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A number of gangliosides were isolated from cat and
sheep erythroeytes for use in analyzing the specificity
of a panel of human anti-heterophile monoclonal anti-
bodies. The structures of these compounds were deter-
mined by a combination of different procedures, in-
cluding sugar analysis, glycosidase treatment, period-
ate oxidation, TLC immunostaining, methylation
analysis, and mass spectrometry. These methods iden-
tified the cat erythrocytes gangliosides (C1 and C2) as
N-glycolylneuraminic acid (NeuGe)-containing hema-
tosides; C1 was shown to be NeuGea2—8NeuGeca2—»
3Galfl1-»4Gle-Cer ((NeuGe);Gps:) and C2 to be
NeuAca2—8NeuGea2—3Galfl—4Gle-Cer ((NeuAc-
NeuGe-)Gps). The two sheep gangliosides (S1 and S2)
were found to be novel glycolipids based on the par-
agloboside sequence; S1 was identified as NeuGea2—
8NeuGeca2—3Galf1-+4GlcNAcf1-+3Galgl—4Glc-Cer
{{(NeuGe),-disialylparagloboside) and S2 as NeuAca2—
8NeuGea2—+3Galgl—4GlcNAcf1-+3Gal1—4Gle-Cer
{({(NeuAc-NeuGe-)-disialylparagloboside). Structural
analysis of these compounds was aided by the use of
252Cf fission fragment ionization time-of-flight mass
speetrometry. This method provided easily interpret-
able spectra on methylated derivatives which were
particularly useful in determining the sialic acid com-
position of the gangliosides and the sequence of their
disialosyl side chains.

Gangliosides have been isolated and characterized from the
erythrocytes of a number of animal species. The nature of the
gangliosides varies considerably between different species (re-
viewed in Ref. 1). For example, in man N-acetylneuraminic
acid-type (NeuAc)' sialylparagloboside is the major ganglio-
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Section 1734 solely to indicate this fact.

! The abbreviations used are: NeuAc, N-acetylneuraminic acid;
NeuGe, N-glycolylneuraminic acid; GC, gas chromatography; MS,
mass spectrometry; TLC, thin layer chromatography; mAb, mono-
clonal antibody; FAB, fast atom bombardment spectrometry. Gan-
glioside nomenclature is based on that of Svennerholm (39): Gy,
NeuAc {or NeuGec)a2—3Galgl—4Gle-Cer; Gps;, NeuAc {or
NeuGce)a2-+8NeuAc (or NeuGe)a2—3Galgl—4Gle-Cer; Guy,
Galf1—3GalNAcg1l-»4(NeuAcaZ-»3)Galg1—4Glc-Cer. Other gly-
colipids were: paragloboside (lacto-N-neotetraosylceramide),
Galg1--4GleNAcB1-»3GalB1-»4Glc-Cer; lacto-N-tetraosylceramide,
GalB1—3GlecNAcB1--»3Galgl-—-4Gle-Cer.

side (2), in bovine erythrocytes N-glycolylneuraminic acid-
type G and NeuGe-sialylparagloboside are the major forms
(3, 4), and erythrocytes of European dogs contain exclusively
{NeuAc)Gus (5). In some animal species the gangliosides have
entirely NeuAc-containing gangliosides (e.g. man) while other
species have entirely or mostly NeuGe-containing ganglio-
sides.

In the process of analyzing the specificity of a panel of
human monoclonal antibodies (6), we noted that two of them
(2-30M and 32-27M) reacted with gangliosides present in
non-human animal erythrocytes, including cat and sheep
erythrocytes. In this communication we describe the isolation
and structure determination of two gangliosides from cat
erythrocytes and two from sheep erythrocytes which react
with Ab32-27M. Cat erythrocytes have previcusly been shown
to contain (NeuGe).Gps as their major ganglioside (7) and to
have a number of minor species, including one which was
partially characterized as (NeuAc-NeuGe-)Gp; (8). We have
now determined the structure of the two cat gangliosides in
more detail and have also demonstrated the structure of two
novel gangliosides from sheep erythrocytes, which unlike the
cat gangliosides are based on paragloboside sequences. In the
course of studying these structures we utilized 2*°Cf fission
fragment ionization mass spectrometry to analyze methylated
gangliosides. This technique, which apparently has not been
used previously in the glycosphingolipid field, gave valuable
information on the structures of these compounds.

EXPERIMENTAL PROCEDURES?

Materials—Gp,® was isolated from human melanoma cells as de-
scribed previously (9). (NeuAc)Gwus was purified from dog erythro-
cytes as described by Yasue et al. (5), and (NeuGc)Gys was obtained
from horse erythrocytes {10); their structures were confirmed by
compositional and methylation analysis. Ga was purchased from
Supelco Inc., Bellefonte, PA. Cat blood was obtained from Cocalico
Biologicals, Inc., Reamstown, PA, and sheep blood was obtained from
Pel-Freez Biologicals, Rogers, AR. Mouse monoclonal antibodies to
lacto-N-tetraosylceramide (K21, Ref. 11) and to lacto-N-neotetrao-
sylceramide (1B2, Ref. 12) have been described; the latter was kindly
provided by Dr. S. Hakomori. The human monoclonal antibodies
have also been described (6).

Immunochemical Methods—Immunostaining on TLC plates was
performed using aluminum-backed plates (E. Merck, West Germany)
as reported (13).

2 Portions of this paper (including part of “Experimental Proce-
dures,” part of “Results,” Figs. 1, 2, 9, 15-17, and Table III) are
presented in miniprint at the end of this paper. Miniprint is easily
read with the aid of a standard magnifying glass. Full size photocopies
are included in the microfilm edition of the Journal that is available
from Waverly Press.

* When not otherwise indicated, gangliosides contain N-acetylneu-
raminic acid.
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Extraction and Purification of Gangliosides—Animal erythrocytes
were lysed in hypotonic solution and the membranes isolated as
described (13). The dried membranes were extracted in chloroform-
methanol (2:1, 1:1, and 1:2 successively), and the glycolipid fraction
was isolated by Florisil column chromatography on acetylated deriv-
atives according to Saito and Hakomori (14). Neutral glycolipids were
separated from gangliosides on a DEAE-Sephadex column (A50,
Pharmacia LKB Biotechnology Inc.), and the gangliosides were eluted
with chloroform, methanol, 0.8 M ammonium acetate (15). The sheep
gangliosides were further fractionated by stepwise elution from a
DEAE-Sephadex column with chloroform:methanol:ammonium ace-
tate (30:60:8) containing 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.4, 0.6, and 0.8
M salt. The two major disialogangliosides appeared in the 0.2 and
0.25 M salt fractions. The sheep and cat erythrocyte gangliosides were
further purified by preparative TLC on Silica Gel G plates {Fisher).
During the fractionation, the reactivity with human mAbs was fol-
lowed by enzyme-linked immunosorbent assay and/or immunostain-
ing procedures. The isolated gangliosides were checked for purity in
three solvent systems: chloroform:methanol:water, 60:35:8 {(solvent
1); chloroform, methanol, 2.5 N ammonia, 60:35:8 (solvent 2); and 1-
propanolammonia:water, 60:9.5:11.5 (solvent 3). Gangliosides were
visualized with resorcinol spray.

Analytical Procedures—Sugar components in the gangliosides were
analyzed after methanolysis and trifluoroacetylation as described by
Zanetta et al. (16) using a Perkin-Elmer gas chromatograph model
8400 and 5% SP-2401 on a 100/200 Supelcoport column (Supelco,
Inc.). Sialic acid levels were determined using the thiobarbituric acid
method (17). Sialic acid composition (NeuAc and NeuGc) was ana-
lyzed after methanolysis and trimethylsilylation by Hydrox-Sil (Regis
Chemical Co.) as described by Yu and Ledeen (18) using a 3% QV-1
on a 100/200 Supelcoport column. Fatiy acid composition was deter-
mined by methanolysis in 1.0 N methanolic HCI at 80 °C for 18 h and
separation of the methyl esters on a 3% OV-1 column.

Neuraminidase Treatment—The effect of both partial and com-
plete neuraminidase treatment was determined. The sample (2 ng)
was sonicated in 20 ul of sodium acetate buffer, 0.1 M, pH 4.9.
Neuraminidase ( Vibrio cholerae, Calbiochem, 0.3 IU) was added, and
the sample was incubated for 30 min at 30 °C (partial hydrolysis).
Another sample, treated under the same condltxons, was incubated
for 120 min at 37 °C (complete hydrolysis).

Periodate Oxidation—Periodate-borohydride treatment to deter-
mine the order and substitution of sialic acid residues in the ganglio-
sides was performed according to Ando and Yu (19). Ganglioside (20
ug) was dissolved in 135 ul of 0.2 M sodium acetate buffer (pH 4.4),
and 15 ul of 0.5 M sodium periodate was added. After incubation for
18 h at 4 °C, 25 ul of 10 M ethylene glycol was added to stop the
reaction. After 3 h, 45 ul of 0.2 N NaOH was added to adjust the pH
to about 6.5. Sodium borohydride (30 ul of 9%) was added at 0 °C
and after incubation overnight at 4 °C, 35 ul of 2 M acetic acid was
added. The sample was finally desalted on a C18 cartridge (Waters-
Millipore, Medford, MA) and analyzed for its sialic acid content by
gas chromatography as described above.

Permethylation Analysis—Permethylation of gangliosides was per-
formed according to the Hakomori procedure (20) with slight modi-
fication, Gangliosides (50-200 pg) were dissolved in dimethyl sulfox-
ide {100 ul) and sonicated for 1 h. Methylsulfinylearbanion solution
(100 yl) was then added, and the sample was resonicated for 1 h.
After checking for the presence of excess reagent with triphenyl-
methane, methyl iodide (150 ul) was added slowly, and the mixture
was stirred for 2 h at room temperature. The reaction was terminated
by adding water, and the permethylated derivatives were isolated by
C18 reverse phase chromatography on a Sep-Pak cartridge (Waters-
Millipore). They were further purified by preparative TLC on silica
gel plates in chloroform:methanol (90:5) solvent.

For analysis of neutral and amino sugars, permethylated ganglio-
sides were hydrolyzed with 150 ul of 0.5 N H,SO, in 95% acetic acid
at 80 °C for 18 h; water (150 ul) was then added, and hydrolysis was
continued for 5 more h. After passing the sample through a Dowex 1
{X8) column (acetate form), fatty acids were extracted with n-hexane.
The samples were then reduced with sodium borodeuteride (30 mg/
ml), neutralized with acetic acid in methanol, and dried. The samples
were analyzed by GC-MS (21, 22) on a 5% phenylmethyl silicone
capillary column and a temperature gradient from 120 to 250 °C at
10 °C/min. The mass spectrometer used was a VG 70-250 double
magnetic focusing deflection instrument coupled to an HP 5790A gas
chromatograph. Both electron impact (EI) and chemical ionization
spectra (CI) were collected.

For analysis of sialic acids (23), methylated gangliosides were
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methanolyzed in 0.05 N HCI in methanol or 0.5 N HCl in methanol
for 5 or 18 h, respectively. After removal of the fatty acids with
hexane, the samples were acetylated with pyridine and acetic anhy-
dride. Methanol was then added, and the sample was dried. A mixture
of chioroform:methanol:H,O was added, and after mixing and centri-
fuging, the lower layer was removed and dried. The sample was
analyzed by gas chromatography on a packed 3% OV-1 column at
210 °C or on a SPB-5 wide bore capillary column (30 m X 0.35 mm).
The samples were also analyzed by GC/MS as described above.

#2Cf Fission Fragment lonization Mass Spectrometry—>*Cf fission
fragment ionization mass spectrometry conditions are described in
the Miniprint Supplement.

RESULTS

Cat erythrocyte membranes contain one major and a num-
ber of minor ganglioside species. Fractionation of the ganglio-
sides from 2.2 g (dry weight) of membranes as described under
“Experimental Procedures” yielded 1200 ug of the major
ganglioside {C1) and 180 ug of another ganglioside (C2), both
of which were selected on the basis of their reactivity with
human mAb 32-27M (Fig. 1). Sheep membranes yielded two
major gangliosides both of which reacted with mAb 32-27TM
(Fig. 2). From 13.0 g (dry weight) of sheep erythrocyte mem-
branes, 120 ug of ganglioside 81 and 270 ug of ganglioside S2
were isolated and purified (Fig. 2).

Compositional, Chemical, and Immunochemical Analysis of
Gangliosides—The two cat erythrocyte gangliosides (C1 and
(C2) contained galactose, glucose, and sialic acid in approxi-
mate ratios of 1:1:2 but no N-acetylglucosamine or N-acetyl-
galactosamine (Table I). Further analysis of the sialic acid
showed that C1 contained almost entirely (98%) NeuGc and
C2 had NeuGc and NeuAc in an approximately 1:1 ratio
(Table 1). Preliminary data indicating the presence of disialyl
chains and the sequence of their sialic acid residues were
obtained by analyzing the susceptibility of the sugars to
periodate oxidation (19). In glycolipid C1, NeuGe remained
after periodate oxidation indicating the presence of disialyl-
NeuGe-NeuGe- sequences (Table I). In glycolipid C2, all the
NeuAc was destroyed after periodate treatment and NeuGe
remained; this result is consistent with a NeuAc-NeuGe-
sequence. Treatment of the C1 and C2 with neuraminidase
converted them to products migrating with (NeuGe)Gy (Fig.
3B) and lactosylceramide (Fig. 3C). The former reacted with
mAb 2-39M, thus confirming its identity as (NeuGce)Gua (Fig.
3B).

Both sheep glycolipids S1 and S2 were shown to contain
glucose, galactose, N-acetylglucosamine, and sialic acid in the
approximate ratio of 1:2:1:2 (Table I). Further analysis of the
sialic acids demonstrated that S1 contained ahout 90% of
NeuGe, whereas S2 had both NeuGce and NeuAc in a ratio of
1:1 {Table I). Periodate treatment indicated the presence of
disialyl NeuGe-NeuGe- sequences in S1 and NeuAc-NeuGe-
sequences in S2 (Table I). Neuraminidase treatment of both

TABLE 1

Carbohydrate composition of cat and sheep erythrocyte gangliosides
and effect of periodate treatment

Sialic acids

Ratios

- After
S;lx:- Original periodate
Glc Gal GlcNAc GalNAc Slal:ic NeuAc NeuGe NeuAc NeuGe
% %
C1 1.00 1.09 0 0 1.94 17 983 0 100
C2 1.00 1.17 © 0 1.66 340 660 1.0 99.0
S1 1.00 190 111 0 196 98 902 36 96.4
S2 1.00 2.14 1.05 0 2.02 478 522 6.7 96.4

¢ As percentage of total sialic acid.
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Fic. 3. Neuraminidase treatment of cat gangliosides. Panel A, reactivity of treated and untreated samples
with mAb 32-27M (reacting with C1 and C2). Panel B, reactivity with mAb 2-39M (reacting with NeuGe-Gus).
Panel C, orcinol HCl-sprayed plate. Lane 1, C1; lane 2, C2; lane 3, C1 treated with neuraminidase (30 °C for 30
min); lane 4, C2 treated with neuraminidase (30 °C for 30 min); lane 5, C1 treated with neuraminidase at 37 °C for
120 min); lane 6, C2 treated with neuraminidase at 37 °C for 120 min); lane 7, NeuGc-Gus; lane 8, lactosylceramide
(LacCer); A, unfractionated cat erythrocyte gangliosides. Solvent for A and B, solvent 2; solvent for C, solvent 1.

gangliosides resulted in the formation of a new glycolipid
reacting with a monoclonal antibody directed to Galgl—
4GlcNAcB1—3GalB1—4Gle-Cer (paragloboside) (Fig. 4B) but
not with an antibody reacting with Gal1—3GlcNAcB1—
3GalpB1—4Glc-Cer (data not shown).

Methylation Analysis—The four gangliosides were methyl-
ated using the Hakomori procedure (20). For analysis of the
hexose and hexosamine derivatives, the samples were hydro-
lyzed, reduced, and acetylated and analyzed by GC-MS as
described by Bjorndal et al. (21) and Stellner et al. (22).
Methylation analysis of the two cat erythrocyte ganglioside
samples showed the presence of 2,4,6-tri-O-methyl-1,3,5-tri-
O-acetylgalactitol and 2,3,6-tri-O-methyl-1,4,5-tri-O-acetyl-
glucitol in each methylated glycolipid (Table II). Methylated
derivatives for the neutral sugars from the S1 and S2 gave
Ab32-27M Ab1B2
A v

2 34567

FiG. 4. Neuraminidase treatment of sheep erythrocyte gan-
gliosides. Panel A, reactivity with mAb 32-27M (detecting S1 and
S2); panel B, reactivity with mAb 1B2 (detecting lacto-N-neotetrao-
sylceramide (nLcCer)). Lane 1, S1; lane 2, S2; lane 3, treatment of S1
with neuraminidase at 30 °C for 30 min; lane 4, treatment of S2 with
neuraminidase at 30 °C for 30 min; lane 5, treatment of S1 with
neuraminidase at 37 °C for 120 min; lane 6, treatment of S2 with
neuraminidase at 37 °C for 120 min; lane 7, lacto-N-neotetraosylcer-
amide. A, unfractionated sheep erythrocyte gangliosides. Solvent: 2.

TABLE II
Methylated hexitols and N-acetylhexosaminitols identified in
hydrolysates of methylated cat and sheep erythrocyte gangliosides by
gas chromatography-mass spectrometry

1,3,5-Tri-O-Ac- 1,4,5-Tri-O-Ac- 1,4,5-Tri-O-Ac-
Ganglioside 2,4,6-tri-O- 2,3,6-tri-O- 3,6-di-O-Me-N-
Me-Gal Me-Gle Me-GleNAc
C1 + #+ =
C2 + + -
S1 ++ + +
S2 ++ + +

chromatograms that were very similar to each other and
showed three main peaks. Chemical ionization spectra (not
shown) indicated that the three components were two tri-O-
methyl-acetylated hexitols and one di-O-methyl-N-methyl-
acetylated hexosaminitol derivatives. Examination of the EI
spectra and comparison with published fragmentation pat-
terns identified the three compounds as 2,4,6-tri-O-methyl-
1,3,5-tri-O-acetylgalactitol, 2,3,6-tri-O-methyl-1,4,5-tri-O-
acetylglucitol, and 3,6-di-O-methyl-1,4,5-tri-O-acetyl-2-
deoxy-N-methyl-N-acetamidoglucitol (Table II).

Analysis of methylated sialic acid derivatives was carried
out on O-acetylated derivatives after mild methanolysis of the
methylated glycolipids. Initially the conditions used for meth-
anolysis were 0.5 N HCI in methanol at 100 °C for 18 h as
described by Rauvala and Karkkainen (23). However, under
these conditions we observed selective de-N-acylation of the
N-glycolyl group from the internal sialic acid of disialyl gly-
colipids; the external N-acyl group was unaffected. This phe-
nomenon was previously noted by Inoue and Matsumura (24)
in their analysis of trout egg glycoprotein. They suggested a
nucleophilic attack of the 8-O group of the internal sialic acid
on the amide carbonyl group of the same sugar as the mech-
anism for this unexpected reaction.

Subsequent analysis of the sialic acid derivatives from C1,
C2, S1, and S2 was therefore carried out using methanolysis
in 0.05 N HCI in methanol at 80 °C for 5 h. Analysis of the
derivatives by GC-MS (Fig. 5) and measuring both CI and EI
spectra demonstrated the nature and arrangement of the sialic
acid residues and the position of substitution on the internal
sialic acid. N-Glycolyl-containing sialic acid derivatives were
readily distinguished by giving protonated intact molecule
ions in their CI spectra of 30 m/z units higher than the
corresponding N-acetyl derivatives. The EI spectra also
showed characteristic fragments 30 mass units higher in the
spectra of N-glycolyl-containing compounds, for example,
prominent fragments were observed at 159 m/z for NeuGce
and at 129 m/z for NeuAc (Fig. 6).

By using these procedures, analysis of the cat ganglioside
C1 showed the presence of 1,2,4,7,8,9-hexa-O-methyl-N-
methyl-N-glycolylneuraminic acid methyl glycoside and
1,2,4,7,9-penta-0O-methyl-8-0O-acetyl-N-methyl-N-glycolyl-
neuraminic acid methyl ester (Fig. 6). Methylated C2 had the
same 8-0-acetyl derivative and 1,2,4,7,8,9-hexa-O-methyl-N-
methyl-N-acetylneuraminic acid glycoside (Fig. 6). These re-
sults show that C1 has a NeuGca2—8NeuGe side chain,
whereas C2 has a NeuAca2—8NeuGe side chain. A similar
analysis of the two sheep erythrocyte glycolipids demon-
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FiG. 6. EI mass spectra of N- and O-methyl-O-acetyl deriv-
atives of sialic acid methyl glycosides obtained from cat and
sheep gangliosides. Panel A, spectrum of peak 632 (Fig. 5); panel
B, spectrum of peak 794 (Fig. 5); panel C, spectrum of peak 884 (Fig.
5). Fragmentation patterns for the three sugars are also shown.

strated that S1 also has NeuGca2—8NeuGe side chains and
S2 has NeuAca2-—»8NeuGc units.

%2Cf Fission Fragment Ionization Mass Spectrometry of
Methylated Gangliosides—Mass spectrometric analysis using
22Cf fission fragment ionization produced a significant
amount of detailed information on the structures of the cat
and sheep erythrocyte glycolipids. Since this technique has
not been used previously in analyzing glycosphingolipids, a
number of model gangliosides of known structure were first
studied. These were (NeuAc)Gu, (NeuAc)Gus, (NeuGe)Gs,
and (NeuAc),Gp;. The results of this study on model ganglio-
sides are presented in the Miniprint Supplement.

Once the systematics of the fission fragment ionization-
induced fragmentation of the standard gangliosides were es-
tablished, application of this method to the methylated gan-
gliosides from cat and sheep erythrocytes readily yielded
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information on their structures. The mass spectrum of gan-
glioside C1 (Fig. 7), thought from previously discussed data
to be (NeuGe),Gps, was clearly consistent with this structure
(Fig. 8, where R, = R, = CH;0CH,CO-). The major quasi-
molecular ion arising from sodium ion addition to the intact
C1 molecule observed at m/z 1905 was 60 mass units higher
than the corresponding component from (NeuAc),Gp; ob-
served at m/z 1845 (Fig. 9). This difference corresponds to
the substitution of N-glycolyl groups in place of the N-acetyl
groups. This interpretation is borne out by the presence of
the peak at m/z 797 in the spectrum of C1 (Fig. 7) correspond-
ing to ((NeuGce-NeuGe-) + H*-H), the peak at m/z 777
corresponding to ((NeuGc-NeuGe-) + Na*-COOCH,), and
the prominent NeuGce-derived peaks at m/z 406 (A + H*-
OH) and m/z 374 (A + H*-CH;0H). Additional fragment
ions arising from cleavages at D, E, F, and G (Fig. 8) complete
the sequence characterization of the carbohydrate portion of
C1. Information regarding the ceramide portion of C1 is
derived from three groups of spectral peaks. The weak group
centered at about m/z 1651, which we attribute to cleavage
between C2 and C3 of the base (J + Na*-H), indicates the
base to be largely 4-sphingenine. The (Y + H*-H) ceramide
group centered about the dominant m/z 659 and 661 peaks
then provide information on the distribution of the various
fatty acyl components of C1; the two main components were
C24:1 and C24:0. Finally the heterogeneity observed in the Y
ceramide fragment ion peaks is observed to be largely mirrored
in the group of peaks corresponding to the sodium-cationized
intact C1 molecule designated (M + Na®). The other cat
erythrocyte ganglioside C2 yielded a dominant (M + Na*) ion
at m/z 1875 (Fig. 10) consistent with the molecule containing
2 hexose units, one NeuAc, one NeuGe, and a ceramide with
mainly C24:0 and C24:1 fatty acyl chains. Not only did the
spectrum contain peaks at m/z 767 (B + H*-H) and at m/z
747 (C + Na*—-COOCH,) derived from a disialyl unit but also
intense peaks at m/z 376 (A + H*-H) and m/z 344 (A + H*-
H-CH,;) derived from a NeuAc unit (Fig. 8 where R, =
CH,CO-, R; = CH,OCH,CO-). The presence of these latter
peaks, rather than the corresponding NeuGe-derived peaks
expected at m/z 406 and 374, clearly confirms the order of
the sugars to be NeuAc-NeuGe- as deduced from the meth-
ylation data.

The mass spectra of the two sheep gangliosides could be
similarly interpreted. Methylated sheep ganglioside S1 gave
an (M + Na*) at m/z 2355 (Fig. 11), consistent with the
molecule containing 3 hexose units, 2 NeuGc units, and a
ceramide with mainly C24 fatty acyl chains. In addition to
fragments ions derived from NeuGc and NeuGe-NeuGe-, frag-
ments at m/z 993, 1010, and 1040 derived from the terminal
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trisaccharide, NeuGe-NeuGe-Gal- (fragments D and E in Fig.
12 where R, = R, = CH,;OCH,CO-), and a fragment at m/z
1255 derived from the terminal tetrasacharide, NeuGe-
NeuGe-Gal-GleNAc-, confirmed the site of substitution of the
disialyl unit and the sequence of the sugars. Methylated sheep
ganglioside S2 gave an (M + Na*) at m/z 2325 (Fig. 13)
consistent with a similar composition as S1, including C24
fatty acids, except for the substitution of a NeuAc residue for
one of the NeuGc residues (leading to a difference of 30 mass
units). Other particularly significant features of this spectrum
were peaks at m/z 767 and 747 derived from the disialyl group

MASS-TO-CHARGE RATIO (M/Z)

containing one NeuAc and one NeuGce residue and also in-
tense peaks at m/z 376 and 344. The presence of the latter
two peaks indicates that NeuAc is the terminal residue. This
confirms the methylation data in assigning a NeuAc-NeuGe-
sequence to this ganglioside. Again peaks arising from the
terminal trisaccharide (m/z 964 and 1010) and the terminal
tetrasaccharide (m/z 1225) are present in the spectrum. In
summary, these spectra demonstrate the sugar and ceramide
composition of the gangliosides. They alsc provide sequence
data, particularly on the sialic acid and other terminal resi-
dues. The method was particularly valuable in distinguishing
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Fic. 14. Proposed structures of cat and sheep erythrocyte
gangliosides.

between N-acetyl- and N-glycolylsialic acid substitution and
in determining their order in disialogangliosides. In addition
the method proved useful in partially characterizing the het-
erogeneity observed in the ceramide portion of the ganglio-
sides.

Structures of Gangliosides—Based on the various proce-
dures used in this study, the structures of the cat and sheep
erythrocyte gangliosides can be assigned as shown in Fig. 14.
The two cat species are hematosides with di-NeuGc and
NeuAc-NeuGe- substituents. The two sheep gangliosides, on
the other hand, are based on paragloboside (lacto-N-neo-
tetraose) sequences with the same two disialyl substituents as
in the cat gangliosides. All four gangliosides have ceramide
moieties containing 4-sphingenine and mainly C24:1 and
C24:0 fatty acids.

DISCUSSION

Two novel gangliosides were isolated from sheep erythro-
cytes in this study. Although both NeuAc- and NeuGe-sialyl-
paragloboside (3, 4, 25) as well as di-NeuAc-sialylparaglobo-
side (26) have previously been reported, this is the first
description of di-NeuGc- and NeuAc-NeuGe-containing disi-
alylparaglobosides. These two species are the major ganglio-
sides of sheep erythrocytes. The isolation of di-NeuGc-Gp; as
the major ganglioside of cat erythrocytes confirms the work

MASS-TO- CHARGE RATIO (M/Z)

of Hamanaka et al. (7); we also fully analyzed the structure
of (NeuAc-NeuGe-)Gp; which had previously been reported
(8) as another possible ganglioside of cat erythrocytes. Gan-
gliosides containing “mixed” NeuAc/NeuGec sialic acid struc-
tures have been previously described, but they are relatively
uncommon.

Depending on the species, animal erythrocytes have either
ganglio-series (mainly hematosides) or neolacto-series gan-
gliosides as their major acid glycosphingolipids. These gan-
gliosides may contain either NeuAc or NeuGc or both types
of sialic acids, and in some animals O-acetyl derivatives are
also found. The reason for this interspecies variation is un-
known. To some extent this composition is phylogenetically
determined since erythrocytes from closely related species
have similar ganglioside compositions, e.g., members of the
Felidae, cats, lions, and hyenas, have Gp; as their major
erythrocyte ganglioside (1). On the other hand, different
inbred strains of mice differ quite considerably in their eryth-
rocyte ganglioside patterns (1).

Our analysis of the small amounts of gangliosides isolated
from sheep and cat erythrocytes was greatly aided by the
application of *°Cf fission fragment ionization mass spec-
trometry. In this method molecules are desorbed and ionized
directly from a solid surface by the passage of an energetic
fission fragment from *°Cf through a surface coated with the
sample (27). This technique provided spectra with large mo-
lecular mass ions and simple easily interpretable fragment ion
patterns of the methylated gangliosides. Several other MS
methods have been used in obtaining molecular weight and
structural information on both derivatized and underivatized
samples of intact gangliosides. These include field desorption-
MS (28), direct chemical ionization-MS (29), liquid secondary
ionization-MS (30), and FAB-MS (30-38). Our results with
B2Cf fission fragment ionization-MS compare most closely
with the results obtained on methylated gangliosides using
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positive ion FAB-MS (34-38). The spectra bear a close resem-
blance with respect to the general fragmentation processes
which occur. There are, however, several differences in detail.
1) Unlike FAB (and also the other MS techniques), the fission
fragment method is essentially nondestructive so that the
sample may be reused after the mass spectrometric analysis
for further studies. 2) In the FAB technique the sample is
suspended in a solvent with low volatility, e.g., glycerol or
thioglycerol, which can on occasion interact with the sample
to form adduct ions or produce an unwanted background (34,
36). Complications of this kind do not arise in the fission
fragment technique because the sample is inserted into the
mass spectrometer as a solid film. 3) The FAB analyses are
performed with magnetic deflection mass analyzers with suf-
ficient resolution to resolve all adjacent ions peaks in the
spectra whereas the fission fragment time-of-flight mass ana-
lyzer has insufficient resolution to separate adjacent mass ion
peaks above m/z 1000. Nevertheless, in the spectra analyzed
in this study, this lack of resolution at high masses did not
lead to serious ambiguities. 4) In the fission fragment method,
both positive and negative ion spectra of underivatized gan-
gliosides were found to be considerably weaker and less struc-
turally informative than those obtained on methylated sam-
ples. However, since methylated samples are very often al-
ready available from classical methylation analysis, this is not
a serious drawback. The FAB-MS method gives useful nega-
tive ion mass spectra of underivatized samples (31-36). 5) In
the present study the detailed composition of the various
ceramide components could not be ascertained in every case
from the fission fragment MS alone since fragment ions
specifically related to either the fatty acid or base components
were not consistently present. This finding is to be contrasted
with the findings on NH, direct chemical ionization of meth-
ylated-reduced glycosphingolipids (30) and also with FAB-
MS of methylated derivatives obtained under certain condi-
tions (35-38). It should also be noted that commercial ?*Cf
time-of-flight mass spectrometers are less expensive than
double-focusing magnetic deflection mass spectrometers with
comparable capabilities.

In summary, **°Cf fission ion fragmentation MS can be
considered to be a useful alternative to FAB-MS for the
analysis of methylated gangliosides. In general, less than 1 ug
of ganglioside was found to be sufficient to produce a mass
spectrum using this method. It should be noted, however, that
the sensitivity-limiting step in the total analysis is the amount
of material that can be conveniently subjected to the meth-
ylation procedure and subsequent purification steps.
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SUPPLEMENTAL MATERIAL
IDENTIPICATIgy OF NeuGc-CONTAINING GANGLIOSIDES OF CAT AND SHEEP ERYTHROCYTES.
Ccf

FISSION FRAGMENT IONIZATION MASS SPECTROMETRY IN
THE ANALYSIS OF GLYCOSPHINGOLIPIDS

by
Koichi Furukawa, Brian T. Chait and Kenneth O. Lloyd
number of model ganglioside of known structure were examined using

the fission fragment jonization mass spectrometry method. They were
(NeuAc)GM1, (NeuAc)GM3, (NeuGc)GM3, and (NeuAc) ,GD3

A
i cf

METHODS

Between 1 and 5 nmoles of methylated ganglioside was dissolved in a total
of 20ul of methanol:chloroform (1:1) and electrosprayed (27) onto a thin
aluminized polyester sample support foil with 1 cm’ of surface area (27). The
mass spectrum of the resulting thin solid ganglioside sample film was obtained
using a Cf fission fragment ionization time-of-flight mass spectrometer
constructed at The Rockefeller University and described previously (27,29).

RESULTS

A1 2 34 586 7 8 9 A123456789
c c2

FIG. 1. Purification of cat erythrocyte gangliosides. Panel A: gangliosides
fractionated by preparative TLC (recorcinol spray). Lane A: unfractionated
sample. Solvent 3 was used. Panel B: immunostaining pattern of the same
samples with Ab32-27M (1:8 of hybridoma supernatant). Solvent 2 was used.
Fractions 3 and 5, showing Ab-positive bands, were used in subsequent
studies and were designated Cl and C2, respectively.

Resorcinol
A

S—

—

A 1

FIG. 2. Purification of sheep erythrocyte gangliosides. Panel A: gangliosides
fractionated by step-wise elution from a DEAE-Sephadex column (resorcinol
spray). Lane A: unfractionated sample. Fractions 1 - 6 were eluted by
C:M:sodium acetate (30:60:8) with increasing concentrations of sodium

acetate: 0.05, 0.1, 0.15, 0.2, 0.25, and 0.3M. Solvent 3 was used. Panel B:
immunostaining pattern of the same samples as in A with Ab 32-27M (1:8 o
hybridoma supernatant). Solvent 2 was used. The components eluted in fractions
4 and 5 were reactive with antibody. Panel C: Two gangliosides purified from
fractions 4 and 5 by preparative TLC using solvent. They were designated Sl
and S2.

A comparison of the positive ion fission fragment ionization mass spectra
obtained from underivatized GM) and methylated GM1 showed that the mass
spectrometric response of the latter was more than two orders of magnitude
more intense than the former. In addition, the methylated material yielded a
more informative spectrum of fragmentation products than did the underivatized
material. For these reasons all of the gangliosides examined in the present
study werc methylated prior to mass spectrometric analysis.

FIG. 16. Structure of (NeuAc)GM3 showing proposed fragmentation pattern in
fission fragment ionization mass spectroscopy.

Gangliosides of Cat and Sheep Erythrocytes

Fig. 15 shows the partial fission fragment time-of-flight mass spectrum
of dog erythrocyte (NeuAc)GM3 between m/z (mass-to-charge ratio) 300 and m/z
2300. The positive ion spectrum of GM3 and all of the other gangliosides that
we studied were characterized by the presence of relatively intense peaks
corresponding to the sodium cationized intact molecule (M + Na)* and also by
structurally informative and easily interpretable fragmentation products.
From the observed ion peaks, the composition of GM3 could be deduced, both in
terms of sugar composition as well as the ceramide. The interpretation of the
fragmentation pattern of permethylated GM3 is indicated in Fig. 15 with
reference to the structure shown in Fig. 16. The masses were determined with
sufficient accuracy (250ppm) to allow unambiguous assignment of the nominal
masses of the fragment ion. It should be noted, however, that the ek
fission fragment time-of-flight mass spectrometer used in the present study
has insufficient resolution to clearly separate adjacent mass peaks above m/z
1000. Thus the m/z values given for all peaks above m/z 1000 are values which
are averaged over the unresolved constituent isotopic components as well as
over closely related constituent fatty acyl components (e.g. C24:0 and C24:1
in the m/z 1845 peak shown in Fig. 9 for GD3). A particularly significant ion
fragment gives rise to the intense peak labelled (A + H*-H) at m/z 376 which
can be formally accounted for by protonation of the terminal N-acetyl-
neuraminic acid moiety followed by cleavage 'A' and transfer of hydrogen to
the neutral fragment. A related ion species at m/z 344 can be accounted for
by the additional loss of CH,OH from the m/z 376 ion. Three fragment ion
peaks yield molecular weight information on the total carbohydrate portion of
GM3, The ions with m/z 792 and 776 likely arise by sodium cationization of
the carbohydrate portion followed by cleavage 'C' and transfer of CH, and OCH,
respectively. The ion with m/z 879 likely arises by sodium cationization
followed by cleavage 'D' of the two arms of the ceramide as indicated.
Intense peaks corresponding to the ceramide portion of GM3 are also observed
centered about m/z 659 and 661. Detailed inspection of this portion of the
mass spectrum (see insert in Fig. 15) indicates considerable heterogeneity in
the fatty acyl chain of the ceramide which largely mirrors the heterogeneity
observed in the cluster of peaks corresponding to sodium cationized intact
Gl
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FIG. 17. Uncompressed mass spectrum of methylated GD3 ganglioside in the
region between m/z 500-700. The assignment of peaks to different fatty
acids in the ceramide moiety are indicated.

The major ion peaks observed at m/z 659 and 661 are consistent with
C24:1 and C24:0 fatty acyl chains assuming the long chain base to be 4-
sphingenine. Minor peaks were also observed at m/z 645 and 647 and at m/z 673
and 675 which could be attributed to C23 and C25 chains respectively. This
interpretation was confirmed by gas chromatographic analysis of the fatty acid
composition (data not shown). The additional undersignated peaks in the inset
at m/2660 and m/z 662 are due to YC- containing isotopic components. The
difference in mass between the most intense (M + Na)* ion peaks and the pair
of weak fragment ion peaks at m/z 1228 and 1230, which we attribute to
cleavage between C2 and C3 of the base (E + Na*- H), provides additional
confirmation that the base is 4-sphingenine.

Spectra obtained from a sample of (NeuGc)GM3 yielded an analogous series
of fragment ion peaks to those described above for the (NeuAc)GM3 except that
the carbohydrate-containing fragment masses were, as expected, all 30u higher
(data not shown).

As shown in Fig. 9, the mass spectrum of (NeuAc) GD3 (Fig. 8 with
R =R,=CH,CO) was not significantly complicated by the presence of two sialic
acids residues. The (M+Na)* region of the mass spectrum exhibited a large
number of peaks indicating a considerable degree of heterogeneity within the
GD3 sample. That this heterogeneity is contained within the ceramide portion
of the molecule is implied by the close similarity between the pattern of
ceramide fragment ions (Y + H*- H) shown in detail in Fig. 17 and that of the
(M+Na)* ions and also by the absence of any observed heterogeneity with the
carbohydrate portion of the molecule. The fatty acid composition of GD3 as
deduced from Fig. 17 is compared in Table III with the composition determined
from a gas chromatographic analysis of the same sample. In general a
reasonable agreement was observed between the two methods. As in the case of
GM3, the most intense peaks in the spectrum at m/z 376 and 344 arise from the
terminal NeuAc moiety. The disialyl nature of GD3 could be deduced by the
characteristic ions at m/z 737 (C + Na*-COOR). The ion at m/z 737 arises by
protonation of NeuAc-NeuAc followed by cleavage 'B' and transfer of hydrogen
while that at m/z 717 appears to be formed by sodium ion addition to the
disialyl moiety followed by cleavage 'C' and loss of the adjacent COOCH
group. Signals at m/z 717 and 737 are absent from the spectra of GM3 so that
disialyl gangliosides can be readily distinguished from monosialyl
gangliosides using this technique. Indeed, as is seen in the main body of the
manuscript, the sequence of sialic acid groups can be directly read off the
mass spectrum in disialyl gangliosides where the sialic acid groups are not
identical. TIons (D + Na*- CH,) and (D + Na*- OCH,) derived from the disialyl-
galactose moiety were detected at m/z 1154 and m/z 1139 and a sodium
cationized fragment containing the entire carbohydrate portion of the
molecule, formed by cleavage 'G' of the two arms of the ceramide was detected
at m/z 1241,

The systematic fragmentation behavior of the four known gangliosides
described above were employed to elucidate the structures of the four
compounds discussed in the main body of the manuscript.

TABLE I11

FATTY ACID COMPOSITION OF HUMAN
MELANOMA (NeuAc), GD3

FATTY MASS SPECTROMETRIC GAS CHROMATOGRAPHIC
ACID ANALYSIS ANALYSIS
% H
14:0 - 5.6
16:1 7.5 3.8
16:0 2.3 20.0
18:1 2.8 10.8°
18:0 7.1 7.9
20:1 2.8 6.4
20:0 5.8 6.1
22:1 3.7 i
22:0 9.0 7.3
24:1 21.5 19.9
24:0 15.6 12.3

AContain contribution from fatty acids derived from isolation procedures
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F16, 9. Partial mass spectrum of methylated (NeuAc)zGD3 shown hetween miz 300-2300. M desjgnates the intact molecule. The labels
on the fragment ion peaks refer to the fragmentation sites indicated in Fig. 8; R = CH3, To allow for convenient representation
Of ttge data,Fthe %ectrum has been compressed along the mass axis. An uncompressed portion of the spectrum between mass 500-700
s shown in Fig. 17.
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FIG, 15. Partial 2%2Cf fission ﬂagment fgnization time-pf-flight mass spectrum of methyleted (NeuAc)GM3 shown between m/z 300-
2300, M designates the intact wolecuie. [he labels on the fragment sites refer Lo the fregmentation sites indicated in Fi ig. 16;
R = (H3, | indicates an jon orxgnnnmg from an imotucity, To allow for convenjent representation of the data, the spectrum has
been compressed d]ong the mass axis. An uncompressed portion of the spectrum showing deteils of the ceramide fragment lon peaks
Lenteled around m/z 659 and 661 is given as an inset; peaks assigned to different fatty zcids are indicated. X = 21-23
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