ABSTRACT

BIOCHEMISTRY AND METABOLISM OF MAMMALIAN
BLOOD GLYCOSPHINGOLIPIDS

By

Robert V. P. Tao

The objective of this research was to chemically charac-
terize the platelet glycosphingolipids and plasma gangliosides
as well as to study the metabolic turnover of sphingolipids
in a pig induced with reticulocytosis.

Identifications of four neutral glycosphingolipids were
made on the basis of sugar molar ratios, studies of permethyl-
ation products, and the action of stereospecific glycosidases
on these lipids. Lactosylceramide, the most abundant type,
accounted for 64% of the total neutral glycolipid mixture.

The platelets were rich in a ceramide fraction, representing
1.3% of the total platelet lipids. The neuraminic acid
component of hematoside was N-acetylneuraminic acid. Treat-
ment of platelets with trypsin, chymotrypsin or thrombin
increased the yield of hematoside as compared with a control,
while the level of ceramides was not changed.

In contrast to human platelets, porcine platelets con-
tained trihexosylceramide as the major neutral glycosphingo-

lipid. Sulfatide, hematoside and ceramides were also detected.
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An investigation of the biosynthesis of glycosphingo-
lipids in reticulocyte-rich blood was conducted by incubating
[14C]glucose with the whole blood in vitro at 37°C for 2 hr.
The results suggested that reticulocyte-rich red cells can
synthesize glucosylceramide and, to some extent, lactosyl-
ceramide as well. Radioactivity was also detected in the
hexose moiety of plasma glucosylceramide, suggesting a possible
exchange between the plasma and erythrocyte glucosylceramide
pools.

A metabolic experiment was conducted to study the turn-
over of sphingolipids in an anemic pig in vivo by injecting
[14C]glucose into the pig intravenously as a pulse label, and
removing aliquots of blood samples for lipid analyses at
frequent intervals throughout a period of 81 days. Analyses
were made on plasma, mixed population of red cells, and red
cells that had been fractionated into individual groups of
cells according to age by density gradient ultracentrifuga-
tion.

The results suggested the radioactive glucose was rapidly
incorporated into the membrane-bound globoside of the im-
mature erythrocytes in the bone marrow. After being released
from the marrow these cells lost a portion of their globo-
side-containing membrane as they matured in the peripheral
circulation. The remodeling of the cells within the circula-

tion continued until it approached the size of a normal adult
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cell, after which time the turnover of globoside remained
rather constant. The membrane-bound globoside remained with
the cell until the time of red cell senescence, and then was
released directly into the circulation as a whole unit before
cell destruction. It is postulated that this is a major
source of all four plasma neutral glycosphingolipids.
Erythrocyte glucosylceramide and lactosylceramide did not
follow the normal expected red cell survival; instead, they
appeared to be in dynamic equilibrium with the plasma glyco-
sphingolipids.

A semilogarithmic plot of specific activity versus time
emphasized the biphasic nature of the decay curves of all the
sphingolipids studied, suggesting that there were at least
two major pools in each of these lipid fractions. Similar
half-times of 5.5 and 45.0 days were observed for both erythro-
cyte GL-3a and GL-4.

When globosides from the fractionated red cell bands were
examined, half-times of 0.75, 1.0 and 4.0 days were obtained
from the rapid turnover pools of Bands 1, 2, and 3, corre-
sponding to turnover rates of 65.43, 47.04 and 11.50 umoles/
day; whereas 3.3, 5.5, and 9.3 days were obtained from the
slow turnover pools of these respective bands which corre-
sponded to turnover rates of 14.78, 11.90 and 6.89 umoles/day.

Biphasic decay curves were also observed for both plasma

GL-la (t 1/2=0.75, 7.5 days) and GM (t 1/2=0.9, 1.9 days).
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Approximately 93% and 9% of GL-la and 77% and 36% of GM3

were found to be metabolized each day. On the contrary, only

approximately 21% was synthesized each day for plasma GL-2a,

GL-3a and GL-4.
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I. LITERATURE REVIEW

A. Sphingosine

Much of our present knowledge in the field of glyco-
sphingolipids is due to the pioneering work 1in brain chemistry
by Ludwig Wilhelm Thudichum (1829-1901), who discovered
spingosine (1) named after sphingein (Gr. "to bind tight").
His work was followed by many distinguished scientists such
as Thierfelder, Levene, Rosenheim, and Klenk. Until 1940 the
structure of sphingosine was only partly known as an unsatu-
rated dihydroxyamine with a long-chain carbon skeleton, and
it was not until 1947 that the correct structure of sphingo-
sine [I] was established by Carter and his collaborators (2).
This achievement has paved the way for all the structural
studies as well as studies on blosynthesis and metabolism of
sphingolipids in the ensuing years. The term "sphingolipid"
was also introduced by Carter to designate the lipids derived

from the parent base sphingosine.

CH3—(CHz)12—CH=CH—?H—?H—CH20H [I]
OH NH2
B. Ceramide
Ceramide [II] is the trivial name for N-acylsphingosine;

the name was derived from the waxy texture (cerum) of these



substances (3). They are the only simple derivatives of
sphingosines. The fatty acids are bound to the amino group of
the long-chain base in amide linkage. Lignocerylsphingosine
and cerebronylsphingosine are the outstanding representatives.
Thudichum (4) was the first to isolate ceramide and psychosine

from cerebroside [III] as degradative products after partial

CH3-(CH2)12-CH=CH—?H—CH20H
NH
c=0
R
(I1]

hydrolysis under different conditions. Alkaline hydrolysis
gave fatty acids and psychosine (galactosylsphingosine) [IV],
whereas mild acid treatment cleaved the glycosidic bond with

the formation of ceramide.

CH,-(CH

_ 3 5) 1~ CH=CH-CH-CH-

OH H ﬁHZ
CH,~0-Gal + RCOOH .1
CH3-(CHZ)l2-CH=CH-$H—§H—CH2-0-Gay;\\‘
OH NH H CH,-(CH,) . ,~CH=CH-CH-CH-
! 3 2712 it
C=0 H
| §=0
[IIT] R CH,OH + Gal

This indicates that the fatty acid is in amide linkage and ﬁhe
hexose in glycosidic bond with sphingosine. A number of
investigators have isolated free ceramide from liver (5),
spleen (6), and lung (7). Klenk (8) found lignocerylsphingo-

sine in the red cells and Shimojo (9) also demonstrated the






presence of ceramide in pig erythrocytes. Most recently,
ceramides were found in human kidney (10), brain (11,12},
plasma (13), aorta (14) and pig brain (15), Tannhauser (16)
suggested that the presence of N-acylsphingosine in these
organs or tissues could serve as a possible precursor in the
biosynthesis of cerebroside and sphingomyelin. This view was
supported by recent evidence from Kennedy and co-workers (17,
18).

Ceramides have been shown to be part of the molecule in
two types of sphingolipids. Sphingophosphatide is character-
ized by linking ceramide to another polar group via a phos-
phate diester, such as sphingomyelin [V]. It was discovered
in human brain by Thudichum (1). Besides brain and nervous

tissues, sphingomyelin was also found to be present in human

0
CH,- (CHZ) l2—CH=CH~—FH—?H—CH2-O-%-O-CHZ-CHz-N+ (CH3) 3 (V]
OH I;IH OH
C=0
R

plasma and erythrocytes in rather large amounts. Ceramide
phosphorylethanolamine [VI] (another variation of sphingo-
myelin) and ceramide aminoethyl phosphonates [VII] (ceramide
was linked via a phosphonate ester) were found to be present
in marine invertebrates (19,20) as well as rumen protozoa

(21) and the blowfly Calliphora erythrocephala (22).




-0-P-0OCH_,-CH_NH

CH3-(CH2)12-CH=CH—(|.‘H-CIZH-CH2 ,~CH,NH, [VI]
OH NH H
e
R
7
-CH=CH-CH-CH- CH,-O-P-CH_-CH_ NHCH
CH, (CH,) , ,~CH=CH ?H |CH CH, I CH,-CH, 3 [VII]
OH NH OH
|
C=0
!
R

The second class of sphingolipids is characterized by
the presence of a glycosidic linkage between a carbohydrate
unit (mono- or oligosaccharide) and the primary hydroxyl
group of the ceramide, ceramide-O-carbohydrate. The carbo-
hydrate chain may contain amino sugars and NANA or NGNA.
Various neutral glycosphingolipids, sulfatides, gangliosides

and blood group substances are representatives of this group.

C. Neutral Glycosphingolipids
The neutral glycosphingolipids contain one or more gly-
cosyl moieties. They can be divided into monohexosylceramides,
dihexosylceramides, trihexosylceramides, tetrahexosylceramides,
pentahexosylceramides and polyhexosylceramides. Compounds
containing amino-sugars are sometimes called aminoglycolipids.
The individual compounds are often named as derivatives of
ceramides. For example, a dihexosylceramide containing galac-

tose and glucose in known sequence is called galactosyl-



glucosylceramide. The lipid may be called lactosylceramide
if the position and linkages are known, i.e., galactosyl-

(B1+4) -glucosyl-(Bl+1"')-ceramide.

1. Monohexosylceramide

a. Galactosylceramide (Galactocerebroside, GL-1b)

Thudichum (23) was the first to isolate this group of
compounds and gave the name cerebrosides to a group of glyco-
sidic substances found in the brain containing 1 molecule each
of sphingosine, hexose and fatty acid. The hexose component
was identified as galactose by Thierfelder (24). The attach-
ment of sugar to the C-1 position of the sphingosine moiety
was demonstrated by Carter and Greenwood (25). Evidence that
the glycosidic linkage has the B configuration was presented
on the basis of its susceptibility to hydrolysis by B-galac-
tosidase (26) and IR measurements (27). Shapiro and co-
workers further confirmed the structural analyses of brain
cerebrosides by total synthesis of psychosine (28) and galac-
tocerebroside (29). Brain cerebrosides contain four major
fatty acids. The material first isolated by Thudichum was
rather impure at that time; however, he was able to distinguish
between the two major compounds of this class, cerasine [VIII]
and phrenosine [IX], which were later found to contain ligno-
ceric acid, by Levene (30), and e-hydroxylignoceric acid,
by Thierfelder (24) and Klenk (31). Besides cerasine and

phrenosine, a third cerebroside was obtained from beef brain



CHB-(CHZ)lz-CH=CH-CH-$H—CH -0-Gal
N 6H NH
¢=0
(CH
o

2

2)22
3 [VIII]

- ~CH=CH~CH~-CH~-CH_ ~0-G
CH,~ (CH,) | ,~CH=CH~CH-CH~CH,~0-Gal
OH NH
C=0
|
CH-OH
|
(CHy) 51 [IX]

CH3

and identified by Klenk (32), who named it nervone [X].
The same author also postulated a fourth cerebroside, oxy-
nervone [XI], containing a-hydroxynervonic acid. The sphingo-

sine bases consisted predominantly of C,_,-sphingosine (98%)

18
and a small quantity~ofCls-dihydrosphingosine (2%) (33).

)12-CH=CH—?H-?H-CH2-O-Gal

OH §H
C=0
|
(CH,)
flin 13 [X]
CH
(CH,) ,~CH

CH3-(CH2

3



CH3-(CH2)12-CH=CH—?H—?H-CH2—O-Gal
OH NH
|
C=0
|
?H-OH
(ICHZ)12

?H
%H

(CH2)7-CH

[XI])

3

Galactosylceramide was found exclusively in the human
brain; this lipid accounted for 10-25% of the total lipids
from the glial cells in the nervous system (34). It has also
been found in extraneural tissues and fluids, such as human
kidney (35), intestine (35) and blood. 1In blood, a small
amount of galactosylceramide had‘been detected 1in serum (36)
(about 10% of the total monohexosylceramides) and a trace
amount in human plasma (37). Miras et al. (38) reported that
galactosylceramide was the monohexosylceramide present in
human leukocytes; however, this was at variance with the find-
ings of Hildebrand et al. (39) and Kampine et al. (40) who
found glucosylceramide as the only cerebroside present in
leukocytes. This could be explained by the fact that earlier
authors based their conclusions on co-chromatography of the
isolated material with a galactosylceramide standard in a con-
wventional TLC system which was unsuitable for resolving
glucosylceramide from galactosylceramide. Better resolution
could be achieved if borate-impregnated silica gel G plates

were used (41).



b. Glucosylceramide (Glucocerebroside, Gl-la)

Glucocerebroside was first isolated in 1940 from the
spleen of a patient suffering from Gaucher's disease (26).
Glucose instead of galactose was found to be present in this
lipid (42). The structure was proposed by Rosenberg and
Chargaff (43) as 1-0-(B-D-glucopyranosyl)-N-docosanoyl-D-
erythro-sphingosine and confirmed by chemical synthesis (29,
44). Glycosylceramide had been found in a variety of living
organisms. In human and pig plasma (37,45), Gl-la was the
major neutral glycosphingolipid present, and accounted for
about 48% of the total neutral glycosphingolipid contents.
In erythrocytes (37,45), Gl-la represented 4% (human) and 5%
(pig), respectively of the neutral glycosphingolipid frac-
tion. In both human and pig leukocytes (38,45,46), Gl-la
was also found to be a minor component. This lipid was shown
to be elevated in both plasma and erythrocytes of patients

with Gaucher's disease (47).

2. Dihexosylceramides

a. Digalactosylceramide (Gl-2b)

A digalactosylceramide was found in the kidney of a
patient with Fabry's disease by Sweeley and Klionsky (48).
The structure was shown to be Gal-(1+4)-Gal-(1+1')-ceramide
(49), and recently the anomeric configurations of this lipid
were assigned as Gal-(al+4)-Gal-(Bl+1l')-ceramide with the aid

of stereospecific glycosidases by Li et al. (50). In humans,



GL-2b appears to be present only in kidney (51) and intes-
tines (52), whereas in Fabry's disease abnormal amounts were
found in kidney, urinary sediments and pancreas (53-55).

GL-2b was never detected in plasma or erythrocytes of these
patients. It was reported (38) to be present in human leuko-
cytes; however, this finding could not be confirmed by several
other investigators (39,40,52). Hence, the existence of GL-2b
in leukocytes is questionable. There was also an early report

on this lipid in the brain of a patient with Tay Sachs dis-

ease (56).

b. Lactosylceramide (GL-2a)

In 1942, Klenk and Rennkamp (57) isolated a substance
from bovine spleen and later from erythrocytes (58), which
was found to be composed of sphingosine, fatty acid and two
hexose residues (glucose and galactose). The structure of
this lipid, isolated from erythrocytes and kidney by Yamakawa
and co-workers (59), was shown to bear the following struc-
ture Gal-(1+4)-Glc-(1l+1l)~-ceramide. Besides human erythro-
cytes, Gl-2a has been detected in human plasma (37), serum
(60) , bone marrow (61) and leukocytes (38-40) as well as
porcine plasma (45), erythrocytes (45), and leukocytes (45,46).
In human leukocytes (38), Gl-2a accounted for 16% by weight
of the total lipids. 4-Sphingenine was the major long-chain
base found in Gl-2a of all the blood components, whereas the

fatty acid compositions differed considerably. Recently, there
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was a report on a patient with lactosylceramidosis, character-
ized by high levels of Gl-2a accumulation in plasma, erythro-

cytes, bone marrow cells and other visceral organs (52).

3. Trihexosylceramides

a. Galactosyl-galactosyl-glucosylceramide (GL-3a)

In 1953, Klenk and Lauenstein (58) first suggested the
presence of a neutral trihexosylceramide, free of amino sugar,
in human erythrocytes. Later, Svennerholm and Svennerholm
(60) demonstrated that trihexosylceramide isolated from human
serum, spleen and liver contained galactose and glucose in a
molar ratio of 2:1. Trihexosylceramide had been identified as
the pathologically accumulated glycosphingolipid in Fabry's
disease by Sweeley and Klionsky (48). The same lipid was
also elevated in the plasma of these patients but not in the
red cells (47). 1Initially, the carbohydrate sequence of GL-3a
was deduced as being Gal-Gal-Glc-ceramide upon partial hy-
drolysis (48). Later, the same lipid was also isolated by
Makita (62) and Martensson (51) from normal human kidneys and,
on the basis of methylation studies, 1*4 linkages between the
sugars were established by Makita and Yamakawa (63). Most
recently, the structure of Gal-(1+4)-Gal-(1+4)-Glc-(1+1"')-
ceramide was confirmed by GLC of the methanolysis products
before and after permethylation, periodate oxidation of GL-3a,

and mild acid hydrolysis products (49). NMR studies coupled
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with stereospecific enzymes (64-66) have established the
anomeric configurations of the glycosidic bonds and gave
evidence to support the following complete structure--
Gal-(al+4)-Gal-(B1+4)-Glc-(Bl+1')-ceramide. Gl-3a was shown
to occur in both the human and pig erythrocytes and also in
the plasma fraction. In porcine leukocytes (46), Gl-3a was

the observed major neutral glycosphingolipid present.

b. Galactosyl-galactosyl-galactosylceramide (GL-3b)

This lipid has not yet been shown to occur in living
organisms. It has been postulated (67), however, that a fur-
ther addition of one molecule of galactose to the terminal
galactose of digalactosylceramide might lead to the formation
of this lipid, Gal-( ? )-Gal-(al+4)-Gal-(B1l-1"')-ceramide. It
is possible that this material is present at a very low con-
centration, which is not able to be detected by the analyti-

cal methods employed at present.

c. N-Acetylgalactosaminyl-galactosyl-glucosylceramide

This compound was first demonstrated in the brains of
Tay-Sachs patients (56). However, recent studies have shown
that the accumulation of this lipid was much more pronounced

in Sandhoff's disease than in Tay-Sachs disease.

d. N-Acetylglucosaminyl-galactosyl-glucosylceramide

Recently, this lipid was shown to occur in human and
cattle spleen (67) in rather large amounts. The structure was

shown to be GlcNAc (B1+3)-Gal-(B1+4)-Glc-(1+1"')-ceramide.
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4. Tetrahexosylceramides

a. N-Acetylgalactosaminyl-galactosyl-galactosyl-

glucosylceramide (GL-4)

In 1951, Klenk and Lauenstein (8) reported the isolation
of a glycolipid from the human red blood cells which yielded
galactosamine after acid hydrolysis. They found the compound
to contain 3 hexose moieties (galactose and glucose in the
proportion of 2:1) and 1 galactosamine (40%), fatty acid (29%)
and sphingosine (30%). This finding was later confirmed by
Yamakawa and Suzuki (68) who showed the molar ratio of fatty
acid: sphingosine:neutral hexose:N-acetylgalactosamine Qas
1:1:3:1. Since the substance formed perfectly round globules
(spherocrystals) under the microscope, it was called
"Globoside", which is still the commonly used name today.

Globoside is ;he most abundant neutral glycosphingolipid
in human and pig red cell strcma (69). The structure of Gl-4
was first erroneously reported by Yamakawa et al. (70) as
GalNAc-(1-+6)-Gal-(1+4)-Gal-(1+4)-Glc-(l1»1)-ceramide., This
error was mainly due to the misinterpretation of a gas
chromatographic peak. However, after re-examination Yamakawa
et al. (71) proposed the correct structure of globoside,
GalNAc-(1+3)-Gal-(1+4)-Gal-(1+4)-Glc-(1+1"')-ceramide in 1965.
Recently, on the basis of NMR, IR, use of stereospecific
glycosidases and permethylation studies, 1t was concluded that
the exact structure of human red cell globoside is GalNAc-

(B1+3)-Gal=-(al+4)-Gal-(B1»4)-Glc-(1~1)~ceramide (64).
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In 1956, Matsumoto (72) reported that the chemical
composition of the pig erythrocyte glycolipid consisted of
galactose, glucose and galactosamine. This was further sug-
gested by Shimojo et al. (9) as being globoside. Later,
Miyatake et al. (73) purified the glycolipid from pig red cells
and discovered that the structure was actually identical to
the human red cell globoside except for the fatty acid compo-
sition. The same authors also demonstrated that the glyco-
sidic bond linking N-acetylgalactosamine to galactose was in
the B configuration, since the hexosamine was liberated by
treatment of the lipid with a B-N-acetylhexosaminidase from
pig epididymis tissue. The chemical structure of pig red
cell globoside was postulated as being GalNAc-(Rl1»3)-Gal-
(B1+4)~-Gal-(Bl+4)~Glc-(RBl+1l)-ceramide. Nevertheless, as a
result of a recent study on the anomeric structure of human
red cell globoside (64), it is believed that the correct
structure for pig red cell globoside will probably be GalNAc-
(B1+3)~-Gal-(al+4)-Gal-(B1l+4)-Glc-(1+1)-ceramide. Recently,
there were several reports (74-76) on Sandhoff's disease
(variant of Tay-Sachs disease) which showed that these patients
are characterized by extensive accumulation of Gl-4 in the
visceral organs, with concomitant deficiency of B-N-acetyl-

hexosaminidase activity.

b. Cytolipin R

In 1967, Rapport et al. (77) isolated a glycosphingolipid

from rat lymphosarcoma called cytolipin R. The lipid had the
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same carbohydrate composition as Gl-4, but differed from it

in immunological activities and RF values on TLC. It was not
until 1972 that the complete structure of cytolipin R,

GalNAc- (Bl1+3)-Gal-(al+3)-Gal-(Bl1+4)-Glc-(Bl+1"')-ceramide, was
elucidated by Laine et al. (78), based on the results obtained
from the combination of linkage studies with GLC, GLC-MS and
the uses of specific glycosidases. The difference in the
immunological activities between cytolipin R and globoside
were attributed to the difference of the internal linkage,

-Gal-(al+3)-Gal-, between the two lipids.

c. Galactosyl-N-acetylgalactosaminyl-galactosyl-

glucosylceramide

This ceramide tetrahexoside was found in patients suffer-
ing from GMl—gangliosidosis. This lipid is identical to
GMl-ganglioside in structure except that it lacks the neura-

minic acid.

d. Galactosyl-N-acetylglucosaminyl-galactosyl-

glucosylceramide

Unpublished results (67) have indicated the occurrence
of Gal-(B1*4)-GlcNAc- (B1+3)-Gal-(Bl*4)-Gal-(1»1)~-ceramide in

human and cattle spleen.

5. Pentahexosylceramides

a. Forssman hapten

Forssman was the first to report the immunologically

active antigens in various organs of the guinea pig (79).
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Later in 1939, Brunius (80) established the fact that Forssman
hapten contained lipid and hexosamine. This was followed by
the isolation of a glycosphingolipid containing hexose and
hexosamine from sheep red cells which showed Forssman hapten
activity by Papirmeister and Mallette (8l). 1In 1966, Makita
et al. (82) isolated Forssman hapten from horse kidney and
spleen and showed that it possessed the same carbohydrate
sequence (GalNAc-Gal-Gal-Glc-cer in 1l:1:1:1 molar ratio) as
GL-4 from human red cells and kidney, but differed in chrom-
tographic behavior, optical rotation and blood group activi-
ties. The same authors further implicated that the determinant
group of this hapten was probably the O-a-N-acetyl-galacto-
saminyl- (1l»3)-galactosyl unit at the non-reducing eng, differ-
ing from GL-4 in the anomeric configuration of the disaccharide.
This conclusion was later confirmed by Yamakawa and co-workers
(83) from their studies involving NMR and stereospecific
glycosidases, and the structure of GalNAc-(al+3)-Gal-(B1-4)-
Gal-(Bl+4)-Glc-(l1+1l)-ceramide was postulated. However, this
was proven wrong recently by Siddiqui and Hakomori (84), who
found that Forssman hapten is a ceramide pentahexoside contain-
ing 2 moles of N-acetylgalactosamine, 2 moles of galactose, and
1 mole of glucose per ceramide. After hydrolyzing the terminal
hexosamine with o-N-acetylgalactosaminidase from pig liver,
they were able to obtain a compound identical to globoside in
all respects, and which gave a positive precipitin reaction

with antigloboside antiserum. With these results and the data
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from methylation studies, a revised structure for Forssman
hapten was proposed, GalNAc-(al+3)-GalNAc-(Bl+3)-Gal—-{al+#4)-

Gal-(Bl+4)-Glc-(1+1)-ceramide.

b. N-acetylgalactosaminyl-N-acetylgalactosaminyl-

galactosyl-galactosyl-glucosylceramide

A very similar pentahexosylceramide was isolated from
the dog intestine by Vance et al. (85). Tentatively, the
proposed sequence of the carbohydrate chain was GalNAc-
GalNAc-Gal-Gal-Glc-ceramide, which was further confirmed by
McKibben (86). Details of the linkages between the mono-
saccharide units and stereochemical configurations of the

glycosidic bonds have not yet been established.

c. Galactosyl-galactosyl-N-acetylgalactosaminyl- -

galactosyl-glucosylceramide .

This ceramide pentahexoside was found to be the main
component of rabbit erythrocytes and reticulocytes by Eto
et al. (87). The structure proved to be G%l—(al+3)-Gal-
(B1+3)-GalNAc- (B1l+3)-Gal-(Bl1+4)-Glc-(B1l+1l"') -ceramide. Since
this lipid inhibited the agglutination of human B erythro-
cytes with its corresponding antibody, the terminal galactose

was concluded to be a-glycosidically bound (88).

d. Fucose-containing pentahexosylceramides .

(1) Lea hapten
A third ceramide pentahexoside had been isolated from

human adenocarcinoma by Hakomori et al. (89,90). The structure
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of this lipid was proposed to be Gal-(81+3)-GlcNAc-(1+3)-

4
1

{

Fuc

Gal-(1+4)-Glc-(1+1l)-ceramide ( 4 )

The carbohydrate backbone of this lipid is very similar to

the tetrahexoside isolated from human and bovine spleen (see
above) with the exception of a 1+3 linkage at the non-reducing
end and, of course, the fucose residue which is attached to

« the N-acetylglucosamine residue in a 1+4 linkage.

(2) X-hapten

Another fucose~containing sphingolipid with the following

structure Gal-(1+4)-GlcNAc-(1+3)-Gal-(1+4)-Glc-(1+1)-ceramide

)

Fuc

was isolated from erythrocytes #@nd chemically characterized by
Yang and Hakomori (91). This lipid contained a novel type of
ceramide, which composed of 4-hydroxysphinganine and long-
chain 2 hydroxy fatty acids, The carbohydrate moieties were
similar to those of the Le? hapten in composition but there
were differences at the terminal galactose (1*4 linked instead
of 1+3) and fucose (1+3 linked instead of 1+4). This lipid
exhibited no blood group A, B, H or Lewis specificities.

(3) Blood group H substance

The H substance, isolated from type O blood cells (92),

was shown to contain glucose, galactose, fucose and
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N-acetylglucosamine. The proposed structure was Fuc-(1-+2)-
Gal-(1+4)-GlcNAc-(1+3)-Gal-(1+4)-Glc-ceramide. This 1lipid
was active in the inhibition of both H and Leb hemagglutina-

tion.

e. Polyhexosylceramides

(1) Leb'Haptens
Two Leb haptens are known (88). One is a ceramide hexo-
side with a linear arrangement of oligosaccharides as follows:
Fuc-(l+2)-Ga1-(l+3)—GlcTAc—(l+3)—Gal-(1+4)-Glc—ceramide
4
+
1
l
Fuc
Another Leb active glycosphingolipid has been proposed
to be é ceramide octahexoside .
Fuc-(1+2)-Gal-(1+3)~-GlcNAc-(1+3)-Gal-GlcNAc- (1+3)-Gal-(1-4)-

A
1

|

Fuc

Glc-ceramide ( 4 )

(2) Blood group A substance
Hakomori and Strycharz (92) obtained three different
fractions from type A erythrocytes, all of which are immuno-
logically active. All three glycolipids contain the basic
carbohydrate contents of galactose, glucose, fucose, N-acetyl-
galactosamine and N-acetylglucosamine, except one which

contains additional sialic acid(s). The postulated sequence
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for the A substance is GalNAc-Gal-GlcNAc-Gal-Glc-ceramide.
Fuc
(3) Blood group B substance

Glycosphingolipid with blood group B activity was iso-
lated from type B blood cells. It differs from the A sub-
stance by possessing a galactose instead of a N-acetylgalac-
tpsamine at the non-reducing end of the carbohydrate chain,
Gal-Gal-GlcNAc-Gal-Glc-ceramide. It has been mentioned that

Fuc
the serological specificities of the determinants from blood
group-active glycolipids are very similar to the blood
group-active glycoproteins; hence, one could speculate that
the linkages between the sugar units would probably be 1-+3,

1+3 or 4, 1+3 and 1+4. This certainly needs to be verified.

D. Acidic Glycosphingolipids

1. Sulfatides

a. Ceramide monohexosyl sulphate

Thudichum (1) was again tﬁe first to isolate a sulfur-
containing lipid from human brain and he named it sulfatide.
In 1933, Blix (93) gave more detail descriptions of the
sulfatide from brain by showing a composition of sphingosine,
amide-bound fatty acid and galactose esterified with sulfuric
acid. Initially, the linkage of sulfate to galactose was

erroneously reported to be at the C-6 position (94,95);
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however, later studies (59,63) clearly demonstrated the sul-
fate group was located at position 3 of the galactose. This
was also confirmed later by chemical synthesis (96,97). The

structure was shown to be SO4—Gal-(l+l)-ceramide.

b. Ceramide dihexosyl sulphate

A sulfatide with both galactose and glucose (lactosyl)
has been isolated from human kidney by Martensson (98,99).
Periodate oxidation and degradation studies indicated that
the lactosylceramide was esterified with sulfuric acid at
C-3 of the galactose. Methylation studies further confirmed
the result and showed that the linkage of galactose to glucose

was 1+4, hence the structure is SO4-Ga1—(1*4)-Glc-ceramide.

2. Gangliosides

Gangliosides were first isolated and described by Klenk
(100) in 1942. Since these lipids appeared to be character-
istic of the ganglion cells, Klenk invented the name
"gangliosides". These lipids were found to contain sphingo-
sine, fatty acid, hexose, and a substance which gave a strong
purple color with Bial's reagent and was called neuraminic
acid. This substance was later shown to be the same compound
as sialic acid isolated by Blix (101) from submandibularis
mucin. Gangliosides are now defined as acidic glycosph%ngo—
lipids that contain sialic acid.

In 1956, Svennerholm (102) launched a detailed study of

the brain ganglioside fractions and more than a dozen different
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gangliosides have been recognized since then. The isolation,
differentiation and structural determination of all these
compounds were the result of contributions mainly from the
laboratories of Klenk, Kuhn and Svennerholm. These works have
been discussed in several excellent reviews and will not be
discussed in detail here. The major brain gangliosides all
contain Gal-GalNAc-Gal-Glc-ceramide as the basic carbohydrate
backbone. Some of the representatives are listed in Table 1.

Gangliosides have been detected in many extraneural
tissues and fluids, such as spleen (103), liver (104,105),
lung (106), kidney (107-110), intestine (111), placenta (112),
lens (113,114), adrenal medulla (115), adrenal cortex (116),
erythrocytes (117,118) and cerebrospinal fluid (119).

In 1951, Yamakawa and Suzuki (120) obtained a glyco-
sphingolipid, which they called hematoside, from equine
erythrocyte stroma. This glycolipid was later confirmed by
Klenk and Wolter (121) and re-examined by Klenk and Lauen-
stein (8). The equine hematoside was shown to contain
N-glycolylneuraminic acid attached to the third position of
the galactose molecule of the lactosylceramide. Two kinds of
hematoside were demonstrated in dog erythrocytes (122),
N-acetyl (73%) and N-glycolyl (27%), both of which were linked
to the lactosylceramide. Lignoceric acid was the main fatty
acid in equine hematoside, while the dog hematoside contained

more stearic and nervonic acids. In 1965, the ganglioside
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Table l.--Gangliosides of Mammalian Brain

Symbol Chemical structure
GM3 NANA- (2+3)-Gal-(B1+4)-Glc-(1~+1)-Cer
GD3 NANA- (2+8) -NANA- (2+3)~-Gal-(B1+4)-Glc-(1+1)-Cer
GMz GalNAc- (81~>4)—Ga]3.- (B1+4)-Glc-(1+1)-Cer
1]
2
NANA
GD2 GalNAc- (Bl+4)-G§1- (B1+4)-Glc-(1+1)-Cer
( Y
2
NANA- (8+2) -NANA
GMl Gal- (B1+3)-GalNAc-(R1l+4) —Ggl— (B1l+4)-Glc-(1+1)-Cer
B
NANA
- - Ac- (81+4)-Gal- (81+4)-Glc- -
GDla Gal-(B1l+3)-GalNAc-(R1-+4) G;l (R1+4)-Glc-(1+1)-Cer
1)
2
NANA- (8+2) -NANA
Gle Ggl— (B1+3)-GalNAc-(Bl1+4)-Gal-(B1+4)-Glc-(1+1)-Cer
() :
: £
NANA NANA
GTl Ggl_ (Bl+3)-GalNAc-(B1+4) -Gil- (R1+4)-Glc-(1l+1)-Cer
H H
NANA NANA- (8+2)~-NANA
GQl Gal- (B1»3)-GalNAc-(B1+4)-G3gl-(B1l+4)-Glc-(1l+»1)-Cer

;)

)

NANA- (8+«2)~NANA NANA- (8«2)~-NANA
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from cat erythrocytes was shown to have one more sialic acid
than either the dog or horse (123). It was a disialolactoside
with the structure of N-glycolylneuraminyl-(2+8)-N-glycolyl-
neuraminyl- (2+3) -galactosyl- (1+4) -glucosyl-ceramide. Ligno-
ceric and nervonic acids were the major fatty acids. Bovine
erythrocytes (122) showed a different variation by having
N-acetylglucosamine instead of N-acetylgalactosamine in the
carbohydrate chain. The proposed structure was Gal-(1-+3)-
GlcNAc- (1+4)-Gal-(1+4)-Glc-(1l+1)-ceramide. Hematoside was
the major erythrocyte glycosphingolipid in sea lamprey and it
was also shown to be present in calf serum (124). This lipid
has also been detected in human erythrocytes (117).

It is interesting to note that variations exist among
the major erythrocyte glycosphingolipids of various mammals.
The cat, dog and horse contain mainly hematosides, whereas
globosides are the major components in the red cells of man,
Pig, sheep, goat and guinea pig (124). Bovine stroma have
both components, whereas the chicken has neither. The pre-
cise physiological role of such differences is not understood
at present; nevertheless, such differences are important in
the selection of a suitable animal for glycosphingolipid

Mmetabolic studies.
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E. Biosynthesis of Neutral and Acidic
Glycosphingolipids

Studies of glycosphingolipid biosynthesis have gained
much impetus in recent years; numerous reports have appeared
involving in vivo and in vitro techniques which led to the
elucidation of several biosynthetic pathways in the formation
of glycosphingolipids. The biosynthesis of complex glyco-
sphingolipids is believed to proceed through the stepwise
addition of monosaccharides from sugar nucleotide intermediates
(uDP-Gal, UDP-Glc, UDP-GalNAc, GDP-Fuc, etc.) to an appro-
priate receptor molecule by a multitransferase system (88).
It is also believed that different enzymes exist for each
step and they are different in substrate and metal requirements,
PH optimum, lability to heat and different inhibitors (88).
These anabolic enzymes are bound to microsomes and have a pH

optimum around 7.0.

1. Sphingosine

In vivo, sphingosine is formed by the condensation of
g-Serine and palmityl-CoA, with the formation of 3-dehydro-
Sphinganine as the intermediate (125,126). This compound has
been synthesized by Mendershausen and Sweeley (127) and by
Gaver and Sweeley (128). The reaction requires pyridoxal
Phosphate. The next step is the catalytic formation of
Sphinganine by a S-3-dehydrosphinganine:NADPH oxidoreductase
(129-3131), The final introduction of a double bond gives

SPhingosine.



25

(3-dehydrosphing-
E ?OOH anine)
PLP,synthetase
[ - [ N —-C=CH—
C15H31 ~SCoA + CH CHZOH \cb > C15H3l E EH CH20H
NH 2 Hy
2
(palmityl=-CoA) (g—serlne) NADPH
reductase
H H -
Clstg-CH=CH-t-- i-CHZOH < C15H3l-?H-fH-CH20H
H H2 OH NH2
(sphingosine) (sphinganine)

2. Ceramide
An enzyme which catalyzes the biosynthesis of ceramides

from sphingosine and acyl-CoA derivatives was found in
chicken liver, rat and guinea-pig brain by Sribney (132).

It was found that either threo- or erythro-sphingosine could

be incorporated into ceramide. The specificity of the acyla-

tion process of long-chain bases by acyl-CoA esters has been
StudQied extensively by Morell and Radin (133), and was es-
tablished that ceramide containing nonhydroxy-fatty acids were
the precursors of gangliosides and sphingomyelin. The hydroxy-

féltrty acid containing ceramides were mainly incorporated into

galactosylceramide of the cerebron and oxynervon type (133-

136).

3. Neutral glycosphingolipids

a. Galactosylceramide (GL-1b)

Two pathways have been postulated for the biosynthesis

o . . . . .
£ Cerebrosides on the basis of in vitro studies,
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Psychosine Pathway: psychosine + fatty acyl-CoA+cerebroside

Ceramide Pathway: ceramide + UDP-Gal+cerebroside

Psycosine has been synthesized enzymatically from sphingosine
and UDP-Gal by a number of investigators (18,137,138) and the

formation of cerebroside by acylation of psychosine with

acyl-CoA was suggested by Brady (139) in 1962. However, other

investigators have proposed that the formation of cerebroside

might proceed via the acylation of sphingosine followed by the

addition of hexose (136,137,140,141). These two pathways also

have supportive evidence from in vivo experiments. Recently,
on the basis of mass spectrometric analyses Hammarstrom pre-
Sented evidence that the formation of galactosylceramide
Containing non-hydroxy fatty acid occurred via both pathways.
He then found that psychosine can be acylated with acyl-CoA

NOnenzymatically (142). Whether such dual pathways exist

in cerebroside containing hydroxy fatty acids still remains to

be investigated.

b. Glucosylceramide (GL-1la)

In 1968, Basu (143) demonstrated the presence of a gly-

CO syl transferase in a particulate fraction from chicken

k>I‘ain which catalyzed the formation of GLe~la from UDP[14C]

9 L ucose and ceramide. This finding was recently confirmed by

Hammarstrém using rat brain microsomes.

c. Lactosylceramide (GL-2a)

A rat spleen homogenate was shown by Hauser (140) to

111<=<>rporate UDP[1-3H]ga1actose into lactosylceramide and
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similar results were obtained by Basu (143) with a particu-
late fraction from embryonic chicken brain. Kampine et al.

(40) obtained radioactive monohexosylceramide and dihexosyl-

ceramide when human leukocytes were incubated with [14C]glu-

cose and [14C]galactose. Since human leukocytes contained

mainly lactosylceramide, most of the labeling was located in
the terminal galactose of the carbohydrate chain. Similar

results were obtained irrespective of which sugar was being
This finding seemed to favor a step-

used as the precursor.
When pig bone

wise synthesis of lactosylceramide via GL-la.

marrxrow cells were incubated with [U-14C]glucose, radio-

activity was detected in all three of the hexose units of
GL—3a (major glycosphingolipid), which seemed to indicate

de novo biosynthesis of the hexose moieties by the marrow

Cells. However, the majority of the label was located in
GL-—1a and GL-3a with low incorporation detected in GL-2a.

This contradicted the theory of stepwise addition of carbo-

hy Qrate units to a receptor molecule.

d. Digalactosylceramide (GL-2b)

Synthesis of digalactosylceramide was studied in Gray's

léil)oratory (144) using a kidney homogenate. The galactosyla-

tion of galactosylceramide by UDP-Gal was demonstrated.

e. Trihexosylceramide (GL-3a)
Hildebrand and Hauspr (145) demonstrated that the trans-

fer of a galactosyl moiety from UDP-Gal to lactosylceramide

~
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was catalyzed by an enzyme present in rat spleen homogenate.
It was reported that two reactions, catalyzed by different
enzymes, occurred in the spleen tissue

glucosylceramide + UDP-Gal -+ lactosylceramide + UDP

lactosylceramide + UDP-Gal -+ trihexosylceramide + UDP

Although these two enzymes had the same optimal pH (6.0),
they diffepred from each other in their lability to heat,
degree of activation by Mg++, and the extent of inhibition by

various sphingolipids.

f. Globoside (GL-4)

The biosynthesis of GL-4 in vitro has not been fully
investigated. It would probably proceed via the N-acetyl-
galactosylation of GL-3a by UDP-GalNAc, however. Brady (146)
was able to obtain incorporation in the glucose, galactose,
and N-acetylgalactosamine moieties of globoside after incu-
bating beef bone marrow cells with labeled glucosamine. In
a similar type of experiment, Dukes (147) was able to in-
corporate glucosamine into glycolipids of bone marrow cells
in situ; the products were tentatively identified as hema-

tosides, gangliosides and globosides.

g. Blood group substances

The blood group-active glycosphingolipids all share the
common tetrahexosylceramide backbone, Gal-GlcNAc-Gal-Glc-

ceramide. It was shown by Basu et al. (148,149) that the
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committed step in the biosynthesis of these compounds is the
N-acetylglucosylation of lactosylceramide. The transfer of
galactose from UDP-Gal to receptor GlcNAc-Gal-Glc-ceramide

was demonstrated by the same authors.

A GalNAc

or Gal-GlcNAc-Gal-Glc-ceramide

s e |

Fuc Fuc
H Le?
H-SJ
Le
It is well established that blood group A and B specificities
differ only by a single substituent on the terminal galactose
group. The corresponding glycosyl transferases responsible for
the formation of these determinants were isolated from the
appropriate tissues of blood group A and B individuals respec-
tively (150). Before these transferases can act, the receptor
molecule has to be in the right conformation, which is the
addition of a fucosyl group at C-2 of the terminal galactosyl
moiety. The transferases confer A and B specificity only
when this fucosyl group is present.
Marcus and Cass (151) found that Le?- and Leb- active
glycosphingolipids were associated with the high- and low-
density lipoproteins of plasma and were transfered or inte-

grated into the erythrocyte surface membranes. The site of

their biosynthesis is not known.



30

4. Acidic glycosphingolipids

a. Sulfatides

In 1960, Goldberg (152) reported the incorporation of
[3SS]sulfate into rat kidney and liver sulfatides from labeled
3'-phospho-adenosine-5"'-phosphosulfate (PAPS). This was later
confirmed by McKhann and associates (153) as well as Balasu-
bramanian and Bachawat (154), who demonstrated an enzyme system
which could catalyze the transfer of sulfate from PAPS to
galactosylceramide acceptor in vitro. The sulfate transferase
activity was very high in the microsomal fraction of the rat
kidney. The major sulfatide of human kidney, sulfo-lactosyl-
ceramide, was shown by McKhann and Ho (155) to be the product
when lactosylceramide was used as the substrate for the sul-
fate transferase. Recently, Cumar et al. (156) provided addi-
tional evidence that exogenous cerebrosides would accept
[3SS]sulfate from PAPS. In addition, Stoffyn, Stoffyn and
Hauser (157) obtained radioactive sulfatide from [14C]ga1ac-
tose-labeled phrenosine and PAPS in vitro, using the bio-
synthetic system described by McKhann and Ho (155). They
further showed that the structure of this biosynthetic sulfa-

tide was sulfated at C-3 of the galactose.

b. Gangliosides

The biosynthesis of ganglioside is believed to operate
in the same manner as the neutral glycosphingolipids, involv-

ing a series of reactions whereby specific sugars are
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transferred to the growing glycolipid acceptor by a series of
specific glycosyl transferases. The glycosyl transferases

were

++
glycolipid-acceptor + nucleotide sugar Mo transferase;

glycolipid-product + nucleotide
proposed to exist as a membrane-bound multiglycosyltransferase
system (158). Different transferases catalyze the transfer
of a glycosyl unit to the acceptor, each transferase is speci-
fic for its acceptor, and the product of each step is the
preferred substrate for the next reaction. 1In addition to
the normal sugar nucleotides mentioned earlier, CMP-NANA is
involved in the biosynthesis of gangliosides. The sialyl-
transferases are a family of enzymes which catalyze the
transfer of NANA or NGNA from the corresponding CMP-NANA or
CMP-NGNA to the glycolipid receptor. It is believed that a
number of different sialyltransferases are involved in ganglio-
side biosynthesis. Transfer of sialic acid from CMP-NANA to
glycosphingolipid was first demonstrated by Kanfer et al.
(159) in vitro. By using a rat kidney homogenate as the
enzyme source, and asialoganglioside and tetrahexosylceramide
as the acceptors, they were able to obtain a ganglioside

fraction identified as GM The role of sialyltransferases

l.
in the biosynthesis of gangliosides have been studied exten-
sively and systematically by Roseman and associates (158).
These workers have described a number of transferases from

embryonic chicken brain which catalyze the stepwise synthesis



32

of gangliosides from ceramide and the appropriate sugar
donors (reactions 1-6). The biosynthetic pathway is shown in
Scheme I. Experiments from other laboratories suggested that
this pathway also occurred in adult frog brain (160,161) as
well as young rat brain (162-165). Recent evidence (166,167)
also pointed to the existence of a second pathway (reactions
7, 9 and 10) and a third possible pathway (reactions 7, 8 and
5) where the trihexosylceramide and tetrahexosylceramide back-
bones of gangliosides could be assembled before the addition
of sialic acid(s). The galactosyl transferases catalyzing
reactions 2 and 5 have been shown to be different by Hilde-
brand et al. (163), whereas the same galactosyl transferases
were involved in the catalysis of reactions 5 and 9 (168).
Synthesis of complex gangliosides might also occur via reac-
tion 11 (169); experimental evidences for reactions 7, 8 and
14 had been presented by Cumar et al. (170) and Arce et al.

(165).

F. Turnover Studies

Relatively few reports are available about the turnover
of glycosphingolipids outside the nervous system. In 1965,
Kanfer (171), injected labeled GL-la into 10-day old rats
and recovered most of the activity in the extracted GL-1la
and ceramide. Radioactively labeled sulfatides (35804) were

employed by Davison and Gregson (172) and Pritchard (173) to
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study the synthesis and turnovér of myelin; most rapid syn-
thesis of sulfatide was found to occur between 20 and 25
days.

Dawson and Sweeley (45) studied the turnover of neutral
glycosphingolipids of porcine plasma and erythrocytes in vivo
over a 2-month period using [14C]glucose as a pulse label.
Their results suggested that red cell GL-2a, GL-3a and GL-4
were synthesized in the bone marrow and released into the
plasma during the time of red cell catabolism, whereas GL-la
was not synthesized in the bone marrow and exchanged freely
between the plasma and erythrocytes.

Glucose and galactose (174-176), glucosamine (177) and
mannosamine (178) are the precursors commonly employed in
ganglioside metabolic studies. The radioactivity 1is in-
corporated into all portions of the carbohydrate chain of
gangliosides and hexosamines are the most efficient precursor
of NANA and GalNAc. Radin (174) was the first to demonstrate
the incorporation of [1-14C]ga1actose into cerebrosides and
gangliosides of rat brain. This was later confirmed by
Burton et al. (177) who showed that all the sugar moleties of
gangliosides had the same specific activity. The half-life
of the total ganglioside fraction in rat brain was estimated
to be about 8-10 days for a glucose or galactose label, and
about 24 days for amino sugars (179). This was somewhat dif-
ferent from the data of 20 days obtained by Suzuki (180) using

[U-14C]glucose as the precursor. Recently, Suzuki (181) and
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Maccioni et al. (182) independently used [l—l4C]glucosamine
and [6-3H]glucose to study the formation and turnover of rat
myelin and brain gangliosides. Suzuki found that the forma-

tion and turnover of G ganglioside in myelin was different

M1
from that of whole brain 1lipid or whole brain gangliosides.
Neither investigator could detect any precursor-product

relationship in vivo.

G. Catabolic Degradation of Glycosphingolipids

Glycosphingolipids are degraded in a stepwise removal of

sugar units by a family of glycosylceramide hydrolases.

These enzymes are assured to be located in lysosomes (183)

of various organs throughout the body (184). Elucidation of
the catabolic pathways of both neutral and acidic glyco-
sphingolipid metabolism gained much success in recent years;
this was partly due to the development of enzyme assays which
made possible the detection of enzyme deficiencies that
occurred in various lipid storage diseases.

In 1964, Sandhoff (185) obtained an enzyme preparation
from pig kidney which was able to catabolyze Gal-GalNAc-Gal-
Glc-ceramide to ceramide with the formation of trihexosyl-
ceramide, GL-2a and GL-la. Later, Statter and Shapiro (186)
demonstrated the recovery of radioactivity in GL-2a and GL-1la
from rat after an initial injection of labeled GL-4. An

enzyme (hexosaminidase) which could hydrolyze the terminal
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N-acetylgalactosamine moiety of globoside was isolated from
calf brain by Frohwein and Gatt (187). The same enzyme was
equally active towards GalNAc-Gal-Glc-ceramide or GlcNAc-
Gal-Glc-ceramide. Recently, two forms of hexosaminidase

(A and B form) were identified by Sandhoff (188,189) and by
Okada and O'Brien (190-191). In Tay-Sachs disease, the A
form was missing while the B form remained normal or ele-
vated (188,190). This correlated well with the finding that
in Tay-Sachs disease the main reason for the accumulation of
Tay-Sachs ganglioside was due to the absence of an enzyme

to hydrolyze it. However, in a variant form of Tay-Sachs
disease, characterized by the accumulation of globoside in
visceral organs, both A and B forms were missing (188).

It was inferred that hexosaminidase A played a physiological
role in ganglioside metabolism, whereas hexosaminidase B was
involved in globoside degradation (192).

Once the terminal N-acetylgalactosamine was removed
from globoside, the remaining trihexosylceramide could be
further catabolyzed by an a-galactosidase to lactosylceramide,
as shown in Scheme 1I. 1In patients with Fabry's disease, the
accumulation of an excessive amount of GL-3a was due to the
absence of a GL-3a-cleaving enzyme in the plasma (193) and
other organs (194) of these patients. On the contrary,
enzymatic activity was detected in normal spleen, small

intestine, kidney, brain and liver (195).
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Scheme II. Biodegradation of Neutral Glycosphingolipids

GalNAc-Gal-Gal-Glc-Cer

l -GalNAc
Gal-Gal-Glc=-Cer GlcNAc-Gal-Glc-Cer
-Gal -GlcNAc

Gal-Glc-Cer
1 -Gal
Glc-Cer Gal-Cer
-Glc -Gal
Ceramide
-FA

Sphingosine






38

Digalactosylceramide was shown to possess the same
terminal disaccharide as that of GL-3a 1in linkage and anomeric
configuration; however, whether or not its accumulation in
Fabry's disease was due to the absence of the same cleaving
enzyme is not uncertain. Recent evidence by Mapes and
Sweeley (196) indicates that GL-2b is hydrolyzed by a differ-
ent enzyme than the a-galactosidase involved in GL-3a metabol-
ism.

Lactosylceramide is degraded to GL-la by a B-galactosi-
dase from rat brain (197,198). The enzyme has been partially
purified. An enzyme with similar activity was also demon-
strated in a particulate fraction from rat kidney (185).
Recently, a new glycosphingolipid storage disease, lactosyl-
ceramidosis, was discovered (52). This unusual lipidosis is
characterized by a deficiency of lactosylceramide: galactosyl
hydrolase activity coupled with excessive accumulation of
GL-2a in plasma, erythrocytes, bone marrow, urine sediment and
other neural and non-neural tissues.

Further degradation of GL-la to ceramide has been studied
by Brady et al. (199) and by Gatt and Rapport (200). The
GL-la-cleaving enzyme was purified 82-fold from a 100,000 g
supernatant fraction of human spleen (201). The enzyme was
present in normal but absent in Gaucher spleen (202). GL-la-
cleaving enzyme has also been detected 1n white blood cells
(203). Evidence seems to imply that the major source of

accumulated GL-la in Gaucher's disease might be turnover of
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glycosphingolipids from leukocytes (204) or erythrocytes
(205).

An enzyme that cleaves galactosylceramide to galactose
and ceramide was purified by Hajra et al. (206) from pig
brain.

A ceramidase which catalyzes the hydrolysis of ceramides
to long-chain base and fatty acids has been purified 200-fold
from rat brain by Gatt (207) and Yavin and Gatt (208).

Information about sphingosine degradation has been gen-
erated mainly by Stoffel's laboratory, based on in vivo (209-
211) and in vitro studies (212-214). Long-chain bases were
phosphorylated, then cleaved between C-2 and C-3 to give
phosphorylethanolamine and palmitaldehyde, hexadecenal and
2-hydroxypalmitaldehyde from sphinganine, sphingosine and

4-D-hydroxysphinganine, respectively.

ATP
-CH-CH- —_ >
SPHINGOSINE R-CH 'CH CHZOH KINASE
OH NH2
SPHINGANINE
or R-TH—TH—CHZ—O— -OH ——>
4-D-HYDROXYSPHINGANINE OH NH2 OH
i
R-C-H + CHZ—CHZ-O—P—OH
N\ |
0) NH OH

2

The reaction is initiated by an ATP-dependent kinase (212-
215), which has been detected in human erythrocytes (215).

Then a pyridoxal-dependent microsomal lyase (214) splits the
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phosphorylated base into the C_-fragment, phosphorylethanol-

2
amine, and, in the case of sphingosine, palmitaldehyde.

The biodegradation of gangliosides proceeds via the
stepwise removal of monosaccharide units of the carbohydrate
backbone by specific hydrolases and sialidases. The scheme
for the hydrolysis of GTl to GM3 has been proposed (216),
and verified by Gatt and associates (217), who isolated and
purified several of the glycolipid hydrolases. The degrada-
tive pathway is outlined in Scheme III. The degradation of
G

proceeds mainly via GD as shown by human brain siali-

Tl 1b
dase (218) as well as those from bacteria origin (219).

This finding suggests that the terminal galactose-bound
sialic acid is the first to be hydrolyzed, whereas the sialic
acid bound to the internal galactose remains intact. It is
proposed that the internal sialic acid is more resistant
because of steric hindrance caused by the N-acetylgalacto-
samine bound to C-4 of the internal galactose (220). After
N-acetylgalactosamine is liberated by hexosaminidase, the

internally bound sialic acid is more easily removed by

sialidase (221).



41

Scheme III. Biodegradation of Brain Gangliosides
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IT. INTRODUCTION

Glycosphingolipids are important components of mammalian
cell membranes. Extensive studies have been made of the
composition and metabolism of neutral glycosphingolipids in
human erythrocytes (37,222). However, no detailed informa-
tion is available about the sphingolipid composition and
metabolism of human platelets, although several brief reports
(223-225) on the existence of sphingolipids in platelets have
appeared. Nothing is known about the biochemical structures
of the platelet glycosphingolipids but some recent studies
have been made of the phospholipid component (226) and glyco-
proteins (227,228). The lack of information is due, in part,
to difficulties in obtaining a sufficient amount of material
for adequate biochemical studies.

To complement previous studies on the glycosphingolipids
of normal human plasma (37), erythrocytes (37), and leuko-
cytes (38,39) as well as studies of these lipids in patients
with storage diseases (47,52,229) and leukemia (39), part of
this dissertation was devoted to the determination and charac-
terization of the major sphingolipid constituents of human
pPlatelets. It was also interesting to examine the lipids of

pig platelets so that a better assessment of the feasibility

42



H



43

of studying platelet glycosphingolipid metabolism in vivo
could be made.

As part of a general investigation of the blood glyco-
sphingolipids, human plasma gangliosides as well as the
major erythrocyte glycosphingolipids in fetal pigs were
also studied.

Another area of investigation of this thesis centered
on the turnover of various blood sphingolipids in an anemic
pig. Previous studies (222) with a normal human and a patient
with Fabry's disease demonstrated that the early synthesis
(such as liver or other organs) of plasma glycoshpingolipids
could only account for 10-20% of the total plasma glycolipids
when a stable isotope labeled compound, [6,6-2H2]g1ucose,
was used as the precursor, which indicated that the remaining
plasma pool had to be derived from some other source, such
as the red cells. However, since the incorporation of the
label into the red cell glycosphingolipids was not suffi-
ciently high enough ﬁo be detected, this hypothesis was not
verified until later when Dawson and Sweeley (45) conducted
an in vivo experiment in a pig, involving a large pulse label

of [U-14

Clglucose.

The pig was found to be an excellent experimental animal
model because it was rather similar to humans in the plasma
and erythrocyte glycosphingolipid profiles. Furthermore, the
size of the animal permitted withdrawal of 30-40 ml of blood

from the animal at various time intervals without affecting
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its metabolic status in any way. Dawson and Sweeley (45)
concluded from the experiment that GL-la exchanged freely
between plasma and erythrocyte pools, and was not synthesized
in the bone marrow, whereas the red cell GL-2a, GL-3a and
GL-4 were synthesized in the marrow and were subsequently
released into the plasma during the time of erythrocyte
catabolism, suggesting that the erythrocyte glycosphingolipids
were a major source of the plasma glycolipids. Nevertheless,
several questions remained unanswered. One was that the
maximum specific activities of erythrocyte GL-2a, GL-3a and
GL-4 were reached around 5-7 days after the label was given,
and 40-60% of the label was lost from GL-2a and GL-3a, but
not from GL-4 during the next few days. This phenomenon might
be explained in several ways. One is the possibility of
contamination of red cell preparations by other cell compon-
ents such as leukocytes and platelets. This could result
from unsuccessful washing or removal of these components dur-
ing the centrifugation of the whole blood. The second and
more probable explanation may be the presence of some highly
metabolically active cells (such as reticulocytes) in the
isolated red cell fraction. It is possible that the early
loss of label was associated with membrane changes as the
reticulocytes mature into normal erythrocytes. If this were
true, one would expect to see the specific activity of red
cell glycolipids (especially the major erythrocyte glyco-

sphingolipid, globoside) decrease gradually during the entire
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life span of the erythrocytes; this was not observed, however.
This hypothesis about globoside metabolism in senescent
erythrocytes may be verified by conducting a turnover experi-
ment in a pig that has been previously induced with reticulo-
cytosis.

Another puzzling fact was the marked differences observed
in the fatty acid composition of the different pig erythro-
cyte glycosphingolipids. The relative amounts of various fatty
acids were similar in GL-3a and GL-4, but distinctively dif-
ferent from GL-la and GL-2a. For this matter, it is difficult
to envisage that GL-2a and GL-3a are the precursors of GL-4.
It was the intention of this study in the anemic pig to in-
vestigate the turnover of both plasma and red cell ceramides,
gangliosides and the neutral glycosphingolipids so that a
better perspective could be obtained of the interrelationship
between the various plasma and erythrocyte sphingolipid pools.
In addition, the experiment was planned to include more time
points throughout an eighty day period, since the time points
chosen for the earlier study were shown to be inadequate.

As part of this in vivo study, an attempt was made to
separate the reticulocytes from the normal cells using
gradient ultracentrifugation. If such separation could be
achieved, then one could study the turnover of globoside in
the young cells versus the o0ld; so that the metabolism of
globoside in the red cell aging process could further be

assessed.



IIT.

A.

1. Non-chemicals

Lipid sources

Human blood
Human platelets

Porcine blood

Equine blood

In vivo study

Female Yorkshire pigs

Pregnant gilts

Miscellaneous

Dialysis tubing
(size 20)

Diazo projection paper
(1919-A, size-8+"x11",
cat. no. 30012)

EXPERIMENTAL

Materials

Lansing Regional Blood Center,
American Red Cross, Lansing, Mich.

American Red Cross Blood
Research Center, Bethesda, Md.

Meat Laboratory, Dept. of Animal
Husbandry, Michigan State Univ.,
East Lansing, Mich.

Veterinary Clinic, Michigan State
Univ., East Lansing, Mich.

Porcine Research Center, Michigan
State Univ., East Lansing, Mich.

Maternity Ward, Swine Research

Center, Michigan State Univ.,
East Lansing, Mich.

Sargent-Welch Scientific Co.,
Chicago, Ill.

B. K. Elliot Co., Pittsburgh, Pa.
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Instruments

Gas Chromatograph Model
402

Sorvall Refrigerated
Centrifuge Model RC2-B

Beckman Model L3-50
Ultracentrifuge

Beckman LS-150 Liquid
Scintillation Counter

)
Mass Spectrometer, LKB
9000

Advanced Osmometer,
Model 3L

Gilford Spectropho-
tometer 2400

2. Chemicals

Solvents

Chloroform, methanol,
acetone, etc.

47

Hewlett-Packard Analytical
Instruments, Avondale, Pa.

Ivan Sorvall Inc., Newton, Mass.

Spinco Division, Beckman Instru-
ments, Inc., Palo Alto, Calif.

Beckman Instruments,
Palo Alto, Calif.

Inc.,

LKB, Stockholm, Sweden

Advanced Instrument, Inc.,
Needham Heights, Mass.

Gilford Instrument Laboratories,
Inc., Oberlin, Ohio

J. T. Baker Chemical Co.,
Philipsburg, N. J.
Mallinckrodt Chemical Works,
St. Louis, Mo.

Silicic acid chromatography

Unisil (200-325 mesh)

Clarkson Chemical Co.,
Williamsport, Pa.

Thin-layer chromatography

Precoated silica gel G
plates (250 )

Precoated silica gel G
plates (250 and 500 y)

Glycosphingolipid
standards

Quantum Industries,
Fairfield, N. J.

Analtech, Inc.,
Newark, Del.

Prepared from human, porcine and
equine red blood cells.
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Thin-layer chromatography (cont'd)

Ceramide (hydroxy fatty Sigma Chemical Co.,
acids) St. Louis, Mo.

Ceramide (normal fatty A gift from Dr. Karin Samuelsson;
acids) also from Sigma Chemical Co.,
St. Louis, Mo.

Ganglioside standards Supelco, Inc., Bellefonte, Pa.

Acid-catalyzed methanolysis

Hydrogen chloride (lec- Matheson Gas Products,
ture bottle) East Rutherford, N. J.

Silver carbonate Mallinckrodt Chemical Works,
St. Louils, Mo.

Acetic annydride J. T. Baker Chemical Co.,
Philipsburg, N. J.

Hexane (nanograde) Mallinckrodt Chemical Works,
St. Louis, Mo.

Dyes

Bromothymol blue Matheson Coleman and Bell,
Norwood, Ohio

Rhodamine 6 G Allied Chemicals, Morristown,
N. J.

Methyl orange Fisher Scientific Co.,
Fair Lawn, N. J.

o-Naphthol Sigma Chemical Co.,
St. Louis, Mo.

Resorcinol Mallinckrodt Chemical Works,

St. Louis, Mo.

Gas-liquid chromatography

Hexamethyldisilazane = Applied Science Laboratories,
and Trimethylchloro- State College, Pa.
silane Anspec Co., Ann Arbor, Mich.

Fatty acid methyl ester Applied Science Laboratories,
standards State College, Pa.
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Gas-liquid chromatography (cont'd)

Polysaturated fatty Supelco, Inc., Bellefonte, Pa.
acid methyl esters
(PUFA No. 1)

Normal and hydroxy Supelco, Inc., Bellefonte, Pa.
fatty acid methyl

asters

Mannitol Nutritional Biochemical Corp.

Cleveland, Ohio

3% EGSS-X on Gas- Applied Science Laboratories,
Chrom Q (100-120 mesh) State College, Pa.

15% ethylene glycol Supelco, Inc., Bellefonte, Pa.
adipate on Chromosorb
WHP (80-100 mesh)

16% ethylene glycol suc- Supelco, Inc., Bellefonte, Pa.
cinate on Gas-Chrom P
(80-100 mesh)

3% GC-grade SE-30 on Supelco, Inc., Bellefonte, Pa.
Supelcoport (100-120

mesh)

3% ECNSS-M on Supelco- Supelco, Inc., Bellefonte, Pa.
port HD (100-120 mesh)

N-Acetylneuraminyl- Sigma Chemical Co., St. Louis,
lactose Mo.

DL-Sphingosine and Miles Laboratories, Inc.,
Dthydrosphingosine Elkhart, Ind.

Assay for sphingosine (Lauter and Trams)

DL-Sphingosine, di- see GLC
RAYydrospingosine
Methyl orange see Dyes

Assay for ester groups (Rapport and Alonzo)

Hydroxyamine hydro- Mallinckrodt Chemical Works,
chloride St. Louis, Mo.
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Assay for ester groups (Rapport and Alonzo) (cont'd)

Ferric perchlorate G. Frederick Smith Chemical
(non-yellow) Co., Columbus, Ohio
Tripalmitin Supelco, Inc., Bellefonte, Pa.

Permethylation study

Sodium hydride Alfa Inorganics, Ventron Corp.,
(57% oil dispersion) Beverly, Mass.
Sodium borohydride Sigma Chemical Co.,

St. Louis, Mo.

Anomerity study

a-Galactosidase (fig), Gifts from Dr. Y. T. Li,

B-Galactosidase (jack Tulane Univ., New Orleans, La.
bean),

B-Hexosaminidase (jack

bean)

a-Hexosaminidase Prepared from pig liver by

Joseph Sung of this laboratory
according to the method of
Weissman and Hinrichsen
(Biochemistry 8:2034, 1969).

Sodium taurochelate Sigma Chemical Co.,
(ox bile) St. Louls, Mo.

Assay for organic phosphorus (Bartlett)

Ammonium molybdate Fisher Scientific Co.,
Fair Lawn, N. J.

Sodium bisulfite Fisher Scientific Co.,
Fair Lawn, N, J.

l-Amino-2-naphthol-4- Mallinckrodt Chemical Works
sulfonic acid St. Louis, Mo.
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Gradient Ultracentrifugation

Albumin, bovine (powder)
(Cohn Fraction V; JACS
68:459, 1946)

Cellulose nitrate tubes
(size 1+"x34+"; 1"x33")

Sugars

D-(+)-Galactosamine
Hydrochloride

D- (+)-Glucosamine hydro-
chloride

Fucose

Galactose

Glucose

N-Acetylneuraminic
acid and N-Glycolyl-
neuraminic acid

Radioactive isotopes

[U-14C]glucose (S.A.
192 mCi/mM; in ethanol-
water 9:1; lot no.
580-031)

[U-14C]glucose (S.A.
180 mCi/mM; in 20%
ethanol; lot no. 19-
119107)

[l—l4C]stearic acid
(S.A. 46.08 mCi/mM;
benzene; lot no.
308-211)

in

Sigma Chemical Co.,
St. Louis, Mo.

Beckman Instruments Inc.,
Palo Alto, Calif.

Calbiochem, Los Angeles, Calif.
Nutritional Biochemical Corp.,
Cleveland, Ohio

Nutritional Biochemical Corp.,
Cleveland, Ohio

Fisher Scientific Co.,
Fair Lawn, N. J.

Mallinckrodt Chemical Works,
St. Louis, Mo.

Sigma Chemical Co.,
St. Louis, Mo.

New England Nuclear,
Boston, Mass.

International Chemical and
Nuclear Corp., Irvine, Calif.

New England Nuclear,
Boston, Mass.
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Miscellaneous

1-Ethyl-3-(3'-dimethyl- Ott Chemical Co., Muskegon,
aminopropyl)carbodi- Mich.

imide hydrochloride

Armidexan Bardley Products, Chicago, Ill.

Heparin Nutritional Biochemical Corp.,
Cleveland, Ohio

Experimental drug #744 Parke, Davis and Co.,
Ann Arbor, Mich.

Aquasol New England Nuclear,
Boston, Mass.

B. Methods

1. Human blood preparation

Human blood (non-outdated or fresh) was obtained from
the Regional Blood Center of the American Red Cross in
Lansing, Michigan. The separation of plasma from erythrocytes
was done according to the method described by Vance and

Sweeley (37).

2. Human platelet preparation

Human platelet concentrates were obtained by Dr. Graham
A. Jamieson in his laboratory at the American Red Cross
Research Center, Bethesda, Maryland. The platelet concen-
trates were prepared according to a previously established
procedure (230) which involved repeated differential centrifu-
gation to remove erythrocytes. The pellet, obtained after

centrifuging at 10,000 rpm (18,000 g) at o°C for 5 min, was



53

used for total lipid extraction. Preliminary studies were
done on the total lipid extract from the residues of 73
platelet units after the isolation of platelet membrane
glycopeptides by brief trypsin treatment (228). 1In addition,
lipid extracts from non-treated platelets as well as those
treated with chymotrypsin and thrombin were prepared for

comparison.

3. Porcine platelet preparation

Ten liters of blood were collected from normal healthy
pigs at the Meat Laboratory of the Department of Animal
Husbandry at Michigan State University, using ACD solution
(NIH formula A) as anticoagulant. The pigs were killed by
electric shock, then the jugular and carotid vessels were
severed. Blood was collected in large round chromatography
jars containing 1290 ml of ACD solution (67.5 ml ACD/450 ml
blood) with constant agitation. Preparations of platelet
concentrates were made according to the method of Cohen and
Derksen (231) involving differential centrifugation. After
the initial centrifugation, the platelet rich suspensions were
transferred to a fine-tip conical centrifuge tube and centri-
fuged at 1500 g in a desk top clinical centrifuge in order to
pack the residual erythrocytes. After each centrifugation,
the contents were transferred to another tube without dis-
turbing the erythrocyte pellet. This process was repeated

until a faint pinkish ring was observed at the tip of the tube.
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The contents were then mixed well and an aliquot was removed
for leukocyte, erythrocyte and platelet counts. A smear was
also made with the suspension and stained with Wright Stain
for microscopic examination. An aliquot was removed and
fixed for electron microscopic examination. Finally, the
contents were centrifuged once more and the white platelet
preparation was freeze-dried in the centrifuge tube leaving
the pinkish ring intact. The tube was placed in a lyophili-
zation jar (standing upright) and lyophilized overnight.

The dry platelet fraction was removed from the tube in one
piece (cone shape), and the tip with the pinkish ring was
dissected with a scalpel in order to further minimize red cell
contamination.

For electron microscopy, and aliquot of the washed
platelet concentrate was fixed with 4% glutaraldehyde in
Sorensen's phosphate buffer (pH 7.4) and post-fixed with 1%
osmium tetroxide in buffer for 1 hour. The specimens were
dehydrated rapidly in a graded series of cold alcohols rang-
ing from 70-100% and embedded in Epon. Thick and thin sec-
tions were cut on the LKB Ultratome III. The thick sections
were stained with toluidine blue and the thin sections were
stained with uranyl acetate and lead citrate, and the speci-
mens were examined on the Phillips 300 electron microscope at

600 A°.
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4, Extraction of total lipids

Extraction of total lipids from plasma and erythrocytes
was performed according to a previously established pro-
cedure (37). After the Folch-type partition, total lipids
were recovered from the lower phase, while the gangliosides
remained in the upper phase.

In the case of human platelets, the trypsinized plate-
lets were extracted with chloroform-methanol 2:1 (v/v)
according to the method of Folch, Lees, and Sloane-Stanley
(232), using a Waring blender to prepare the chloroform-
methanol 2:1 homogenate. The mixture was filtered through a
sintered-glass filter, and the extraction was repeated three
times with chloroform-methanol 2:1, after which 0.2 volume of
0.75% NaCl was mixed with the combined filtrates (233). The
biphasic mixture was allowed to stand overnight. The upper
phase was then removed by aspiration, and the lower phase
was washed with Folch's "pure solvents upper phase" (chloro-
form-methanol-water 3:48:47 (v/v)) (234) three times. The
combined lower phases were evaporated to dryness in vacuo
to yield a fraction of crude total lipids.

Lyophilized porcine platelets were stirred with 400 ml
of methanol and 800 ml of chloroform for 30 min at room
temperature. The solution was filtered and the residue was
washed with 50 ml of chloroform-methanol 2:1 (v/v). The
residue was further extracted at a gentle reflux temperature

with 250 ml of chloroform-methanol 2:1 (v/v) for 2 hr.
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After filtration, the combined extracts were mixed thoroughly
with 300 ml of distilled water and allowed to stand in the
cold room overnight. The lower phase was washed two more

times with Folch's pure solvent upper phase.

5. Isolation of neutral glycosphingolipids (Silicic acid

chromatography)

Crude total lipids (lower phase) were fractionated into
neutral lipids, glycosphingolipids and phospholipids by
silicic acid chromatography as described previously (37).
After detecting the presence of free ceramides together with
the glycosyl ceramides in the acetone-methanol 9:1 (v/v)
fraction from human platelets, a modification was made to
elute the ceramides separately with chloroform-methanol 95:5
(v/v) or 98:2 (v/v) before the elution of glycosphingolipids
from the Unisil column. The following elution scheme was
adopted for all the platelet studies as well as the in vivo
pig experiment:

1) freshly distilled pure chloroform without methanol

added as preservative

2) freshly distilled chloroform-methanol 95:5 or 98:2

(v/v)
3) acetone-methanol 9:1 (v/v)

4) methanol.

6. Mild alkaline hydrolysis

The crude glycosphingolipid fractions (acetone-methanol

9:1 (v/v) fraction) were treated with base according to the
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procedure of Vance and Sweeley (37) and Dawson (52). This
procedure destroys phospholipid contaminants which contain
labile ester linkages. The hydrolysate is then .dialyzed for
48 hours in a large chromatography jar against several
changes of distilled water in the cold to remove free gly-
cerol, sugars, salts and other contaminants. The biphasic

dialysate was reduced to dryness in vacuo.

7. Thin-layer chromatography

Commercially available pre-coated silica gel G plates
were used throughout this study. Both 250 u and 500 u plates
were employed, depending upon the amount of lipids available
for analysis. Plates were usually developed in a paper-lined
tank saturated with chloroform-methanol-water 100:42:6 (v/v)
or 70:30:5 (v/v) (single development). Samples were suspended
in approximately 200 ul of chloroform-methanol 2:1 (v/v) and
‘applied to the plate in one single streak with a Radin-Pelick
TLC streaker. This process was repeated two more times with
100 ul of chloroform-methanol 2:1 (v/v). Standard mixtures
of glycosphingolipids were always spotted alongside as markers
for identification. The TLC plate was air-dried at room
temperature after solvent development, and the glycosphingo-
lipid bands were visualized by nonspecific staining with
iodine vapor. The individual bands were encircled with a
fine hypodermic needle and a record of the TLC plates was made
by exposure to diazo projection paper and subsequent develop-

ment of the paper in a tank saturated with ammonia vapor.
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Initial studies, using Quantum plates, indicated that GL-4
and GM3 migrated in close proximity and the separation be-
tween them was unsatisfactory in the neutral solvent system.
Hence, the bands were recovered from the plate in one frac-
tion and the lipids were eluted from the gel as before. The
mixture was then separated by TLC using another solvent sys-
tem: chloroform-methanol-7% NH4OH 55:40:10 (v/v). This

problem was not encountered when Analtech plates were used.

8. Acid-catalyzed methanolysis

After complete sublimation of the iodine vapor, indi-
vidual bands were scraped with a razor blade, and the neutral
glycosphingolipids were eluted from the gel (0.2-0.4 g) with
40-50 ml of chloroform-methanol-water 100:50:10 (v/v) (37) at
room temperature. Hematoside was eluted under the same con-
ditions with 40-50 ml of methanol-chloroform-water-pyridine
56:40:12:2 (v/v) (235) and ceramides were eluted with ethyl
acetate. The recovered glycosphingolipids were subjected to
acid-catalyzed methanolysis. A stock solution of 0.75 N
hydrogen chloride in anhydrous methanol was prepared by
bubbling dry gaseous HCl into dry methanol at room temperature.
The solution could be stored at room temperature for periods
up to 2 weeks. In practice, a fresh solution was usually pre-
pared on the day of analysis. In order to make a reliable
quantitative estimation of the glycosphingolipids present, an
internal standard of mannitol was introduced. The stock solu-

tion of mannitol contained 36.4 mg of mannitol in 100 ml of
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methanol containing 1% water. A mixture of the glycosphingo-
lipid sample (up to 1 mg), 100-300 pl of mannitol stock solu-
tion (0.2-0.6 umoles) and 3 ml of 0.75 N methanolic hydrogen
chloride was heated for 20-24 hr at 75-80°C in a small culture
tube with a Teflon-lined screw-cap. The solution was then
cooled to V25°C and about 200 mg of silver carbonate was added
to neutralize the hydrogen chloride. For the amino sugars,
0.2 ml of acetic anhydride was added and the mixture was
allowed to stand at v25°C for 18 hours in order to convert
methyl glycosides of liberated galactosamine and neuraminate
to N-acetyl derivatives. The mixture was then centrifuged
(1500 g) in a small clinical centrifuge for several minutes,
and the supernatant was transferred to another small screw-
cap culture tube. The residual silver carbonate was washed

2 more times with a small aliquot of methanol and centrifuged
as before. Fatty acid methyl esters were recovered by 3-5
extractions of the combined supernate with equal volumes of
hexane, and the methanol solution was evaporated to dryness

under a gentle flow of nitrogen.

9. Gas-liquid chromatography

Methyl glycosides were converted to O-trimethylsilyl
derivatives by dissolving the residue in 35 pl of a freshly
prepared 5:2:1 (v/v) mixture of dry pyridine, hexamethyldi-
silazane and trimethylchlorosilane (37). After 15 minutes at
v25°C an aliquot of the cloudy mixture was injected into the

gas chromatographic column.
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If no hexosamine or sialic acid were present, gas
chromatography was normally carried out isothermally at 160°
or 170°C on a glass column (6'x%"i.d.) packed with 3% SE-30
(or 3% OV-1l) on 100-200 mesh, acid-washed, silanized di-
atomaceous earth. Alternatively, the separation could be
made by linear temperature programmed analysis on the same
column, with an initial temperature of 160°C and a programming
rate of 2°C/min to an upper temperature of 230°C. Identifica-
tions of fucose, galactose, glucose, galactosamine, glucosamine,
sialic acid, and inositol were made by comparison of the
observed retention times relative to that of mannitol. The
yield of each component was calculated from the total area
produced by the various anomeric forms of given sugar, using
the area produced by the known amount of mannitol for compari-

SOn.

10. Isolation and characterization of gangliosides

The Folch upper phase was dialyzed in the cold for 72 hr
against 4 changes of distilled water. The dialysate was
lyophilized and subjected to mild alkaline hydrolysis by the
method described previously. After dialysis, the hydrolysate
was reduced to dryness in vacuo and dissolved in a small
amount of solvent for preparative TLC. Alternatively, the
Folch upper phase was concentrated to dryness in vacuo and the
residue was subjected to mild alkaline hydrolysis as described
above. Several solvent systems were utilized in the separation

of gangliosides:
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TLC plate Solvent system
Quantum (250 ) ascending TLC in a tank saturated with

chloroform-methanol-2.5 N NH,OH
(60:40:9) without paper lineés; the
plate was developed 2 times with ade-
quate drying between each development.
Uniplate (250 u) heat activation of plate for 30 minutes
at 120°C, one-dimensional ascending TLC
in a two-solvent sequential system
described by Klibansky et al. (236).
Appropriate bands were detected by iodine vapor and
recovered by eluting the gel with methanol-chloroform-water-
pyridine 56:40:12:2 (v/v). After acid-catalyzed methanolysis
(0.5 N), methyl glycosides and fatty acid methyl esters were

recovered and subjected to GLC analysis.

11. Identification of fatty acid methyl esters

Methyl esters of fatty acids were recovered from the
acidic methanolysate by hexane extraction. The methyl esters
were then purified by preparative TLC on silica gel G with
hexane-diethyl ether 85:15 (v/v) as the developing solvent
(237), using methyl esters of palmitic and a-hydroxy palmitic
acid as markers. Bands were made visible with bromothymol
blue, and subsequently scraped from the plate within an hour
to avoid extensive losses of short-chain esters by evaporation.
A suspension of the silica gel in diethyl ether was packed
into a small glass column and the esters were eluted with
diethyl ether (40 ml per gm of silica gel) (238). Purified
methyl esters were analyzed by GLC at 190°C on a glass column

(6 £t by 1/8 in. i.d.) packed with 15% ethylene glycol adipate.
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The hydroxy acids were analyzed as their trimethylsilyl methyl
ester derivatives (239). The methyl esters were identified by
comparing their retention times with those of standards and by
co-injection of the unknown with an appropriate standard.
Plots of relative retention time versus carbon number were
employed for the identification of fatty acids not represented
in the standard. Areas were calculated from peak heights and
widths at half height and the compositions were expressed as

percentages of uncorrected total area.

12. Identification of sphingosine bases

Purified glycosphingolipids were subjected to methanolysis
by the method of Gaver and Sweeley (240) using 1 N aqueous
methanolic HCl. After methanolysis, the reaction mixture was
extracted with hexane 3 to 5 times to remove methyl esters,
and the lower phase was neutralized with silver carbonate.
The mixture was centrifuged and the supernatant fraction was
evaporated to dryness under nitrogen. The residue was dis-
solved in chloroform and applied to a column containing about
one gram of Unisil in chloroform. The column was eluted with
10-15 ml of chloroform (discarded) and the long-chain bases
were then recovered with 10-15 ml of methanol. The methanol
eluate was evaporated to dryness and bases were N-acetylated
with 50 pl of methanol-acetic anhydride 4:1 (v/v) at room
temperature overnight. To facilitate the removal of excess
acetic anhydride, butanol was added and the mixture co-

evaporated under a stream of nitrogen. The acetylated bases
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were then converted to O-trimethylsilyl derivatives for GLC
at 230°C on 3% SE-30. Reference N-acetyl sphingosines were

used as standards.

13. Identification of N-acylneuraminic acid

N-Acylneuraminic acid was liberated from the acidic glyco-
sphingolipid under mild conditions with 0.03 N aqueous hydro-
chloric acid. After partitioning the hydrolysate with chloro-
form, the aqueous phase was evaporated to dryness and the
product was further purified and identified by column and
thin-layer chromatography according to the method of Puro (241).
Authentic N-acetyl- and N-glycolylneuraminic acids were used
as standards. The N-acylneuraminic acid was also characterized
by GLC and GLC-MS as the trimethylsilylated derivative at

220°C on 3% SE-30.

14. Identification of CGeramide

The ceramide fraction, isolated by TLC in the neutral
solvent system, was further purified on a 500 p silica gel G
Uniplate (Analtech, Inc.) in chloroform-methanol-glacial
acetic acid 192:5:8 (v/v) (10). In other instances, ceramides
obtained from silicic acid chromatography (98:2 fraction) were
further purified on a 250 u silica gel G Quantum plate with
chloroform-methanol 95:5 (v/v) as the developing solvent (9).
Authentic ceramides containing normal and hydroxy fatty acids
were used as standards. After exposure to iodine, the band

which corresponded to the standard was eluted from the gel
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with chloroform-methanol 2:1 (v/v) and ethyl acetate after

the iodine had sublimed. The fraction was evaporated to dry-
ness in vacuo and the residue was methanolized (37). Fatty
acid methyl esters were recovered by hexane extraction and

the extract was divided into two equal portions. Ester groups
were estimated quantitatively by the method of Rapport and
Alonzo (242) on one aliquot and the distribution of fatty
acids was analyzed by GLC as described above. The sphingo-
sine content was determined by a modification (243) of the
method of Lauter and Trams (244) and the long-chain bases were
identified by GLC and GLC-MS analyses of the N-acetyl deriva-

tives as 1,3-di-O-trimethylsilyl ethers.

15. Linkage studies

Neutral glycosphingolipids or gangliosides (1.0 mg) were
dissolved in 0.5 ml of dry dimethyl sulfoxide and methylated
according to the method of Hakomori (245), using 0.5 ml of
the carbanion solution. The contents were sealed in small
vials with Teflon caps and sonicated for 30 min, and the re-
action was then allowed to proceed for six hours, after which
methyl iodide was added (245). After washing the contents
with water and chloroform, the chloroform layer was reduced to
dryness under a gentle nitrogen flow. The residue was dis-
solved in 1 ml of 2 N methanolic HC1l and methanolysis was
carried out at 120°C for 5 hr. Fatty acid methyl esters were

extracted into petroleum ether. A small fraction of the
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permethylated methyl glycosides in the lower phase was ana-
lyzed by GLC on 3% ECNSS-M at 160°C. The remainder of the
permethylated methyl glycoside fraction was further hydrolyzed
to free sugars with 1 ml of 2 N aqueous HCl at 100°C for 3

hr. The hydrolysate was neutralized, the methylated sugars
were reduced with sodium borohydride and alditol acetates

were prepared with acetic anhydride-pyridine 1:1 (v/v) accord-
ing to the method of Pepper and Jamieson (227). The alditol
acetates were identified by GLC and GLC-MS (246-248) on 3%
ECNSS-M at 175°C. Reference compounds of lactose, N-acetyl-
neuraminyllactose, Fabry kidney trihexosylceramide and

globoside (porcine red cells) were employed as standards.

16. Anomerity gtudy

Purified platelet GL-2a, GL-3a, and GL-4 were incubated
with a-galactosidase, B-galactosidase, a-N-acetyl-hexosamini-
dase and B-N-acetyl-hexosaminidase according to the methods
described by Hakomori et al. (64) and Laine et al. (78).
Approximately 100-200 ug of the purified lipid (except 800 ug
of GL-4 was used in the incubation with B-N-acetyl-hexo-
saminidase) was dissolved in 150-300 pl of 0.05 M sodium
citrate buffer (pH 4.3) containing 150-300 ug of sodium tauro-
cholate in a conical centrifuge tube, and the reaction mixture
was incubated at 37°C for 20 hr. The reaction mixture was
reduced to dryness under a fine stream of nitrogen. One ml of

chloroform was added and the contents were sonicated for 3 min
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after which it was left at room temperature overnight. After
brief centrifugation, the supernatant was removed and the
residues were further extracted with chloroform two more times
as before. The combined chloroform extracts were evaporated
to dryness under a gentle flow of nitrogen and the residues
were redissolved in small aliquots of chloroform. Approxi-
mately 25% of the lipid was applied to a silica gel G plate
together with the authentic glycosphingolipid standards and
the purified platelet GL-2a, GL-3a and GL-4 that had not been
incubated with the enzymes. The plate was developed in
chloroform-methanol-water 100:42:6 (v/v) system. Spots were
made visible with a-naphthol and sulfuric acid sprays.

17. Isolation and characterization of
pPlatelet Sphingomyelin

A crude mixture of phospholipids (140 mg), eluted from
the silicic acid column with methanol, was subjected to mild
alkali-catalyzed methanolysis, using 1 ml of 0.6 N methanolic
NaOH for each 10 mg of lipid. The solution of lipids was
allowed to stand overnight at room temperature. Sphingomyelin
was separated from alkali-stable lipids by TLC in chloroform-
methanol-water 100:42:6 (v/v) (249). Long-chain bases were
liberated from the sphingomyelin (22 mg) by acid-catalyzed
methanolysis in 10 ml of the modified aqueous methanolic HCl
(240). Selective N-acetylation of the free bases and con-
version of the N-acetylated derivatives into 1,3-di-0-tri-

methylsilyl ethers was accomplished as outlined above, except
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that trimethylsilylation was carried out as described by
Carter and Gaver (250). The derivatized bases were analyzed
by GLC at 230°C on 3% SE-30 and 3% OV-17 columns. Reference
samples of N-acetylated sphingosines were employed as
standards. Plots of relative retention times versus carbon
numbers were used for identifications of bases not represented
in the standard. The structures were further confirmed by
GLC-MS of the trimethylsilyl derivatives on both polar and
non-polar columns, and the aldehydes derived from periodate
oxidations of the free long-chain bases (251) were analyzed

by GLC and GLC-MS on a 3% EGSS-X column at 130°C.

18. Platelet Phospholipids

Phospholipids, eluted from the silicic acid column
(methanol fraction), were concentrated to dryness on a flash
evaporator and the residue was dissolved in a known amount of
methanol. An aliquot was applied to a 250 u Quantum plate
and developed (ascending) with a two-dimensional technique
reported by Klibansky et al. (236). In addition, a single
dimensional system was also utilized to separate the indi-
vidual phospholipids on a preparative basis. Uniplate (250 u)
was activated at 110°C for 90 mins. Sample was spotted on
10-15 tracks and the plate was developed in the appropriate
solvent system. Human plasma phospholipids were adopted as
standards. Lipids were made visible with iodine vapor.

After complete sublimation of the iodine vapor, each individual
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group of spots (including the origin) was eluted with
methanol from the gel. The methanol eluate was evaporated

to dryness under nitrogen flow and the residue was weighed.
The residue was resuspended in a known amount of solvent and
an aliquot was removed for phosphorus determination by the
technique of Bartlett (252). The fatty acid components of

the individual phospholipids were also investigated. This

was accomplished by separating each group of lipids according
to the single-dimensional TLC. The plate was sprayed with
0.005% aqueous solution of Rhodamine 6 G. Each group of
individual phospholipid was eluted as before and methanolized
with 0.75 H HC1l in anhydrous methanol. Fatty acid methyl
esters were extracted and identified by GLC at 170°C iso-
thermally on a glass column (6 ft by 1/8 in. i.d.) packed with
either 3% EGSS-X or 16% EGS. Peaks of fatty acid methyl
esters were resolved by comparing their retention times with
the polyunsaturated fatty acid methyl esters derived from

cod liver oil and the ccmmercially available standard PUFA

No. 1. Co-injection of the unknown with the standard was also
used in the process of identification. In addition, fatty
acids were also identified by comparing their equivalent chain

length values with the established results (253).

19. Platelet neutral lipids

Neutral lipids were fractionated by column chromatography
on silicic acid, as described above., Column eluate was con-

centrated to dryness and resuspended in chloroform. Aliquots
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were spotted on multiple tracked TLC plate (Uniplate, 250 yu).
The plate was developed with hexane:diethyl ether:glacial
acetic acid 90:10:1.5. Individual lipids were located on the
developed plate by spraying with a 0.005% solution of
Rhodamine 6 G. The lipids were eluted with diethyl ether from
the scraped gel. An additional plate was prepared for the
identification of cholesterol and cholesterol esters. The
plate was sprayed with a mixture of conc. sulfuric acid and
acetic acid 1:1 and heated at 90°C for 15 minutes (254).

Both cholesterol and cholesterol esters gave red spots against
a white background. Fatty acids of triglycerides and chol-
esterol esters together with the free fatty acids were con-
verted to methyl esters by HCl-methanolysis (2 N). The re-
sulting methyl esters were recovered and checked by GLC as

indicated above.

20. Preparation of gadioactive glucocerebroside

a. Hydrolysis cf GL-1 by barium hydroxide

The method of hydrolysis employed here was a modifica-
tion of the procedure described by Carter and Fujino (255),
adapted for small samples. To 20 mg of GL-1 (Gaucher spleen)
1 ml of dioxane was added and warmed slightly to dissolve all
m&terial. One ml of 10% Ba(OH)2 was then added drop-wise and
Fhe mixture was refluxed for 12 hr at 90°C in a pear-shaped
flask fitted with a small distillation unit. The reaction

mixture was transferred to a conical centrifuge tube containing
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3.25 ml of water. The reaction flask was further rinsed with
dioxane-Ba(OH)2 l:1 (v/v) and water to ensure removal of all
the contents. The combined reaction mixture was allowed to
stand at room temperature overnight. The contents were
centrifuged and the residue was extracted twice with hot
ethanol and once with hot chloroform-methanol 1:1 (v/v). The
combined extracts were concentrated in vacuo to give crude
glucosylsphingosine which was purified by silicic acid
chromatography in order to remove any unhydrolyzed Gl-1. The
crude sample was applied to a column packed with 0.9 gm of
Unisil in chloroform. The materials were eluted subsequently
with 30 ml each of chloroform-methanol 8.5:1.5 and methanol.
Both fractions were further purified by TLC using two differ-
ent solvent systems, chloroform-methanol-2.5 N NH,OH 60:40:9

4
and chloroform-methanol-water-conc. NH,OH 48:14:1:1. Standard

4
glycosphingolipid and psychosine were used as markers.
Glucosylsphingosine migrated slightly ahead of galactosyl-
sphingosine (psychosine) in both systems, and it was eluted

from the gel with methanol.

b. Coupling of glucosylsphingosine with [1-14C]

stearic acid

The coupling reaction was done according to a previous
report (256) on the synthesis of radioactive ceramides with
a slight modification. Five mg of [1-14C]stearic acid and
5.1 mg of glucosylsphingosine were dissolved in 3 ml of

CH2C12-methanol 1:1 in a large heavy-walled conical centrifuge



A
u

o



71

tube containing 10 mg of carbodiimide. The tube was stoppered
and left standing in a closed incubator at 40°C overnight.

To the centrifuge tube 25 ml of chloroform and 25 ml of water
were added, mixed and centrifuged. The lower layer was
washed twice with 1% NaHCO3, twice with 0.1 N HC1l and then
twice with water. After removal of water from the last wash-
ing, some ethanol was added to the lower phase and the con-
tents were concentrated to dryness in vacuo. The material
was purified by silicic acid chromatography and TLC as
described above. The band that correspénded to the GL-la
standard was scraped and eluted from the gel with chloroform-
methanol-water 100:50:10 (v/v). The recovered material was
dissolved in a small amount of solvent and an aliquot was
removed for radioactivity counting. Acid-catalyzed methan-
olysis was also carried out on a small aliquot of the sample

in order to analyze fatty acids, sphingosine and sugar

derived from this lipid.

21. Experiment with fetal pigs

Two Hampshire sows of 1 and 1 1/2 year old were selected
from the experimental station herd. Both were bred to
Hampshire boar; one was in her second gestation while the other
was her first. Using the absence of further estrus as an in-
dication of conception, the pregnant sows were chosen at
specific periods during gestation for Caesarean section. The

operations were performed by Dr. David J. Ellis of the College
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of Veterinary Medicine, Michigan State University, at inter-
vals of 45 and 90 days after the first breeding.

The gilts were anesthetized by I. M. injection of an
experimental drug #744 in a dosage of 1 mg/lb of body weight.

a. 45-day fetuses

The fetuses were removed from the uterus and a hemostat
clamped on the umbilical cord to prevent loss of blood.
The litter contained 11 fetuses in total. Each fetus was
weighed and blood was removed by direct heart puncture.
Difficulties were encountered in sampling the blood; attempts
to remove blood from the umbilical veins and arteries were
also unsuccessful. Out of the 11 fetuses, only 1 ml of blood
was collected in a heparinized tube and the majority of this
sample was contaminated by the mother's blood.

b. 90-day fetuses

A total of 11 fetuses were also obtained from this
litter. Blood samples were obtained from the anterior vena
cava as described by Carle and Dewhirst (257). An average of
3 ml of blood was obtained from each fetus.

c. Analysis of blood samples

Red cells were separated from the samples as described
previously and followed yith lipid extractions. Globoside
was isolated and quan@itatgd. In addition, a sample of the
blood from the gilt was also analyzed which served as a

control.
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22, Red cell fractionation technique

Separation of young and mature erythrocytes was by ultra-
centrifugation over a discontinuous density gradient of
isotonic albumin solution according to the method described
by Winterbourn and Batt (258), which was a modification of
the procedure originally described by Piomelli et al. (259),
adapted for use on a larger scale.

a. Albumin solutions

Albumin was dissolved in water to give a 40% solution.
This was done in the cold room with stirring at low speed to
avoid foaming. The osmolality, density and albumin concentra-
tion of the solution were measured, and the osmolality
adjusted to 290 milliosmoles by adding solid NaCl. Osmolality
was recorded on an Advanced Osmometer Model 3L in Dr. Anthony
Bowdler's laboratory. Albumin concentration was measured by
reading the optical density of a series of diluted solutions
of unknown concentration at 280 nm in a Gilford Model 2400
recording spectrophotometer. Density was measured with a
hydrometer ranging 1.000-1.2000 in scales or calculated di-
rectly from the albumin concentrations (259).

The stock albumin solution was diluted with 0.92% saline
solution to give six solutions with albumin concentration
ranging between 30-40% (densities ranging between 1.075 and
1.100).

b. Preparation of gradients

Gradients were prepared at 4°C in cellulose nitrate

centrifuge rubes. The size of tubes varied with the amount
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of albumin solutions and red cell suspensions employed in the
experiment. Albumin solutions of decreasing specific gravity
were layered on each other with the aid of a peristaltic
pump. The pump was fitted with 2 ft of Tygon tubing attached
with a fine capillary tip at both ends. One end was placed in
the tube containing the albumin solution, and the other end
was placed inside the cellulose nitrate tube with the capil-
lary tip leaning against the inside wall. By operating the
pump at low to moderate speed, the albumin solutions were
layered without creating any air bubbles. Interfaces between
layers were clearly visible.

c. Ultracentrifugation

Red cell suspensions (hematocrit approximately 75%)
were carefully layered over the albumin with a Pasteur pipette.
Tubes were balanced using’a small amount of isotonic saline.
The tubes were centrifuged at 4°C for 30 min at 25,000 rpm in
a Beckman Model LS-50 Ultracentrifuge with a swinging bucket,
25.1, 25.2 cr 41 depending on the size of the centrifuge tubes
used.

After centrifugation, the different red cell bands were
ccllected in another centrifuge tube using the peristaltic
pump in a similar manner as described previously, only by
switching the two ends of the Tygon tubing around so that the
materials were removed instead of being delivered.

The red cells were separated from albumin by mixing with

an equal volume of isotonic saline and centrifuged for 10 min
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at 4000 rpm in a Sorvall refrigerated centrifuge. After

washing 3-5 times, the cells were ready for further study.

23. Separation of young and mature red cells
from a normal and anemic dog

To check the fractionation technique, normal and anemic
canine blood was used since samples were readily available.
Three tubes of gradients were prepared, as described above,
in cellulose nitrate tubes (1"x 3 1/2"0 and 1.2 ml each of
red cell suspensions from old normal human blood, normal dog
and anemic dog (hemolytic anemia, etiology unknown; reticulo-
cyte count 15-20%) were layered over the albumin solutions
and ultracentrifugation was done in a SW 25.1 rotor. After
washing the cells thoroughly with isotonic saline, the amount
of red cells was estimated visually in a calibrated centrifuge
tube. The cells were resuspended in saline and blood smears
were prepared, air-dried and stained for microscopic exami-
nation.

24, Separation of young and mature erythrocytes
from a normal and an anemlc pilg

Layers of 1.9 ml each of albumin solutions of decreasing
specific gravity were carefully layered on each other as be-
fore in four cellulose nitrate tubes of 9/16" in diameter by
3 1/2" in length. Interfaces were c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>