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Summary: The precursor-product relationship of
palmitaldehyde, hexadecanol and 1-O-hexadecyl-
glycerol in plasmalogen biosynthesis in rat brain
has been studied. The substrates to be compared
were labelled with different isotopes [1-3H]palmital-
dehyde and [1-'4C]hexadecanol, [1-*H]hexadecanol
and 1-0-[1-14C]hexadecylglycerol. The efficiency of
their precursor function was deduced from the 3H/
HC-ratio in palmitaldehyde released chemically
from plasmalogens.

The 1-O-alkyl ether of glycerol or a derivative
thereof proved to be the direct precursor. Dehydro-
genation of the alkyl group leads to the vinyl ether
group of plasmalogens.

The stereochemistry of the introduction of the double
bond of the vinyl ether group has been studied with
[1-3H:1-14C](1R)- and [1-3H;1-14C)(1S5)- and
[2-°H :1-'4C](2R)-hexadecanol.  [I1-3H;1-14C)(1S)-

Zusammenfassung: Untersuchungen iiber die Bio-
synthese von Plasmalogenen. Vorstufen in der
Biosynthese von Plasmalogenen: Uber die Stereo-
spezifizitdt der biochemischen Dehydrogenierung
des 1-O-Alkylglycerin- zum 1-O-Alk-1"-enylgly-

hexadecanol loses the tritium marker completely
during the vinyl ether bond formation whereas the
3H/MC-ratio of palmitaldehyde isolated from the
plasmalogens was identical with that of the sub-
strate, when [1-3H ;1-14C](1 R)-hexadecanol was ad-
ministered. [2-3H ; 1-14C](2R)-Hexadecanol yielded
plasmalogens, the palmitaldehyde of which possess-
ed the original isotope ratio. This implicates that the
(28)-hydrogen has been eliminated. The introduc-
tion of isotopic hydrogen at C-1 and C-2 leads to
two centers of chirality with two erythro- and two
threo-forms. Only one of the four isomers erythro-
(18, 25)-hexadecanol, loses two tritium atoms dur-
ing the formation of the double bond. This hydro-
gen elimination must occur in a cis-elimination
since the double bond of the vinyl ether group has
cis-configuration.

cerindther. Die ,,Vorstufe-Produkt*-Bezichung
von Palmitinaldehyd, Hexadecanol und 1-O-
Hexadecylglycerin in der Plasmalogen-Biosynthese
wurde in Versuchen in vivo untersucht. Hierzu
wurden die zu vergleichenden Substrate mit ver-
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Enzymes:

Alcohol dehydrogenase, alcohol:NAD oxidoreductase (EC 1.1.1.1)
Lactate dehydrogenase, L-lactate:NAD oxidoreductase (EC 1.1.1.27)
Sphinganine-1-phosphate aldolase, sphinganine-1-phosphate alkanal-lyase (EC 4.1.2.?; not yet listed).
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schiedenen Isotopen markiert, [1-3H]Palmitinal-
dehyd und [1-14C]Hexadecanol, [1-*H]Hexadecanol
und 1-O-[1-14C]Hexadecylglycerin. Aus dem Iso-
topenverhdltnis des aus den Plasmalogenen isolier-
ten Palmitinaldehyds kann folgende Vorstufe-Pro-
dukt-Sequenz aufgestellt werden: Palmitinaldehyd
— Hexadecanol — 1-O-Alkylither des Glycerins
oder eines seiner Derivate, Letzterer Alkyldther er-
wies sich als unmittelbare Vorstufe fiir den 1-O-
Alk-1"-enylither der Plasmalogene. Durch Dehy-
drogenierung entsteht die Vinylithergruppe und
damit das Plasmalogenmolekiil. Die Stereochemie
der Einfithrung dieser Doppelbindung konnte mit
Hilfe von [1-3H](1R)-, [1-*H](15)- sowie [2-3H](2R)-
Hexadecanol aufgeklirt werden. [1-3H; 1-14C](15)-

Studies in this laboratory concerning the degrada-
tion of long chain sphingosine bases in the rat®—%
and in tissue culture? revealed the following path-
way: the primary alcoholic group of the 2-amino-
1,3-dihydroxy-alkane or -alkene is first phosphoryl-
ated and then cleavage occurs between carbon
atoms 2 and 3 in a pyridoxal phosphate dependent
lyase reaction (sphinganine-1-phosphate alkanal-
lyase). Phosphorylethanolamine and palmitalde-
hyde or 2¢-hexadecenal are released, when sphinga-
nine 1-phosphate or sphingenine 1-phosphate are
the substrates, The aldehyde corresponds to carbon
atoms 3 to 18. The Czp-homologous bases yield
stearaldehyde and 2r-octadecenal respectively. The
enzyme activity resides in the endoplasmic reticu-
lum and partially in the mitochondria. In studies in
vitro [3-3H; 3-14CJsphinganine 1-phosphate yielded
a doubly labelled palmitaldehyde with an unchang-
ed isotope ratio.

When the long chain base degradation was studied
in the brain of young rats during the myelination
period (10-20 postnatal days), we obseryed the very
efficient incorporation of the two fragments into
the phospholipids. Palmitaldehyde is either oxidiz~
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Hexadecanol verliert nach dem Einbau in das Plas-
malogen das gesamte Tritium, wihrend der aus dem
Plasmalogen isolierte Palmitinaldehyd das ur-
spriingliche Isotopenverhiiltnis aufweist, wenn das
[2-3H;1-14C](2R)-Hexadecanol angeboten wird,
d. h. der (25)-Wasserstoff wird eliminiert. Durch
die Einfiihrung des Isotopenwasserstoffs an C-1 und
C-2 entstehen zwei chirale Zentren und damit je
zwei erythro- und zwei threo-Formen. Nur das (15,
2S)-Hexadecanol verliert beide erythro-stindigen
Tritiumatome bei der Bildung der Vinylithergrup-
pe. Aufgrund der cis-Konfiguration der Doppel-
bindung der Vinylathergruppe muB die Bildung der
Doppelbindung in einer cis-Eliminierung erfolgen.

ed to palmitate or incorporated into the vinyl ether
group of plasmalogens.

In a previous study® we described an alcohol dehy-
drogenase with a specificity for long chain aldehy-
des. It is present in the 100000 g supernatant and
is NAD® dependent. This alcohol dehydrogenase
reduces palmitaldehyde effectively to hexadecanol
(cetyl alcohol). v

The 3H/MC ratio of palmitaldehyde bound in the
plasmalogens precluded its oxidation to palmitate,
which would have led to the complete loss of the
3H-isotope but is consistent with the suggestion,
that it is indeed first reduced to cetyl alcohol, then
incorporated as an alkyl glyceryl moiety, which on
dehydrogenation yields the alkenyl glyceryl ether.
These steps would agree with the results of studies
carried out by SNYDER ef al.® 11, Woon et a/.12.13
and BLANK ef all%,
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Other frequently discussed mechanisms!3-19, which
suggest the direct utilization of palmitaldehyde or
the reduction of the ester group in 1-position of
phospholipids could be excluded. The intracerebral
administration of synthetic 2-[YCllinoyl-1-[FH]-
stearoyl-sn-glycerol-3-phosphorylethanolamine led
to the recovery of unchanged diesterphospholipid.
In continuation of studies on the biosynthesis of
plasmalogens we report in this paper

1) Experiments in vivo on the precursor function of
long chain aldehydes (palmitaldehyde), alcohols
(cetyl alcohol) and 1-alkyl glyceryl ethers (chimyl
alcohol = 1-hexadecylglycerol).

2) Studies on the stereospecificity of the reduction of
palmitaldehyde to cetyl alcohol,

3) The stereospecificity of the dehydrogenation
reaction leading from an 1-alkyl glyceryl ether to the
corresponding alk-1'-cis-enyl glyceryl ether group
in plasmalogens. [1-*H](15)- and [1-3H](1R)- and
[2-3H1(2R)-hexadecanol were used in these investi-
gations.!

Results

The following general experimental conditions were
employed in these studies: I umol of the labelled
precursors were dissolved in 2—5 mg Triton WR
1339 in 10—20 w/ of saline solution and injected
with an HamiLton-syringe through the sagittal
suture into the frontal lobes of the rat brain. The
brains of the animals were pooled and their total
lipids were extracted. Free palmitaldehyde, hexa-
decanol and other neutral lipids were separated by
exhaustive rubber dialysis?. Column chromato-
graphy on silicic acid separated triglycerides and
ceramides, cerebrosides, phosphatidylethanol-
amijne, phosphatidylcholine and sphingomyelin.
Palmitaldehyde and other aldehydes were isolated
from plasmalogens after acid methanolysis as di-
methyl acetals. They were purified and identified by

15 ), ELLINGBOE and M. L. Karwovsky, J. biol.
Chemistry 242, 5693 [1967].

16 §. J. FRIEDBERG and R. C. GREENE, J. biol. Chemistry
242 5709 [1967].

17 Q. E. Ber, Jr. and H. B. WhitE, Jr., Biochim.
biophysica Acta [Amsterdam] 164, 441 [1968].

18 M. G. Carr, H. HAErLE and J. J. EiLer, Biochim.
biophysica Acta [Amsterdam] 70, 205 [1963].

19 R. BickersTAFFE and J. F. Meap, Biochemistry
[Washington] 6, 655 [1967].

*'D, EserHaGeN and H. Berzing, J. Lipid Res. 3,
382 [1962].
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thin-layer chromatography (solvent: dichloro-
ethane) and by radio-gas chromatography.

la. Comparisen of the precursor function of [1-2H;
1-Y9C] palmitaldehyde and [1-3H; 1-'ACleetyl alcohol
(hexadecanol)

[1-3H; 1-19C]Palmitaldehyde (32.2 x 106 dpm 3H,
1.6 < 108 dpm 1C) was administered to rat brains.
Only a low amount of radioactivity was re-
covered in palmitaldehyde of the brain plasma-
logens, 2.5% and 4.5% after 24 and 72 h respec-
tively. The 3H/1C-ratio proved to be identical with
that of the injected palmitaldehyde (Table 1),

In the same manner the incorporation of [1-2H;
1-14CJcetyl alcohol (9.68 x 107 dpm 3H, 3.72 » 106
dpm 4C) into the plasmalogens was studied in rat
brain and also in adult rat liver (40 umol, 5.88 » 108
dpm 3H, 1.46 x 107 dpm '4C). Brain lipids were iso-
lated after the time intervals indicated in Table 2,
liver lipids 6 h after intraperitoneal injection.
Table 2 summarizes the distribution of the radio-
activity. Three bands of the neutral lipid fraction of
liver and brain proved to be radioactive and had Ry-
values identical with authentic hexadecanol, trigly-
cerides and long chain waxes respectively. Saponi-
fication of the latter fraction yielded most of the
radioactivity as an unsaponificable radioactive
compound, which was shown by radio-gas chroma-
tography to be hexadecanol. Its isotope ratio was
identical with that of the substrate hexadecanol.
Acid methanolysis released the total radioactivity
from the triglycerides as methyl palmitate and to a
small extent as stearic and oleic acid. The 3H/14C-
ratio of the esters had dropped from 26:1 in the
substrate to 1—2:1 due to the oxidation at carbon
atom 1, which carries the 3H-label. The small resid-
ual 3H-activity reflects isotope incorporation into
the alkane chain which occurs during the tritiation
with LinpLAR-catalyst (see “*Experimental).

The phospholipid fractions were also hydrolyzed
with methanolic HCI and dimethyl acetals and fatty
acid methyl esters were separated by preparative
thin-layer chromatography. Only 1.2% of the total
M C.radioactivity of the liver phospholipids was
present as plasmalogen bound palmitaldehyde, 90 %,
of which was bound in the phosphatidy! ethanol-
amine fraction. On the other hand, when [1-3H;
1-14C] hexadecanol was administered intracerebral-
Iy to rat during the myelination period, 34.6 % and
35,59, of the total *C-radioactivity was recovered
after 24 and 72 h respectively as palmitaldehyde
dimethyl acetal from the plasmalogen containing
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phospholipid fractions. The isotope ratio of theal- marizes the analytical data. These results indicate,
dehyde was reduced to one half (26:1 in hexadeca- that hexadecanol is a very effective precursor for
nol to 13,0—15,7:1 in the aldehyde). Table 3 sum- the biosynthesis of alk-1'-enyl ether as measured

Table 1. Distribution of radioactivity in fatty acids and plasmalogen bound palmitaldehyde after intracerebral
injection of [1-8H; 1-1CJpalmitaldehyde (3.22 % 107 dpm ?H, 1.6 x 105 dpm C. 4 pmol) into young rats.

Radioactivity [dpm]

Fractions HC after 24 h 3g/uuC 13C after 72 h 3H/MC
Neutral lipids

Palmitaldehyde 46 100 20 10 000 20
Palmitic acid 1 900 2.0 30 000 1.2
Phospholipids .

Palmitaldehyde 2 200 20 3300 20
Palmitic acid 32 800 1.2 28 700 1.4

Table 2. Distribution of ®H and 4C-radioactivity in lipid fractions after intraperitoneal (5.88x10% dpm 3H:
1.46x 107 dpm 14C) and intracerebral (9.68 x 107 dpm #H; 3.72 % 10% dpm 14C) administration of [1-*H; 1-1C]-
hexadecanol to rats.

10-3 % Radioactivity [dpm]

Lipid fractions Intraperitoneal Intracerebral
after 6 h after 24 h after 72 h

'1H ]-lC IIH J.-1C 3H 14C
Neutral lipids 5650 676 620 429 410 22
Ceramides, cerebrosides 136 12 782 29.2 124 11.7
Phosphatidylethanolamine 1820 252 632 35 1690 127
Phosphatidylcholine 2090 499 397 35 620 433
Sphingomyelin 75 15 14 2.6 6 —
Total 9800 1450 2450 145 2850 204

Table 3. Analysis of the distribution of the radioactivity in hexadecanol, palmitic acid and palmitaldehyde from
plasmalogens after injection of [1-3H; 1-'4C]hexadecanol (*H/C ratio 26:1) into rats,

Radioactivity [dpm]

Intraperitoneal Intracerebral
Lipid fractions after 6 h after 24 h after 72h
l-‘lc 3H[14C IJC EH/HC léC EH;I‘IC

Neutral lipids

Free hexadecanol 63 000 26 10 600 26 8900 24.7
Fatty acids 494 000 20 2 900 20 5100 20
Long chain esters and others 123 000 28 8 444 26 8 000 27.6
Phospholipids

Aldehyde 9 400 15.9 42 500 15.8 64 600 13.0

Fatty acids 756 000 12 76 900 23 114 000 1.37



Bd. 352 (1971)

Studies on the biosynthesis of plasmalogens

505

Table 4. Distribution of radioactivity in brain neutral lipids, phospholipids and their bound palmitaldehyde and
palmitic acid after intracerebral injection of [1-H]hexadecanol (3 umal, 6.83 > 107 dpm) and [1-14C]palmitalde-

hyde (5 pmol, 3.9 % 10% dpm); *H/MC ratio 17.5:1.

1079 Radioactivity recovered [dpm]

after 24 h after 72 h
Fractions 3H uc H Sle
Neutral lipids 2111 1.06 0.665 0.107
Phospholipids 16.6 1.10 4.835 0.301
Plasmalogen-bound palmitaldehyde 6.70 0.068 3.6 0.036
Phospholipid-bound palmitic acid 1.46 0.880 0.54 0.234

Table 5. Distribution of radioactivity in neutral- and phospholipid fractions of brain after intracerebral injection
of [1-#H]hexadecanol (4.8 pmol, 5.8 107 dpm) and [1-11C]1-O-hexadecylglycerol (4.4 umol, 1.1 = 108 dpm) into

young rats. *H/14C ratio 52:1.

10-5 < Radioactivity recovered [dpm]

after 6 h 24 h 72 h
Fractions H ue SH e 3H @
Neutral lipids 212 4.20 34 0.70 17.7 0.40
Phospholipids 18 1.30 39 1.60 58.9 2.50
Plasmalogen-bound palmitaldehyde 4.81 2.83 16 0.96 23.1 1.37
Phospholipid-bound palmitic acid 0.37 0.18 9.55 4.56 1.88 0,89

here during the period of myelination known to be
accompanied by a rapid plasmalogen synthesis. The
data obtained from the experiments with the single
precursors were fully confirmed, when [1-3H]hexa-
decanol and [1-4Clpalmitaldehyde were injected
simultaneously and their precursor functions com-
pared directly. Table 4 shows clearly, that only
0.1% of the MC-radioactivity administered as
[1-MC]palmitaldehyde was utilized for the plasma-
logen synthesis, whereas 1—2°/ of the hexadecanol
radioactivity was incorporated and identified as
plasmalogen bound palmitaldehyde. The isotope
ratio 3H/MC of the hexadecanol/palmitaldehyde
mixture which was administered was 17.5:1; how-
ever, in the plasmalogen bound palmitaldehyde the
ratio increased to 100:1,

Furthermore, since 50% of the 3H-radioactivity of
the [1-*H]hexadecanol is lost during the formation
of the alk-1"-enyl ether bond, it is obvious that
hexadecanol is a more immediate precursor in the
biosynthesis of plasmalogens than palmitalde-
hyde.

1b. Comparison of the precursor function of hexa-
decanol and 1-O-hexadecylglycerel in plasmalogen
biosynthesis

In the preceding section the effective precursor
function of hexadecanol for the plasmalogen syn-
thesis was demonstrated. SNYDER et al.9 had estab-
lished that long chain alcohols are precursors in the
biosynthesis of alkyl glyceryl ethers.

Since we recovered the radioactivity of cetyl alcohol
(hexadecanol) in the vinyl ether group of the plas-
malogens we next tested whether 1-O-hexadecyl-
glycerol or one of its derivatives might function as
a direct precursor for the alk-1'-enyl ether group
arising from the alkyl ether derivative by a dehy-
drogenation. [1-*H]Hexadecanol and [1-14C] 1-0-
hexadecylglycerol (chimyl alcohol) were again in-
jected intracerebrally simultaneously and the brain
lipids isolated 6, 24 and 72 h after the injection. The
lipid extracts were separated, identified and analyz-
ed according to the general procedure outlined
unter “Experimental”. The following results were
obtained (Table 5).
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Six hours after the injection 2.8 % of the injected 14C-
radioactivity resided in the vinyl ether group of the
plasmalogens, which corresponds to 5.15%; of the
total radioactivity of the brain lipids. After 24 h
8.79, and after 72 h 12.5%, of the injected 4C-
radioactivity were released as palmitaldehyde di-
methyl acetal from the plasmalogens of the phos-
pholipid fractions of brain. These figures corre-
spond to 41.7 and 47.5% of the total radioactivity
incorporated into the lipids of brain, Chimyl alco-
hol is definitively a much more effective precursor
in plasmalogen biosynthesis than hexadecanol.

We proved that the 3H-radioactivity of the plasma-
logen bound palmitaldehyde resides at carbon atom
1 by chromic oxide oxidation to the corresponding
palmitic acid. This was purified as methyl ester by
preparative thin-layer chromatography and had a
3H/14C-ratio of 1 —2: 1, the same as that determined
in the fatty acid fraction isolated from the trigly-
cerides and phospholipids after administration of
either [1-3H ; 1-4C]palmitaldehyde or [1-3H; 1-14C]-
hexadecanol.

2, Stereospecificity of the reduction of palmitaldehyde
to hexadecanol

Liver alcohol dehydrogenase transfers deuterium to
the carbonyl group of aldehydes with the formation
of the [1-2H](1 R)-alcohol?l. We checked this reduc-
tion of long chain aldehydes. Using palmitaldehyde,
[1-2H]ethanol and alcohol dehydrogenase we pre-
pared [1-2H](1R)-hexadecanol which was optically
active (see “Experimental™) and showed a signal at
3.58 ppm in its NMR-spectrum, which accounted
for the single proton at carbon atom 1. Its 2H-con-
tent was 97.5%; as indicated by its mass-spectrum.
[1-8H](15)-Hexadecanol was synthesized by the
same method starting with [1-2H]paimitaldehyde
and using unlabelled ethanol. The (1R)-isomeric
[1-3H]hexadecanol was obtained from the (1.5)-form
by inversion of the corresponding (15)-tosyl ester
of [1-3H]hexadecanol according to SCHROEPFER
and Brocu2®, Reoxidation of [1-3H;1-M4C](15)-
hexadecanol with alcohol dehydrogenase occurred
with full retention of the 3H-radioactivity in the
palmitaldehyde, whereas the (1 R)-isomer lost 88 %
of its radioactivity.

21 H. R. Levy, F. A. Loewus and B. VENNESLAND,
J. Amer. chem. Soc. 79, 2949 [1957].

22 . J. SCHROEPFER, Jr. and K. BLocH, J. biol. Chemis-
try 240, 54 [1965].
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Intracerebral injections of [1-*H;1-1C](15)-hexa-
decanol and the analysis of the brain lipid extract
were carried out as described above. About 909 of
the 14C-radioactivity recovered from the neutral
lipid fraction after saponification resided in the non
metabolized substrate hexadecanol. 4% of the total
radioactivity after 24 h and 7Y% of the total radio-
activity after 72 h were found in the hexadecylgly-
cerol moiety, which was identified by gas chromato-
graphy and combined mass-spectrometry as its tri-
methyl silyl ether. The “C-radioactivity of the
phospholipid fractions was distributed in the fol-
lowing way after 72h: 60—62%; in the fatty acid
fraction (palmitic, stearic and oleic acids), 35—36 %,
in palmitaldehyde dimethyl acetal, about 29 in
1-hexadecylglycerol, and less than 19 in hexa-
decanol. These fractions were again identified by
combined gas-liquid chromatography/mass-spec-
troscopy. Palmitaldehyde, stearylaldehyde and
oleal were the principal long chain aldehydes releas-
ed from the plasmalogens on acid methanolysis as
their dimethyl acetals; among them only palmital-
dehyde was radioactive. Radioisotopic dilution
technique indicated, that fairly constantly approxi-
mately 5 pmol palmitaldehyde per rat brain are
bound in the plasmalogens. These results are sum-
marized in Table 6. The data agree well with the
results of the experiments described in the preceding
sections: the 3H/14C-ratio in 1-0-hexadecylglycerol
was consistently found to be identical with that of
the injected hexadecanol (20:1 s, 20.7:1). In pal-
mitaldehyde isolated from the plasmalogens the
3H/14C-ratio decreased to the same level as that of
the fatty acid palmitic acid (1.2:1). These observa-
tions lead us to conclude that a) hexadecanol is used
in synthesis of the corresponding 1-O-hexadecyl-
glycerol ether group without any change of its oxi-
dation state, b) 1-O-hexadecylglycerol is converted
directly into the corresponding 1-O-hexadec-1'-
enylglycerol ether by dehydrogenation, which ¢) is
highly stereospecific since only the 3H of [1-2H](1.5)-
hexadecanol is abstracted from carbon atom 1 of
the alkyl ether during the double bond formation.
In order to confirm these results and to exclude a
significant isotope effect the same experiments were
carried out with the (1R)-isomer of [1-3H;1-1CJ-
hexadecanol (Table 6). Again the same distribution
of the radioactivity was established: 909, of the
14C-radioactivity of the neutral lipid fraction resid-
ed in hexadecanol, 5% in 1-O-hexadecylglycerol.
31—32% of the HC-radioactivity in the phaspho-
lipid fraction was released from plasmalogens as
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palmitaldehyde and 60—63 9 as fatty acids mainly
palmitic acid. The 3H/C-ratio of both 1-O-hexa-
decylglycerol and of palmitaldehyde derived from
plasmalogens remained constant and was identical
with that of the (1R)-hexadecanol used in these
experiments. This then fully supports the conclusion
drawn above.

In order to obtain insight into the stereospecificity
of the hydrogen elimination, which leads from the
alkylglycerol to the 1-O-alk-1'-enylglycerol moiety
(vinyl ether linkage) we also synthesized [2-°H](2R)-
hexadecanol and studied the utilization of this
stereospecifically labelled alcohol in the biosynthe-
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sis of plasmalogens. The experimental conditions
were those of the preceding experiments.

Table 7 summarizes the distribution of the radio-
activity in the neutral lipid and phospholipid frac-
tions isolated from the brains of young rats. The
isotope ratio in hexadecanol, palmitaldehyde ob-
tained from plasmalogens and in palmitic acid was
determined, It is evident from the results of these
experiments, that palmitaldehyde released from the
plasmalogens, has the original 3H/14C-ratio of the
substrate hexadecanol. The (2R)-hydrogen remains
in the molecule but the (25)-hydrogen is eliminated
during the introduction of the double bond.

Table 6. Distribution of radioactivity on brain lipids and their hydrolysis products after intracerebral injection of
[1-8H; 1-1C](15)-hexadecanol (*H/14C ratio 20:1) and [1-*H; 1-1C](1.R)-hexadecanol (3H/14C ratio 100:1) into

young rats.
(15)-Hexadecanol (1R)-Hexadecanol

24h 72h 24h 72h
Fractions 4C [dpm] 3H/4C C [dpm] 3H/4C 14C [dpm] 3H4C 14C [dpm] 3H/4C
Neutral lipids
Hexadecanol 585 000 20 81 000 20 76 500 95 27 000 100
1-0-Hexadecyl-
glycerol 26 000 20 6 300 20 4250 100 1 500 100
Phospholipids
Palmitaldehyde 108 000 1—1.5 125 000 20 22 400 99 2 520 96
Fatty acids 180 000 25 217 000 2.0 42 000 2.5 51 000 2
1-O-Hexadecyl-
glycerol 4 800 19 3 600 20 5 600 95 4 800 97

Table 7. Distribution of radioactivity and *H/14C ratio in hexadecanol, fatty acid methyl esters and palmitaldehyde
bound in plasmalogens after intracerebral injection into young rats of [2-3H; 1-14C](2R)-hexadecanol (1.73 % 108

dpm #H, 1.64 106 dpm 14C (3H/MC = 105).

Radioactivity [dpm]

after 24 h after 72 h
3H 4C SHI”C 34 uc EH,'MC

Neutral lipids

Hexadecanol 6.63 % 107 0.56 x 108 120 4.66 107 3.66:x 108 126

Hexadecylester — — — 6.45 < 108 6.45x 104 100
Phospholipids (total)  1.00x 107 0.89x 10° 113

Palmitaldehyde 1,99 % 108 1.74 % 104 114 4.35 %108 3.81 104 114

Palmitic acid 6.31 %109 6.00x 104 106 1.15 107 1.08 x 10% 106
Total lipids 7.63 107 0.65 x 108 118 7.14 % 107 0.60 x 108 120
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Discussion

1. Precursor-product relationship in plasmalogen bio-
synthesis

Our studies on the metabolic pathways of the de-
gradation products of long chain sphingosine bases,
palmitaldehyde, 2t-hexadecenal and phosphoryl-
ethanotamine, led us to consider the role of these
long chain aldehydes in the biosynthesis of the
vinyl ether moiety of plasmalogens®23. In the pre-
ceding communication® experimental evidence was
presented for the following sequence in plasmalogen
synthesis: palmitaldehyde is first reduced to hexa-
decanol, which is incorporated into an aikyi glyce-
ryl ether derivative, Enzymatic dehydrogenation of
the alkyl group at position 1 and 2 would directly
lead to a plasmalogen.

In this communication we present 1) further evi-
dence supporting the precursor-product refation-
ship palmitaldehyde — hexadecanol — alkyl ether
— 1-O-alkenyl ether (plasmalogen), 2) results on the
stereospecificity of the double bond formation of
the viny! ether group.

The free long chain bases sphinganine, sphingenine,
p-4-hydroxysphinganine have a rapid turnover in
the mammalian cell. Particularly during the mye-
lination period, which is known to be a period of
rapid sphingolipid and plasmalogen biosynthesis,
they effectively donate palmitaldehyde as precursor
for the biosynthesis of plasmalogens. In addition
Clostridiun butyricum possesses an enzyme system,
that reduces palmitoyl-CoA to palmitaldehyde and
hexadecanol?4, We described an alcohol dehydro-
genase of the 100000 x g supernatant of rat liver,
that reduces long chain aldehydes to the alcohols®,
SAND et al.25 described a direct reduction of free
fatty acids to alcohols in fish and KoLLaTukuny28
in cell free extracts of Euglena gracilis. SNYDER and
Marone?? give evidence for the enzymic intercon-
version of fatty alcohols and fatty acids with micro-
somes of preputial gland tumor of mice.

Snyper and coworkers? 11 were able to form the
alkyl ether of glycerol from a long chain alcohol

23 . StoFfFEL, Chem. Physic. Lipids 5, 139 [1970],

24 J. 1, E. DAy, H. GoLpriNe and P, O. HAGEN, Bio-
chim. biophysica Acta [Amsterdam] 218, 179 [1970].
25 D. M. Sanp, J. L. Hene and H. SCHLENK, Biochemis-
try [Washington] 8, 4851 [1969].

26 P, E, KOLLATUKUDY, Biochemistry [Washington] 9,
1095 [1970].

27 F. SnypeR and N. MavLone, Biochem. biophysic.
Res. Commun. 41, 1382 [1970].
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and glyceraldehyde 3-phosphate in the presence of
CoA and ATP with tumor cell fractions. HAIRA'S
experiments® indicate that dihydroxyacetone phos-
phate is the acceptor for the long chain alcohol,
when guinea pig liver and mouse brain microsomes
were used as enzyme source and ATP and CoA
were present. No cofactors were required when
acylated dihydroxyacetone phosphate was used in
the system. The acceptor function of dihydroxy-
acetone phosphate was confirmed by subsequent
experiments by SNYDER ef al.2?. However HiLL and
LanDs* could demonstrate that this pathway is not
valid in the glvceryl ether synthesis of Clostridium
butyricum, because [2-3H]glycerol, which was incor-
porated into plasmalogens, did not loose the label.
Our approach to the precursor-product relationship
in plasmalogen rests on the following argument:
When equimolar amounts of two substances dif-
ferently labelled at carbon atom 1 are used as
substrates, e.g. [I-3H]palmitaldehyde and [1-14C]-
hexadecanol and [1-°Hlhexadecanol and 1-0-
[1-14CJhexadecylglycerol, the 3H/MC-ratio of the
aldehyde recovered from the plasmalogen should
indicate, which of the two substrates is the more
immediate precursor provided that the proton at
carbon atom 1 of the alkenyl ether does not ex-
change with the milieu. Chemical reasoning sug-
gests that the latter possibility is unlikely and it has
been experimentally demonstrated not to occur by
Hacen and GorpriNe?l. The results reported in
this paper definitely exclude the role of palmital-
dehyde as immediate precursor of the vinyl ether
group of plasmalogen. They demonstrate that hexa-
decanol is incorporated more effectively than pal-
mitaldehyde by approximately one order of magni-
tude when supplied simultaneously. On the other
hand, when [1-*H]hexadecanol and 1-0-[1-14C}-
hexadecylglycerol were used simultaneously as sub-
strates, the alkyl glyceryl ether showed a much
higher rate of alkenyl ether synthesis. The simul-
taneous injection of [1-*H]hexadecanol and 1-0-
[1-**Clhexadecylglycerol was followed by an in-
crease of the specific radioactivity of the 1C labelled
palmitaidehyde isolated from the plasmalogens

28 A, K. Hamra, Biochem. biophysic. Res. Commun.
37, 486 [1969].

29 R. L. Wykre and F. SNyYDER, Biochem. biophysic.
Res. Commun, 37, 658 [1969],

40 FE, E, HL and W. E. M. Lanps, Biochim. bio-
physica Acta [Amsterdam] 202, 209 [1970].

31 P20, Hacen and H. GoLDFINE, J. biol. Chemistry
242, 5700 [1967].
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even 72 h after administration (3000 dpm/umol
after 6 h, 10000 dpm/wmol after 24 h and 14000
dpm/umol after 72 h). These results support the
following sequence of precursors in plasmalogen
biosynthesis: long chain aldehyde (palmitaldehyde)
— long chain alcohol (hexadecanol) — 1-O-alkyl-
glycerol derivative — 1-O-hexadec-1'-enylglycerol
(plasmalogen). Qur results agree with the observa-
tions of Woop et al.'3 and SNYDER er al14.

2. Stereospecificity of the hydrogen elimination from
O-alkyl ether to O-alkenyl ether (vinyl ether) group
of plasmalogens

The enzymic mechanism, by which the ether bond
between the long chain alcohol and position 1 of
glycerol or dihydroxyacetone phosphate is formed,
is one problem, which has to be regarded as un-
solved; the formation of the vinyl ether group
(1-0-alken-1"-yl-ether group) with the introduction
of the cis double bond is the other problem. The
evidence from our isotope experiments allows to
exclude a mechanism by which firstly a hemiacetal
between palmitaldehyde and glycerol or another
alcohol (dihydroxyacetone phosphate) is formed,
which is subsequently dehydrated with the forma-
tion of the double bond. Palmitaldehyde is first
reduced to hexadecanol which is used for the
glycerol ether synthesis. The vinyl ether is derived
from the alkyl ether.

In order to get more information about the mecha-
nism of the double bond formation in the transition
from 1-O-alkyl- to 1-O-alk-1'-enyl ether of glycerol
weused stereospecifically labelled [1-*H]-and [2-*H]-
hexadecanol in the studies of plasmalogen bio-
synthesis in young rat brains. We prepared [1-?H;
1-4C)(15)-hexadecanol by enzymatic reduction of
[1-*H]hexadecanal (palmitaldehyde) with alcohol
dehydrogenase. This reaction is known to yield the
alcohol with the (S)-configuration2!. (IR)-hexa-
decanol was obtained by inversion of the (15)-
isomer via LiAlHg-reduction of the tosyl ester of
[1-3H](15)-hexadecanol. [2-*H; 1-1*C](2R)-hexade-
canol was obtained by chemical synthesis®2 (Fig. 1).

When palmitaldehyde was isolated from the brain
plasmalogens by acid hydrolysis after the adminis-
tration of these stereospecifically labelled hexa-
decanols with known isotope ratios the following
results were obtained: [1-9H; 1-1C](15)-hexadeca-
nol had completely lost the 3H-isotope, whereas the

52W. StorreL, J. Esser and E. Binczek, in preparation.
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3H /M C-ratio of the plasmalogen bound palmitalde-
hyde remained constant when [1-3H; 1-MCJ(1R)-
hexadecanol was used as the substrate. We studied
the stereochemistry of the hydrogen elimination at
carbon atom 2 of hexadecanol during the intro-
duction of the double bound forming a vinyl ether
linkage with [2-?H ; 1-14C](2R)-hexadecanol as sub-
strate, In the experiments the palmitaldehyde re-
leased from the plasmalogens had an 3H/4C-ratio
identical with that of the substrate. Therefore the
hydrogen of the (28 configuration has been elimi-
nated.

b |
[ ULyl A7 ChoLfy
H 0 erythro T~£00
T H
18.2R 15,25
T
e
ol A i
HO~2H threo T/'LUH
7
15,27 825

Fig. 1. The four optical isomers of [1-*H] and [2-3H]-
hexadecanol.

As a result of the experiments described the stereo-
chemistry of the hydrogen elimination at carbon
atoms 1 and 2 of hexadecanol during the bio-
synthesis of plasmalogens can be visualized as
shown in Fig.2:

oLty 4 LH

-7 a-f

1 -0-Alkyl ether

R = Blyceral derivative

Fig. 2. Stereospecificity of the alkenyl ether formation.

The exclusive elimination of the two tritium atoms
from hexadecanol with (1S, 25)-configuration not
only emphasizes the high stereospecificity of the
olefin forming reaction but also allows the con-

&

by

1-0-Alk-1"-cis-eny! ether
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clusion that a cis elimination of the hydrogens leads
to the vinyl ether structure, the double bond of
which has cis-configurations3,

We gratefully acknowledge the support of this work
by the DEUTSCHE FORSCHUNGSGEMEINSCHAFT and the
LANDESAMT FUUR FORSCHUNG DES LANDES NORDRHEIN-
WESTFALEN.

Experimental

Chemical syntheses

[1-*H]palmitaldehyde was synthesized by semi-hydro-
genation of 1-heptadecyne with LINDLAR-catalyst in a
tritium atmosphere to [1,2-3Hz]1-heptadecene and sub-
sequent reductive ozonolysis. [1-3H]Hexadecanol was
received by reduction of [I-*H]palmitaldehyde with
LiAlHs. [1-14C]Palmitaldehyde was prepared by a
ROSENMUND reduction of [1-14C]palmitoylchloride and
[1-14C]hexadecanol by LiAlHs-reduction of [1-4C]-
methyl palmitate. [1-3H]- and [1-1*C]hexadecanol were
mixed in the desired ratio to [{-°H;1-19Clhexadecanol,
1-0-Hexadecylglycerol was synthesized according to
OswALD ef al.3 from [1-14C]hexadecyl bromide and iso-
propylidene glycerol.

[1-3H](15)-Hexadecanol was prepared biochemically:
80 mg (0.33 mmol) of [1-*H]palmitaldehyde were dis-
solved in 2 m/ ethanol and 160 mg rat liver 100000 < g
supernatant, 10 mg NAD® and 50 m/ 0.1M phosphate
buffer pH 6.8 added. 61 mg (0.25 mmol) [1-2H](15)-
hexadecanol were isolated after 30 min from the
incubation mixture and purified by preparative thin-
layer chromatography.

A similar incubation of 960 mg (4 mmol) of palmit-
aldehyde in Triton X-100, 1 m/ [2H]ethanol and 100 mg
of horse liver alcohol dehydrogenase (Boehringer
Mannheim GmbH) was carried out. After purification
by silicic acid chromatography and recrystallization
from hexane 260 mg (1.1 mmol) of [1-2H](1R)-hexa-
decanol was obtained. The optical rotation of the
deuterated alcohol was measured in chloroform with
a Perkin-Elmer Polarimeter model 141 M. The follow-
ing [«]2% 104 were measured (¢ = 23.55 in chloro-
form): 546 nm: — 22,19 4+ 29; 436 nm: — 38.29;
408 nm: — 46.49; 405 nm: — 45% and 365 nm: — 57.4".
NMR-spectroscopy was carried out with a Varian
60 MHz-instrument.

[1-3H](15)-Hexadecanol was inversed via the tosylate:
70 mg (0.29 mmol) [I-H](15)-hexadecanol were
tosylated according to established procedures and the

33 H. R. WARNER and W. E. M. LanDs, J. Amer. chem.
Soc. 85, 60 [1963].

3 E, O, OswaLp, C. Piantapost, C. E. ANDERSON and
F. SNYDER, Lipids 1, 241 [1966].
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tosyl ester hydrolyzed by refluxing in 10 m/ 48 NaOH
and 4 m/ dioxane for 12 h. After purification by silicic
acid chromatography 40mg (0.17mmol) of [1-H](1R)-
hexadecanol were obtained. The optical purity was
analyzed by incubation with horse liver alcohol de-
hydrogenase, NAD®, sodium pyruvate and lactate
dehydrogenase in 0.1m Tris buffer, pH 8.6, for 2 h. On
the basis of thisopticalassay the [1-2H](1 R)-hexadecano|
was more than 909 pure. The synthesis of [2-3H](2R)-
hexadecanol and [2-°H](1R)-palmitic acid will be
described in a subsequent paper®. The aldehyde
isolated from the incubation mixture was purified by
thin-layer chromatography and the SH/'“C-ratio deter-
mined.

All substrates were dissolved in 17% Triton WR 1339,
Intracerebral injections of 10—20 p/ portions con-
taining 1—2 pmol of substrate were carried out in 15
to 20 days old Albino rats of the same litter. The
animals showed no adverse symptoms. They were
killed by suffocation in an atmosphere of COs and
their brains and livers immediately removed. The lipids
were extracted according to FoLcH er al.3® and separated
into neutral and phospholipids according to EBEr-
HAGEN and BerziNnG?P. In some cases the lipid extraces
were directly separated on silicic acid as describzd
before?s,

The neutral lipids were either subjected to acid metha-
nolysis (5% HCI in methanol refluxing for 2 h) or
alkaline hydrolysis (0.5N methanolic KOH, 2 h at
room temperature). The phospholipids were hydrolyzed
by refluxing for 2 h with 5% HCI in methanol. The
methyl esters and dimethyl acetals were extracted with
petroleum ether (30—60°C), the combined extracts
were washed with 5% NaHCO3 and dried over NaSO,/
NasCOjz. Dimethyl acetals and methyl esters were
separated and purified by thin-layer chromatography
or silicic acid chromatography (solvent: 1,2-dichloro-
ethane). The acetal band was visualized by spraying
with a saturated solution of 2 4-dinitrophenylhydrazine
in 10% H2S0; in ethanol. The radioactive bands were
localized with the Berthold thin-layer chromatogram
scanner, model LB 2722 or the Packard scanner model
7201. For quantitative measurement thin-layer bands
were scraped into scintillation vials and counted with
the toluol-ethanolamine scintillator of JEFFAY er al37
in a Packard Tricarb liquid-scintillation counter,
model 3380.

Methyl esters, dimethyl acetals, long chain alcohols
and aldehydes were separated, identified and their
radioactivity determined by gas-liquid chromatography,

35 J. FoLcH, M. Lees and G. H. SLOANE STANLEY,
J. biol. Chemistry 226, 497 [1957].

38 W StorreL and G. SwmicHT, this journal 348, 941
[1967].

87 H, Jerray and 1. ALvarez, Analytic. Chem. 33,
612 [1961].
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stationary phase 15% EGS on Kieselgur, column
length 200 cm, temperature 170°C. Glyceryl ethers were
subjected to radio-gas liquid chromatography as tri-
methyl silyl derivatives according to Woob and Snv-
DER38 using 200 cm column packed with 3.5% SE 30 on
Chromosorb 80/100 mesh, temperature 180°C, argon

38 R. Woop and F. SNyDER, Lipids 3, 129 [1968].
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flow rate 60 mi/min. Radioactivity was collected
discontinuously.

The substrates and products were characterized by
mass-spectrometry using a Varian-MAT mass-spectro-
meter model CH 5. An ionisation potential of 70 eV
and a cathode current of 300 A was applied.



