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Glycolipids, including sphingolipids, were comprehensively reviewed in
1965 by Carter (1) and briefly discussed in subsequent chapters of the se-
ries (2-4). Essential contributions since then will be referred to in this
critical review of the current status of research in this field.

The nomenclature of lipids, and in particular of the complex glycosphin-
golipids, remains of serious concern despite the semisystematic nomencla-
ture recommended by the ITUPAC-IUB (5) and followed in this review.
However, more detailed information about the compounds to be discussed
can be expressed by chemical shorthand nomenclature. In the future this
may prove especially valuable because of the discovery of new glycosphin-
golipids with greater structural complexities in both the ceramide and car-
bohydrate moities.

ANALYTICAL METHODS

New methods have been introduced for analysis of complex glycosphingo-
lipids which are applicable to either the whole molecule or its respective
components.

The separation of neutral (ceramide mono- and polyhexosides) and acid-
ic glycolipids (gangliosides) can in general be achieved by a partition be-
tween water and chloroform/methanol as refined by Hakomori (6) and
Saito & Hakomori (7). These authors observed that higher ceramide poly-
hexosides with more than four hexose residues appear together with the
gangliosides in the upper aqueous phase. The separation of these two classes
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can be carried out on DEAE-cellulose. Higher ceramide polyhexosides such
as ceramide penta- to nonahexosides are successfully separated by thin-layer
chromatography on silica gel plates after peracetylation (solvent system:
1.2-dichloroethane/methanol/water 97:3:0.5).

An improved procedure for quantitative isolation of ceramide-containing
glycolipids from mammalian tissues by two-dimensional thin-layer chroma-
tography has been described by Gray (8) (solvent system: direction 1,
chloroform/methanol/water 65:25:4; direction 2, tetrahydrofuran/dime-
thoxymethane/methanol/water 10:6:4:1) and by Skipski, Smolowe & Bar-
clay (9). Modified procedures for the extraction (10) and the quantitative
analysis of ganglioside mixtures (11) were reported, the latter based on the
procedure of Suzuki (12).

A microdetermination of gangliosides from total lipid extracts after
thin-layer chromatography, based on the densitometry of the charred lipid
spots, has been reported by Sandhoff, Harzer & Jatzkewitz (13).

A new tool for the quantitative detection of solutes in thin-layer chro-
matograms has been designed by Haahti & Jaakonmiki (14). The bands are
charred in the presence of cupric oxide in the silica gel layer and the result-
ing CO, is monitored by a thermal conductivity. cell.

A spectrophotometric determination of molar amounts of glycosphingoli-
pids (cerebrosides, ceramide polyhexosides, and gangliosides) and ceram-
ides by hydrolysis and reaction of the long-chain base with trinitrobenzene-
sulfonic acid was described by Yamamoto & Rouser (15). 4¢-Sphingenine
can also be determined fluorimetrically in the pmole range after complex
formation with 1-naphthylamine-4-sulfonic acid (16). The method has also
been used for the estimation of complex glycosphingolipids.

Vance & Sweeley (17) described a procedure for the quantitative deter-
mination of the neutral ceramide hexosides applied to human blood plasma
and erythrocytes. The total lipid extract is separated by silicic acid chroma-
tography into the neutral lipids (chloroform), neutral mixed glycolipids
(acetone/methanol 9:1), and phospholipids (methanol). Mild alkaline hy-
drolysis and preparative thin-layer chromatography removed contaminants.
Acid hydrolysis and subsequent gas-liquid chromatography of the trimethyl-
silyl (TMS) derivatives made possible the determination of the composition
of both the carbohydrate portion and the long-chain base in the tempera-
ture-programed run. With mannitol as internal standard the quantitation
was rather satisfactory. This procedure was adapted to a microscale for the
analysis of biological specimens such as urine sediment by Desnick, Sweeley
& Krivit (18).

The separation of 4¢-sphingenine, sphinganine, and 4p-hydroxysphinga-
nine on a preparative scale by chromatography on silica gel columns has
been described by Barenholz & Gatt (19).

Dinitrophenyl derivatives of long-chain bases can be easily prepared and
fractionated either by reversed-phase paper chromatography (20) or ac-
cording to their degree of unsaturation on silver-nitrate-impregnated silica
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gel G (21). Erythro and threo isomers of N-acetyltrimethylsilyl derivatives
of long-chain bases can be separated by gas-liquid chromatography on SE
30 columns (22) or as their DNP derivatives by two-dimensional chroma-
tography on borate-impregnated silica gel G or paper (23). The separation
of ceramides from sphingomyelin or any sphingolipid according to the num-
ber of double bonds can be achieved after acetylation by argentation thin-
layer chromatography of the diacetylceramides (solvent system: chloroform
/water 95:5) (24).

Ceramide galactosides and ceramide glucosides can be separated on bo-
rate-impregnated silica gel G (25). Sulfatides can be rapidly determined
quantitatively in a sensitive spectrophotometric assay of the complex be-
tween the cationic dye azure A and the anionic sulfolipids (26).

Attempts to use quantitative enzymatic degradation by glycosidases for
the stepwise degradation of the oligosaccharide portion of sphingolipids have
been unsuccessful because of the insolubility of the substrates. Coating the
substrate to lecithin-impregnated filter paper proved to be partially suc-
cessful with the trihexosylceramide galactosyl hydrolase (27).

Wiegandt & Baschang (28) investigated the release of the carbohydrate
moiety of glycolipids by ozonolysis, a method which leaves the neuraminic
acid molecule linked to the sugars. Releasing the carbohydrate from glyco-
sphingolipids by osmium-catalyzed periodate oxidation followed by alkali
treatment destroys the N-acetylneuraminic acid linkage (29), but is very
useful for the microanalysis of ceramide polyhexosides. A new method for
obtaining oligosaccharides in high yield by partial acid hydrolysis of the
polysaccharides has been used for structural studies on Gram-negative O
antigens, and might prove very useful for analytical studies in the glycolipid
field (30).

The isotope-dilution method has been applied to the microanalytical de-
termination of five classes of glycosphingolipids (31). The test substances
were tritiated by catalytic reduction of the double bond in the long-chain
base. Since unsaturated and hydrogenated ceramide polyhexosides differ in
their thin-layer chromatographic behavior, the unkown sample must be re-
duced before the dilution experiment.

The glycosphingolipid field has been recently enriched by the combined
use of gas-liquid chromatography and mass spectrometry (GLC-MS). Karls-
son (32) and Gaver & Sweeley (33) used this technique to obtain detailed
structural information concerning the TMS ethers or the N-acetylated de-
rivatives, respectively, of the long-chain bases.

Improvements in the preparation of the long-chain bases for gas chro-
matography have been made by Carter & Gaver (22). Usually the TMS
derivatives are prepared with a mixture of pyridine/hexamethyl-disilazane/
trimethylchlorosilane 10:2:1. Attention should be drawn to the convenient
silylation reagent, N-methyl-N-trimethylsilyltrifiuoracetamide (or forma-
mide), frequently used for amino acid gas-liquid chromatography (34).

Polito, Naworal & Sweeley made use of the observation (35) that TMS
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derivatives of vicinal diols exhibit strong fragmentation ions between C at-
oms carrying these functional groups, and therefore transformed unsatu-
rated compounds into diols by osmium tetroxide oxidation and silylation.
This method allows the assignment of the double bond positions from the
characteristic fragmentation (36, 37). Vance & Sweeley (17) have devel-
oped a quantitative analysis of four glycolipids in small samples of human
plasma and erythrocytes using gas chromatography of the methylglycosides
obtained by methanolysis of the sphingolipids. The combined GLC-MS anal-
ysis has been extended to the analysis of the ceramide and carbohydrate
part of the glycosphingolipids, using their trimethylsilyl (TMS) derivatives
or their acetates.

Samuelsson & Samuelsson (38, 39) studied a number of synthetic cer-
amides. Casparrini, Horning & Horning (40) described the gas-chromato-
graphic separation and identification of TMS derivatives of synthetic cer-
amides as well as those from natural sources (such as blood plasma or after
enzymatic hydrolysis of sphingomyelin from plasma). Cerebrosides (41)
have been separated into molecular species by gas-liquid chromatography of
the fully silylated compounds at elevated temperatures (320°C). Character-
istic fingerprints of the fragmentation mode within the scan limits 1 to 850
m/e were obtained. Karlsson et al (42) preferred to first acetylate then sily-
late sulfatides, which replace the sulfate group for mass spectroscopy.
Sweeley & Dawson (43) attempted to make structural deductions from
mass spectra of TMS derivatives of glucosylceramide (Cer-Glc), lactosyl-
ceramide (Cer-Glc-Gal), galactosyl-galactosyl-glucosylceramide (Cer-Glc-
Gal-Gal), globoside, monosialoganglioside, asialoganglioside, and Tay-
Sachs ganglioside. All significant ions which were necessary to deduce the
position of glycosidic linkages in the oligosaccharide unit were found. The
mass spectrometer however cannot distinguish among the aldohexoses.

These studies were aided by mass spectroscopic studies of TMS deriva-
tives of carbohydrates (44). Bjorndal et al (45, 46) described the analysis
of polysaccharides after exhaustive methylation (47), and the GLC-MS of
the alditol acetates of the methylated sugars after hydrolysis, a method used
so far only for structural studies of the O antigens of Salmonella. It offers
promising perspectives also for structural analysis, including the position of
the glycosidic linkages, in the glycolipid field.

STRUCTURES

The chemical transformation of 4¢-sphingenine led to ribo-2-amino-1,3,4-
octadecanetriol, which proved to be identical with 4p-hydroxysphinganine
(phytosphingosine) isolated from natural sources (48, 49). Morrison (50)
isolated 31 long-chain bases from milk sphingomyelin. These included satu-
rated dihydroxy bases with #-C,, to C,,, is0-C,; to C,, and anteiso-C,, to Cyy
structures, and unsaturated dihydroxy bases with #-C;, to C,,, iso-C,, to
C,y, and anteiso-C,;, C,;, and C,4 structures. The long-chain base pattern
was similar in milk ceramide glucoside and ceramide lactoside, three classes
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also containing large amounts of long-chain C,g to C,5 frans-monoenoic ac-
ids (51). Carter, Gaver & Yu (52) found 19-methyl-C,,-4p-hydroxysphin-
ganine in the flagellate Crithidia fasciculata. Branched long-chain bases are
also present in protozoa (53) and ceramide-containing phospholipids were
observed in bacteria. The anaerobic bacterium Bacteroides melaninogenicus
contains the following branched saturated long-chain bases : 17-methylsphin-
ganine, 15-methylhexadecasphinganine, and 16-methylhexadecasphinganine
(54). Substantial amounts of 4p-hydroxysphinganine and of a A%-16-methyl-
Cy,-4¢-sphingenine has been identified in the cerebroside and the sphingo-
myelin fraction of beef and rat kidney respectively (55, 56).

Several laboratories (57-59) have isolated dienoic long-chain bases,
found to be present in plasma sphingomyelin and recently also in human plas-
ma ceramide monohexosides (59); the structures proved to be erythro-1,3-
dihydroxy-2-amino-4trans-14cis-octadecadiene (sphinga-4,11-dienine. Plas-
ma sphingomyelin and cerebrosides also contain #rans- monoenoic fatty
acids, e.g. 22:1, 23:1, 24:1 (60, 63). 14-Carbon homologues of 4¢-sphingenine
are present in sphingolipids of crayfish (64), human aorta (61), insects (62,
65), and honeybee (66). Tetradecasphinganine and hexadecasphinganine are
the principal long-chain bases in invertebrates (Musca domestica) (65), and
eicosasphinga-4,11-dienine and eicosasphing-11-enine were found in scorpion
(62). The geometry of the double bonds was not reported. The chemistry
and occurrence of sphingolipid long-chain bases have been summarized by
Karlsson (67, 68).

Ceramides isolated from whole brain tissue contain eicosasphingenine
with stearic acid as the main fatty acid. The same holds for gray matter
ceramides and sphingomyelin, whereas in white matter ceramides and
sphingomyelin the C,,-long-chain base is missing and 4¢-sphingenine is acy-
lated mainly with C,, and C,g acids (69, 70). The changes in the long-chain
base and fatty acid patterns of the gangliosides in the developing rat and
human brain were followed: 4¢-sphingenine, the only long-chain base at
birth, exchanges with increasing age with the C,, homologue to equal level,
while the fatty acid remains stearic acid (71). A study of serum sphingo-
myelins by argentation chromatography revealed that sphingenine was acy-
lated with saturated trams- or cis-monoenoic fatty acids (nervonic acid);
the same was observed for sphingadienine. This species analysis of sphingo-
myelin is possible after phospholipase C hydrolysis and fractionation of the
ceramides, according to Renkonen (24, 72). By this procedure the occur-
rence of 2-hydroxy fatty acids predominantly with 16, 22, and 24 C atoms in
sphingomyelin of the bovine rennet stomach has been established (73).

Ceramide aminoethyl phosphonates and ceramide phosphorylethanola-
mines are present in marine invertebrates (74, 75), and have also been iso-
lated from rumen protozoa (76) and the blowfly Calliphora erythrocephala
(77).

White et al (78-80) described the presence of three unusual phospho-
sphingolipids in Bacteroides melaninogenicus which proved to be ceramide
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phosphorylethanolamine, ceramide phosphorylglycerol, and ceramide phos-
phorylglycerol phosphate. These accounted for 50 to 70% of the lipid phos-
phorus and also contained iso-long-chain saturated bases.

Klenk & Schorsch (81) isolated the individual galactocerebrosides by a
combination of silica gel chromatography, mercuric acetate addition to dou-
ble bonds, and countercurrent distribution, procedures which made possible
the separation of kerasine and nervon from cerebron and oxynervon frac-
tions. The kerasine fraction was separated into the cerebrosides with the
homologous C,,, C,,, and 'C,; acids, and the nervon fraction into those with
homologous C,,, C,;, and C,g acids. The cerebron fraction of brain cerebro-
sides also was separated by countercurrent distribution of the acetylated
cerebroside mixture according to the chain length of the 2-hydroxy fatty
acids. The main cerebron component contained 2-hydroxy-n-tetracosanoic
acid, while cerebrosides with C,,, C,;, and C,;-2-hydroxy acids were pres-
ent in smaller amounts (82). The chain lengths and structures of the fatty
acids of cerebrosides change with age (83, 84).

Ceramide glucose has been isolated from brain tissue, human liver, se-
rum, and spleen (85-87). Nishimura & Yamakawa (88) found that palmi-
tic and stearic acids are the acyl groups of the glucosylceramide and sug-
gested that their precursor function in ganglioside biosynthesis is due to the
similarity of the fatty acid pattern of this kerasine and the Tay-Sachs gang-
lioside (89, 90).

Cerebroside esters, in which C; or Cg or both, of the galactose moiety, or
C, of sphingenine, is esterified with long-chain fatty acids (mainly palmitic,
stearic, palmitoleic, and oleic) have been isolated from human brain by
Klenk et al (91, 92), Kishimoto, Wajda & Radin (93), and Tamai (94, 95).
Karlsson (96, 97) studied the distribution of sphingolipids in bovine kidney
and observed a high sulfatide concentration in the outer part of the medulla
where the corticosteroid-dependent Na*-transport system is located.

A relationship between sulfatide content and Na*, K*-activated ATPase
activity is also apparent in the avian salt gland (herring gull). The ratio of
enzyme to sulfatide correlates well in this and other organs of the animal.

Digalactosyl ceramide was isolated from normal human kidney (98). A
new sulfatide has been isolated and its structure determinated by methyla-
tion studies and chemical degradation by Stoffyn, Stoffyn & Martensson
(99), who proved it to be the 3-sulfate ester of Gal-(fB1—>4)-p-Glc-(B1—>
1)-Cer. It comprises about 259 of the sulfatide fraction of patients with
metachromatic leucodystrophy (100, 101).

Sweeley et al (102, 103) characterized the ceramide trihexoside accumu-
lating in patients with Fabry’s disease as Gal-(1-—>4)-Gal-(1-4)-Glc-(1—
1)-Cer. Another glycolipid had the partial structure of Gal-(1—>4)-Gal-(1
—1)-Cer. These two lipids accumulate in the kidneys; they are also present
in blood plasma, but not in the erythrocytes. Miyatake (104) confirmed the
structure of ceramide trihexoside, and in addition determined the distribu-
tion of the ceramide polyhexosides in the different organs. Sweeley, Snyder
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& Griffin (105) established the 8-glycosidic linkages in the ceramide trihex-
oside by NMR spectroscopy.

Miyatake, Handa & Yamakawa (106) studied the chemical structure of
the main glycolipid of hog erythrocytes, a ceramide tetrahexoside which has
the same oligosaccharide sequence as the Forssman active glycolipid except
for the B configuration of the glycosidic linkage of the terminal N-acetyl-
galactosamine. The following structure was proposed: N-Ac-Gal-(B1-3)-
Gal-(B1—4)-Gal-(1->4)-Glc-(B1-1)-Cer.

The chemical structure of 'the Forssman hapten has been elucidated by
Makita, Suzuki & Yosizawa (107). It differs from globoside only in the a-
type glycosidic linkage of the terminal N-acetylgalactosamine residue:
N-Ac-Gal- («l1—3)-Gal-(B1—>4)-Gal-(f1—>4)-Glc-(B1—>1)-Cer.  Recently
glycosphingolipids with even more complex carbohydrate chains have been
isolated ; these are of increasing importance with regard to their immuno-
chemical properties and membrane functions.

Eto et al (108) described the isolation and characterization of a ceram-
ide pentahexoside from rabbit erythrocyte ghosts and reticulocytes. The
structure proved to be Gal-(al—>3)-Gal-(B1—3)-N-Ac-Gle-(B1—3)-Gal-
(B1—>4)-Gle-(B1—>1)-Cer. Since this ceramide pentahexoside inhibits the
agglutination of human B erythrocytes with the corresponding antibody, it
is concluded that the terminal galactose is bound a-glycosidically.

The animal cell possesses three classes of characteristic glycolipids: (a)
the neutral glycosphingolipids containing glucose, galactose, N-acetylglucos-
amine, and N-acetylgalactosamine, (&) fucose-containing glycosphingolipids
characterized by terminally linked fucose, a “hydrophobic” residue, and (¢)
acid glycosphingolipids (gangliosides) with the typical N-acetylneuraminic
acid residues again in terminal positions. Like the gangliosides, fucose-con-
taining glycosphingolipids are present on the cell surface and exert highly
specific functions.

Yamakawa (109) isolated the first blood group active glycosphingolipids
of the globoside type; however, analysis showed substantial substitution by
fucose. Globosides IT and TII appeared to be specific for blood groups A and
B, respectively. Structures for these compounds have not been proposed.
Hakomori & Strycharz (110) fractionated and purified the A,B,H, and
Lewis a and b haptens of erythrocytes for structural studies, separating
them as acetylated compounds by thin-layer chromatography. Component I
was deemed to be a ceramide hexahexoside, IT was a ceramide heptahexo-
side, and IIT was heterogeneous. These haptens contained Gal, Glc, Fuc, N-
Ac-Glc, and the blood group A substance N-Ac-Gal in ratio of 2-4:1:1:1:1.
So far it can be concluded that these 5, out of about 65 known blood group
substances of glycosphingolipid structure, have a common ceramide tetra-
hexoside backbone with the following structure: Gal-(1—>4)-N-Ac-Glec-(1
—3)-Gal-(1-54)-Glc-(1>1)-Cer. A, B, H, Lewis a (Le?), and Lewis b
(LeP) can be converted to this ceramide tetrahexoside by acid treatment or
Smith degradation (111, 112). The structural studies on the A and B glyco-
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lipid have not yet been completed, but a ceramide octahexoside with a
branched oligosaccharide chain has been proposed (S. Hakomori, personal
communication). The Le® hapten is a ceramide pentahexoside and the Le®
hapten is a ceramide hexahexoside. The oligosaccharide chains are in the
linear arrangement:

Le* Gal-(1-3)-N-Ac-Gle-(1-3)-Gal-(1—4)-Gle-(1—1)-Cer

Fuc

Le® Fuc-(1—2)-Gal-(1-3)-N-Ac-Glc-(1-3)-Gal-(1—4)-Gle-(1—1)-Cer

4+

1
1

i
Fuc

Another Le® active glycolipid turned out to be a ceramide octahexoside:

~

Fuc-(1—2)-Gal-(1—3)-N-Ac-Gle-(1—3)-Gal—-N-Ac-Glc- ('1 —3)Gal-(1—4)-Glc-(1—1)-Cer
1 :

;
g,

Fuc

A fucose-containing sphingolipid with a novel type of ceramide and unique
carbohydrate moiety but missing blood group A, B, H, and Lewis specifities
has been isolated from erythrocytes and chemically characterized by Yang
& Hakomori (113):

Gal-(1—4)-N-Ac-Glc-(1—-3)-Gal-(1—4)-Glc-(1—1)-Cer

—( —— CN)

Fuc

The ceramide is mainly composed of 4-hydroxysphinganine and of long-
chain 2-hydroxy fatty acids.

Le* and LeP glycolipids were first isolated from adenocarcinoma tissue
(114, 115). The presence of fucose-containing glycosphingolipids has been
demonstrated in different tissues: epithelial glandular tissues such as hog
(116) and dog (117) small intestine, pancreas adenocarcinoma of colon,
and metastatic lesions in the liver originating from these tumors (112).
Marcus & Cass (118) found that Le®-and LeP-active glycosphingolipids are
associated with the high- and low-density lipoproteins of plasma, and be-
come integrated into the erythrocyte surface membranes. The site of their
biosynthesis is not known.
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Blood group A and B glycolipids are absent in tumor tissues, whereas
Le®, Le®, and H fucose-containing glycosphingolipids have been isolated
from these sources as typical constituents. On the other hand Kawanami &
Tsuji (119) were not able to find the fucose-containing ceramide polyhexo-
sides described by Hakomori (113) in human gastric carcinoma. Instead
ceramide mono-, di-, tri-, and tetrahexosides and cerebrosides were the
main components, with 3'-sulfate ester (sulfatides) and hematosides present
as minor components.

Wiegandt (120) reported on the occurrence of gangliosides in bovine
red cells and spleen, and referred to a N-Ac-glucosamine-containing gangli-
oside with Gal- (1-53)-N-Ac-Gle-(1-4)-Gal- (1->4)-Gle-(1-1)-Cer as the
backbone. Spleen contained a number of other N-acetyl- and N-glycolylneu-
raminic acid-containing ceramide polyhexosides with N-acetylglucosamine
and N-acetylgalactosamine, e.g. Gal-(1-3)-N-Ac-Gal- (1->4)-Gal- (1—>4)-
Gle-(1-1)-Cer, and Gal-(1-3)-N-Ac-Gle- (1->4)-Gal-(1-4)-Gle- (1-1)-
Cer. The neuraminic acids were bound to the 3 position of the terminal ga-
lactose residue. A glycosphingolipid with a new sialic acid, O-acetyl-(N-
glycolyl)-neuraminic acid, has been isolated from equine erythrocyte ghosts
(121). Tt is a hematoside except that the neuraminic acid carries both an N-
glycolyl and an O-acetyl group, the latter linked either to C, or to the gly-
colic acid group. Ishizuka, Kloppenburg & Wiegandt (122) in a character-
ization of gangliosides from fish brain refer to the same fundamental tetra-
hexoside structure of gangliosides, Gle-(4—1)-Gal-(4—1)-N-Ac-Gal-(3—
1)-Gal in iso- and poikilotherm animals. The difference in the gangliosides
is, however, the occurrence of 8-0,N-diacetylneuraminic acid and, in addi-
tion, the large quantities (ca 509 of the total gangliosides), of tri-, tetra-,
and penta-N-acetylneuraminyl gangliosides. The absolute content of brain
gangliosides in fish and amphibians is only 0.3 to 0.5 times that in mamma-
lian brain. A similar comparative study has been reported by Avrova (123).
Two review articles comprehensively summarize the chemistry of ganglio-
sides (124, 125).

Carter et al (126, 127) continued their studies of the chemical structure
of phytoglycosphingolipids. Oligosaccharides referring to tetra, penta-,
hexa-, hepta-, and octahexosides with and without a phosphate ester group
were isolated. The complete structure of a phytoglycolipid was established
as: N-acetyl-4p-hydroxysphinganine-1-phosphoryl-1-O- (2’-O-mannosido-6’-
O-[ (fucosylarabinosyl-galactosyl)-p-glucosamido-1-(1->4 ) -p-glucoronido ) ]-
myoinositol. Wagner & Zofcsik (128, 129) isolated two glycosphin-
golipids from the yeasts Candida utilis and Saccharomyces cerevisiae. One
turned out to be dihydrogalactocerebroside, and the other contained C,q and
Cyo-4-hydroxysphinganine and sphinganine acylated with long-chain satu-
rated and monoenoic acids (C,,) linked via a phosphodiester to myoinositol
and p-mannose.

CHEMICAL SYNTHESIS
Weiss (130) and Prostenik, Majhofer-Orescanin & Ries-Lesic (131) es-
tablished the stereochemical and structural relationship between 4¢-sphin-
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genine and 4p-hydroxysphinganine and proved that it is p-ribo-2-amino-1,3,4,-
octadecanetriol. Two elegant synthetic routes for 4p-hydroxysphinganine
were developed by Gigg & Gigg (132, 133) with p-galactosamine and 4-ga-
lactose as starting material. Gaver & Sweeley (134) and Mendershausen &
Sweeley (135) prepared the 3-oxo derivatives (= 3-dehydro-) of N-acetyl-
4t-sphingenine, sphinganine, and N-carbobenzoxysphinganine, which was
transformed to 3-dehydrosphinganine. A simple procedure for the synthesis
of the hydrochloride of this and homologous aminohydroxyketones was de-
scribed by Stoffel & Sticht (136). The same authors (137) carried out
chemical syntheses of 14C- and ®H-labeled sphinganines and sphingenines
required for the biochemical studies, and of the 1- and 3-phosphate esters of
sphinganine (138).

Flowers (139) described a two-step synthesis of lactosylceramide (cyto-
lipin H). Hay & Gray (140) outlined the chemical preparation of p-gluco-
syl-(B1->1)-ceramide, p-lactosyl-(B1—>1)-ceramide, and p-galactosyl-(B1—>
4)-p-galactosyl-(81—>1)-ceramide. Ceramides obtained from natural sphin-
gomyelin by phospholipase C hydrolysis were tritylated and the 3-O-benzoyl
ester was formed. After detritylation the 3-O-benzoylceramide was con-
densed with the relevant acetobromo sugar in satisfactory yield (12-30%).

p-Galactose-3-sulfate was synthesized by Jatzkewitz & Nowoczek (141)
and Stoffyn & Stoffyn (142), and proved to be identical with galactose sul-
fate liberated from brain sulfatides.

Shapiro has summarized the synthetic work in the sphingolipid field
(143, 144, 144a), outlined the advances toward the synthesis of gangliosides
(145, 146), and described the synthesis of 4t-sphingenine phosphorylcholine
(147).

METABOLISM OF GLYCOSPHINGOLIPIDS
B1osyNTHESIS OF GLYCOSPHINGOLIPIDS

Biosynthesis of long-chain bases—On the basis of experiments carried
out independently by Snell et al (148-150) and Stoffel et al (151-153) the
mechanism of the sphinganine biosynthesis hitherto proposed (154, 155) can
no longer be accepted. In both laboratories the condensation product of
palmitoyl CoA and serine has been isolated and chemically identified as 3-
dehydrosphinganine. The condensing enzyme requires pyridoxal phosphate.
NADPH and a microsomal reductase stereospecifically reduces 3-dehydro-
sphinganine to p-sphinganine (153), a reaction that has been studied with
enzyme preparations from Hansenula ciferri and from different rat tissues
(Figure 1). The condensing enzyme and reductase exhibit chain length spe-
cificities for CoA esters of Cy, to Cyg acids and C,, to Cye-3-dehydrosphin-
ganines (156, 157). The mechanism of formation of the 4-trans double bond
is still obscure.

In analogy the condensation reaction has also been carried out with
mouse brain enzyme preparations leading to C,s- and C,o-sphinganines
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0] COOH

7 | PLP
CiC -+ CH—CH;0H ——— C;;7—C—CH-—CH,0H

\SCoA | - synthetase I

NH; O NH:
Palmitoyl Serine 3-Dehydrosphinganine
CoA
NADPH .
Cy—C—CH—CH,0H ——— Cy—CH—CH—CH,0H
3 reductase |
O NH; OH NH,

Sphinganine

F1GURE 1. Biosynthesis of sphinganine (148-153).

(158). Greene, Kaneshiro & Law (159) found that 3-14C-serine and 2H-pal-
mitate were incorporated into tetraacetyl-4p-hydroxysphinganine by Han-
senula ciferri. Weiss & Stiller ( 160) and Stoffel, Sticht & LeKim (161)
demonstrated the direct transformation of 1-14C or 3-14C sphinganine into
4-hydroxysphinganine by the yeast. The origin of the hydroxyl group on C,
is still obscure, although Thorpe & Sweeley (162) conclude from 180, ex-
periments that it is derived from neither molecular oxygen nor water, but
from an unknown donor. '

Degradation of long-chain bases.—Stoffel and collaborators studied the
degradation of specifically labeled sphinganine, 4t-sphingenine, and 4p-hy-
droxysphinganine in vivo (163-166) and in vitro (167, 168). The long-chain
bases sphinganine, 4t-sphingenine, and 4p-hydroxysphinganine, independent
of their chain length or configuration, are cleaved into a C, fragment cor-
responding to C; and C, and a long-chain fragment (C, to the terminal
CHj, group). The primary fragments of these long-chain bases were identified
as phosphoryl-ethanolamine and palmitaldehyde, hexadec-2¢-enal and 2-hy-
droxypalmitaldehyde respectively (Figure 2). The degradation is initiated
by an ATP-dependent kinase (167-170). The phosphorylation of all long-
chain bases has been demonstrated with human erythrocytes (170) and that
of sphinganine with an enzyme preparation from bovine kidney (171). A
pyridoxal phosphate-dependent, microsomal lyase catalyzed the aldolase-type
reaction which has been characterized with synthetic phosphate esters of
long-chain bases (168). The results of the studies in vivo have been con-
firmed in a number of laboratories (172-176). The long-chain aldehydes are
utilized after oxidation to palmitate to supply the acyl group of ester lipids
or for the formation of the vinyl ether linkage of plasmalogens (177). Phos-
phorylethanolamine from the sphingolipid is incorporated into phosphatidyl-
ethanolamine (166-168).

Ceramides are rapidly formed from erythro and threo long-chain bases
(178). Kanfer & Gal (179) suggest that threo-N-acyl-4¢-sphingenines also
are utilized in vivo for sphingomyelin biosynthesis. Their results are at var-
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Sphinganine 4-Sphingenine
Kinase
(ATP)
. L . . .
Sphinganine 1-phosphate 4¢-Sphingenine 1-phosphate
\ Aldolase
(Pyridoxal phosphate)

L
Palmitaldehyde Phosphorylethanolamine Hexadec-2¢-en-1-al

—— Plasmalogens «——

Palmitic acid Palmitic acid

— Phospholipids «—

F1GURE 2. Sequence in the degradation of long-chain bases (156).

iance with those of Stoffel, Dirr & Assmann (180), who demonstrated that
only erythro-sphinganine is introduced in the sphingomyelin molecule either
as such or after desaturation as erythro-4t-sphingenine.

The specificity of the acylation of long-chain bases by acyl-CoA esters
has been studied by Morell & Radin (181) with brain microsomes of young
mice. It has been well established that ceramides with nonhydroxy-n-fatty
acids are the precursors of gangliosides and sphingomyelin. The hydroxy-
fatty acid containing ceramides accept predominantly galactose with the
formation of cerebrosides of the cerebron and oxynervon types (182-185).

Fujino & Nakano (186) reported that both the erythro and threo isom-
ers of N-acylsphingenine and -sphinganine are substrates for the enzymic
synthesis of cerebrosides from ceramide and UDP-galactose with enzyme
preparations from rat liver and rat brain, the erythro form being a some-
what better acceptor. It remains unclear whether the biosynthesis of cere-
brosides occurs via the acylation of psychosine or the glycosidation of ceram-
ide.

The incorporation of labeled glucose and galactose into cerebrosides was
studied with slices of guinea pig brain cortex by Nishimura, Ueta & Yama-
kawa (187). A small amount of glucose was found in a kerasine-type gluco-
cerebroside, whereas the phrenosine was labeled with galactose.

McKhann, Levy & Ho (188), and McKhann & Ho (189) in reinvestigat-
ing the biosynthesis of sulfatides succeeded in solubilizing the galactocere-
broside sulfotransferase from the microsomal fraction of rat brain. Galacto-
sylceramide and lactosylceramide proved to be acceptors for the sulfate
group from phosphoadenosyl phosphosulfate (PAPS). These results were
confirmed by Stoffyn, Stoffyn & Hauser (190), who carefully characterized
the product using 4C-galactose-labeled phrenosine and a microsomal frac-
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tion of rat brain. Sulfatides labeled with 3°SO,%- were used to determine the
synthesis and turnover of myelin (191, 192). Sulfatide synthesis is most
rapid between 20 and 25 days after birth.

Dawson & Sweeley (193) studied the metabolism of glycosylceramide,
lactosylceramide, galactosyl-galactosyl-glucosylceramide, and globoside of
porcine plasma and erythrocytes in vivo over a 3month period with 14C-glu-
cose. Their results suggest that lactosylceramide, galactosyl-galactosyl-glu-
cosylceramide, and globoside of the erythrocyte are synthesized in the bone
marrow and are not exchanged'with their plasma counterparts. Glucosylcer-
amide not synthesized in the bone marrow was freely exchanged between
erythrocyte and plasma. The labeled ceramide oligohexosides occur only at
the onset of the erythrocyte catabolism in the plasma. The globoside of the
erythrocyte seems to be the source of all four plasma glycosphingolipids.

Fujino, Negishi & Ito (194, 195) reported that threo and erythro-4t-
sphingenine form sphingosylphosphorylcholine in the presence of CDP-14C-
choline with mitochondria and microsomal enzyme preparations. They also
reported (195) the acylation of sphingosylphosphorylcholine to yield sphin-
gomyelin. Recalculation of their data shows surprisingly low radioactivities.
They suggest that the threo and erythro isomers of sphingosylphosphoryl-
choline can be acceptors for the acyl group.

Gangliosides are synthesized by a stepwise elongation of the oligosac-
charide chains, by specific glycosyltransferases (196). These enzymic reac-
tions have been elucidated in the last years step by step. Basu, Kaufman &
Roseman (197) achieved the enzymic synthesis of glucosylceramide by a par-
ticulate enzyme preparation from embryonic chicken brain starting from
ceramide and UDP-glucose, and of lactosylceramide from glucosylceramide
and UDP-galactose. A galactosyltransferase catalyzes the transfer of galac-
tose from UDP-galactose to the terminal N-acetylgalactosamine residue of
the Tay-Sachs ganglioside, N-Ac-Gal-(B1->4) [NANA-(2-3)1-Gal-(B1—>
4)-Glc-(1-1)-Cer (198).

The galactosyltransferases from rat spleen and brain, and from mouse
kidney which catalyze these reactions together with the glycosidation of
sphingenine to psychosine (galactosylsphingenine), of glucosylceramide to
lactosylceramide, of lactosylceramide to galactosyl-galactosyl-glucosylcer-
amide, and of Tay-Sachs ganglioside to monosialoganglioside have been
studied by Hauser et al (199-202). In agreement with the results of Rose-
man et al (196) they conclude that these transferases are all different (in
heat stability, stimulation by Mg* and Mn*, and inhibition by various
sphingolipids), and specific for the sphingenine-containing lipid acceptor.
Basu & Kaufman (203) have demonstrated that specific sialyltransferases
from chicken embryonic brain transfer N-acetylneuraminic acid from its
CMP derivative to lactosylceramide, and Kaufman, Basu & Roseman (204)
succeeded in the biosynthesis of the disialogangliosides NANA—>NANA—>
Gal->Glc—>Cer, and NANA->Gal->N-Ac-Gal-[NANA]-Gal->Glc—>Cer
with hematoside and monosialoganglioside as substrates. The transfer of N-
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UDP—Gal
Ceramide — Gal—Cer Gal—GalNAc—Gal—Glc—Cer
b
UDP—Gle NANA NANA
‘CMP—NANA
Glc—Ceramide Gal—GalNAc—Gal—Glc—Cer
NANA
UDP—Gal UDP—GAL
Gal—Glc—Cer GalNAc—Gal—Glc—Cer
CMP—NANA
NANA
UDP—GIcNAC UDP—GalNAc

GlcNAc—Gal—Glc—Cer  Gal—Glc—Cer ——————=Gal—Glc—Cer
CMP—NANA

NANA NANA—NANA
(Hematoside)

Ficure 3. Proposed pathway for biosynthesis of gangliosides and
blood group glycolipids (206).

Ac-Gal from UDP-N-Ac-Gal to hematoside to yield the Tay-Sachs ganglio-
side was reported by Steigerwald et al (205). Basu, Kaufman & Roseman
(206), on the basis of their enzymatic studies, proposed the pathway shown
in Figure 3 for the biosynthesis of gangliosides, which can be extended to
blood group substances. At present it appears that complexes of glucosyl-
transferases are required for the synthesis of glycosphingolipids, glycopro-
teins, and mucins. Each transferase of the complexes is specific for the ac-
ceptor and its analogues, and different transferases catalyze the subsequent
reactions. The sugar moiety is added as a monosaccharide unit at the nonre-
ducing end of the carbohydrate chain from the nucleotide precursor.
Glycolipid biosynthesis has also been studied by Coles & Gray (207) and
Hay & Gray (208, 209) with kidney homogenates of genetically character-
ized mouse strains (C57/BL and CBH/He) and those with BP8 ascites tu-
mors. UDP-Gal is transferred to ceramides with hydroxy fatty acids, gluco-
sylceramide, lactosylceramide, and digalactosyl glucosylceramide. The au-
thors noted that the galactosyltransferases have higher activity in the male
than in the female and that testosterone controls in part the synthesis of these
glucosylceramides. The presence of the ascites tumor in the host leads to a
depressed synthesis of lactosyl and digalactosyl glucosylceramide in the
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kidney of both sexes. The transfer of galactose of UDP-galactose to the Tay-
Sachs’ ganglioside with rat and frog liver mitochondrial and microsomal
fractions has also been demonstrated by Yip & Dain (210, 211). Although
nucleotide sugars are almost certainly substrates of the transferase systems
in glycosphingolipid biosynthesis, a recent report by Behrens & Leloir (212)
indicates that a polyisoprenylphosphoryl sugar, presumably dolichylphos-
phoryl sugar, may serve as substrate, It is premature to decide whether the
latter substance also provides an alternative mode of sugar transfer in
mammalian systems.

The developmental pattern of gangliosides in rat brain has been studied
by De Maccioni & Caputto (213), Spence & Wolfe (214), and Suzuki
(215). Dukes (216) observed a stimulation of 1-14C glucosamine incorpora-
tion into glycolipids of bone marrow cells from rat tibia in tissue cultures.
The labeled component has not been identified.

DEGRADATION OF GLYCOSPHINGOLIPIDS

Glycosphingolipids are degraded by the stepwise removal of the sugar
units by glycosylceramide hydrolases. These enzymes occur in all organs of
the body (217), and apparently are all located in lysosomes (218), where
they participate in the hetero- and autophagocytosis of macromolecules. All
the hydrolases are characterized by their acidic pH optimum.

A soluble ceramidase which catalyzes the hydrolysis of ceramides to long-
chain base and fatty acid has been further purified (219, 220), and has been
postulated to catalyze synthesis of ceramides from long-chain bases and
free fatty acids.

The enzymatic hydrolysis of sphingomyelin in rat liver has been studied
by Heller & Shapiro (221), while Barenholz, Roitman & Gatt (222) purified
a sphingomyelinase from rat brain particles. Both enzymes exhibit a phos-
pholipase C-type activity, but are specific for sphingomyelin. Studies in vivo
regarding the complete degradation of sphingomyelin have been reported by
Nilsson (176).

Ceramide glucoside is hydrolyzed by a B-glucosidase to ceramide and
glucose. The enzyme has been purified from spleen (223), intestine (224),
and ox brain (225). A B-galactosidase, which has been isolated from rat
and calf brain (226-228), and intestinal mucosa (229), hydrolyzes ceram-
ide galactosides (cerebrosides). This enzyme also hydrolytically cleaves
ceramide lactoside to ceramide glucoside and galactose ( 230).

Cerebrosides are completely degraded by intestinal hydrolysis (231).
The body pool of cerebrosides is not influenced by dietary cerebro-
sides directly ; however, an active cerebroside synthesis reutilizing the long-
chain base and the fatty acids was noted in mucosal cells.

Three B-N-acetylhexosaminidases have been isolated from rat and calf
brain by Frohwein & Gatt (232-234). One particulate enzyme (800-20,000
X g sediment) was purified 65-fold, and was effective with N-acetylga-
lactosamine and N-acetylglucosamine bound as terminal glycosyl residues.
The two supernatant enzymes, an N-acetylglucosaminidase and an N -acetyl-



72 STOFFEL

galactosaminidase, did not hydrolyze glycosphingolipids such as N-AcGal-
Gal-Gle-Cer or N-AcGal-Gal-Gle-Cer (globoside). When N-acetylneura-
minim acid is linked to the ceramide trihexoside in Tay-Sachs’ ganglioside,
N-AcGal-(NANA 2->3)-Gal-Gle-Cer, enzymic attack is sluggish due to
steric hindrance. A neuraminidase, which attacks gangliosides has been iso-
lated and purified from pig brain by Zambotti et al (235, 236), Sandhoff &
Jatzkewitz (237), and by Leibowitz & Gatt (238). This enzyme cleaves the
ketosidic bond of N-acetylneuraminic acid linked to a terminal hexose or to
another N-acetylneuraminic acid in terminal positions, e.g. in certain
di- and trisialogangliosides NANA-(2—3)-Gal-( 1—-3)-N-AcGal-(1-4)-
[NANA 2->3]-Gal-(1-4)-Glc-(1->1)-Cer or NANA- and NGNA-(2—-3)-
Gal-(1-4)-Glc-(1->1)-Cer (hematosides). Glycoproteins are not attacked.

On the basis of available information about the hydrolytic enzymes of
mammalian cells which act on complex glycosphingolipids and gangliosides,
all of which are presumably of lysosomal origin, the following stepwise deg-
radation has been devised (238) :

neuraminidase .. B-galactosidase
di- and trisialogangliosides ———————— monosialoganglioside A i N-AcGal-

N-acetylgalactosaminidase

NANA-lactosylceramide NANA-lactosylceramide
neuraminidase .. B-galactosidase .. B-glucosidase .
———— 5 lactosylceramide —————— glucosylceramide ——— ceramide
ceramidase

—_—

long-chain base and fatty acid

These hydrolytic enzymes have elicited considerable interest in view of
deficiencies of specific glycosyl ceramide hydrolases and sphingomyelinase
(239-241). Due to the intracellular distribution of the enzymes the follow-
ing storage diseases are regarded as lysosomal diseases.

The enzymic lesion of the inherited syndrome in the different forms of
Niemann-Pick disease, in which sphingomyelin accumulates throughout the
body, appears to result from a deficiency of the sphingomyelinase in liver
and kidney (242, 243). Application of an elegant combination of the isotope
and tissue culture techniques to skin fibroblasts and bone marrow cells of
the patients also revealed the very low sphingomyelinase activity in these
cells (244, 245, 245a).

Accumulation of glucosylceramide in the spleen, liver, and bone marrow
cells of Gaucher patients has been attributed to a deficiency of a glucocere-
brosidase. Leucocytes have been identified as a source of the increased glu-
cosylceramide level (246). The enzyme assay can therefore be made with
circulating leucocytes and labeled glucocerebroside (247). Cells obtained by
amniocentesis and subsequently grown in tissue cultures also can be used
for the glucocerebrosidase assay and the detection of this disease in utero
(239, 248). Dawson & Stein (248a) recently described a lactosylceramidosis
in a 3 year old Negro female. It occurred as a neurovisceral storage disorder
with specific elevation of lactosylceramide in erythrocytes, plasma, bone
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marrow, liver biopsy, brain biopsy, and urine sediment. A galactosylhydrolase
deficiency was demonstrated.

Jatzkewitz, Mehl & Sandhoff (249, 250) have shown that the demyeli-
nating disease, metachromatic leucodystrophy, characterized by a marked
excess of 3'-sulfate esters of galacto- and lactocerebrosides, results from
deficiency of the sulfatase which hydrolyzes sulfatides to galactocerebro-
sides and sulfate. The enzymic activity against arylsulfatase has been cor-
related with the same enzyme (251). Here again the diagnosis can be made
with samples of venous blood '(252). The accumulation of cerebroside sul-
fate also has been observed in skin fibroblasts in cultures from patients with
infantile metachromatic leucodystrophy (253).

Sweeley et al (254, 255) studied the enzymatic defect in Fabry’s disease
in which ceramide di- and trihexosides identified as Gal-(1—>4)-Gal-(1—
4)-Glc-(1->1)-Cer, and Gal-(1->4)-Glc-(1->1)-Cer accumulate in kidney,
heart, and blood vessels. Cells in tissue cultures of skin fibroblasts
from patients with Fabry’s disease showed an accumulation of this
ceramide trihexoside and also of an acid mucopolysaccharide. The
ceramide trihexosidase was absent in the blood plasma of these
patients. This enzyme is also deficient in extracts of biopsies of small
intestine from Fabry’s patients (256). Kint (257) demonstrated that a
nonspecific a-galactosidase is absent in Fabry’s disease. The diagnosis can
be made by measurement of the a-galactosidase in leucocytes of the patient.

Generalized gangliosidosis, a rare genetic aberration with a progressive
accumulation of gangliosides in brain and other tissues, is caused by a f3-
galactosidase deficiency (258-261). The exact nature of the metabolic ab-
normality in two forms of Tay-Sachs disease with its accumulation of N-
AcGal-(1—4)-[NANA (2-3)]-Gal-(1-4)-Glc-(1->1)-Cer has also been
investigated recently (262). The conventional and an exceptional form of
Tay-Sachs disease, the latter also with visceral involvement and additional
storage of kidney globoside, show a similar but quantitatively different pat-
tern of glycosphingolipid depositions in organs. A deficiency of a B-N-ace-
tylhexosaminidase is the biochemical basis of this storage disease. This en-
zyme is present cn two forms as isoenzymes A and B (263, 264). Both were
absent in the exceptional case (type O), but only the A isoenzyme was ab-
sent in the normal type B of Tay-Sachs disease (265, 266). The partial or
total lack of B-N-acetylhexosaminidase in Tay-Sachs disease has also been
demonstrated in tissue culture from skin fibroblasts (265) and muscle tissue,
whereas the N-acetylneuraminidase proved to be normal (267). A compre-
hensive review on gangliosidoses by Jatzkewitz (268) has appeared.

BIOLOGICAL FUNCTIONS

Our increased understanding of the chemistry and biochemistry of gly-
cosphingolipids, aided by many new microanalytical tools, has brought re-
newed interest in the biological functions of these heterogeneous groups of
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lipids. There is common agreement that glycosphingolipids are mainly con-
stituents of the plasma membrane lipids of mammalian cells (269-275).
The importance of lipids, and particularly of glycosphingolipids, as immu-
nological determinants has been largely neglected. However, in recent years
the relationship between chemical structure and immunological activity of
glycosphingolipids has been intensively studied (for reviews see Rapport &
Graf 273 and Brady 274). Because of their localization in the surface
membrane, glycosphingolipid structures may permit investigations of immu-
nological properties of cell membrane in areas such as organ specificity of
antitissue sera, Forssman-hapten, a heterogenetic antigen randomly distrib-
uted in animal species, and blood group substances of the ABH and Lewis
groups. The immunochemistry of malignant cell membranes and their dif-
ference from normal cell membranes, the problem of contact inhibition, and
finally the relation of glycosphingolipids of the plasma membrane to the
formation of the virus envelope during the maturation process are areas in
which glycosphingolipids have gained considerable importance.

It is not yet clear whether the ceramide part of glycosphingolipids is
involved in the immune reaction. Arnon, Sela & Rachaman (275) found
that lactosylceramide is a much better inhibitor of the immune reaction to a
chemically prepared lactosyl-4¢-sphingenine polypeptide conjugate than is
the nonacylated lactosyl-4#-sphingenine. The chain length of the fatty acid
seems to be important for the requisite complementary character which may
be related to the hydrophobic nature of the inhibitor. The immunological
activity of galactocerebrosides is well established. By use of a stable aque-
ous solution containing cerebroside-lecithin-cholesterol (2:1:4), precipita-
tion reactions in agar gel have been carried out and antibodies detected in
sera of experimental allergic encephalomyelitis and experimental allergic
neuritis (276). Cerebroside had a protective effect when injected intrader-
mally (277). Absorption studies of anticerebroside antibodies with cerebro-
side-lecithin (lecithin serves as auxiliary lipid) were reported by Rapport,
Cavanna & Graf (278).

Taketomi & Yamakawa (279, 280) described the antigenic properties of
synthetic protein complexes with glycolipids, e.g. sphingenine-protein, cer-
amide-protein, and sphingosylphosphorylcholine-protein conjugates.

Lactosylceramide (=cytolipin H) was the first glycosphingolipid hapten
characterized (273), and its gel diffusion analysis with antitissue and anti-
lactose sera has been studied (281). The identity of cytolipin K and globo-
sides (N-AcGal-(B1—>3)-Gal-(B1—4)-gal-(B1—>4)-Glc- (1->1-Cer) isolated
from human kidney and erythrocytes was established immunologically by agar
diffusion experiments (282, 283) and subsequently by chemical techniques
(107). Antibodies against the pure globoside have been prepared in rabbits
and measured by quantitative precipitation, hemagglutination, immune he-
molysis, and immune electrophoresis (284). The effect of auxiliary lipids
such as lecithin, cholesterol, cerebrosides, and gangliosides on the aggrega-
tion of the immunologically active glycolipid was also studied. Globoside is
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present in adult human erythrocytes as cryptic antigen, which can be uncov-
ered by trypsin treatment. Fetal erythrocytes strongly react with antiglobo-
side serum without prior trypsin treatment of the cell surface (285). Pascal,
Saifer & Gitlin (286, 287) produced antibodies against gangliosides of nor-
mal brain and Tay-Sachs gangliosides. Such gangliosides proved to be very
weak antigens.

The controversy about whether the blood group substances are glycopep-
tides or glycosphingolipids is not yet settled (288). Several detailed studies,
however, support the idea that the cellular ABH and Lewis blood group
substances have glycosphingolipid structures. Progress in the elucidation of
their structures has been discussed earlier in this review. (p. 63-65).

The intercellular interaction of normal cells has been referred to recog-
nition sites on their surface membranes which contain carbohydrate groups
(289, 290). Specific carbohydrates are present in the plasma membrane of
transformed cells (291, 292). Changes in the glycosphingolipid pattern of a
malignant cell have been observed in human adenocarcinoma cells, in which
Le® and Le® active glycolipids appear; however, the A and B antigens are
lost. Cells in tissue culture transformed spontaneously or by polyoma virus
and SV 40 were investigated for their changes in the glycosphingolipid pat-
tern by Hakomori & Murakami (293). Polyoma-transformed hamster kid-
ney fibroblasts (BHK 21-C 13) show a decrease in hematoside content and
a corresponding increase in lactosyl- and glucosylceramides. Brady et al
(294-296) on the other hand noticed a decrease of the disialogangliosides
and an increase in hematoside and monosialogangliosides in spontaneously
and SV 40-transformed line of mouse fibroblasts (3T3). Chemically
transformed rat hepatoma cells (Morris H 5123 cell line) were supposed to
undergo the same change.

Hakomori, Teather & Andrews (297) point out that the cell surface he-
matoside is in a different organizational state in normal and virally trans-
formed cells. The glycolipid is supposedly masked in normal cells but un-
masked in transformed cells. The absence of certain carbohydrate residues
in certain glycolipids together with a concomitant increase of their precur-
sor glycolipids suggests an “incomplete synthesis.”

The presence of glycolipids in myxovirus envelope has been noticed by
Blough & Lawson (298); however, a component analysis was not carried
out. Glycosphingolipids have been studied in BHK 21-F, MK, MDBK, and
HaK cell lines in relation to the production of the paramyxovirus SV 5 and
the envelope of this virus (Klenk & Choppin 271). The plasma mem-
branes of MK and MDBK cells contain only small amounts of gangliosides
but appreciable amounts of neutral glycosphingolipids; membranes of HaK
and BKH on the other hand are rich in gangliosides and contain only traces
of neutral glycolipids. The glycolipid pattern of the virus envelope resem-
bles closely that of the plasma membrane except that gangliosides are miss-
ing, presumably because of the neuraminidase localized in the virus enve-
lope. Cells such as BHK 21-F, which are rich in gangliosides, are very sensi-
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tive to virus-induced cell fusion with subsequent cell disintegration, whereas
MK cells with a low ganglioside content are resistant to cell fusion after
virus infection. The virus maturation seems to be favored at the surface of
cells with little or no ganglioside content and high phosphatidylethanol-
amine content.
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