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Abbreviations 

A C P Acyl carrier protein G P C Glycerophosphorylcholine 
C D P Cytidine diphosphate I A A Iodoacetic acid 
Cetavlon Cetyltrimethylammonium L P C Lysophosphatidylcholine 

bromide L P E Lysophosphatidylethanol-
C M C Critical micellar concentra amine 

tion M A P A Monoacyl glycerophosphate 
D H A P Dihydroxyacetone phosphate N A N A iV-Acetylneuraminic acid 
D O C Deoxycholate N E M iV-Ethylmaleimide 
Gal Galactose PA Phosphatidic acid 
GalNAc A

r
-Acetylgalactosamine Pal Palmitic acid 

Glc Glucose P C Phosphatidylcholine 
G M i Tay-Sachs ganglioside: cera- (lecithin) 

mide-Glc-Gal ( N A N A ) - PE Phosphatidylethanolamine 
GalN Ac-Gal (cephalin) 

G M 2 Monosialoganglioside: cera- PS Phosphatidylserine 
mide-Glc-Gal ( N A N A ) - SDS Sodium dodecyl sulfate 
GalNAc S M Sphingomyelin 

G M 3 Ceramide-Glc-Gal ( N A N A ) T C Taurocholate 
a-GP ^-Glycerophosphate U D P Uridine diphosphate 

I. INTRODUCTION 

Major advances have been made in the study of lipid metabolism 
since 1963, when Davenport's chapter on phospholipids was published 
in Volume I of this series (1). Hundreds of papers and scores of excellent 
reviews have been written on this subject and it would be impossible 
to cover even a small fraction of the subject matter. This chapter is 
therefore limited to a discussion of inhibition or activation of enzymes 
acting on glycerophosphatides or on sphingolipids. It is impossible, and 
the author has made no attempt, to present an exhaustive review covering 
all, or even most, papers dealing with enzymes that synthesize or degrade 
the complex lipids. The review is therefore highly selective, the selection 
being based on the following, (a) General properties of the enzymes 
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are discussed only when necessary for the understanding of an inhibitory 
effect, (b) Only very few papers published before 1963 are reviewed, 
(c) Enzymes acting on lipids are subject to the influence of inhibitors 
that affect the protein, such as SH reagents, heavy metals, heat, etc. 
These are not specific to lipid enzymology and are not discussed. The 
review deals mainly with the effects of metal ions, detergents, and 
amphipaths, inhibition by excess substrate, and the effect of albumin. 
The first part of the review is a discussion of the inhibition and activa
tion of individual enzymes. The second part is a lengthy summary in 
which the main effects are discussed in integrative sections and general 
conclusions are drawn. 

II. PHOSPHOLIPID HYDROLASES 

The phospholipid hydrolases include the following enzymes: phospho-
lipase A, which hydrolyzes one ester linkage of the diacylglycerophos-
phatides; lysophospholipase, which hydrolyzes the ester linkage of 
monoacylglycerophosphatide; phospholipase C, which splits off a phos-
phoryl base unit; and phospholipase D, which splits off the terminal base. 
The enzymes of the phospholipase C family include also sphingomye
linase, the hydrolases of mono-, di-, and triphosphoinositides, and phos
phatide acid phosphatase (which, although it is a phosphatase and not a 
phosphodiesterase, yields diglyceride, the product of phospholipase C 
action). A special group of enzymes is involved in hydrolysis of the 
vinyl-ether linkage of the plasmalogens. 

A. Phospholipase A 

This enzyme hydrolyzes one ester linkage of the glycerophosphatides, 
yielding a fatty acid and lysophosphatide. Numerous papers had dealt 
with the isolation and properties of this enzyme from snake venom. 
It is now generally accepted that the enzyme from this source is a phos
pholipase A2 (i.e., it hydrolyzes the ester linkage at the /3 position of 
the glycerophosphatide). The products, therefore, are predominately un
saturated fatty acids and a saturated lysophosphatide. Calcium ions 
are required and are always present in the reaction mixtures. Wells 
and Hanahan (2) purified the venom of Crotalus admanteus and showed 
the presence of two separate enzymes, both with phospholipase A2 activ
ity ; the two differed in their electrophoretic mobility. 
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The enzyme is widespread in mammalian organs and was investigated 
in pancreatic juice (3-5), intestinal mucosa (6, 7), adrenal medulla 
(8), spleen (9), brain (10, 11) and liver (12). Several investigators 
studied the properties of the enzyme in various subcellular fractions. 
Since the recognition of a separate phospholipase A acting on each of 
the ester linkages at the a or ft position of the phosphatide, i.e., phospho
lipase Ax and A2, respectively (9, 12), special attention has been paid 
to the substrate specificity of each phospholipase. In 1966, Scherphof 
et al. (13) concluded that rat liver mitochondia contain mostly phospho
lipase A2, while the microsomes contain mostly phospholipase A2. In 
1968, Gatt (10) partially purified an enzyme from rat or calf brain 
lysosomes which had phospholipase A t but not phospholipase A2 activity. 
Other investigators (14, 15) have since shown that the mitochondrial 
enzyme is of the phospholipase A2 type and is localized in the outer 
membrane of rat liver mitochondria (15). The finding that microsomes 
contain a phospholipase A i (13) was confirmed by Waite and Van 
Deenen (16) and by Nachbaur and Vignais (17). 

Lysosomes were reported to contain two phospholipases; one had an 
acid pH optimum and the second had a near-neutral pH optimum. The 
enzyme with the acid pH optimum exhibited both phospholipase A i and 
A 2 activities (18, 19), although that isolated from the lysosomes of 
adrenal medulla (20) showed a preferential hydrolysis of the ester link
age at the a position. The enzyme with the near-neutral pH optimum 
was a phospholipase A2 (19). Mellors and Tappel (21), using rat liver 
lysosomes, obtained evidence for a phospholipase that removed both 
fatty acids of the phosphatide; lysolecithin was not isolated as an inter
mediate of this reaction. They could not separate the activity into two 
separate entities and concluded that one enzyme removes both fatty 
acids of the phosphatide molecule. The enzymes that exhibited an acid 
pH optimum did not require calcium ions; on the contrary, addition 
of these ions frequently inhibited the reaction. Most enzymes with an 
alkaline pH optimum required calcium ions for optimal activity (19, 
22-25). In some cases the hydrolysis of PE required calcium while that 
of PC did not require it (20, 26). The microsomal enzyme (13) did 
not require calcium or other metal ions for the hydrolysis of PE. 

Several investigators have reported a stimulation of phospholipase 
A activity by fatty acids. Epstein and Shapiro (6) could eliminate a 
lag period by the addition of fatty acids; a similar effect was found 
by Waite et al. (27). Waite et al. (22) discuss in detail the stimulation 
by fatty acid of phospholipase A of rat liver mitochondria; lauric, 
myristic, oleic, and linoleic acids gave the highest stimulation. The same 
enzyme was also stimulated by Ca and was inhibited by ATP and ADP 
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(probably by competing for the calcium); magnesium behaved as a 
competitive inhibitor. Two lysosomal enzymes were inhibited by fatty 
acid (10, 21); Gatt (10) found a competitive inhibition by palmitate. 

The response of phospholipase A to added detergents was subject to 
wide variations. The lysosomal enzyme of rat brain (10) was stimulated 
by Triton X-100 or TC. Phosphatidylcholine was hydrolyzed in the 
presence of either of these detergents, but for optimal rates of hydrolysis 
of PE a mixture of these two detergents was required. Deoxycholate 
inhibited the lysosomal enzyme of Mellors and Tappel (21), had but 
little effect on the mitochondrial enzyme of Scherphof and Van Deenen 
(28), and stimulated the pancreatic enzyme (4, 24, 29). Deoxycholate 
was required for the hydrolysis of PS but not of PE in glycerol extracts 
of rat tissues (30); it also stimulated the hydrolysis of synthetic lecithins 
by the pancreatic enzyme (29). 

Ottolenghi reported an activation by trypsin of the enzyme from sev
eral rat tissues (31). A similar effect was obtained with the pancreatic 
enzyme. It has now been shown that the enzyme in pancreatic juice 
is present as a zymogen (24, 25); trypsin splits a heptapeptide off the 
pig enzyme, thus resulting in an active enzyme (25). This enzyme has 
been completely purified and its amino acid sequence has been estab
lished (5). 

Braganca et al. (32) isolated a polypeptide that inhibited the phos
pholipase A of cobra (Naja naja) venom. This inhibitor was isolated 
during purification of the enzyme by precipitation with perchloric acid 
and chromatography on carboxmethyl cellulose. It was a basic poly
peptide that had an isoelectric point of 8.6 and a molecular weight of 
5000. It seemed to be specific for phospholipase A, as the enzyme did 
not interact with other basic proteins of the cobra. A complex of en
zyme-inhibitor, in a ratio of 1:1, could be isolated by Sephadex filtration. 
On starch gel this complex dissociated and the inhibitor could be isolated 
as a single band from the starch gel. 

Several lipases hydrolyzed phospholipids; these included pancreatic 
lipase (33), a preparation from Rhizopus arhizus (34, 34a), and a post-
heparin lipase (35). All three had phospholipase Ax activity; i.e., they 
split only the ester linkage at the a position of the glycerophosphatide. 

B. Lysophospholipase 

This enzyme is of the phospholipase A class; i.e., it splits a fatty 
acid off the glycerophosphatides. However, it utilizes as substrate only 
the lyso derivatives, i.e., monoacylglycerophosphorylcholine or -ethanol-
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amine, but not the corresponding diacyl derivatives, lecithin or cephalin. 
The enzymes from animal tissues do not require divalent ions. Doery 
and Pearson (36) reported that "phospholipases B" of snake and bee 
venoms were activated by calcium or magnesium ions; EDTA completely 
inhibited the reaction. The enzyme in the soluble fraction of rat liver 
was sensitive to heat and was inhibited by deoxycholate; use was made 
of these properties to specifically inhibit lysophospholipase in a mixture 
of this enzyme and phospholipase A. The inhibition by deoxycholate 
or other detergents was confirmed using enzymes from rat brain (37), 
human aorta (38) j supernatant of Culex pipiens (39) and Mycoplasma 
laidlawii (40). 

Several investigators reported a substrate inhibition of lysophospho
lipase. Shapiro (41), using a crystalline enzyme from ox pancreas, ob
served constant initial rates between 3 and 8 mM LPC; at 10 mM the 
reaction was inhibited. Dawson (42), using "phospholipase B" in extracts 
of acetone-dried rat liver, observed an asymmetric bell-shaped curve 
when reaction rates were plotted against substrate concentration (V/S 
curve). The inversion point (i.e., the maximum of the curve) was at 
2-3.5 mM lysolecithin. Similar curves were observed by Van Den Bosch 
(43), using the soluble fraction of rat liver. The inversion point depended 
on the quantity of enzyme protein present in the reaction mixture and 
varied between 10 JXM (at 56 protein) and more than 60 pM (at 
500 /xg protein). When the ethylene glycol analog of lecithin was used 
as substrate, the V/S curve was hyperbolic. Leibovitz-Ben Gershon et 
al. (44) used two enzyme preparations from rat brain. One was present 
in particles that sedimented at either 26,000 or 100,000 g; the second 
was a partially purified enzyme from the soluble portion of rat brain 
homogenates. With the particulate preparations, the curves obtained were 
similar to those of Dawson (42) and Van Den Bosch et al. (43). The 
inversion points were at about 0.05-0.15 mM lysolecithin, depending 
on the concentration of the enzymic protein (about 30-150 ^g were used 
in these experiments). When the soluble enzyme was used, reaction rates 
increased to a certain substrate concentration (usually between 0.04 and 
0.08 mM) and then remained practically constant, irrespective of sub
strate concentration, up to at least 0.4 mM. A double reciprocal Line-
weaver-Burk plot yielded two straight lines. A descending straight line 
was succeeded by a second straight line that was practically parallel 
to the abscissa. The latter line intersected the ordinate at a point whose 
value corresponded to a rate lower than the expected Fm ax, thus emphasiz
ing the inhibitory effect of the substrate on the enzyme. Bovine serum 
albumin had a pronounced effect on the particulate enzyme. At an 
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optimal albumin to lysolecithin ratio of 0.5, the substrate inhibition 
disappeared and the V/S curves were hyperbolic. Similar effects were 
not observed with the soluble enzyme; at low albumin concentrations, 
the V/S curves were unaffected, and higher albumin concentrations in
hibited the reaction. The authors explained the above data by assuming 
that the enzyme acts on monomers of the substrate but not on micellar 
dispersions; substrate micelles inhibit the particulate enzyme but have 
no such effect on the soluble preparation. Albumin binds the excess sub
strate and thereby relieves the inhibition by the micelles. 

Elsbach (45) investigated lysophospholipase activity of homogenates 
of leukocytes and of macrophages obtained from rabbit lungs. When 
LPE was used, the V/S curves were straight lines between 0 and 0.4 
mM substrate, with either enzyme. With LPC, the line was straight 
for the leukocyte homogenate and slightly hyperbolic (although with 
much lower activity) for the macrophage preparation. Albumin inhibited 
the hydrolysis of LPE by leukocytes but stimulated the corresponding 
reaction with the macrophages; the V/S curves in the presence of al
bumin were again straight lines. With LPC, albumin inhibited the hy
drolysis by the leukocytes at substrate concentrations up to about 0.3 
mM and the V/S curve was parabolic; albumin did not affect the V/S 
curves for the macrophages. The author explained these findings by as
suming that the substrates (especially LPC) bind to the albumin at 
a ratio of two molecules of lysolecithin per molecule of albumin, thus 
making this substrate unavailable to the enzyme. Once the binding sites 
of albumin are saturated, the excess lysolecithin is acted upon by the 
enzyme. 

C Phospholipase C 

This enzyme, which splits the phosphoryl base off the glycerophos-
phatides, was isolated from bacteria, mostly of the genera Clostridium 
and Bacillus. The substrate was lecithin, dispersed by dissolution in 
ether (46) or alcohol (47), by using amphipaths (48), or by ultrasonica-
tion (46, 49). The enzyme required divalent ions such as calcium, but 
magnesium was as effective (46, 48). Ottolenghi (49) suggested that 
zinc might be the true cofactor for the enzyme from Bacillus cereus. 
Diner (47) showed that the 1/7 vs l / [ C a

2 +
] plot gave a linear curve; 

Ca
2+
 also protected the enzyme against heat inactivation. The author 

suggested that Ca
2+
 binds to the enzyme in first-order kinetics. Saito 

and Mukoyama (50) showed that the enzyme from Clostridium 
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perfringens (C. welchii) also hydrolyzed PE, sphingomyelin, ceramide 
aminoethyl phosphonate, and ceramide phosphorylethanolamine. The 
cationic detergent Cetavlon strongly activated the hydrolysis of the 
above substrates, while the anionic detergent dioleyl phosphate or the 
nonionic detergent Triton X-100 inhibited it. Kurioka (51) used p-nitro-
phenylphosphorylcholine as substrate for the enzyme of C. welchii (C. 
perfringens). This reaction was activated by calcium ions and was in
hibited by sodium deoxycholate. However, deoxycholate, plus calcium 
ions resulted in higher activities than did the presence of calcium ions 
alone. The author suggested that calcium deoxycholate could act as a 
substitute for the hydrophobic moiety of the "normal" (i.e., lipid) sub
strate of the enzyme. Rosenthal and Pousada (52) presented a detailed 
study of the inhibition of phospholipase C of C. perfringens by eight 
synthetic phosphonate-containing analogs of lecithin, cephalin, and phos
phatidic acid; two of the lecithin analogs were the most active. Using 
these two inhibitors, simple kinetics was observed, including competitive 
inhibition of the enzyme. Furthermore, the inhibitors had but little effect 
on the zeta potentials of the lecithin particles. Rosenthal and Geyer (84) 
studied the action of another synthetic lecithin analog, 2,3-distearoyloxy-
propyl (dimethyl) -/?-hydroxyethyl ammonium acetate, on phospholipase 
C of C. welchii and found it to be a powerful inhibitor, comparable to 
SDS. 

D. Sphingomyelinase 

This is another enzyme of the phospholipase C class; it splits sphingo
myelin (ceramide phosphorylcholine) to ceramide (A^-acylsphingosine) 
and phosphorylcholine. It was partially purified from liver (53, 54), 
brain (55), and spleen (56). Unlike the bacterial enzymes that hy
drolyzed both lecithin and sphingomyelin, the mammalian enzyme was 
devoid of any activity toward lecithin and hydrolyzed only sphingo
myelin. The enzyme required a detergent for optimal activity; however, 
the exact nature and degree of activation by detergents varied in the 
different studies. Triton X-100 stimulated the brain enzyme 10-fold (55) 
and about 100-fold the liver enzyme (53). Cetavlon inhibited the brain 
enzyme but stimulated the liver enzyme (53). Barenholz et al. (55) re
ported a 10-fold stimulation by cholate, while Kanfer et al. (54) obtained 
only a 10% activation. Sphingosine and fatty acids inhibited the enzyme, 
as did ceramide and hexadecylamine (55, 56). Lecithin inhibited both 
the brain and liver enzymes. However, while Barenholz et al. (55) re-
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ported that the double reciprocal plot did not give straight lines in the 
presence of lecithin, Kanfer et al. (54) reported a competitive inhibition 
by lecithin. 

Of interest was the report by Schneider and Kennedy of a second, 
magnesium-dependent enzyme, which hydrolyzed sphingomyelin at pH 
7.4; this finding has not yet been confirmed. A sphingomyelinase was 
isolated from C. perfringens (57); it was stimulated two- to threefold 
by magnesium but was inhibited by calcium. A sphingomyelinase with 
phospholipase D activity (58) is described in Section II,G. 

E. Phosphoinositide Hydrolases 

1. HYDROLYSIS OF MONOPHOSPHOINOSITIDE 

This is again an enzyme belonging to the phospholipase C family. 
It was found in Penicillium notatum, ox pancreas (59), intestinal mucosa 
(60, 61), and rat or guinea pig brain (62, 63). The enzyme is specific 
and does not hydrolyze PC, PE, PS, lysolecithin, or SM. The products 
of the reaction are diglyceride and inositol monophosphate. The enzyme 
was either stimulated by calcium ion (59, 63) or had an absolute require
ment for this ion (61, 62). The extract of rat brain (63) was stimulated 
by long-chain cationic amphipathic detergents. In the presence of calcium 
ion the enzyme from the intestinal mucosa (60) was inhibited by de
tergents, ionic or nonionic. 

2. HYDROLYSIS OF POLYPHOSPHOINOSITIDES 

In 1961, Hawthorne (64) reported that a crude preparation of rat 
liver hydrolyzed diphosphoinositide as well as the monophosphoinositide; 
no Ca ion requirement could be demonstrated. 

Several articles have dealt with the hydrolysis of triphosphoinositides 
by preparations from ox brain (65-68). The products of the reaction 
(65) were inositol monophosphate, inositol diphosphate, inositol triphos
phate, and diglyceride. This, therefore, classifies the enzyme catalyzing 
these reactions as being of the phospholipase C type. A phosphomono-
esterase was also present in the above extracts (66), releasing inorganic 
phosphorus. The latter enzyme required magnesium or manganese ions. 
The Mg

2+
 could be replaced by a component of the pH 5.0 supernatant 

of ox brain extract or by substances that decreased the excess negative 
charge on the substrate molecule; SDS counteracted this effect. The 
phosphodiesterase had no absolute requirement for metal ions, but EDTA 
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inhibited the dialyzed enzyme; calcium and magnesium stimulated over 
a narrow concentration range. Cationic amphipaths (i.e., Cetavlon) also 
stimulated; this effect and that of Mg

2+
 were not additive. The reaction 

was also activated by basic proteins and by phospholipids in the presence 
of NaCl. 

Salway et al. (68) presented a complex relationship between the phos-
phomonoesterase activity and Cetavlon. The effect of this detergent de
pended on the order of the addition of the enzyme or substrate to the 
reaction mixtures. 

F. Phosphatidic Acid Phosphatase 

This enzyme, which belongs to the phospholipase C family, occurs 
widely in mammalian organs, being on the main pathway of the bio
synthesis of the neutral and phosphoglycerides. This contrasts with 
phospholipase C itself, which occurs in bacteria but which has not been 
found in mammals (except for sphingomyelinase, which belongs to the 
same enzyme class but does not act on glycerophosphatides). In addition 
to phosphatidic acid, the enzyme also hydrolyzes phosphate esters of 
alcohols of 6-18 carbon atoms, 1- and 2-glycerophosphate, and ATP (69, 
70). 

The requirement for and the effect of metal ions are not clear. With 
a preparation purified from pig brain (70) or rat liver (69)} magnesium 
ion was inhibitory when the substrate was hexadecylphosphate, but it was 
required for the hydrolysis of ^-glycerophosphate. With the soluble 
preparation of rat liver (69), magnesium ion at low concentrations (e.g., 2 
mM) produced a threefold stimulation; this ion could be replaced by 
barium ion but not by calcium or manganese ions. In a later paper, 
Mitchell et al. (71) reported that magnesium ion inhibited the hydrolysis 
of a membrane-bound substrate but was partially required for a sonically 
dispersed substrate. 

An enzyme from E. coli (72) which hydrolyzed the phosphate from 
phosphatidyl glycerophosphate had an absolute requirement for mag
nesium ion; this ion could not be replaced by Ca or Zn ions, and only par
tially by manganese ions. The reaction catalyzed by the latter enzyme was 
stimulated by SDS or Triton X-100 but was inhibited by the cationic 
detergents trimethyloctadecylammonium chloride or octadecylamine (but 
not by tri-n-octylamine). 

The brain enzyme (70) was inhibited by Tween 20; the mitochondrial 
enzyme (78) was strongly inhibited by divalent ions and detergents but 
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was stimulated by Tween 20. The soluble enzyme of rat liver was inhibited 
by hexadecylphosphate above 1.2 mM, but not by the phosphatidate. 
This enzyme was also inhibited by fatty acids; lauric acid was the 
most potent inhibitor. 

Mitchell et al. (71), using a membrane-bound phosphatidate as sub
strate, observed a nonlinearity between the quantity of soluble enzyme 
added and the amount of product formed. The curves were parabolic, 
i.e., a "lag" was obtained at low enzyme concentrations; 0.6% albumin 
changed this curve to a straight line. Brandes and Shapiro (73a) showed 
that palmitoyl coenzyme A inhibited the enzyme; this inhibition was 
competitive. Serum albumin (below 1% concentration) decreased this 
inhibition. 

G. Phospholipase D 

This enzyme occurs in plants but not in mammalian tissues; recently, 
an enzyme with phospholipase D activity was isolated from Corynebac-
terium ovis (58). The plant enzyme splits the base off phosphatidyl
choline or -ethanolamine but not phosphatidylserine ( 7 4 ) . The product 
of this reaction is phosphatidic acid (diacyl glycero-3-phosphate). The 
enzyme also hydrolyzes lysolecithin (75), phosphatidyl glycerol (76, 
77), and even sphingomyelin (75). Of special interest is the catalysis 
of a transfer reaction by this enzyme (78, 79). In the latter reaction 
phosphatidic acid was transferred to primary alcohols, such as methanol, 
ethanol, ethylene glycol, ethanolamine, and glycerol, but not to inositol, 
threonine, glucose, or glycerol 1-phosphate. It is of interest that, while 
ethanol was an acceptor for the above transfer reaction, it also stimu
lated the hydrolase activity (79). 

All phospholipase D preparations of plant tissues required a divalent 
metal for activity; calcium ions were obligatory for the reaction (78, 
80), although in one report they could be replaced by other ions such 
as Ni, Co, Mg, or Mn (81). The enzyme of Cory neb acterium ovis (58) 
is exceptional in that it hydrolyzes lysolecithin and sphingomyelin (but 
not lecithin) in the absence of either calcium ions or ether. The authors 
further state (58) that phosphatidylcholine was not degraded even under 
conditions used for plant phospholipases D, i.e., with calcium and ether; 
furthermore, even lipoprotein- or membrane-bound lecithin was not 
hydrolyzed. This enzyme is therefore a sphingomyelinase of the phospho
lipase D type, which also acts on lysolecithin in the absence of a metal 
ion. 
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A role for calcium ions was suggested by Dawson and his co-workers. 
According to Dawson and Hemington (80), Ca

2+
 adsorbs onto the 

surface of tjie enzyme protein and thus produces a "masking effect" 
and a positive zeta potential. This protects the enzyme against inac
tivation due to adsorption onto the negatively charged surfaces of 
lecithin-dodecyl sulfate particles. However, this does not explain the 
specific role of the calcium ion, since the above masking and protective 
effect could be mimicked by other ions such as magnesium, while calcium 
ions were obligatory. 

The effect of detergents on the reaction was quite complex. Negatively 
charged amphipaths such as sodium dodecylsulfate increased the reaction 
rates, while the cationic detergent Cetavlon inhibited the reaction with 
the enzyme purified from cabbage leaves (80). With the enzyme from 
peanut seeds (82), an activation was obtained with Cetavlon; the highest 
activation was obtained at 2 mg/ml; however, even at 10 mg/ml of 
Cetavlon reaction rates were still higher than they were in the absence 
of the detergent. The latter enzyme was also activated by SDS and 
to a lesser extent by Triton X-100. In the article by Dawson and 
Hemington (80) the effect of a mixture of detergents is discussed. Thus, 
Cetavlon, which by itself was inhibitory, could counteract the inhibitory 
effect of large concentrations of SDS. The stimulatory effect of anionic 
amphipaths as well as that of phosphatidic acid, the product of the 
reaction, is discussed in a subsequent article by Quarles and Dawson 
(83), who found that the optimal pH of the reaction was shifted to 
higher values in the presence of these amphipaths. 

H. Cleavage of the Vinyl-Ether Linkage of Plasmalogens 

Warner and Lands (85) used liver microsomes to degrade 1-alkenyl-
glycero-3-phosphorylcholine (lysoplasmalogen). The products of the re
action were aldehyde and GPC. The activity was destroyed by treatment 
with chymotrypsin. In a subsequent article, Ellington and Lands (86) 
reported that treatment of the microsomes with phospholipases A or 
C, or subjecting them to freezing and rethawing, destroyed the enzymic 
activity; this could be restored by the addition of exogenous lipids such 
as sphingomyelin or lecithin; PE was less effective and LPC or LPE 
were ineffective. High concentrations of sucrose mimicked the effect of 
lecithin; the effects of lecithin and sucrose were not additive. The enzyme 
was inhibited by imidazole and some of its derivatives, but not by his-
tidine or iV-acetylhistidine. Imidazole did not inhibit other microsomal 
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enzymes and was a competitive inhibitor for the lysoplasmalogen. The 
inhibition due to imidazole was reversed by exogenous phospholipids 
and by K C 1 , but not by sucrose. 

Ansell and Spanner (87) used a crude enzyme preparation from brain 
which degraded the vinyl-ether linkage of alk-l'-enyl-2-acyl-sn-glycero-
3-phosphorylethanolamine. The enzyme required magnesium ions when 
the plasmalogen was a substrate, but not when the lyso derivative was 
used; calcium ions were partially inhibitory. Yavin and Gatt (88, 89) 
studied a system in the soluble fraction of rat brain which split off 
the vinyl-ether linkage of choline plasmalogen but not of the lyso deriva
tive. The active component of the 100,000 g supernatant was dialyzable, 
thermostable (withstood heating for 15 minutes at 100°C) and had a 
molecular weight of less than 1000. The cleavage of the vinyl-ether 
linkage was dependent on the presence of oxygen, and reduction of 
molecular oxygen always accompanied cleavage of this bond. Chelators 
such as EDTA, citrate, or iron chelators such as o-phenanthroline, 
dipyridyl, or desferal inhibited both vinyl-ether cleavage and oxygen 
reduction. These reactions were also inhibited by the addition of anti
oxidants, such as butylated hydroxytoluene, quercetine, or hydroquinone, 
and by catalase. The active component was purified by combined SE-
and DEAE-Sephadex chromatography and was identified as ascorbic 
acid, most likely in complex with divalent iron. Commercial ascorbate 
mimicked the above properties of the rat brain supernatant. The authors 
suggest that the cleavage of the vinyl-ether linkage by the ascorbate-fer-
rous complex is oxidative. They have identified lysolecithin as one 
product of the reaction; the main product of the aldehydogenic portion 
of the molecule seemed to be a-hydroxyhexadecanal and a smaller com
ponent was n-pentadeeanal. 

III. GLYCOSPHINGOLIPID HYDROLASES 

Five enzyme classes are required for the complete degradation of the 
complex glycosphingolipids, e.g., the brain gangliosides: neuraminidase, 
/?-galactosidase, /5-A

r
-acetylgalactosaminidase, ^-glucosidase, and 

ceramidase. The recent finding that the globoside of the erythrocyte 
stroma has the structure GalNAc-/?-Gal-a-Gal-/?-Glc-/?-sphingosine-iV-acyl 
introduced one further enzyme class into the sphingolipid hydrolases—an 
a-galactosidase. These enzymes cleave the terminal carbohydrate units 
off the glycosphingolipids. They might thus be classified either as glyco-
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sidases, carbohydrases, or glycolipases. It is likely that many of these 
enzymes have been "discovered" several times, depending on the sub
strate employed for the enzyme detection and purification. For the pur
pose of this review, only those studies in which the respective glycosidase 
was used specifically as a glycolipase (i.e., to split the glycosidic linkage 
of glycolipids) will be discussed. 

A. Ceramidase 

This enzyme was isolated from rat brain by Gatt (90, 91) and was 
later investigated by Yavin and Gatt (92). It catalyzes a reversible 
reaction in which the amide linkage of ceramide (A^-acylsphingosine) 
is both hydrolyzed and synthesized. Sphingosine or dihydrosphingosine 
and a free fatty acid are the substrates for the synthetic reaction. The 
enzyme requires cholate or taurocholate in either direction. Hydrolysis 
is inhibited by sphingosine and by fatty acid, the products of the reac
tion. The effect of fatty acid on the synthetic reaction depends on the 
pH: at pH 8 the V/S curve is hyperbolic; at pH 5 it has an asymmetric 
bell shape. 

B. /?-Glucosidase 

This enzyme splits a glucose unit off glucosylceramide. The enzyme 
from rat intestinal tissue (93) hydrolyzed both glucosylceramide and 
galactosylceramide; the same Km was obtained using either substrate, 
which suggested to the authors that one enzyme cleaved both glycosidic 
bonds. Furthermore, the hydrolysis of either substrate was inhibited 
by the presence of the second. The psychosines (O-hexosylsphingosines) 
also inhibited the reaction, but higher glycosphingolipids did not. Among 
several oligosaccharides tested, cellobiose inhibited the hydrolysis of 
glucosylceramide; the inhibition was noncompetitive. The reaction was 
stimulated by cholate and to a lesser extent by Cutscum. Gatt (94) 
isolated from ox brain one enzyme that was quite specific in that it 
hydrolyzed only glucosylceramide and p-nitrophenylglucoside but not 
galactosylceramide or other oligosaccharides. Hydrolysis of glucosylcera
mide was stimulated by Triton X-100, sodium cholate, or taurocholate. 
y-Gluconolactone was a competitive inhibitor and the reaction was also 
inhibited by sphingosine. 
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C. /?-Galactosidase 

The enzyme from intestinal tissue that hydrolyzed both glucosyl- and 
galactosylceramide was previously discussed (93). A /?-galactosidase free 
of /?-glucosidase activity was isolated from rat brain (95). The enzyme 
was stimulated by Triton X-100 and by cholate. It was inhibited by 
sphingosine, palmitate, and ceramide; y-galactonolactone was a competi
tive inhibitor. This enzyme hydrolyzed several glycolipids that had a 
terminal /?-galactosidic linkage, but it did not hydrolyze galactosylcera
mide. A separate enzyme that hydrolyzed the /?-galactosidic linkage 
of this cerebroside was extracted from brain tissue using 6% cholate 
and digestion with an enzyme mixture from pancreas (96, 97). This 
enzyme was very unstable and albumin had a protective effect; tauro-
cholate was necessary for activity. Among several lipids tested, sphingo
sine and ceramide inhibited the reaction, but fatty acid did not. 
y-Galactonolactone and o-nitrophenylgalactoside were also inhibitory. 

D. a-Galactosidase 

Brady et al. (98) isolated an enzyme from intestinal tissue that 
cleaved the terminal galactose molecule of trihexosylceramide. This com
pound was considered to be Gal-/?-Gal-/?-Glc-ceramide and the enzyme 
was therefore designated as a /?-galactosidase; this enzyme is absent 
in Fabry's disease. Numerous studies demonstrated that Fabry's disease 
is characterized by a missing a-galactosidase. Consequently, a reevalua-
tion of the structure of the erythrocyte glycolipids was undertaken, and 
it showed that this glycolipid has a terminal a-galactosidic linkage. The 
enzyme is therefore an a-galactosidase. The enzyme was stimulated by 
cholate; serum albumin stabilized the enzyme during incubation. The 
enzyme was inhibited by glucosylsphingosine (noncompetitively). 

E. N-Acetylhexosaminidase 

Frohwein and Gatt isolated this enzyme from calf brain (99, 100). 
It hydrolyzed trihexosylceramide ("asialo Tay-Sachs ganglioside," 
GalNac-Gal-Glc-ceramide) and globoside (GalNAc-Gal-Gal-Glc-cera-
mide). The GM2 ganglioside [GalNAc-Gal(NANA)-Glc-ceramide] was 
hydrolyzed at a 50-100-fold lower rate. Taurocholate was required for 
optimal activity; other detergents were ineffective or, when added to 
reaction mixtures having optimal concentrations of taurocholate, were 
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inhibitory. A wide variety of lipids inhibited the hydrolysis of tri-
hexosylceramide. These included fatty acids, lecithin, sphingomyelin, 
cerebrosides, and monosialoganglioside (GMi) . The reaction was also 
inhibited by hexosamines, iV-acetylhexosamines, calcium, sodium, and 
potassium ions as well as —SH reagents. Of interest is the inhibition 
by Tay Sachs (GM2) ganglioside. As mentioned above this ganglioside 
was itself a poor substrate, but when added to reaction mixtures 
having enzyme and trihexosylceramide it inhibited the hydrolysis of the 
latter compound. 

This enzyme has been extensively investigated because of its implica
tion in Tay-Sachs disease. It can be separated into two isoenzymes, 
A and B, of which the protein that contains sialic acid (hexosaminidase 
A) is absent in Tay-Sachs disease. The two differ in their electrophoretic 
mobility and in the heat sensitivity of hexosaminidase A (for review, 
see 101). 

F. Neuraminidase 

Neuraminidase is a well-known enzyme first isolated from bac
terial toxins. Several recent articles discuss the action of the mammalian 
enzyme on gangliosides. Leibovitz and Gatt (102) described a particulate 
neuraminidase in calf brain. It was membrane bound and resisted solu
bilization; it was therefore employed as a Triton X-100 extract of calf 
brain acetone powders that was subjected to high-speed centrifugation; 
Triton was necessary for the reaction. The enzyme split iV-acetyl- or 
iV-glycolylneuraminic acid off all gangliosides with a terminal sialic acid. 
It did not attack sialyllactose or a glycoprotein rich in sialic acid. The 
NANA at the branch point of GM2 ganglioside [ceramide-Glc-
Gal(NANA)-GalNAc] was not hydrolyzed. A similar enzyme was iso
lated from rat liver (103) ; this also hydrolyzed sialyllactose. The brain 
enzyme was further investigated by Ohman et al. (104); after depletion 
of endogenous substrate, the particulate enzyme hydrolyzed exogenous 
gangliosides. Nonionic detergents stimulated and heavy-metal ions in
hibited the enzyme. The V/S curves when various gangliosides were 
used showed typical substrate inhibition; hyperbolic curves were obtained 
up to about 0.1 mM substrate concentration, above which the curves 
flattened out and slightly descended. The authors attribute this to a 
monomer-micelle transition, noting that the CMC values previously 
reported for gangliosides are of the same order of magnitude as the 
substrate concentration where the maxima of the V/S curves occur. How
ever, they did not determine the CMC of their substrate in the presence 
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of the detergents employed in the assay. Competition studies using 
ganglioside mixtures suggested that one enzyme acts on all gangliosides 
of human brain. Tettamanti and co-workers published a series of papers 
on brain neuraminidase (105-107). They also reported the presence of 
a soluble neuraminidase in pig brain. The most striking characteristic 
of their particulate enzyme was its thermal stability; the temperature 
optimum was at about 70°C or more. 

None of the above preparations hydrolyzed the NANA at the branch 
point of GM2 ganglioside. An enzyme that splits this neuraminic acid 
residue was reported by Kolodny et al. (108). In contrast to the formerly 
mentioned enzymes, Triton X-100 and taurocholate inhibited the reac
tion; Zn ions slightly activated while other ions inhibited the reaction; 
low concentrations of heparin stimulated while higher concentrations in
hibited the reaction. Contrary to the reports of Ohman et al. (104) the 
1/V versus 1/S curves were straight lines. 

IV. SYNTHESIS OF THE GLYCEROPHOSPHATIDES 

A. Phosphatidic Acid Synthesis 

The enzymes that catalyze the transfer of the acyl group of acyl-CoA 
to glycerophosphate or to monoacyl glycerophosphate are present in 
particulate or microsomal preparations from various sources such as 
yeast (109) and mammalian organs (110-112). The yeast enzyme was 
inhibited by NEM and IAA; when added before these agents, Pal-CoA 
protected against this inactivation. A bacterial enzyme present in E. coli 
synthesizes phosphatidyl glycerophosphate (113); another enzyme 
incorporates palmityl-ACP into complex lipids (114)- A particulate 
enzyme from brain utilizes ATP to convert monoglyceride to MAPA 
(115). 

Of greatest interest are the effects of substrates and products on the 
reaction. Many investigators described an inhibition of the acylation 
reaction by excess fatty acyl coenzyme A (109-111, 114, 116). The most 
detailed analysis of this effect was carried out by Cleland and his co
workers. Abou-Issa and Cleland (117) described irregular kinetics when 
reaction rates were measured as a function of either protein or substrate 
concentration. The V/E curves were sigmoidal and the V/S curves had 
an asymmetric bell shape. The descending, inhibited portion of the V/S 
curve could be eliminated by the addition of either microsomal lipid 
or serum albumin. In the presence of the lipid or the albumin, the V/S 
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curves were hyperbolic, but below 30 fiM palmityl-CoA reaction rates 
without these additions were higher than they were in their presence. 
The authors assume that the enzyme utilizes substrate monomers but 
not micelles. The above bell-shaped curves are due to inhibition by 
micelles of palmityl coenzyme A; the latter inhibited the enzyme because 
of their detergent properties. The shape of the V/E curves suggests 
that the degree of this inhibition depends on the protein-detergent ratio. 
The formation of mixed micelles or binding to albumin lowers the concen
tration of substrate in the solution, thereby eliminating the formation 
of the inhibitory micelles [see Lands and Hart (116) for a similar effect 
by heat-denatured microsomes]. 

Zahler and Cleland (118) further analyzed the "break" in the V/S 
curves. They found that the maximal (or inversion) point occurs at 
about 10-20 JJLM palmityl-CoA, depending on the time of the incubation; 
this is of the same magnitude as the critical micellar concentration of 
3-4 of this substrate. It should be emphasized that this value of 
substrate concentration where inhibition ensues is very low compared 
to those reported for the substrate inhibition by palmityl coenzyme A, 
using this or other enzymes. Other investigators found that the inhibition 
by this substrate occurs at about 200-500 (see Section VII for a 
discussion of this variability in the results). 

Barden and Cleland (119) discuss the second step in which the acyl 
group of acyl-CoA is transferred to 1-acyl glycerol 3-phosphate. The 
enzyme appears to work only with monomeric substrates. The Km for 
palmityl-CoA is less than 0.1 fiM and that for the acyl glycerophosphate 
is about 5-25 yM. The measurement of the latter value was difficult 
since the CMC of the substrate was about 4-8 /xM. Analysis of the 
reaction was further complicated by the presence of acyl-CoA hydrolase, 
which preferred micelles rather than monomers as substrate. When an 
experiment was designed in which the transferase and hydrolase activities 
were run concurrently, a theoretical V/S curve could be devised for 
the net acyltransferase reaction. This resulted in an ascending curve 
to about 1 JJLM palmityl-CoA; above this concentration reaction rates 
did not increase and the curve was parallel to the abscissa. When rates 
were plotted against the concentrations of acyl glycerophosphate, V/S 
curves with similar shapes were obtained. Rates increased to about 4-8 
fiM substrate and then became constant. Stearyl glycerophosphate was 
exceptional in that it inhibited at concentrations greater than 9 fxM; 
the authors attribute this to the low CMC value of this compound. 
The problematics of deacylation of acyl-CoA by the same particles that 
utilize this compound for acylation reactions was also analyzed by other 
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investigtors. For example, Brandes et al. (110) found that albumin 
decreased the deacylation and increased the acyltransferase activity (by 
binding the excess of the inhibitory acyl-CoA). 

Scores of articles discuss the reasons for the positional specificities 
of the fatty acids in the glycerophosphatides, in which the a position has 
mostly saturated, and the /? position mostly unsaturated, fatty acids. 
However, this most interesting aspect of phospholipid biosynthesis is 
beyond the scope of this review. 

B. Acylation of lysolecithin 

Numerous papers deal with the acylation of lysolecithin, forming the 
diacylphosphatide. This reaction was most extensively investigated by 
Lands and his co-workers in 1960 (120); liver microsomes were used 
for this purpose, while Webster used brain tissue (121). Van den Bosch, 
Van Deenen, and their co-workers wrote a series of articles discussing 
mostly problems of specificity (122). Inhibition by excess acyl coenzyme 
A (123, 124) and nonlinear V/S curves were reported (125); the latter 
curves were parabolic and this shape was not altered by repeated freezing 
and thawing or by sonication of the microsomes. Microsomes also 
catalyzed the deacylation of lecithin to lysolecithin and of the latter 
compound to glycerophosphorylcholine. Kumar et al. (126) found that 
calcium ions inhibited the formation of GPC; mercury ions inhibited 
the formation of lysolecithin and lysophosphatidyl-/?-methylcholine, but 
not of lyso-PE or of glycerophosphorylethanolamine. Sodium dodecylsul-
fate stimulated the formation of glycerophosphorylcholine; SDS plus 
mercury ions stimulated formation of lysophosphatides but inhibited the 
formation of the base. 

C. Synthesis of CDP-Diglyceride 

This particulate or microsomal enzyme transfers the cytidyldiphos-
phoryl unit of cytidine triphosphate to phosphatidate, forming CDP-
diglyceride and releasing pyrophosphate. The enzyme was described in 
three tissues. The guinea pig liver microsomes (127) required mag
nesium ions; manganese was only half as effective. The particles or micro
somes from embryonic chick brain (128) required manganese ions; fur
ther addition of magnesium was inhibitory. The yeast enzyme (129) 
worked best with 20 mM magnesium and 50 mM potassium. The latter 
enzyme utilized the endogenous lipid substrate; it did not require addition 
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of exogenous lipid, and addition of phosphatidic acid resulted in only a 
slight stimulation. The liver enzyme {127) was inhibited by the product, 
pyrophosphate. At a concentration of 4 mM 90% inhibition was obtained. 
The brain enzyme (128) was inhibited by inositol, Pal-CoA, a-GP, and 
DOC. 

D. Synthesis of Lecithin from CDP-Choline and Diglyceride 

The formation of lecithin from CDP-choline and diglyceride was 
described by Weiss et al. (130). The enzyme is present in particles from 
chicken or rat liver (130), in brain homogenate (131), and in rat liver 
microsomes (132, 133). Calcium ions were extremely inhibitory (130, 
131) so that the assay was performed in the presence of EDTA. An 
absolute requirement for magnesium ions was established (131), MnCl2 
being less effective. Cutscum, Triton X-100, high albumin concentration 
(131), and Tween 20 (130,131) inhibited the reaction. However, Tween 20 
was used for the dispersion of the diglyceride substrate (130-132). Other 
inhibitors were CMP-, CTP-, CDP-ethanolamine, and the diglyceride 
substrate above 15/xM (131). 

E. Synthesis of the Inositol Phosphatides 

Several articles have discussed the synthesis of mono-, di-, and tri-
phosphoinositides. Most of these showed that divalent ions and de
tergents were required (134-136). Kai et al. (137) found that synthesis 
of the triphosphoinositide was inhibited by the diphospho derivative. 
This synthesis was activated by magnesium ion but was somewhat in
hibited by sodium or potassium ions; addition of ouabain partly reversed 
the latter effect. In the presence of eserine, acetylcholine produced a 
significant increase in the synthesis of both the di- and triphosphoinositides. 

F. Synthesis of Phosphatidylserine 

The exchange of serine and PE to form PS and ethanolamine was 
investigated in rat liver (138) and Tetrahymena (139). With rat liver 
microsomes, calcium ions stimulated exchange of serine; dialysis reduced 
this and excess choline was also inhibitory. With the Tetrahymena 
preparation, calcium stimulated the exchange of serine, while Triton 
X-100 increased the rate of decarboxylation of phosphatidylserine to 
PE. Detergents did not stimulate serine exchange. 



8. ENZYMES OF COMPLEX LIPID METABOLISM 369 

G. Acyl Dihydroxyacetone Phosphate Pathway 

An alternative pathway for the biosynthesis of the glycerophosphatides 
via acyl dihydroxyacetone phosphate was presented by Hajra and 
Agranoff {HI). The formation of the acyl-DHAP by mitochondria or 
microsomes (HO) had only a partial dependence on magnesium ion; excess 
acyl-CoA was inhibitory. The reduction of this compound to form lyso-
phosphatidic acid (HI) was inhibited by magnesium ion; EDTA was 
therefore included in the reaction mixture. The formation of alkyl ether 
by condensation of an alcohol with DHAP {H2) required magnesium 
ion; NADPH inhibited the reaction. The condensation of the alcohol 
with acyl-DHAP forming 1-O-alkyl-DHAP + fatty acid (US) was 
stimulated by palmitate. Excess acyl-DHAP was inhibitory for the con
densation of the alcohol with DHAP. Coenzyme A, palmitate, palmityl-
CoA, and EDTA inhibited the condensation with acyl-DHAP. 

V. SYNTHESIS OF PHOSPHO- AND GLYCOSPHINGOLIPIDS 

As discussed in the sections on sphingolipid hydrolases, this group 
of compounds is very heterogeneous. All sphingolipids contain a common 
apolar moiety, ceramide (sphingosine linked by an amide bond to a 
long-chain fatty acid). The polar groups attached to ceramide are phos-
phorylcholine (in sphingomyelin); glucose or galactose (in cerebrosides); 
glucose, galactose, and A

r
-acetylgalactosamine (in neutral glycolipids); 

and the above plus sialic acid in the gangliosides. More complex glyco
lipids containing other carbohydrate residues or sulfur are not discussed 
in this review. 

The synthesis of the sphingolipids is therefore catalyzed by a ceramide 
synthetase and by several transferases, which utilize the following cofac
tors: UDP-glucose, UDP-galactose, UDP-iV-acetylgalaetosamine, and 
CMP-NANA. The data concerning inhibition or activation of these en
zymes are few and are concerned mostly with the stimulation by de
tergents and divalent ions. 

A. Ceramide Biosynthesis 

Although the amide linkage can be formed by a reversal of the hydro-
lytic reaction catalyzed by ceramidase (92), its actual role in the bio
synthesis of ceramide has been questioned by Radin and his co-workers. 
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Sribney (144) described the acylation of sphingosine using acyl coenzyme 
A by microsomes from chicken liver and rat or guinea pig brain. Mag
nesium ion stimulated and calcium and manganese ions inhibited the 
acylation, but an absolute requirement for metal ions has not been 
shown. Braun, Morell, and Radin (145-147) followed up this work using 
mouse brain microsomes. Acyl coenzyme A at concentrations above 0.5 
mM" was inhibitory. The authors introduced an interesting form of dis
persion, by adsorbing the lipid substrate onto celite; no detergent was 
required for the reaction. 

Barenholz and Gatt (148, 149) described an enzyme in the microsome 
fraction of the yeast Hansenula ciferri which utilized acetyl coenzyme A 
for transfer of acetyl groups to the free or the iV-acetylated sphingosine 
bases. This enzyme was unique in that it transferred the acetyl group 
to both the amino and hydroxyl groups of the bases. Long-chain, normal 
primary amines of 6-18 carbon atoms could be used as acceptors of 
the acetyl group. However, long-chain primary alcohols were not sub
strates. The effects of the substrate concentration on the reaction rates 
were thoroughly investigated. When the base was kept at a fixed concen
tration and the acetyl CoA was varied, the V/S curves were hyperbolic. 
When the acetyl-CoA was kept constant and the concentrations of the 
free bases were varied, the V/S curves were sigmoidal (though the sig
moid was nonsymmetrical). Albumin decreased the sigmoidity and, at 
an optimal molar ratio of albumin to base of 2:1, the curves were hyper
bolic. It was of interest that the maximal velocities were the same with 
or without serum albumin. The authors proposed that the enzyme utilizes 
micelles of the base but not monomers. Good correlation was obtained 
between the critical micellar concentrations of the bases and the concen
trations where, upon backextrapolation, the ascending portion of the 
V/S curve intersected the abcissa. The authors suggested that albumin 
binds the monomers and supplies a binding site for the enzyme, so that 
albumin-bound monomers are utilized by the enzyme. The authors also 
determined the reaction mechanism and found it to be of the sequential, 
bi-bi type. 

B. Biosynthesis of Sphingomyelin 

Two pathways have been proposed for the synthesis of sphingomyelin. 
In the first, ceramide condenses with CDP-choline; in the second, 
sphingosylphosphorylcholine reacts with acyl coenzyme A. 

Sribney and Kennedy proved the existence of the first pathway in 
1958 (150). The reaction was stimulated by Tween 20 and by manganese 
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or magnesium ions, but it was inhibited by calcium ions. An interesting 
finding was the utilization of ceramide containing threo- but not ery-
£/iro-sphingosine for sphingomyelin synthesis. Since the natural sphingo
myelin contains en/£/iro-sphingosine this was puzzling. Sribney (151) 
later showed that mitochondria utilized both threo- and erythro-
ceramides, while microsomes used only the threo derivative. Microsomes 
specifically inhibited the enzymic synthesis of sphingomyelin from the 
erythro-cer amide but not from the threo derivatives. Fujino and Negishi 
(152) reported similar data but also showed (153) that under appropri
ate conditions both the erythro- and £/ireo-ceramides were utilized for 
the enzymic synthesis of sphingomyelin. 

The alternate pathway (condensation of sphingosylphosphorylcholine 
with acyl-CoA) was proposed by Brady et al. (154). Psychosine or 
sphingosine partly inhibited the reaction. Fujino and Negishi (152) 
showed that this pathway utilized both threo- and en/£/iro-sphingosyl-
phosphorylcholine. 

C. Biosynthesis of Cerebrosides 

Cleland and Kennedy (155) showed the condensation of sphingosine 
with UDP-Gal to yield psychosine (O-galactosylsphingosine). Tween 
and Mg or Mn ions stimulated over a narrow concentration range. Cere
brosides were formed by condensation of psychosine with acyl-CoA. This 
work was confirmed by Fujino and Nakano (156). 

Morell and Radin (157) and Basu et al. (158) showed that UDP-
galactose can condense directly with ceramide containing hydroxy fatty 
acids; nonhydroxy fatty acids were not utilized for this reaction. Morell 
and Radin again used celite for dispersion of the substrate. Tween 20 
inhibited the reaction; Mg, Ca, and Mn ions activated it (158). Morell 
et al. (147) described the formation of cerebrosides containing non
hydroxy fatty acids in mouse brain. The incorporation of acyl-CoA was 
dependent on the presence of UDP-Gal; psychosine was not incorporated 
to any significant extent. For efficient incorporation of the ceramide, 
it had to be mixed with lecithin and coated on celite. 

D. Biosynthesis of the Neutral Glycolipids and Gangliosides 

The transfer of UDP-Glc, UDP-Gal, UDP-GalNAc, and CMP-NANA 
was investigated by Roseman (159-161), Burton (162), Hauser (163, 
164)} Dain (165), and their co-workers. There is some disagreement 
among these authors as to the exact order of addition of the carbohydrate 
residues, but this problem is beyond the scope of this review. With 
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practically all transfer reactions, a detergent was required and most 
were stimulated by the addition of divalent cations. Histone and poly-
lysine stimulated the synthesis of disialoganglioside from the monosialo 
derivative (160). The same reaction was nonlinear with enzyme concen
tration; sigmoidal curves were obtained which were not affected by 
histone but which became linear upon the addition of boiled enzyme; 
this effect is attribued to phosphatidylethanolamine. The glucosyltrans-
ferase (161) also showed nonlinearity with enzyme concentrations. How
ever, the parabolic V/E curves were not affected by the addition of boiled 
enzyme. The galactosyltransferase from frog brain (166) was inhibited 
by excess substrate (GM2) and by the product of the reaction (GMi) . 

Dicesare and Dain (167) described an enzyme from 7-day-old rat 
brain which transfers ^-acetylgalactosamine from UDP-iV-acetylgalac-
tosamine to GM3. The enzyme had great specificity for GM3 and required 
manganese ions that could not be replaced by Mg, K, Ca, Ni, or Al 
ions. The enzyme was assayed in the presence of Triton CF-54 and 
Tween 80. 

VI. METABOLISM OF THE SPHINGOSINE BASES 

The detailed pathways for the synthesis and degradation of the 
sphingosine bases have been elucidated. Serine condenses with palmityl-
CoA to yield 3-ketodihydrosphingosine (168, 169); this enzyme is ac
tivated by pyridoxal phosphate and a SH-containing compound. This 
compound is reduced to the dihydrosphingosine; the enzyme that 
catalyzes this reaction requires magnesium ion and SH-containing com
pounds (168, 170). For degradation, the sphingosine bases are phos-
phorylated to the corresponding 1-phospho derivatives (171-173); mag
nesium is required for this reaction, while sodium fluoride inhibits a 
phosphatase that removes this phosphate group (174). The 1-phospho 
base is degraded to palmitylaldehyde and phosphorylethanolamine (174, 
175); Triton X-100 and pyridoxal phosphate stimulate while deoxy-
pyridoxine or SH reagents inhibit this reaction. 

VII. SUMMARY AND CONCLUSIONS 

Enzymes acting on lipid substrates are subject to the influence of 
all the factors that affect the protein nature of the enzyme, such as 
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temperature, handling and storage, freezing and thawing, the pH of the 
medium, SH inhibitors or SH reagents, various chemicals, etc. These 
are not specific to enzymes acting on lipids but to the nature of the 
enzyme as a protein. Furthermore, there is usually no uniform pattern 
of response of the various enzymes discussed in this review to the above 
effectors. An exception is the effect of pH on the reaction. The pH optima 
of the enzymes acting on the complex lipids follow a general pattern 
observed with enzymes acting on nonlipid substrates. Thus, most 
sphingolipid hydrolases and several enzymes that hydrolyze glycerophos-
phatides are of lysosomal origin and therefore have optimal activities 
at acid pH values ranging from pH 3.5 to 6.5. Several hydrolases (i.e., 
phospholipases A) are mitochondrial, microsomal, or are present in the 
soluble fraction of the cell; they usually have pH optima between 7 
and 9. Most synthetases (i.e., transferases) are nonlysosomal and have 
neutral or alkaline pH optima. Since all the above-mentioned effects 
are not specific to lipid enzymology they were purposely omitted from 
this review. 

The review has emphasized inhibitory or stimulatory effects that in
fluence the physicochemical nature of the substrate and thereby its inter
action with the enzyme. These may be divided into four main subgroups: 
(a) effects of detergents, (b) effects of metal ions, (c) effects of the 
substrate or of a lipid product, (d) effects of albumin. 

A. Effects of Detergents 

Three main types of detergents were employed: nonionic (such as 
Triton X-100, Cutscum, or the Tweens), anionic (such as sodium cholate, 
deoxycholate, or taurocholate as well as sodium dodecylsulfate), or 
cationic (most frequently cetyltrimethylammonium bromide—Cetavlon). 
The exact effect of detergents on the lipid substrate has not been investi
gated in most cases and the use of detergents is still empirical. Thus, 
with any new enzyme or substrate, a series of detergents is tried in 
search for optimal reaction rates. Care must be taken to choose the 
correct concentration of the detergent. Most detergents stimulate in a 
narrow concentration range and become inhibitory when larger quantities 
are added to the reaction mixture. Thus, with the lipid hydrolases from 
brain, the optimal concentrations of Triton X-100 and sodium cholate 
were about 0.1%, while with taurocholate the optimal concentration 
was about twice as high. A favorable stimulatory effect of one type 
of detergent does not imply that other detergents having the same charge 
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will have a similar effect. Frequently, a reaction stimulated by the non-
ionic detergent Triton X-100 is not affected or is even inhibited by 
another nonionic detergent, such as Tween. Similarly, the anionic de
tergent cholate might stimulate, while another anionic detergent, 
dodecylsulfate, might inhibit. Furthermore, even among very closely 
related detergents, the effect could be variable. Thus, Tween 20 might 
stimulate while Tween 80 will have no effect. A mixture of two detergents 
sometimes produces higher reaction rates than either of them separately. 
This is best exemplified with the brain lipid hydrolases. These lysosomal 
enzymes had pH optima of 5 or less; the reactions catalyzed by these 
enzymes were stimulated by sodium cholate. However, at this acid pH 
the soluble cholate is converted to cholic acid, which is insoluble at 
the concentrations required for optimal activity, and precipitates out in 
the reaction tube. Addition of Triton X-100 to the cholate solutions 
resulted in the formation of a mixed dispersion of Triton and cholic 
acid, which remained soluble (or pseudosoluble, i.e., as mixed micelles 
that did not precipitate at pH 5). Deoxycholate could not be employed 
in these experiments since it did not form stable, soluble, mixed micelles 
with the Triton at the acid pH value. In contrast, sodium taurocholate 
could be used without Triton since it remained soluble even at pH 4 
or less. 

Wide variations are reported for the degree of stimulation by 
detergents, even of enzymes that catalyze the same reaction. This is 
exemplified by the effect on sphingomyelinase: Heller and Shapiro (53) 
reported a stimulation of over 50-fold by detergents, Barenholz et al. 
(55) about 10-fold stimulation, and Kanfer et al. (54) only 10% increase 
in the reaction rates. 

Two attempts to eliminate the necessity for a detergent are worth 
noting. Radin and his co-workers (146, 147) adsorbed the substrate 
onto celite or used a mixture of the substrate and lecithin for a similar 
celite coating. Gatt and Baker (176) utilized this procedure for hydroly
sis of a plant glycolipid by spinach /?-galactosidase. Dawson and Sweeley 
(177) adsorbed the substrate onto a lecithin-coated filter paper. It is 
probable that, in addition to spreading out the substrate, the celite and 
filter paper replaced the anionic detergent by conveying a negative 
charge to the substrate. 

As discussed above, the effects of detergents on enzymes are frequently 
inconsistent, depending on factors such as the source of the enzyme, the 
type of substrate, and even the experimental conditions employed by 
the investigators. The following summary of the effect of detergents 
on specific enzymes should therefore be considered only a rough approxi-
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mation (for exact literature citation the reader is referred to the sections 
on the individual enzymes). 

Phospholipase A. In general, this enzyme from mammalian tissues 
is stimulated by anionic detergents; in most cases deoxycholate was 
employed, although taurocholate, dodecylsulfate, or cetylphosphoric acid 
were also used. The pancreatic enzyme required deoxycholate plus calcium 
ions (4, 24, 25). The detergent requirement sometimes depended on the 
substrate employed; thus, in the study by Gallai-Hatchard and 
Thompson (30), lecithin and PE required no detergent, while DOC was 
required for hydrolysis of phosphatidylserine. In an earlier study by 
Van Deenen et al. on the pancreatic enzyme (29), DOC was required 
for synthetic PC but not for PE. Triton X-100 was required for the 
hydrolysis of lecithin by the brain phospholipase Ax, while a mixture 
of this detergent and taurocholate was needed for phosphatidylethanol-
amine (10). 

Lysophospholipase. No detergent was required; in those cases where 
deoxycholate was tried it decreased the reaction rates. 

Phospholipase C. The reports are somewhat conflicting—the enzyme 
from some sources needed Cetavlon and others needed deoxycholate. 

Phospholipase D. Anionic detergents stimulated the enzyme; according 
to one report sodium dodecylsulfate inhibited it (84). Heller and Arad 
(77) reported a stimulation, while Dawson and co-workers (80, 83) 
found an inhibition by Cetavlon. 

Phosphatidate Phosphohydrolase. Ionic detergents inhibited the 
enzyme. 

Phosphoinositide Hydrolases. Thompson and Dawson (63,"66) showed 
that cationic detergents stimulated while anionic detergents inhibited 
these enzymes. Hawthorne et al. (60, 68) reported an inhibition by 
Cetavlon. 

Sphingolipid Hydrolases. As a general rule, anionic detergents such 
as cholate or taurocholate were required for activity. Sometimes a non-
ionic detergent such as Triton X-100 could be used alone, but frequently 
it had to be mixed with an anionic detergent. The cationic detergent 
Cetavlon inhibited all reactions in which it was tried except in one 
study by Heller et al. (82). 

Phosphoglyceride and Sphingolipid Synthetases. The reactions are too 
numerous and the effects too varied to attempt any general summary. 
These enzymes are all transferases utilizing two substrates. In many 
cases the compound transferred is water soluble and the acceptor is 
a lipid (e.g., with the sphingolipid synthetases, where UDP-hexoses, 
CMP-NANA, or CDP-choline are substrates for the transfer reaction, 
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or with the kinases, where ATP is the soluble substrate for transfer); 
in these cases a detergent or mixture of detergents is used to solubilize 
the lipid acceptor. In those reactions where acyl coenzyme A is used 
as substrate for the transfer of a fatty acyl residue, this substrate has 
in itself detergent properties and in excess inhibits the enzyme; addition 
of a detergent therefore further inhibits the reaction. 

B. Effects of Metal Ions 

Most authors directed their attention to the effects of divalent ions 
on the reaction rates. They found that the effect of calcium ions plays 
a central role in the action of the hydrolases of the glycerophosphatides. 
Studies on the effects of divalent ions such as calcium, magnesium, and 
manganese ions were conducted on practically all classes of enzymes 
that act on complex lipids. Several general conclusions may be summar
ized as follows: 

1. A stimulation by calcium ions frequently indicates a specific effect 
of this ion; however, it also might be part of a general activation by 
divalent ions. 

2. Stimulation of a hydrolase by magnesium ions usually suggests 
a general nonspecific activation by divalent ions and is taken as an 
indication that calcium is not specific for the respective reaction. Among 
the synthetases, specific requirement for magnesium ions is common. 

3. Manganese ions are frequently used as a substitute for magnesium 
or calcium ions. Only infrequently is there a reaction that has a specific 
requirement for manganese ion (especially with the hydrolases). In many 
cases this ion, especially in high concentrations, inhibits enzymic 
reactions. 

4. In some cases an ion may have two effects, one specific and one 
nonspecific. This is exemplified in the article by Dawson and Hemington 
on phospholipase D (80). Calcium ions had a "masking effect" due to 
their positive charge; this was a nonspecific effect, since magnesium ions 
mimicked it. However, even in the presence of magnesium, calcium was 
still required, thus suggesting a second, specific effect of this ion. 

5. Many studies reported the combined effect of two metal ions. In 
most cases, addition of a second ion to mixtures that already had optimal 
concentrations of one ion caused an inhibition. 

6. Monovalent ions play a small role in lipid enzymology; high con
centrations of these ions are sometimes stimulatory and in other cases 
inhibitory. 
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7. Ions of heavy metals are mostly inhibitory. 
8. In some studies, EDTA was used as an indicator for the requirement 

of a metal ion. Inhibition by EDTA is accepted as proof for the involve
ment of a metal ion, even though addition of this ion might not be 
required for the reaction. Conversely, noninhibition by EDTA is accepted 
as evidence for nonrequirement of a metal ion. Requirement for a metal 
ion might thus be established by the addition of EDTA to the reaction 
mixtures or, even better, by dialyzing the enzyme against EDTA. This 
chelator is then removed from the dialysis bag by a second dialysis 
against buffer and the reaction is tested for activation of the enzymic 
activity by metal ions. Crude enzymes frequently contain enough ions 
so that their addition to the reaction mixture causes no effect; the above 
dialysis against EDTA removes these ions and establishes if they are 
required. 

9. Fluoride ion might be used as an indicator for the requirement 
of magnesium ions; it inhibits systems that require magnesium and 
stimulates those that are inhibited by this ion. 

Several generalizations may be made concerning the effects of metal 
ions on specific enzymes. Again, because of the variation in the enzyme 
sources, the methods of preparation, the type of substrates used, and 
experimental procedures, these should be used only as a general guide. 

Phospholipase A. All phospholipases of snake venoms (all of the A2 
type) required calcium ions. Among the mammalian enzymes, the mito
chondrial phospholipase A2 had an alkaline pH optimum and required 
calcium; the lysosomal enzymes, with either A i or A2 activities, had 
acid or near-neutral pH optima and did not require this ion. The micro
somal enzyme, which is of the Ax type, had an alkaline pH optimum 
and did not require calcium (13), although in the study by Bj0rnstad 
(26) calcium or magnesium ions were required for the activity of phos
pholipase A of liver microsomes. 

Lysolecithinase. A requirement for metal ions has not been established. 
Phospholipase C. The bacterial enzymes required calcium or 

magnesium ions. 
Phospholipase D. Calcium ions were obligatory for the enzyme 

preparations from plants. 
Phosphatidic Acid Phosphatase. Because of conflicting reports the ion 

requirement is not entirely clear. 
Sphingomyelinase. This enzyme had no requirement for metal ions. 
Glycosphingolipid Hydrolases. These enzymes had no requirements 

for metal ions. 
Synthetases. Several enzymes that participate in the synthesis of the 
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glycerophosphatides required a divalent ion. These included enzymes 
synthesizing phosphatidic acid (113), phosphoinositides (134, 136, 137, 
178, 179), phosphatidylserine (138, 139), CDP-diglyceride (127-129), 
phosphatidyl glycerophosphate (113), and the enzymes of the dihydroxy
acetone phosphate pathway (140, 14®, H3). As a general rule, most 
of these enzymes required magnesium or manganese rather than calcium; 
several were even inhibited by calcium ions. 

C. Effects of Substrate or Lipid Product 

Scores of articles dealing with enzymes acting on the phospholipids 
or sphingolipids discuss the effects of either the substrate or the product 
on the reaction rates. Inhibition by excess substrate is a common phe
nomenon, but only in exceptional cases has a detailed analysis of these 
effects been attempted. 

The most striking phenomenon of substrate inhibition in complex lipid 
enzymology is the universality of inhibitions by fatty acyl coenzyme A. 
The enzyme systems inhibited by excess of this compound are diverse 
and include the following: acylation of glycerophosphorylcholine or of 
lysolecithin (109, 114, 116-118, 121, 123, 124), synthesis of dihydroxy
acetone phosphate (140) or of alkyl ethers via this pathway (143), 
synthesis of dihydrosphingosine (145, 180), and even an unrelated system 
such as phosphatidic acid phosphatase (73a). In most cases the enzyme 
was microsomal or particulate and inhibition was observed above a cer
tain concentration of acyl-CoA. This concentration varied widely; in 
several studies it was as high as 500 pM, in others it was about 50 
ixM, and in those of Cleland and co-workers it was as low as 10-15 
fxM. Barden and Cleland (119) suggested that the acyl glycerol 3-phos-
phate transferase utilized only monomers of acyl-CoA and not its 
micelles. They determined the critical micellar concentration (CMC, i.e., 
that concentration where micelles form from the monomers) to be about 
4-8 fiM. 

Since the concentration of the monomers remains constant above 
the CMC (the excess being transformed into micelles), the theoretical 
V/S curve of an enzyme acting on monomers but not on micelles should 
be as follows. Reaction rates should increase up to the substrate concen
tration equal to the CMC; above this concentration the V/S curve should 
"break" and become parallel to the abcissa; i.e., reaction rates should 
not change. Such a theoretical curve has not been obtained in practice 
with the acyltransferases. The V/S curves were biphasic, having ascend-
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ing and descending portions; the descending part of the curve suggested 
an inhibition caused by the substrate micelles. The "break" in the V/S 
curve (i.e., the maximal or "inversion" point of the biphasic curve) 
did not occur at the CMC, but at higher concentrations. This is most 
likely due to nonspecific adsorption of the substrate onto the particulate 
enzyme preparations. Because of this adsorption, the "real" concentration 
of the substrate remaining in solution is lower than the total present 
in the medium. This results in an erroneous designation of the "real" 
substrate concentrations on the abcissa of the V/S curves and conse
quently in a wrong evaluation of the value of the critical micellar concen
tration of the substrate due to the monomer-micelle transition in the 
reaction mixture. This nonspecific adsorption onto the enzymic protein 
might also explain the wide variation in the acyl-CoA concentrations 
at which inhibition ensued (as mentioned above this varied from 10 
to 500 fxM). This variability probably depends on the ratio of substrate 
to enzymic protein and on factors that affect the adsorptive power of 
the particulate preparation such as the "age" of the enzyme, the number 
of times it was frozen and rethawed, etc. Zahler and Cleland (118) 
also showed that the time of incubation influenced the substrate concen
tration at which inhibition ensued. 

Zahler and Cleland (118) discuss the reason for the inhibition by the 
acyl-CoA micelles. On the basis of their own work and that of other 
investigators (i.e., Brandes et al., 110), they conclude that this is due to 
an irreversible denaturation of the enzymic protein because of the de
tergent properties of these micelles. 

Substrate inhibition was also observed in diverse systems such as 
sphingolipid hydrolases, phospholipases A and D, phosphatidate hy
drolase, and a variety of synthetases. However, no detailed analysis 
was presented for possible explanation of these inhibitory effects. 

Several investigators reported substrate inhibition of lysophospho-
lipase. As with the acyl-CoA, bell-shaped V/S curves were obtained 
and wide variations were reported for the substrate concentration of 
the onset of inhibition (i.e., the "inversion point"). Leibovitz-Ben 
Gershon et al. (44) suggested that the enzyme from brain acted on 
lysolecithin monomers but not on micelles and that lysolecithin micelles 
inhibited the particulate enzymes but not the soluble enzyme. With a 
particulate or microsomal preparation, asymmetric bell-shaped curves 
were obtained. The inversion points depended on the quantity of the 
enzymic protein and were found to be related to the "true" CMC of 
the substrate molecules in solution (i.e., the total concentration minus 
that adsorbed onto nonspecific sites of the particulate enzyme). With 
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the partially purified, soluble lysolecithinase, V/S curves were obtained 
having a "theoretical" shape, as discussed above. Reaction rates in
creased and then became practically constant; i.e., beyond a certain 
concentration, the V/S curve became nearly parallel to the abscissa. This 
is in accord with the micellar theory in which the concentration of 
monomers is constant above the critical micellar concentration. 

Barenholz and Gatt {148, 149) and Barenholz et al. (181) studied the 
transfer of the acetyl group of acetyl coenzyme A to sphingosine bases 
and long-chain amines by two acetyltransferases from the yeast Hansenula 
ciferri, one microsomal and one soluble. With the microsomal enzyme 
the V/S curves were sigmoidal when acetyl-CoA was fixed and the con
centration of the base was varied; i.e., the reaction was slow at low 
substrate concentrations and then the rate increased steeply. The authors 
explained this by assuming that the enzyme acted on micelles but not 
on monomers of the base. 

When the soluble acetyltransferase was used (181, 182) the V/S shapes 
were hyperbolic with normal amines of 6-10 carbon atoms. With amines of 
12-16 carbon atoms the ascending, hyperbolic portion was followed by a 
descending part. The authors suggested that, in contrast to the micro
somes, the soluble enzyme utilizes monomers but not micelles of the 
amine. The position of the inversion point could be correlated with the 
CMC of the amines. Since the inversion points were independent of en
zyme concentration, this indicated the absence of nonspecific adsorption 
of substrate onto the enzyme. The descending (i.e., inhibited) portion 
of the V/S curves was attributed by the authors to removal of the 
enzyme from the reaction mixture by its adsorption onto the lipid 
micelles. 

Inhibition by a product of the reaction has been demonstrated in 
several studies, but in most cases this has not been established as a 
specific inhibition by the lipid product but rather as a nonspecific inhibi
tion due to the lipid nature of the molecule. For example, the product 
might be incorporated into the micelles of the substrate or of the sub
strate-detergent mixture and change their size, shape, or charge, thus 
affecting the reaction rate. In this connection it is of interest to mention 
the report by Kanfer et al. (54) that lecithin was a competitive inhibitor 
of liver sphingomyelinase. This was unexpected in view of their finding 
that lecithin was not a substrate for the enzyme. In contrast, lecithin 
inhibited the enzyme from brain (55) but the kinetics were unordered; 
the 1/V versus 1/S curves in the presence of lecithin were not straight lines. 

The effect of fatty acid products on phospholipase A is also worth 
mentioning. Addition of fatty acids either eliminated a lag (6) or stimu-
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lated the mitochondrial enzyme {22). In contrast, the lysosomal enzyme 
was inhibited by fatty acids {10, 21)) Gatt showed that the inhibition 
by palmitate was competitive. 

D. Effects of Albumin 

The binding capacity of lipids to albumin is well known and is best 
exemplified by the albumin-fatty acid complexes that transport free 
fatty acids through the blood stream. Albumin was frequently employed 
in enzyme systems that acted on complex lipids. A literature survey 
revealed five approaches to the effect of albumin on either the enzyme 
or on the reaction itself. 

1. Albumin was added to stabilize the enzyme {46,82,146,183). 
2. The enzyme was dispersed in albumin {47, 70, 116); in these cases 

the reason was not clearly specified, but it is reasonable to assume that 
the purpose was again enzyme stabilization, possibly by decreasing sur
face denaturation of the enzymic protein. 

3. Albumin was added to the reaction mixture {33, 35, 125); in these 
cases the authors did not clarify whether this protein improved enzyme 
stability or whether it affected the enzyme-substrate interaction. 

4. Albumin stimulated the reaction {4, 110, 114, H6, HO); again 
it is not clear whether albumin affected the enzyme, the substrate, or 
their interaction. 

5. Albumin decreased reaction rates; in most publications analysis of the 
inhibitory effects was not supplied. In some, they were attributed to 
removal of the substrate from the reaction medium by its adsorption 
onto the albumin. 

Several authors attempted to analyze and provide an explanation for 
the effect of albumin on the enzymic reaction. In the article by Daae 
and Bremer (111) the curve describing the rate of acylation of glycero
phosphate as a function of enzyme concentration was not straight but 
parabolic; albumin converted it to a straight line. Similar effects were 
obtained by Mitchell et al. {71) with phosphatidate phosphohydrolase 
and by Leibovitz-Ben Gershon et al. {44) with the particulate ly-
solecithinase. The reversal of substrate inhibition by albumin is discussed 
in detail in publications from the laboratories of Cleland and of Gatt. 
Daae and Bremer mentioned briefly that albumin delayed the inhibitory 
effect of palmitylcarnitine, but Cleland and his co-workers supplied a 
more detailed analysis. Both Abou-Issa and Cleland {117) and Barden 
and Cleland {119) reported inhibition by albumin of the rate of acylation 
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of glycerophosphate by palmitoyl coenzyme A. They attributed this 
effect to removal of monomeric palmityl coenzyme A from the reaction 
mixture through its binding to albumin. However, Abou-Issa and Cleland 
also found that albumin changed the bell-shaped V/S curve to a hyper
bola; the reason for this was not discussed. Gatt and his co-workers ana
lyzed the effect of albumin on four enzymes: particulate and soluble 
lysolecithinases (44) and particulate and soluble base acetyl-CoA 
acetyltransferases (14$, 149). With the particulate or microsomal lyso-
lecithinase of rat brain, the V/E curves were parabolic (at substrate con
centrations above about 0.05-0.1 mM) and the V/S curves were bell 
shaped. Albumin increased the reaction rates; it converted the V/E 
curves to straight lines and the V/S curves to rectangular hyperbolas. 
The authors suggested that the particulate lysolecithinase utilized sub
strate monomers but not micelles and that the micelles inhibited the 
particulate enzyme. Albumin relieved this inhibition by binding the 
micelles: the equilibrum between the albumin-bound and free substrate 
is such that the concentration of the latter is always below the CMC. 
Similar effects of albumin were not observed with the soluble lysoleci
thinase, which according to the authors is not affected by the substrate 
micelles. At low albumin concentrations, this protein did not affect the 
reaction rates; at higher concentrations, rates were lowered, probably 
because of the removal of the substrate from the reaction site through 
its binding to the albumin. 

Barenholz and Gatt (149) showed that albumin converted the sig
moidal V/S curves obtained with the microsomal base acetyltransferase 
to rectangular hyperbolas. The authors suggested that the enzyme did 
not utilize substrate monomers but could act on these when bound to 
albumin. With the soluble enzyme, where monomers are utilized but 
not micelles, albumin increased the reaction rates at all substrate concen
trations but did not eliminate the descending portion of the curve. 
Furthermore, the inversion points were the same without or with al
bumin. As mentioned above (see Section VII,C), the authors assumed 
that the descending portion of the V/S curve obtained with this enzyme 
was due to its adsorption onto the micelles of the long-chain amines. 
Albumin, by binding the substrate, lowered the concentrations of these 
micelles and thereby released enzyme making it available for interaction 
with substrate monomers. 

ACKNOWLEDGMENTS 

The preparation of this study was supported through the Special Foreign 
Currency Program of the National Library of Medicine, National Institutes of 



8. ENZYMES OF COMPLEX LIPID METABOLISM 383 

Health, Public Health Service, U.S. Department of Health, Education and Welfare, 
Bethesda, Maryland, under an agreement with the Israel Journal of Medical Sci
ences, Jerusalem, Israel. The assistance of Mrs. I. Borkovski- Kobiler in the collection 
of the subject matter is gratefully acknowledged. 

REFERENCES 

1. J. B. Davenport, in "Metabolic Inhibitors" (R . M. Hochster and J. H. Quastel, 
eds.), Vol . 1, p. 174. Academic Press, New York, 1963. 

2. M . A. Wells and D . J. Hanahan, Biochemistry 8, 414 (1969). 
3. A. Rimon and B. Shapiro, Biochem. J. 71, 620 (1959). 
4. W . L. Magee, J. Gallai-Hatchard, H. Sanders, and R. H. S. Thompson, Biochem. 

J. 83, 17 (1962). 
5. G. H. De Haas, A. J. Slotboom, P. P. M . Bonsen, L. L. M . Van Deenen, 

S. Maroux, A. Puigserver, and P. Desnuelle, Biochim. Biophys. Acta 221, 
31 (1970). 

6. B. Epstein and B. Shapiro, Nature (London) 180, 387 (1957). 
7. A. Ottolenghi, J. Lipid Res. 5, 532 (1964). 
8. H. Blaschko, A. D . Smith, H. Winkler, H. Van den Bosch, and L. L. M . 

Van Deenen, Biochem. J. 103, 30c (1967). 
9. J. Lloveras, L. Douste-Blazy, and P. Valdiguie, C. R. Acad. Sci. 256, 1851 

(1963). 
10. S. Gatt, Biochim. Biophys. Acta 159, 304 (1968). 
11. M . F. Cooper and G. R. Webster, J. Neurochem. 17, 1543 (1970). 
12. L. L. M . Van Deenen and G. H. De Haas, Annu. Rev. Biochem. 35, 157 

(1966). 
13. G. L. Scherphof, M . Waite, and L. L. M . Van Deenen, Biochim. Biophys. 

Acta 125, 406 (1966). 
14. C. R. Rossi, L. Sartorelli, L. Tato, L. Baretta, and N . Siliprandi, Biochim. 

Biophys. Acta 98, 207 (1965). 
15. P. M. Vingais and J. Nachbaur, Biochem. .Biophys. Res. Commun. 33, 307 

(1968). 
16. M . Waite and L. L. M . Van Deenen, Biochim. Biophys. Acta 137, 498 (1967). 
17. J. Nachbaur and P. M . Vignais, Biochem. Biophys. Res. Commun. 33, 315 

(1968). 
18. W . StofTel and U. Trabert, Hoppe-Seyler's Z. Physiol. Chem. 350, 836 (1969). 
19. Y . E. Rahman, J. Verhagen, and D . F. M . Van Den Wiel, Biochem. Biophys. 

Res. Commun. 38, 670 (1970). 
20. A. D . Smith and H. Winkler, Biochem. J. 108, 867 (1968). 
21. A. Mellors and A. L. Tappel, J. Lipid Res. 8, 479 (1967). 
22. M. Waite, G. L. Scherphof, F. M. G. Boshouwers, and L. L. M . Van Deenen, 

J. Lipid Res. 10, 411 (1969). 
23. J. D . Newkirk and M . Waite, Biochim. Biophys. Acta 225, 224 (1971). 
24. C. Figarella, F. Clemente, and O. Guy, Biochim. Biophys. Acta 227, 213 (1971). 
25. G. H. De Haas, N . M . Postema, W. Nieuwenhuisen, and L. L. M . Van Deenen, 

Biochim. Biophys. Acta 159, 103 (1968). 
26. P. Bj0rnstad, Biochim. Biophys. Acta 116, 500 (1966). 
27. M . Waite, L. L. M . Van Deenen, T. J. C. Ruigrok, and P. F. Elbers, / . 

Lipid Res. 10, 599 (1969). 



384 SHIMON GATT 

28. G. L. Scherphof and L. L. M . Van Deenen, Biochim. Biophys. Acta 9 8 , 204 
(1965). 

29. L. L. M . Van Deenen, G. H. De Haas, and C. H. T. Heemskerk, Biochim. 
Biophys. Acta 6 7 , 295 (1963). 

30. J. J. Gallai-Hatchard and R. H. S. Thompson, Biochim. Biophys. Acta 9 8 , 
128 (1965). 

31. A. Ottolenghi, Lipids 2 , 303 (1967). 
32. B. M . Braganca, Y . M . Sambray, and R. Y . Sambray, Eur. J. Biochem. 1 3 , 

410 (1970). 
33. A. J. Slotboom, G. H. De Haas, P. P. M . Bonsen, G. J. Burbach-Westerhauis, 

and L. L. M. Van Deenen, Chem. Phys. Lipids 4 , 15 (1970). 
34. M . Semeriva, G. Benzonana, and P. Desnuelle, Bull. Soc. Chim. Biol. 4 9 , 

71 (1967). 
34a. A. J. Slotboom, Thesis, University of Utrecht (1968). 
35. W . C. Vogel and E. L. Bierman, J. Lipid Res. 8 , 46 (1967). 
36. H . M . Doery and J. E. Pearson, Biochem. J. 9 2 , 599 (1967). 
37. Z. Leibovitz and S. Gatt, Biochim. Biophys. Acta 1 6 4 , 439 (1968). 
38. S. Eizenberg, Y . Stein, and O. Stein, Biochim. Biophys. Acta 1 6 4 , 205 (1968). 
39. R . H. Rao and D . Subrahmanyan, J. Lipid Res. 1 0 , 636 (1969). 
40. L. M . G. Van Golde, R. N. McElhaney, and L. L. M . Van Deenen, Biochim. 

Biophys. Acta 231, 245 (1971). 
41. B. Shapiro, Biochem. J. 5 3 , 663 (1953). 
42. R. M . C. Dawson, Biochem. J. 6 4 , 192 (1956). 
43. H. Van Den Bosch, A. J. Aarsman, A. J. Slotboom, and L. L. M . Van Deenen, 

Biochim. Biophys. Acta 164, 215 (1968). 
44. Z . Leibovitz-Ben Gershon, I. Borkovski-Kubiler, and S. Gatt, J. Biol. Chem. 

247, 6840 (1972). 
45. P. Elsbach, J. Lipid Res. 8 , 359 (1967). 
46. A. Ohsaka and T . Sugahara, J. Biochem. (Tokyo) 6 4 , 335 (1968). 
47. B. A. Diner, Biochim. Biophys. Acta 198, 514 (1970). 
48. A. D . Bangham and R. M . C. Dawson, Biochim. Biophys. Acta 5 9 , 103 (1962). 
49. A. C. Ottolenghi, Biochim. Biophys. Acta 106, 510 (1965). 
50. K . Saito and K. Mukoyama, Biochim. Biophys. Acta 164, 596 (1968). 
51. S. Kurioka, J. Biochem. (Tokyo) 63, 678 (1968). 
52. A. F. Rosenthal and M . Pousada, Biochim. Biophys. Acta 1 6 4 , 226 (1968). 
53. M . Heller and B. Shapiro, Biochem. J. 9 8 , 763 (1966). 
54. J. N . Kanfer, O. M . Young, D . Shapiro, and R . O. Brady, J. Biol. Chem. 

241, 1081 (1966). 
55. Y . Barenholz, A. Roitman, and S. Gatt, J. Biol. Chem. 241, 3731 (1966). 
56. P. B. Schneider and E. P. Kennedy, J. Lipid Res. 8 , 202 (1967). 
57. I. Pastan, V. Macchia, and R . Katzen, J. Biol. Chem. 243, 3750 (1968). 
58. A. Soucek, C. Michalec, and A. Souckova, Biochim. Biophys. Acta 2 2 7 , 116 

(1971). 
59. R . M. C. Dawson, Biochim. Biophys. Acta 33, 68 (1959). 
60. R. S. Atherton and J. N . Hawthorne, Eur. J. Biochem. 4 , 68 (1968). 
61. R . S. Atherton, P. Kemp, and J. N. Hawthorne, Biochim. Biophys. Acta 

125, 409 (1966). 
62. R . O. Friedel, J. D . Brown, and J. Durell, Biochim. Biophys. Acta 1 4 4 , 684 

(1967). 



8. ENZYMES OF COMPLEX LIPID METABOLISM 385 

63. W. Thompson, Can. J. Biochem. 4 5 , 853 (1967). 
64. P. Kemp, G. Hubscher, and J. N. Hawthorne, Biochem. J. 7 9 , 193 (1961). 
65. W . Thompson and R. M. C. Dawson, Biochem. J. 9 1 , 233 (1964). 
66. W . Thompson and R. M . C. Dawson, Biochem. J. 9 1 , 237 (1964). 
67. R . M. C. Dawson and W . Thompson, Biochem. J. 9 1 , 244 (1964). 
68. J. G. Salway, M . Kai, and J. N . Hawthorne, J. Neurol. 1 4 , 1013 (1967). 
69. B. Sedgwick and G. Hubscher, Biochim. Biophys. Acta 1 4 4 , 397 (1967). 
70. B. W . Agranoff, J. Lipid Res. 3, 190 (1962). 
7 1 . M . P. Mitchell, D . N . Brindley, and G. Hubscher, Eur. J. Biochem. 1 8 , 214 

(1970). 
72. Y . Y . Chang and E. P. Kennedy, J. Lipid Res. 8 , 456 (1967). 
73. B. Sedgwick and G. Hubscher, Biochim. Biophys. Acta 1 0 6 , 63 (1965). 
73a. R. Brandes and B. Shapiro, Biochim. Biophys. Acta 1 3 7 , 202 (1967). 
74. H. L. Tookey and A. K. Balls, / . Biol. Chem. 2 1 8 , 213 (1956). 
75. C. Long, R. Odavic, and E. J. Sargent, Biochem. J. 1 0 2 , 216 (1967). 
76. F. Haverkate, U. M . T. Houtsmuller, and L. L. M . Van Deenen, Biochim. 

Biophys. Acta 6 3 , 547 (1962). 
77. M . Heller and R. Arad, Biochim. Biophys. Acta 2 1 0 , 276 (1970). 
78. S. F. Yang, S. Freer, and A. A. Benson, / . Biol. Chem. 2 4 2 , 477 (1967). 
79. R . M . C. Dawson, Biochem. J. 1 0 2 , 205, (1967). 
80. R. M . C. Dawson and N . Hemington, Biochem. J. 1 0 2 , 76 (1967). 
81. E. Einset and W. L. Clark, J. Biol. Chem. 2 3 1 , 703 (1958). 
82. M . Heller, E. Aladjem, and B. Shapiro, Bull. Soc. Chim. Biol. 5 0 , 1395 (1968). 
83. R. H. Quarles and R. M. C. Dawson, Biochim. J. 1 1 2 , 795 (1969). 
84. A. F. Rosenthal and R. P. Geyer, Arch. Biochem. Biophys. 9 6 , 240 (1962). 
85. H. R. Warner and W. E. M . Lands, / . Biol. Chem. 2 3 6 , 2404 (1961). 
86. J. S. Ellington and W . E. Lands, Lipids 3, 111 (1968). 
87. G. B. Ansell and S. Spanner, Biochem. J. 9 4 , 252 (1965). 
88. E. Yavin and S. Gatt, Eur. J. Biochem. 2 5 , 431 (1972). 
89. E. Yavin and S. Gatt, Eur. J. Biochem. 2 5 , 437 (1972). 
90. S. Gatt, J. Biol. Chem. 2 3 8 , 3131 (1963). 
91. S. Gatt, Biol. Chem. 2 4 1 , 3724 (1966). 
92. E. Yavin and S. Gatt, Biochemistry 8 , 1692 (1969). 
93. R . O. Brady, A. E. Gal, J. N. Kanfer, and R . M . Bradley, J. Biol. Chem. 

2 4 0 , 3766 (1965). 
94. S. Gatt, Biochem. J. 1 0 1 , 687 (1966). 
95. S. Gatt and M . M. Rapport, Biochem. J. 1 0 1 , 680 (1966). 
96. D . M. Bowen and N. S. Radin, Biochim. Biophys. Acta 1 5 2 , 587 (1968). 
97. D . M . Bowen and N. S. Radin, Biochim. Biophys. Acta 1 5 2 , 599 (1968). 
98. R. O. Brady, A. E. Gal, R. M . Bradley, and E. Martensson, J. Biol. Chem. 

2 4 2 , 1021 (1967). 
99. Y . Z . Frohwein and S. Gatt, Biochemistry 6 , 2775 (1967). 

100. Y . Z . Frohwein and S. Gatt, Biochemistry 6 , 2783 (1967). 
101. R . O. Brady, Annu. Rev. Med. 2 1 , 317 (1970). 
102. Z . Leibovitz and S. Gatt, Biochim. Biophys. Acta 1 5 2 , 136 (1968). 
103. K. Sandhoff and H. Jatzkewitz, Biochim. Biophys. Acta 1 4 1 , 442 (1967). 
104. R . Ohman, A. Rosenberg, and L. Svennerholm, Biochemistry 9 , 3774 (1970). 
105. G. Tettamanti and V. Zambotti, Enzymologia 3 5 , 61 (1968). 
106. A. Preti, A. Lombardo, and G. Tettamanti, Ital. J. Biochem. 1 9 , 371 (1970). 



386 SHIMON GATT 

107. A. Lombardo, A. Preti, and G. Tettamanti, Ital. J. Biochem. 19, 386 (1970). 
108. E. H. Kolodny, J. Kanfer, J. M . Quirk, and R . 0 . Brady, / . Biol. Chem/ 

246, 1426 (1970). 
109. N . J. Kuhn and F. Lynen, Biochem. J. 94, 240 (1965). 
110. R . Brandes, J. Olley, and B. Shapiro, Biochem. J. 86, 244 (1962). 
111. L. N . W. Daae and J. Bremer, Biochim. Biophys. Acta 210, 92 (1970). 
112. R. A. Pieringer and L. E. Hokin, J. Biol. Chem. 237, 659 (1962). 
113. Y. Chang and E. P. Kennedy, / . Lipid Res. 8, 447 (1967). 
114. G. P. Ailhaud and P. R. Vagelos, / . Biol. Chem. 241, 3866 (1966). 
115. R. A. Pieringer and L. E. Hokin, J. Biol. Chem. 237, 653 (1962). 
116. W . E. M . Lands and P. Hart, J. Biol. Chem. 240, 1905 (1965). 
117. H. M . Abou-Issa and W. W. Cleland, Biochim. Biophys. Acta 176, 692 (1969). 
118. W. L. Zahler and W . W . Cleland, Biochim. Biophys. Acta 176, 699 (1969). 
119. R . E. Barden and W. W. Cleland, J. Biol. Chem. 244, 3677 (1969). 
120. W. E. M . Lands, / . Biol. Chem. 235, 2233 (1960). 
121. G. R . Webster and R. J. Alpern, Biochem. J. 90, 35 (1964). 
122. H. Van den Bosch, L. M . G. Van Golde, A. J. Slotboom, and L. L. M . 

Van Deenen, Biochim. Biophys. Acta 152, 694 (1968). 
123. H. Van den Bosch, L. M. G. Van Golde, H. Eibl, and L. L. M . Van Deenen, 

Biochim. Biophys. Acta 144, 613 (1967). 
124. J. M. Johnston, F. Paultauf, C. M . Schiller, and L. D . Schultz, Biochim. 

Biophys. Ada 218, 124 (1970). 
125. M . Waite, P. Sisson, and E. Blackwell, Biochemistry 9, 746 (1970). 
126. S. S. Kumar, R. H. Millay, and L. L. Bieber, Biochemistry 9, 754 (1970). 
127. J. R. Carter and E. P. Kennedy, / . Lipid Res. 7, 678 (1966). 
128. G. L. Petzold and B. W . Agranoff, J. Biol. Chem. 242, 1187 (1967). 
129. H. T. Hutchison and J. E. Cronan, Biochim. Biophys. Acta 164, 606 (1968). 
130. S. B. Weiss, S. W. Smith, and E. P. Kennedy, / . Biol. Chem. 231, 53 (1958). 
131. R . E. McCaman and K. Cook, Biol. Chem. 241, 3390 (1966). 
132. J. B. Mudd, L. M . G. Van Golde, and L. L. M . Van Deenen, Biochim. 

Biophys. Acta 176, 547 (1969). 
133. D . L. Young and F. Lynen, J. Biol. Chem. 244, 377 (1969). 
134. M. Colodzin and E. P. Kennedy, J. Biol. Chem. 240, 3771 (1965). 
135. M . Kai, G. L. White, and J. N . Hawthorne, Biochem. J. 101, 328 (1966). 
136. M . Kai, J. G. Salway, and J. N. Hawthorne, Biochem. J. 106, 791 (1968). 
137. M . Kai, J. G. Salway, R. H. Michell, and J. N. Hawthorne, Biochem. Biophys. 

Res. Commun. 22, 370 (1966). 
138. G. Hubscher, Biochim. Biophys. Acta 57, 555 (1962). 
139. E. A. Dennis and E. P. Kennedy, J. Lipid Res. 11, 394 (1970). 
140. A. K. Hajra, / . Biol. Chem. 243, 3458 (1968). 
141. A. K. Hajra and B. W. Agranoff, J. Biol. Chem. 243, 3542 (1968). 
142. A. K. Hajra, Biochem. Biophys. Res. Commun. 37, 486 (1969). 
143. A. K. Hajra, Biochem. Biophys. Res. Commun. 39, 1037 (1970). 
144. M . Sribney, Biochim. Biophys. Acta 125, 542 (1966). 
145. P. E. Braun, P. Morell, and N. S. Radin, J. Biol. Chem. 245, 335 (1970). 
146. P. Morell and N . S. Radin, J. Biol. Chem. 245, 342 (1970). 
147. P. Morell, E. Constantino-Ceccarini, and N. S. Radin, Arch. Biochem. Biophys. 

141, 738 (1970). 
148. Y. Barenholz and S. Gatt, / . Biol. Chem. 247, 6827 (1972). 



8. ENZYMES OF COMPLEX LIPID METABOLISM 387 

149. Y. Barenholz, I. Edelman, and S. Gatt, / . Biol. Chem. 2 4 7 , 6834 (1972). 
150. M. Sribney and E. P. Kennedy, J. Biol. Chem. 233, 1315 (1958). 
151. M . Sribney, Arch. Biochem. Biophys. 1 2 6 , 954 (1968). 
152. Y . Fujino and T. Negishi, Biochim. Biophys. Acta 1 5 2 , 428 (1968). 
153. Y . Fujino, M . Nakano, T . Negishi, and S. Ito, / . Biol Chem. 2 4 3 , 4650 (1968). 
154. R. O. Brady, R. M . Bradley, 0 . M . Young, and H. Kaller, J. Biol. Chem. 

240, 3693 (1965). 
155. W. W. Cleland and E. P. Kennedy, / . Biol. Chem. 2 3 5 , 45 (1960). 
156. Y. Fujino and M. Nakano, Biochem. J. 1 1 3 , 573 (1969). 
157. P. Morell and N. S. Radin, Biochemistry 8 , 506 (1969). 
158. S. Basu, A. Schultz, and M . Basu, Fed. Proc, Fed. Amer. Soc. Exp. Biol. 

2 8 , 540 (1969). 
159. S. Basu, B. Kaufman, and S. Roseman, J. Biol. Chem. 2 4 3 , 5802 (1968). 
160. B. Kaufman, S. Basu, and S. Roseman, J. Biol. Chem. 2 4 3 , 5804 (1968). 
161. H. Den, B. Kaufman, and S. Roseman, J. Biol. Chem. 2 4 5 , 6607 (1970). 
162. S. Handa and R. M . Burton, Lipids 4 , 589 (1969). 
163. G. Hauser, Biochem. Biophys. Res. Commun. 2 8 , 502 (1967). 
164. J. Hildebrand and G. Hauser, / . Biol. Chem. 2 4 4 , 5170 (1969). 
165. M . C. M . Yip and J. A. Dain, Lipids 4 , 270 (1969). 
166. M. C. M. Yip and J. A. Dain, Biochem. J. 1 1 8 , 247 (1970). 
167. J. L. Dicesare and J. A. Dain, Biochim. Biophys. Acta 2 3 1 , 385 (1971). 
168. W. Stoffel, D . Le Kim, and G. Sticht, Hoppe-Seyler's Z. Physiol. Chem. 3 4 9 , 

664 (1968). 
169. R. O. Brady, S. J. Di Mari, and E. E. Snell, J. Biol. Chem. 2 4 4 , 491 (1969). 
170. W. Stoffel, D . Le Kim, and G- Sticht, Hoppe-Seyler's Z. Physiol. Chem. 3 4 9 , 

1637 (1968). 
171. W . Stoffel, G. Assman, and E. Binczek, Hoppe-Seyler's Z. Physiol. Chem. 

3 5 1 , 635 (1970). 
172. C. B. Hirschberg, A. Kisic, and G. J. Schroepfer, J. Biol. Chem. 2 4 5 , 3084 

(1970). 
173. R. W . Keenan and B Haegelin, Biochem. Biophys. Res. Commun. 3 7 , 888 

(1969). 
174. W. Stoffel, D . Le Kim, and G. Sticht, Hoppe-Seyler's Z. Physiol. Chem. 3 5 0 , 

1233 (1969). 
175. W. Stoffel and G. Assman, Hoppe-Seyler's Z. Physiol. Chem. 3 5 1 , 1041 (1970). 
176. S. Gatt and E. A. Baker, Biochim. Biophys. Acta 2 0 6 , 125 (1970). 
177. G. Dawson and C. C. Sweeley, J. Lipid Res. 1 0 , 402 (1969). 
178. R . H. Mitchell and J. N . Hawthorne, Biochem. Biophys. Res. Commun. 2 1 , 

333 (1965). 
179. H. Paulus and E. P. Kennedy, J. Biol. Chem. 2 3 5 , 1303 (1960). 
180. S. J. Di Mari, R. N . Brady,and E. E. Snell, Arch. Biochem. Biophys. 1 4 3 , 

553 (1971). 
181. Y. Barenholz, I. Edelman, and S. Gatt, Isr. J. Chem. 9 , 24BC (1971). 
182. S. Gatt, Y. Barenholz, I. Borkovski-Kubiler, and Z. Leibovitz-BenGershon, in 

"Sphingolipids, Sphingolipidoses and Allied Disorders" (B. W. Volk and 
S. M . Aronson, eds.), p. 237. Plenum, New York, 1972. 

183. J. T. Cassidy, G. W . Jourdian, and S. Roseman, J. Biol. Chem. 2 4 0 , 3501 
(1965). 




