcp1Cer
v

[AtCTeS (At,Cer)] [nAtCTeS]

GalNAc[4GlecNAcp3ManB4GIcp1Cer GlcNAca2Fuca3Manp4Glcp1Cer

® [cPs]
2L GaINAcBAGIg.NAcBSManB&lGIcmCer
w
i Fuca
At;Cer
AtsCer [CHS]
At,Cer I GalNAcﬁ4G|59NAc[53Manﬁ4G|c|31 Cer
' GleNAco2Fucat
| Shhcacuce
v
GalNAc
GleNAc-FucC SNACGaINAG 1 Man-Glo-Cer

GlcNAc-Fuc

Scheme 1. Dominant pathways for glycosphingolipid glycosyla-
tion in Artemia franciscana.
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organisms in which sugar chain with the terminal aGlcNAc
is detected B
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