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Summary: The postulated biosynthetic pathways
of ceramide and sphingomyelin were reinvest-
igatéd in extensive investigations by means of
synthetic stereo- and radio-chemically pure sub-
strates of high specific radioactivity. As a result,
the synthesis of ceramides requires the acyl-CoA-
mediated acyltransfer to the long chain bases
sphingenine and sphinganine.

During the biosynthesis of sphingomyelins. phos-
phocholine is being transferred from the donor
CDP-choline to the primary alcohol group of
ceramides. Neither can the free long chain
sphingosine bases act as acceptor molecule for
the phosphocholine group from CDP-choline,

nor has a transfer of [N-'#*CH Jphosphocholine
from [N-'#CH; Jphosphatidyl choline to ceramide
by rat liver enzyme preparations been observed.

In agreement with previous studies in vivo. the
acylation of sphingenylphosphocholine by acyl-
CoA or free fatty acid, ATP and CoASH as an
alternative pathway in sphingomyelin biosyn-
thesis has been excluded.

Other parameters of the CDP-choline:ceramide
cholinephosphotransferase reaction (pH-optimum,
ion requirement. competitive inhibition by diacyl
glycerols. chain length of fatty acids) are reported.

Sphingenine-containing ceramide species are
preferred as acceptor molecules. Ceramide species
with the L-threo (25.35)-enantiomeric long-chain
bases are better acceptors than the corresponding
p-ervthro (25 .3R)-isomeric compounds. The
meaning of the steric arrangement for the reac-
tion is discussed.

In-vitro-Untersuchungen zur Biosynthese des Sphingomyelins. Ein Vergleich der vorgeschlagenen

Synthesewege

Zusammenfassung: Die verschiedenen postulier-
ten Biosynthesewege fir Ceramide und Sphin-
gomyeline wurden in ciner umfassenden Unter-
suchung mit Hilfe von durch chemische Synthese
gewonnenen stereo- und radiochemisch reinen

Enzyvmes:

Substraten von hoher spezifischer Radioaktivitat
gepriift. Danach erfolgt die Synthese des Ceramids
allein durch die Acyl-CoA-Ester-vermittelte V-
Acyl-Ubertragung auf die langkettigen Basen
Sphingenin bzw. Sphinganin. Zur Biosynthese des

Acyl-CoA transferase: acyl-CoA:sphingenine N-acyltransferase (EC 2.3.1). not yet listed:
phing, Y

Cholinephosphotransferase, CDP-choline 1.

diacylglycerol cholinephosphotransferase (EC 2.7.8.2);

Cholinephosphotransferase. CDP-choline:ceramide cholinephosphotransferase (EC 2.7.8). not vet listed;
Phospholipase C. phosphatidylcholine cholinephosphohydrolase (EC 3.1.4.3).
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Sphingomyelins wird das Phosphocholin vom
Donator CDP-Cholin auf die primare Alkohol-
gruppe des Ceramids iibertragen.

Weder konnen freie langkettige Sphingosinbasen
als Akzeptormolekiile fiir die Phosphocholin-
Ubertragung von CDP-Cholin fungieren. noch
wurde mit Hilfe hochmarkierten [V-'4CH; JPhos-
phatidylcholins der Transfer von [N-'#CH; JPhos-
phocholin auf Ceramid durch Rattenleber En-
zympriparationen beobachtet.

Auch die Acylierung von Sphingenylphospho-
cholin durch Acyl-<CoA bzw. Fettsiure. ATP and
Coenzym A wurde als Biosyntheseweg des Sphin-

gomyelins ausgeschlossen. Diese In-vitro-Unter-
suchungen unterstiitzen frithere In-vivo-Befunde.

Parameter der CDP-Cholin:Ceramid-Cholinphos-
photransferase-Reaktion (pH-Optimum. [onenab-
hiingigkeit, kompetitive Hemmbarkeit durch Di-
acylglycerine und Kettenlange der Fettsdure)
werden berichtet.

Die spingeninhaltigen Ceramidspezies sind bevor-
zugte Akzeptormolekiile. Ceramidspezies mit der
L-threo- (25.35)-enantiomeren langkettigen Basen
sind bessere Akzeptorspezies als die entsprechen-
den p-erythro- (25.3R )-isomeren Verbindungen.
Die Bedeutung der sterischen Anordnung fir die
Reaktion wird diskutiert.

Key words: Chemical synthesis of labelled long chain bases

ceramides; precursors in sphingomyelin biosynthesis.

Previous experiments in vivo demonstrated that
the free long-chain bases sphingenine and sphin-
ganine are readily incorporated in all complex
sphingolipid classes predominantly ceramide and
sphingomyelin!! ~$1. Two pathways have been
proposed for the biosynthesis of ceramidel6—10]
and three different pathways for sphingomyelin
synthesis:

Ceramide
a) Sphingenine + fatty acyl-CoA - ceramide
+CoASH!®-71;
b) Sphingenine + fatty acid > ceramidel8-101;
. ‘ " respiratory
¢) Sphingenine + fatty acid —‘———-*
chain

ceramide! "1,

Sphingomyelin

a) Ceramide + CDP-choline — sphingomyelin +
CMP! |2.l.\}:

b) Sphingenine + CDP-choline — sphingenyl-
phosphocholine + CMP:
sphingenylphosphocholine + fatty acyl-CoA+
— sphingomyelin + CoAl14-16];

¢) Ceramide + phosphatidylcholine — sphingo-
myelin + diacylglyceroll 17-191,

The above mentioned experiments in vivo do not
permit any conclusion regarding a preferred bio-

and of ceramides: biosynthesis of erythro- and threo-

synthetic pathway of ceramide and sphingomyelin.
Some of the pathways therefore have been derived
from rather indirect evidence. We decided to study
and reinvestigate the pathways of sphingomyelin
biosynthesis in rat liver cell-free preparations with
substrates of high specific radioactivity and well
defined stereochemical configuration. Experimen-
tal evidence will be presented in this communica-
tion that ceramide synthesis occurs by acylation
of the free base by acyl-CoA esters in agreement
with a previous report!71.

The direct amide formation between the free
long-chain base and the non-activated fatty acid
vielding ceramide has been reported!8— 101,

The results of our reevaluation of this reaction
will be reported in the subsequent paperl2°l.

The third pathway!!!] suggested for the biosyn-
thesis of long chain ceramides was not further
analyzed experimentally, because

a) the radioactive product formed was not further
characterized, it has not even been tested for
its alkali stability. The nature of the product
has been deduced solely from its R - value in
thin-layer chromatography;

b) the yields reported in this reaction are very
low:

¢) the role of reduced pyridine nucleotides is not
defined.
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We were able to demonstrate the transfer of
phosphocholine from CDP-choline to ceramides
with short- and long-chain fatty acids and long-
chain bases with erythro and threo configuration.
The cofactor requirement and kinetics of the
reaction were studied and an interpretation of
the different affinities of the substrates proposed.
When ceramides with the saturated long-chain
base sphinganine were used as substrates the 4-
trans double bond was introduced before the
transfer of phosphocholine from CDP-choline
took place. Neither the transfer of phospho-
choline from CDP-choline to sphingenine or
sphinganine. nor the acylation of sphingenyl-
phosphocholine could be verified. Also lecithin
highly labelled in the choline moiety did not
serve as phosphocholine donor in a precursor-
product relationship.

Materials and Methods

A. Materials

[1-14(‘|Pulmitic acid (spec. act. 1.05 uCi/umol) was
synthesized by the standard carboxylation of pentadecyl
bromide. [1-'4C|Stearoyl-CoA tspec. act. 50 uCi/umol)
was purchased from Amersham Buchler, Braunschweig.

Syntheses

Triacetylsphingenine

D (+)-Erythro-sphingenine was prepured from beef brain
cerebrosides! 211, The long-chain base was purified as its
triacetyl derivative by recrystallisation from hexane.

N-Acetylsphingenine

2.0 g (4.7 mmol) triacetylsphingenine was treated with
50 m/ 0.5M methanolic KOH for 12 h at room tempera-
ture, N-Acetylsphingenine was recrystallized from
hexane/ether 3:1 (v/v). Yield: 1.56 g (4.5 mmol) 967
of th.

N-Acetyl-3-dehydrosphingenine

1.56 g (4.5 mmol) N-acetylsphingenine was oxidized in
100 m/ dioxane with 2.3 g (10 mmol) 2,3-dichloro-5,6-
dicyanobenzoquinonel 221 or chromic anhyzlride[ 23]
with 80 yield to N-acetyl-3-dehydrosphingenine

B. Chemical syntheses

131 128, 3R and 28, 3S-N-acetyisphingenine

614 mg (1.8 mmol) N-acetyl-3-dehydrosphingenine was
dissolved in 30 m/ methanol adjusted to pH 8.0 with
NaOH. Sodium borotritiide (50 mCi. 8.9 mg (0.24 mmol)
was dissolved in 10 m/ methanol. pH 9.0 and added to
the oxo-compound at 10 °C with magnetic stirring. After

4 h 500 mg (13.5 mmol) NaBHj in 20 m/ methanol was
added and the stirring continued over night. The reac-
tion mixture was acidified with ice-cold 2N HCl and ex-
tracted three times with chlorotorm. The combined ex-
tracts were dried over MgSO4 and concentrated to
dryness. Yield: 550 mg (1.63 mmol: 91% of th.). spec.
act. 22 uCi/umol. Yield of radioactivity recovered: 71%
of th. [3-3HV-Acetyl-2S, 3R- and 25.3S-sphingenines
were separated on preparative Kieselgel H thin-layer
plates impregnated with 3% sodium borate (R 0.45
and 0.32 respectively). The ratio of D-erythro (28.3R)
1o L-threo (25.3S) isomer was 7: 3. The corresponding
free bases were obtained by acid hydrnl,\'mlz“ 5

Medium-chain ceramides

10 mg (33 umol) of the radioactive erythro- and threo-
isomeric base were dissolved in 1 m/ dry pyridine.

0.2 mmol of the acid chlorides (butvroyl, capronoyl,
lauroyl chloride) in 2 mi dry benzene were added to
the ice-cold pyridine solution with stirring, which was
continued for 3 h at room temperature. The reaction
mixture was concentrated to dryness in a rotary ¢vapo-
rator, the residue extracted with ether and the cther
extructs washed with 2N HCI, saturated NaHCOj solu-
tion and water. The solvent was evaporated and the
triacyl derivatives hydrolysed by mild alkaline hydroly-
sis (0.5N NaOH in methanol for 12 h at room tempera-
ture). The ceramides were purified by preparative thin-
layer chromatography, solvent system: CHCl3/CH3OH
15: 1. Yields ranged between 60 and 707 of th.

Long-chain ceramides

The N-hvdroxysuccinimide esters of palmitic. stearic,
arachidic, lignoceric, oleic and linoleic acid were pre-
pared according to the standard procedurersl and the
acylation of the radioactive long-chain bases carried out
in about 707 yield! 261 The reaction products were
purified by preparative thin-layer chromatography on
3% borate impregnated Kieselgel H plates. Solvent
system: CHCl3/CH3OH 15:1.

|1 3-SHN-A cetvl-28. 3R- and -28. 3S-sphinganine

I'hese isomeres were prepared by catalytic hydrogena-
tion of the respective sphingenines in ethylacetate and
P1O; as catalyst in almost quantitative yield. The hy-
drogenation was also carried out in u tritium atmosphere,
Spec. act.: 28, 3R isomer 3.2 uCi/umol: 25.3S isomer
4.02 uCi/umol.

(34,5 7 3W-Acetyl-3-deoxysphinganine

134, "HJL’\’-A\'clyl-}dcm_v.\phmg:minv was prepared
from |3-7H ‘rriacel_vl sphingenine according to Carter
etall27.28] spec. act. 24.5 pCi/pmol.

\WV-HHen 31Sphingenyiphosphocholine
v-Hen 9 Isphingomyelin! 22 was treated with acidic
butanol according to Kallerl 301 1o give IN-"‘('HjI-
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sphingenylphosphocholine in a 47% yield after purifica-
tion by preparative thin-layer chromatography. solvent
system: chloroform/methanol/acetic acid 60:30:8:
spec. act, 1.3 uCi/umol.

N-Acetvisphingenylphosphocholine

S0 mg (0.107 mmol) sphingenyiphosphocholine was dis-
solved in 10 m/ dry pyridine and reacted with 2 m/
freshly destilled acetic anhydride. The reaction product
was 1solated and purified as described under medium
chain ceramides. Yield: 36 mg (71 umol. 667 of th.),

C. Other methods

Spectra

IR spectra were recorded with the grating infra-red
spectrophotometer model 257, Perkin Elmer. mass
spectra with the Varian MAT. model CHS mass spectro-
meter. The emission current of the cathode was 300 uA,
the electron energy 70 eV with an accelerating voltage
of 3 kV. The temperature of the ion source was 250 °C.
Optical rotations were measured with the Perkin Elmer
Polarimeter 141 in a temperature-controlled cuvette
with 10 ¢m pathlength.

Determinations

Radio thin-layer chromatograms were registered with a
Packard Scanner. model 7201. Protein concentrations
were determined according to Lowry et al.13U ceramides
and long-chain bases by the fluorometric method of
Naoi et al.[32],

Alkaline hydrolysis

For mild alkaline hydrolysis the sample was dissolved in
100 ul/ chloroform/methanol 1:1, 2 m/ 0.5N methanolic
KOH was added and the reaction mixture left at room
temperature for 12 h. The mixture was neutralized with
I'm/ IN HCl saturated in NaCl. 1 m/ H50 added and the
alkali-stable lipids extracted twice with 3 m/ chloroform/
methanol 2: 1. The organic phase was washed with 1 m/
H0 and the solvent evaporated in a stream of nitrogen.

Acid hyvdrolysis
Acid hydrolysis of sphingolkpids was carried out accord-
ing to Gaver and chrlcylz .

Cell fractionation

Rat liver cell fractionation consisted of homogenisation
in 10 vol. (v/w) ice-cold 0.25M sucrose solution with a
Potter-Elvehjem homogenizer, removal of cell debris and
nuclei by centrifugation at 1000 x g for 10 min. recent-
nifugation of the supernatant at 10000 x g for 10 min in
a Sorvall refrigerated centrifuge (4 °C) in a SS-1 rotor to
sediment the mitochondrial fraction and finally pelleting
the microsomes from the 10000 x g supernatant for 1 h
in 4 Ti 60 rotor of the Beckman ultracentrifuge.

The microsomal pellet was resuspended in 0.25M sucrose
in a small-size Potter homogenizer. Substrate- (ceramide)
coated microsomes were prepared exactly following the
procedure of Ullman and Radin! 191,

Ceramidase assay: 0.25 umol of ceramides with fatty
acyl chains of different chain lengths were solubilized
by sonication of a mixture of 1.5 m/ 0.1M Tris/HC]
buffer pH 7.4, 100 umol Mg2*., 100 umol F~ and 10 mg
lvsolecithin as detergent. 1.5 m/ microsomal suspension
(3 mg protein) in 0.25M sucrose was added. After 2 h of
incubation at 37 °C the lipids were extracted with
chloroform/methanol 2: 1, the solvent was evaporated,
the residue treated under mild alkaline conditions and
the [3-*H]sphingenine formed separated by thin-layer
chromatography (solvent system: chloroform/methanol/
2N NH4OH 65:25:4) determined by measuring the
radioactivity.

Ceramide biosynthesis

The following incubation conditions were chosen: the
substrates (long-chain bases. fatty acids) dissolved in
chloroform were taken to dryness in a stream of nitro-
gen. 1.5 m/ 0.1M Tris/HCI buffer, pH 7.4 and the water-
soluble cofactors, indicated in the legends to figures and
tables. were added and the reaction mixture sonicated
for 0.5 to 2 min: portions of the microsomal suspension
were added and the sonication continued at 15 °C for

1 min.

After 2 h of incubation at 37 °C the reaction was stopped
by adding the extraction mixture chloroform/methanol
2:1. The organic phase was further analysed as described
in the legends of the respective figures and tables.

Sphingomyelin biosynthesis

Conditions of incubations for the studies on the bio-
synthesis of sphingomyelin: lipid substrates and lysoleci-
thin as detergent were freed from organic solvents in a
stream of nitrogen: cofactors were dissolved in 1.5 m/
0.1M Tris/HCl buffer, pH 7.4, and added and sonicated
for 30 s: 1.5 m/ microsomal suspension in 0.25M sucrose
or 1.5 ml 10000 x g supernatant were added and the in-
cubation mixture was sonicated for | min (i.e. two 30-s
intervals) with the microtip of a Branson sonifier at

50 kW with ice-water cooling before incubating with
agitation at 37 °C for 2 h. The concentrations of the
phosphocholine donors CDP-choline or phosphatidyl-
choline are given in the legends of the respective figures.
Total lipids were extracted four times with 2 m/ chloro-
form/methanol 2: 1. the solvent was evaporated in a
stream of nitrogen. the residue was dissolved in 200 w/
chloroform and either directly applied to Kieselgel H-
coated thin-layer plates for separation or first treated
under the conditions of mild alkaline hydrolysis and
then separated by thin-layer chromatography. The






