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ABSTRACT
STUDIES ON THE BIOSYNTHESIS OF SPHINGOLIPID BASES
By

Kanit Krisnangkura

The biosynthesis of sphingolipid bases was studied in rat liver
microsomes and whole cells of yeast, Hansenula ciferri, using stable
isotopes. Condensation of serine and palmitoyl CoA was accomplished
with the initial loss of a hydrogen atom on C-2 of serine through the
formation of serine-PLP Schiff's base. The proposed intermediate,
2-amino-3-ketoacid-PLP Schiff'base, underwent decarboxylation, fol-
lowed by addition of a proton from the medium to yield 3-ketosphin-
ganine after hydrolysis. The overall process occurred with retention
of configuration since 3-ketosphinganine has the same configuration
as the L-serine substrate with the palmitoyl group replacing the car-
boxyl group of serine. A kinetic isotope effect was observed in utili-
zation of [2,3,3-283]ser1ne by microsomal enzyme system from rat liver.

4-Hydroxysphinganine could be derived from 3-ketosphinganine by:
1) reduction of 3-ketosphinganine, followed by hydroxylation; and 2)
hydroxylation of 3-ketosphinganine, followed by reduction. The mecha-
nism of the hydroxylation step is still unknown. Water and molecular
oxygen were ruled out as the direct oxygen donors to the hydroxyl group
on C-4 of 4-hydroxysphinganine (Thorpe and Sweeley, 1967). [1-180]1’-1-

mitate, [3-180]ur1ne, [1-180]sphlnganine, [B-Iao]sphingmine,
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Kanit Krisnangkura

[Z-IBOklucou, glucose and possibly all the glycolytic intermediates
except those present in the yeast extract were all ruled out as the
oxygen donors to the hydroxyl group on C-4 of 4-hydroxysphinganine.
The oxygen donor was heat-stble and did not exchange its oxygen with

water in the medium at autoclave temperature.
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REVIEW OF LITERATURE ON THE SPHINGOLIPID BASES

A. Structure and Stereochemistry.

In studies on the chemical composition of human brain, Thudichum
(1884) isolated an alkaloid-like compound which he called "sphingosin"
(from Greek, sphingein, which means to bind tightly). The empirical
formula (C,7HgsNO») given by Thudichum was incorrect but remarkably
close for that time, especially using the free base for analysis.
Worner and Thierfelder (1900) reported that sphingosine absorbed bro-
mine, indicating that it was an unsaturated compound. Levene and Jacobs
(1919) characterized sphingosine as a monoaminodihydroxy unsaturated
compound by hydrogenation and preparation of triacetyl derivative of
sphingosine and the reduced product. Chromic acid oxidation of sphingo-
sine and dihydrosphingosine yielded myristic acid and palmitic acid,
respectively (Klenk, 1929; Klenk and Diebold, 1931), suggesting that
sphingosine was a Cyg-straight chain compound with a double bond be-
tween C-4 and C-5. Ozonolysis of sphingosine or its triacetyl deriva-
tive yielded a nitrogen fragment containing four carbon atoms (Levene
and West, 191k4; Klenk and Diebold, 1931), providing another piece of
evidence that the double bond was at C-4. Dihydrosphingosine was re-
ported to consume 2 moles of periodate whereas its N-acetyl or N-benzoyl
derivative were not attacked by periodate under a variety of conditions
(Carter et al., 1942 and 1947), suggesting that the two hydroxyl groups

were not adjacent. Accordingly, 1,3-dihydroxy-2-aminooctadec-k-ene
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2

was proposed for the structure of sphingosine.

Naturally occurring sphingosine, cerebrosides and sphingomyelins
absorbed in the infrared region around 975 Cm-1 (or 10.3 mu) which
was characteristic of the trans double bond (Hislow, 1952; Marinetti
and Stotz, 1954). Kiss et al. (1954) correlated the structure of
sphingosine to l_)-erxthro-2-amino-B,M-dihydroxybutyric acid and sug-
gested that naturally occurring sphingosine was D-erythro-1,3-dihydro-

w-?-minooctadec-h-ene, as shown below.

Sphingosine
(1)

During studies on the chemistry of sphingosine, Carter and Norris
(1942) usually detected a small amount of dihydrosphingosine. The
structure and stereochemistry of this compound was subsequently shown
to be D-erythro-1,3-dihydroxy-2-aminooctadecane (Carter and Shapiro,
1953).

Dihydrosphingosine
(2)
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3

Sphingolipid bases which occurred predominantly in the plant
kingdom were found to contain phytosphingosine (Carter et al., 1954),
although this compound, phytosphingosine, was first detected in mush-
room by Zellner (1911). Several structures had been proposed for yeast
cerebrin before the correct structure was proposed by Carter et al.
(1954) and Carter and Hendrickson (1963). Phytosphingosine consumed
3 moles of periodate with a concomitant production of formaldehyde
and pentadecanal, suggesting that 4 polar functional groups were on
C-1 to C-4 of a Cyg- straight chain (Carter et al., 1954). The N-ben-
zoyl derivative, however, consumed only one mole of periodate, and
the N-benzoylserinal that formed from periodate oxidation had the
same configuration as N-benzoylserinal derived from periodate oxida-
tion of N-benzoylglucosaminitol. The amino group on C-2 was, therefore,
assigned the D configuration (Carter et al., 1954 ). Partial periodate
oxidation of phytosphingosine followed by Ago0 oxidation yielded 2D-
hydroxypalmitate (Carter and Hendrickson, 1963). This experiment
established that the hydroxyl group on C-L4 had the l=) configuration.
The ease of acyl migration from the amino group on C-2 to the hydroxyl
group on C-3 of anhydrophytosphingosine suggested that the amino and
the hydroxyl groups were in the cis configuration. Since the amino
group on C-2 had the D configuration, it followed that the hydroxyl
group on C-3 should have the D configuration and naturally occurring
phytosphingosine was then assigned as _D—Lbo-l,),h- trihydroxy-2-amino-

octadecane (Carter and Hendrickson, 1963).
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Phytosphingosine

(3)

Periodate oxidation of sphingolipid bases (Sweeley and Moscatelli,
1959) revealed, besides the three major long-chain bases (sphingosine,
dihydrosphingosine and phytosphingosine), the occurrence of chain-
length homologs as well as the iso- and anteiso- branched chain com-
pounds. To date about 64 sphingolipid bases have been detected

(Rarlsson, 1970; Weiss and Stiller, 1972 and 1973).

B. Nomenclature.

The Commission of Biochemical Nomenclature of IUPAC-IUB (1967)
recommended the name sphinganine (2) for the compound previously
named dihydrosphingosine (Zg-aminooctadecane-l,}-diol or D-erythro-
2-aminooctadecane-1,3-diol or (2S,3R)-2-aminooctadecane-1,3-diol).

The name, sphinganine, may be modified to indicate additional
substituents or higher or lower homologs. The prefixes to designate

" from the

homologs should be derived by deleting the terminal "ne
systematic name of hydrocarbons that have the same number of carbon
atoms as the principal chains of the long-chain bases.

Examples. Eicosasphinganine for Cpo-homolog; sphinganine for

Cyg-homolog; hexadecasphinganine for Cyg-homolog.

The configuration of the additional substituents should be
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5

specified by the prefixes "2-" or "L-" following the number that
indicates the position of the substituted carbon atom. The configura-
tion at C-2 and C-3 should be specified in the same manner, but only
if they differ from those in sphinganine. In every case, the prefixes
D or L refer to the orientation of the functional group to the right
or left, respectively, of the carbon chain written vertically in
Fischer projection with C-1 on top. If the configuration is unknown,
the term "é-" should be used as prefix to the name.

Example. ll’l)-hydl'oxysphinganine for the compound previously
named phytosphingosine.

The names of unsaturated compounds are derived from the names
of the corresponding saturated compounds by replacing the ending

"ane"* with the appropriate ending denoting unsaturation such as

"ene", "adiene",, "yne". A double bond is presumed to have the trans
orientation of the carbon chain unless cis or unknown geometry is

specified by the term "cis-" or "x-"

preceeding the number that
indicates the position of the double bond.

Examples. 4-Sphingenine for the compound previously called
sphingosine; c_is-l&-sphingenlne for the geometric isomer of sphingo-
sine.

The trivial name "sphingosine" may be retained. If trivial names
other than sphingosine are used, they should be defined in each paper
in terms of this nomenclature, or of the general nomenclature of orga-

nic chemistry.

% "ane" is not the correct ending of sphinganine, it should be "anine"

veeese.."enine", adienine", "ynine".
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The term long-chain base may be used for sphinganine, its homo-
logs and stereoisomers, and for the hydroxy and unsaturated deriva-
tives of these compounds;

-sphingolipid, for any lipid containing a long-chain base;

-glycosphingolipid, for any lipid containing a long-chain base
and one or more sugars;

-ceramide, for N-acyl long-chain base;

-cerebroside, for a monoglycosylceramide;

-ganglioside, for a glycosphingolipid containing a neuraminic
acid.

Certain disadvantages of the aforementioned nomenclature were
pointed out by Karlsson (1970), who said "Several authors have used
synonyms of the terms sphingolipid long-chain base(s), not including
specific information on chain length, stereochemistry, etc., for
example, sphingosine bases, sphinganines, sphingosines. This does not
follow the proposal given, but may indicate a need for a general term
in addition to long chain bases". Accordingly, the term sphinganine
will be used here to represent 2-aminooctadecane-1,3-diol, ignoring
the stereochemistry on C-2 and C-3. Similarly, L4-sphingenine will
represent 2-aminooctadec-k4-ene-1,3-diol. The terms "erythro-",
"threo-","ribo-", "arabino-", "lyxo-" and "xylo-" which were fre-
quently encountered in the literature will also be used here to desig-
nate the stereochemistry of the whole molecule of long-chain bases.

Examples. D-Erythro-sphinganine for the recommended sphinganine;

D-erythro-4-sphingenine for sphingosine; D-ribo-4-hydroxysphinganine
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for the compound previously called phytosphingosine.

The term sphingolipid base will be used interchangeably with the
term long-chain base;

-dihydroxy long-chain base will be used for sphingolipid base
which has two hydroxyl groups;

-trihydroxy base, for sphingolipid base which has three hydroxyl

groups, on C-1, C-3 and C-4.

C. Isolation and Separation.

Although free long-chain bases were recently found in nature
(K‘rluon, 1970), they represented a very small amount in comparison
with the total long-chain bases in that tissue, most of which are
bound with fatty acids and sugars or phosphorylcholine. Alkaline
hydrolysis or acid hydrolysis can be used to liberate the long-chain
bases from these complex molecules. Alkaline hydrolysis gave poor
yields of sphingolipid bases (Robbin et al., 1956). Anhydrous metha-
nolic acid hydrolysis, however, tended to give 3-O-methyl-L-sphin-
genine and 5-methoxy-3-deoxy-3-sphingenine by-products of 4-sphin-
genine (Weiss, 1964). If the long-chain base used in the study was
4-hydroxysphinganine, anhydro-4-hydroxysphinganine was formed in con-
siderable amounts (0'Connell and Tsein, 1959). Gaver and Sweeley
(1965) observed that a trace amount of water in methanol could
suppress the amount of ether by-products. Optimal conditions for
the hydrolysis of complex sphingolipids were pursued and reported
by Gaver and Sweeley (1965). Stoffel and Assmannn (1972) claimed that

the conditions used by Gaver and Sweeley (1965) were not strong
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12
enough to cleave the phosphate diester linkage in sphingomyelin and
that sphingenyl-1-phosphorylcholine was formed in almost quantita-
tive amount. Michalec (1967) and Karlsson (1968) treated sphingomye-
lins with phospholipase C to hydrolyze the phosphate diester linkage
prior to alkaline hydrolysis and these authors reported a quantita-
tive amount of 4-sphingenine. Separation of long-chain bases into
different classes or individual compounds can be achieved by chro-
matographic techniques, shown in Table 1. Optical isomers were re-
solved with optically active organic acids (Ellner et al., 1970;
Kisic et al., 1971; Sticht et al., 1972).
D. Chemical Synthesis.
1. Conversion of 4-Sphingenine to Sphinganine and 4-Hydroxysphin-

ganine.

4-Sphingenine was converted to sphinganine by catalytic hydro-
genation (Weiss and Stiller, 1967). When tritium gas was used, radio-
activity was not evenly distributed. About 47% was on C-4,37% was on
C-5 and 16% was on C-6 to C-18. Reduction of unsaturated long-chain
bases to saturated long-chain bases could be accomplished by using
aqueous hydrazine (Renkonen and Hirvisalo, 1969; Hammond and Sweeley,
1973). The use of hydrazine had certain advantages over catalytic
hydrogenation in that it did not cause isomerization or migration of
double bond (Aylward and Sawisloka, 1962).

Conversion of 4-sphingenine to 4-hydroxysphinganine was inde-
pendently reported by Weiss and Stiller (1965) and Prostenik et al.

(1965). Tribenzoyl-k-sphingenine was oxidised with perbenzoic acid
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13
and the epoxide intermediate was then reduced to 4-hydroxysphinganine
derivative.
2. Synthesis.

Sphinganine was first chemically synthesized by Gregory and
Malkin (1951). 3-Ketoacid ester was oximinated with butyl nitrite and
the oxime intermediate (5) was catalytically hydrogenated to amino
ester (6) which was further reduced to sphinganine with LiAlH,. The
oxime intermediate (5) could be directly reduced to sphinganine with

LiAlH, (Fisher, 1952).

Butyl nitrite
—_— e

9 9
Cy5Ha; C-CHp- COOCHs €y 5Ha; €~ ¢-CO0CHs

®) ‘“‘““l "% ou(5)
H
1 S clsrtng-guﬂ-cooma M‘t——-clsrm?:ﬂ-g:-mem
2 2
(6) (2)

Grob and Jenny (1952) and Egerton et al. (1952) independently

st al
reported the condensation of 2-nitroethanol and palmitaldehyde,
yielding 2-nitro-1,3-dihydroxyoctadecane (9). The nitroalcohol (9)

was catalytically hydrogenated to sphinganine.

- 9}1
Cy5HoyCHO + HO-CHoCHoNO, —am O
2
Q) (8) ©)

H
O Ly s o cﬂu.n?:n-ga-cnzoxi
W2 (2)
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14
A similar synthetic sequence was reported by Grob and Gadient
(1957), who used 2-hexadecynal in place of palmitaldehyde for the
synthesis of L-sphingenine. The nitro-diol intermediate (11), which
could not be hydrogenated in this case, was reduced to an amino-diol

(12) either by aluminium amalgum or zinc in hydrochloric acid.

oH QH
Q
CysHz7-CZC-CHO + HO-CHp-CHp-NOo SOH S clsnz,-(zc-cu—gg—cm2
(10) (8) (11)
. on
(] LiAll €, gHzr- €= G- CH- CH- CHo0H
——————— C,3H;- C=C-CH-GH-CHo0H o H Nip

NHz \ (1)
Ho/Pd-BaSO oH
(12) £ e cmnz,.g-g-(:ﬂ-gﬂ-cuzon
B R

(13)

A different approach for the synthesis of sphinganine was re-
ported by Shapiro and Segal (1954) and Shapiro et al. (1958). Acylation
of ethyl acetoacetate anion (15) with palmitoyl chloride yielded diketo-
acid ester (16). Diazotization of diketo-acid ester (16), in the pre-
sence of ammonium salt, gave hydrazone (18). Reductive acetylation of
hydrazone (18) with zinc in acetic acid and acetic anhydride mixture
gave quantitative yield of 2-acetamido-3-keto-acid ester (19). This
keto acid ester (19) could be reduced to N-acetylsphinganine (21) in

one or two steps, as shown below.
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2
Na =
CHg- CO-CHz-COLEt —»[cne-co-cu-oozz:] —Sugfoy"C0CL, . 15, -CO- GH-COLEE
COCH5
(14) (15) (16)
O—hu‘ 1’| COCH
———— [Cy5H3,-CO-C-COEE | — 4 Cls&u-co-s.-coezt
NeN -
(17) O (18)
Zn = QH
- - —BaBH, L -
mcxsﬂax w—g_zzzc CysHay CIIPSHH_:?E:
2 LLAIN /éun. (20)
H
C, sHg, - CH- CH- CHo0H
15Ha) ng-Ac (21)

This synthetic procedure has been used repeatedly for the
synthesis of radioactive sphinganine for biological studies (DiMari
et al., 1971; Stoffel and Sticht, 1967b).

Substitution of palmitoyl chloride with 2-hexadecenoyl chloride
(Shapiro and Segal, 1954; Shapiro et al., 1958a) and 2-methoxypalmi-
toyl chloride (Kisic et al., 1971), yielded 4-sphingenine and 4-hydro-

xysphinganine, respectively.

A stereospecific synthesis of threo- and erythro-sphinganine

was first reported by Jenny and Grob (1953). The cis- and trans -
2,3- epoxide (22) were treated with ammonia, and threo- and ery-

thro-2-hydroxy-3-amino acids were formed in equal amount. Specific
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introduction of the amino group on C-2 could be accomplished by

using benzylamine (Sisido et al., 1964).

o - auame

4 &
C,sHg, - CH- CH- CO-H —————»  CysHa; -CH-GH-COH

NH-CH,
(@2) (23) 3
OH H
L e 1) ohNp clsﬂn_iu_g:_mzm
> 2) LiAlH, >
(%) (2)

The synthesis of g-erzthro-sphmganine and 4-sphingenine was
reported by Reist and Christie (1970). Selective removal of the
5,6-isopropylidene blocking group of (25) yielded (26). Periodate
oxidation of (26) gave aldehyde (27) which was allowed to react with
tetradecyltriphenyl phosphonium bromide in strong basic solution

(Wittig reaction). A mixture of cis- and trans-olefins (28) was

obtained. Varying the reaction conditions, especially the concen-

tration of the phenyl lithium, the trans-isomer could be obtained in

60% yield. The mixture (cis and trans) might be hydrogenated, in the
last step, to saturated derivative with simultaneous deblocking of the

protecting (benzyloxycarbonyl) group.



0-CH
|o—CH
(CHs -

(30)
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gich H CHO
B ) {0 "
INo—ch ,0 Ho-cH ,O o
(CHz ). Aq.AcOH al0,
o . % .
.3
0—C(CHg)> 0—c(CHz)2 7, P
e NH-Cbz NH-Cbz .
(CHa )~
2 (26) (e1)
CH= CH( CHz); 2CHa CH=CH(CHp ), CHs
(0]
(mz).\sl"?hg Br~ Aq AcOH o NaIOg
(CH3 )2 Ol
NH-Cbz NH-Cbz
(28) (29)

CH-CH(CHp ), 5CHg

OH OH OH
NaBH4 [} 1 |
—> Cy.aHz CHe CH- CH- CH- Clip —-pclsumcn- Ch- CHz
OH NH-Cbz Pd-C NH,

NH- Cbz (31) (2)

Stereospecific synthesis of B-w-h-hydroxysphinganine from
D-glucosamine was described by Gigg et al. (1966). The aldehyde (32)
which is a derivative of 2-amino-2-deoxy-D-allose, was synthesized
from D-glucosamine. This aldehyde (32) was condensed with Wittig
reagent (triphenyltridecylphosphonium bromide or -pentadecylphos-
phonium bromide). The olefin product (33) was saturated by catalytic
hydrogenation. Hydrolysis, reduction with NaBH4 and deblocking yielded

D-ribo-4-hydroxysphinganine derivative (35).



CH

Pd-C
By/

Alt
ine from E
ad Warreq
2 racemj
Rine from |

cl 4“25



18

CH=CH(CHy ), oCHg
CHO
X T 5 0. OCHs
CHg (CHp); 2P-Phg Br~
—= s S
PhLi
% e (zp) O
33)
Zon \C’-’Ph
Cy4Hog
04 s 1) CHgOH-HCL OH OH NH~CO-Ph
N 2) HO - C; 4Hop CH- CH- CH- CHo0H
(34) 3) HgO
o N 4) NaBH, (35)
\C{/Ph

Alternate routes for the synthesis of D- and é__-h-hydroxysphinga-
nine from ;)-galuctose were described by Gigg and Gigg (1966) and Gigg
and Warren (1966). Sisido et al. (1970), on the other hand, synthesized
a racemic mixture of ribo-, arabino-, lyxo- and xylo-k-hydroxysphinga-
nine from the same intermediate, ethyl-2-acetamido-3-octadecynoate (36).

iy
Cy4Hop-C2C-CH-COEt ————— g cuuzg-c'::c-g-coaxt
-Ac -,

Ac
(36) (37)
1) HCOsH
LiALE, 1) Io-AgoAc 2) KOH
2) LiAlH, 3) LiAlH,
Vs (38)
C; 4Hog- = G- CH-COEt DL-Arabino-T  DL-Lyxo-T
H 1) HCOsH e NeE
1) Is-AgOAc 2) KOH (39) (40)
2) LiAll, 3)LiA1R,
g.-Xylo-T g,-xibo-l‘ + DL-Arabino-T
(41) (3) (39)

T Cy4Hoo-CH(OH)CH(OH)CH- CHAOH
NH-A
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E. Biosynthesis.

Studies in vivo by Zabin and Mead (1953 and 1954) and Sprinson
and Coulon (195&) provided the first evidence that serine and palmit-
ate were the two precursors of 4-sphingenine in animals. The yeast,
Hansenula ciferri, also utilized serine and palmitate for the biosyn-
thesis of 4-hydroxysphinganine (Green et al., 1965). Brady and Koval
(1958) successfully isolated an active cell-free system for long-chain
base biosynthesis. Enzymatic activities were found to be associated
with the microsomal fraction of rat brain. These authors, however,
arrived at a wrong conclusion, that palmitaldehyde was the substrate
for the microsomal enzyme. The later work of Braun and Snell (1967)
and Stoffel et al. (1968a) indicated that palmitoyl CoA was the actual
substrate for the condensing enzyme. L-Sphingenine formed with rat
brain homogenate was shown on TLC to be identical with the natural
erythro isomer (Fujino and Zabin, 1962). 3-Ketosphinganine was sub-
sequently shown to be an intermediate with the microsomal system of
rat liver (Stoffel et al., 1968a), rat brain (Kanfer and Bates, 1970),
H. ciferri (Braun and Snell, 1968; Brady et al., 1969), mouse brain
(Braun et al., 1970) and oyster (Hammond and Sweeley, 1973). Reduc-
tion of 3-ketosphinganine was catalysed by an NADPH-dependent enzyme
and only the D isomer, but not the L isomer, was the substrate for
this enzyme, forming erythro-sphinganine (Stoffel et al., 1968a).
Hydrogen was transferred from the B-side of NADPH (Stoffel et al.,
1968c). The biosynthesis of 4-hydroxysphinganine is still not well
understood. Conversion of 4-sphingenine to 4-hydroxysphinganine by

stereospecific hydration was postulated by Weiss (1965) but this
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hypothesis was ruled out by experimental data reported subsequently
by several authors: that 1) L-sphingenine itself could not be incor-
porated into l-hydroxysphinganine (Stoffel et al., 1968b), 2) perdeu-
teropalmitate was converted to L-hydroxysphinganine with loss
of only one (obligatory) deuterium atom on C-2 (Polito and Sweeley,
1971), suggesting that there was no unsaturated intermediate in the
formation of 4-hydroxysphinganine from palmitate, and 3) HA®0 was not
the primary source of the hydroxyl group on C-4 of L-hydroxysphinganine
(Thorpe and Sweeley, 1967). With yeast grown in the presence of [h,Sg’H]-
sphinganine, Weiss (1965) found that about 50% of the radioactivity on
C-4 was lost relative to that on C-5. Thus, it was concluded that
sphinganine was directly transformed to 4-hydroxysphinganine. This
experiment, however, does not exclude the possibility that 3-ketosphin-
ganine might be the immediate precursor of L-hydroxysphinganine. Using
[l-l‘c,i-aﬂ] sphinganine as the substrate, Stoffel et al. (1968b) found
that ®H/14C ratio of 4-hydroxysphinganine dropped to 1/7 that of the
sphinganine substrate and it was concluded that 3-ketosphinganine was
the immediate precursor of 4-hydroxysphinganine. A contradictory result
was reported from the same laboratory (Stoffel and Binczek, 1971), that
yeast converted [3-31-1,5-“’8 ] sphinganine to 4-hydroxysphinganine without
loss of tritium on C-3. The isotopic ratio in 4-hydroxysphinganine
was the same as that of sphinganine substrate, suggesting that sphin-
ganine (but not 3-ketosphinganine) was the immediate precursor of 4-
hydroxysphinganine. Regardless of whether 3-ketosphinganine or sphin-
ganine was the immediate precursor of 4-hydroxysphinganine, Polito and
Sweeley (1971) and Stoffel and Binczek (1971) independently reported

that conversion of palmitate to 4-hydroxysphinganine involved the loss
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of the pro-R hydrogen atom on C-2 of palmitate or C-4 of sphinganine,
whereas the pro-S hydrogen was retained. These findings together
with the known stereochemistry of L-hydroxysphinganine led these
authors to conclude that the hydroxylation step proceeded with re-
tention of configuration. The origin of the hydroxyl group on C-4
is still an elusive problem. HX®0 and molecular oxygen were both
ruled out as the source of this hydroxyl group, although water was
poorly incorporated (Thorpe and Sweeley, 1967).

The sequence of steps in L-sphingenine synthesis is still con-
troversial. Introduction of the double bond between C-4 and C-5 was
shown to occur at 1) fatty acid level, in yeast (DiMari et al., 1971),
2) at the 3-ketosphinganine level (Fujino and Nakano, 1971; Hammond
and Sweeley, 1973) and 3) after the reduction of the 3-ketosphinga-
nine intermediate (Stoffel et al., 197la; Ong and Brady, 1973). The
stereochemical course of dehydrogenation was shown to proceed via a
trans elimination in yeast, where the pro-R hydrogens on C-2 and C-3
of palmitate were removed (Polito and Sweeley, 1971) and via a cis eli-
mination in rat, in which the pro-R hydrogen on C-2 and the pro-S hydro-
gen on C-3 of palmitate were removed (Stoffel et al., 1971).

Current knowledge of long-chain bases biosynthesis is summarized in

Fig.1l.

F. Degradation.
Studies on the biodegradation of long-chain bases were initiated
by Barenholz and Gatt (1967), who injected [9,10-3!{]-J+-hydroxyaphln-

ganine into the tail vein of rats and ch ized the d dation pro-

duct in liver. Pentadecanoic acid was the major radioactive component.
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A small amount of heptadecanoic acid, the elongation product of
pentadecanoic acid, was also detected. The authors tentatively con-
cluded that 4-hydroxysphinganine was probably cleaved between C-3 and
C-4 in an aldol-like mechanism. Studies in yeast by Karlsson et al.
(1967) indicated that 4-hydroxysphinganine was degraded to 2-hydroxy-
palmitic acid and ethanolamine. Degradation of 4-hydroxysphinganine
in cell-free system from rat liver indicated that 2-hydroxypalmitic
acid was the primary degradation product (Gatt and Barenholz, 1968).

Pentadecanoic acid which was identified in the in vivo system, was

probably derived from further degradation of 2-hydroxypalmitic acid
by ®-oxidation (Gatt and Barenholz, 1968). Stoffel and Sticht (1967a)
injected [5-1‘C-_|-sphinggnine and [7-3H]—1+-sphingenine into rats and
found that palmitic acid was the major degradative component, sugges-
ting that sphinganine and sphingenine were cleaved between C-2 and

C-3. Both erythro and threo isomers of sphinganine were equally

cleaved by rat liver enzymes (Stoffel and Sticht, 1967a). Recent
studies by Stoffel and Bister (1973) indicated only =D-er:xchx'o-uphmg‘a-
nine was the substrate of sphinganine lyase, the enzyme that cleaves
sphinganine-1l-phosphate to palmitaldehyde and ethanolamine-l-phosphate.
Keenan and Okabe (1968) also found that degradation of [h,S-sll]aphin-
ganine by rat liver enzyme gives palmitate as the major product.
Studies with a cell-free system revealed that degradation of long-chain
bases required ATP or an ATP generating system (Gatt and Barenholz,
1968). The role of ATP was recently identified as a phosphate donor
to the terminal hydroxyl group of the long-chain bases (Keenan and

Maxam, 1969; Hirchberg et al., 1970). To identify the other fragment
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of the degradation product Stoffel et al. (1968d) injected [I-SH]—h-
sphingenine into a rat. The phospholipid fraction had the highest
amount of radioactivity. After treatment of the phospholipids with
phospholipase C, most of the radioactivity resided in ethanolamine
and choline, indicating that 4-sphingenine was cleaved between C-2
and C-3 in an aldolase-like mechanism. Besides palmitate, palmitalde-
hyde was detected in an appreciable amount in the cell-free system
(Stoffel et al., 1968b). Palmitaldehyde derived from degradation of
[B-SH,}-l‘C]sphingnnine in the cell-free system was found to have the
same isotope ratio as that of the sphinganine substrate, indicating
that palmitaldehyde was not a secondary product from reduction of pal-
mitate. Conversely, it was concluded that palmitate was derived from
the oxidation of palmitaldehyde. Using [l-l‘c]sphinganine-l-phosphate,
ethanolamine-1-phosphate was identified as the degradation product
(Stoffel et al., 1968d). The authors suggested that long-chain bases
might thus be phosphorylated at C-1 by a kinase enzyme and subsequently
cleaved to palmitaldehyde and ethanolamine-l-phosphate. The properties
of this kinase from rat liver was recently reported by Keenan and
Haegelin (1969). This enzyme, sphinganine kinase, has been detected
in human and rabbit erythrocytes (Stoffel et al., 1970a), human and
pig platelets (Stoffel et al., 1973) and Tetrahymena pyriformis
Stoffel et al., 1974). Sphinganine kinase (Stoffel et al., 1973) from
erythrocytes was shown to catalyze phosphorylation of a variety of long-
chain bases including sphinganine, L-sphingenine, 4-hydroxysphinganine
and 3-ketosphinganine (Stoffel et al., 1970a). The next step in the

enzymatic degradation of long-chain bases was catalysed by a
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PLP-dependent enzyme (Keenan and Maxam, 1969). The enzyme catalysed
the cleavage of sphinganine-l-phosphate to palmitaldehyde and etha-
nolamine-1-phosphate and was found to be bound to endoplasmic reti-
culum and mitochondrial membrane of liver, heart, brain, muscle, kid-
ney and lung of rat (Stoffel gt al., 1969b). Whether there is only one
enzyme which is responsible for the degradation of all the long-chain
bases or whether there are different enzymes which are specific for
individual long-chain bases is not known. The reaction catalysed by
this enzyme, sphinganine-l-phosphate lyase, probably proceeds in a
manner analogous to that described for cleavage of threonine by
threonine aldolase (Keenan and Maxam, 1969). Sphinganine-1-phos-
phate lyase was shown to catalyse the cleavage of a sphinganine of
shorter chain-length, C;-sphinganine (Stoffel et al., 1969a). The
_D-erxthro-aphinganine but not the other three optical antipods was a
substrate of this enzyme (Stoffel and Bister, 1973). The mechanism
and stereochemistry of sphinganine-l-phosphate lyase was recently re-
ported by Akino et al. (1974), who showed that cleavage of sphinganine-
1-phosphate-PLP complex involved transfer of a proton from the medium

to C-2 of ethanolamine-l-phosphate with retention of configuration.

G. Biological Properties.

4-Sphingenine was identified by Hecht (1951 and 1953) as the
active component in delaying blood-clotting. After adding 4-sphin-
genine to chicken plasma Hecht and Shapiro (1957) observed that the
clotting times were prolonged to 4 hours or more (clotting time for
the control was 30 min.). Both erythro and threo isomers of sphinga-

nine were weak anticoagulants compared to erythro-4-sphingenine.
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N-Benzoylsphinganine, triacetyl-4-sphingenine and pure sphingomyelin
were inactive.

Mycostatic properties of long-chain bases were mentioned by
Karlsson (1966). A small amount of free long-chain base could arrest
the growth of yeast. This report was not confirmed. Conversely,
several authors had added free long-chain bases in the growth medium
for biological studies (Weiss and Stiller, 1967; Stoffel et al., 1968b).
These authors did not comment on any adverse effects of long-chain
bases on the growth of the yeast. A more thorough study on the effect
of free long-chain base on growth was reported by Thorpe (1968) she

found that the ration of long-chain base in the medium could be

as high as 50 ug/ml without having a deleterious effect on growth. A
growth depression effect of long-chain base, however, was observed in
higher animals (Carroll, 1960). Rats which were fed with a diet con-
taining 1 to 2% of weight as free bases lost weight rapidly and usually
died after about two weeks. The sulfate salt of long-chain base could
also depress growth but the effect was less pronounced than that of
the free base. Fully acetylated L-sphingenine was inactive. Carroll
suggested that growth inhibition was probably associated with the free
amino group. To strengthen his hypothesis, several long-chain amines
were fed to rats. Similar effects were observed for amines of C;o-
or longer chain length but amines of Cg- or shorter chain length were
inactive in growth depression. Psychosine, at a 1% level in the diet,
was also toxic whereas ceramides, at a 5% level in the diet, did not

depress growth.
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Psychosine has been reported to have hemolytic activity
(Taketomi and Nishimura, 1964) which was comparable to that of
lysolecithin. When the free amino group was blocked by benzoyla-
tion, the hemolytic activity was abolished.

4-Sphingenine was reported to have antituberculin allergy
properties (Fiaher et al., 1951). The activity was of the same order
of magnitude as that of cortisone. N-Acetyl-4-sphingenine was also
active. The antiallergic activities of long-chain bases were unlike
those of cortisone in that they were diet independent.

Sphingolipid bases were degraded in an animal to palmitalde-
hyde and ethanolamine-1l-phosphate which were effectively incorporated
into plasmalogen and phospholipids (Henning and Stoffel, 1969; Stoffel
et al., 1970), implicating this pathway as one of the possible roles
of long-chain bases in phospholipids and plasmalogen metabolism.

Sphingolipid bases occur in nature as complex molecules. Only
small amounts of free long-chain bases have recently been detected
(Katlsson, 1970) in human kidney autopsy sample. Accordingly, the
biological functions of the sphingolipid bases are probably determined
by the type of compounds they are associated with. Immunological
activity of glycosphingolipids has been known for many years (Rapport,
1961; Martensson, 1969). The role of ganglioside in synaptic trans-
mission was discussed by Lapetina et al. (1967 and 1968) and
Martensson (1969). Sulfatide was postulated to be involved in a
corticosteroid-dependent sodium transport system (Karlsson et al., 1969).

Although the physiological functions of this heterogeneous group of
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sphingolipids are not well understood, accumulation of these sub-
stances in the body are pathogenic. Abnormal metabolism, leading to
the accumulation of one of a variety sphingolipids is indicated in

the metabolic pathway shown in Fig.2.
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INTRODUCTION

Applications of stables isotopes in intermediary metabolic
studies have increased rapidly in the past few years. This may be
due to recent developments in mass spectrometry which allow one to
analyse a sample at a submicrogram level. Location of the isotope in
some complex molecules can be determined without subjecting them to
prior degradation. Biochemical mixtures can be purified by GLC
and the chromatographic effluents directly characterized by MS.
Hence contamination is minimized, providing an additional advantage
over radioisotopes. Accordingly, experiments on the biosynthesis
of sphingolipid bases are designed to accommodate this powerful inst-
rument.

The three most abundant long-chain bases occuring in nature are
g-m-h-sphingenine (1), _l_)—erzthto-sphinganlne (2) and 2-!.‘_1&)-
L4-hydroxysphinganine (3). They are the basic constituents of all the

sphingolipids of which their functions are vaguely understood.

CHz0H Gc0n CR0n
H—C—NH H—C—NH =GN,
H—(':—Ol‘l H'—(I:—OH H—?—Uﬂ
H—ﬁ (lﬂiz H— ?—Oﬂ
i e o
(?ﬂz)xz ((Im2)12 (?52)12
CHg CHg CHg

(1) (2) (3)
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Structurally, they differ from each other only at C-4 and
C-5. Sphinganine possesses three basic functional groups in the form
of 2-amino-1,3-diol, L-hydroxysphinganine has an additional hydroxyl
group on C-l4 and 4-sphingenine has a trans double bond between C-4
and C-5. Because of their structural similarity, several hypotheses
have been made about the metabolic relationship. L4-Sphingenine might
be transformed into L-hydroxysphinganine by a stereospecific hydration
(Weiss and Stiller, 1965; Barenholz and Gatt, 1967); alternatively,
Karlsson (1964) and Carter et al.(1966) suggested that 4-hydroxysphin-
ganine might be dehydrated to 4-sphingenine. Experimental results
reported subsequently indicated that 4-hydroxysphinganine and 4-sphin-
genine are not interconvertible (Stoffel and Sticht, 1967a; Keenan
and Okabe, 1968). At present, the metabolic relationship of these
three long-chain bases is still not well established; some possibili-
ties are presented in Fig. 1 (in the literature review section). Con-
version of serine and palmitate to 3-ketosphinganine, 3-keto-l4-sphin-
genine and L4-hydroxysphinganine has been reported from many laborato-
ries (Brady et al., 1958; Green et al., 1965; Braun and Snell, 1967;
Stoffel et al., 1968a; Fujino and Nakano, 1971). The aforementioned
observations suggested that serine and palmitate are the two common
precursors of these long-chain bases. The stage of introduction of
the fourth functional group (hydroxyl group or the double bond) is still
controversial as to whether 3-ketosphinganine or sphinganine is the

immediate precursor.



Ther
problems.
a promisir
zediate pr
terium on
the immed:
into 4-hy

The
elusive pI
gen donors
Sweeley, 1
donor (Th,
of @ var{e

Nine itse]

Ble vy,
be POss{p)

might give

Fing)



32

Therefore, one objective of this study was directed to these two
problems. Using deuterium label on C-1 and C-3 of sphinganine would be
a promising solution to both problems. If 3-ketosphinganine was the im-
mediate precursor of 4-hydroxysphinganine or &4-sphingenine, loss of deu-
terium on C-3 would be expected On the other hand, if sphinganine was
the immediate precursor, all three deuterium atoms would be incorporated
into 4-hydroxysphinganine or 4-sphingenine

The origin of oxygen on C-4 of 4-hydroxysphinganine is still an
elusive problem Water and molecular oxygen, the two most likely oxy-
gen donors, have been ruled out as the primary donors (Thorpe and
Sweeley, 1967) . Inorganic phosphate was also unlikey to be the oxygen
donor (Thorpe, 1968). Another possibility for this oxygen donor is one
of a variety of oxygen-containing compounds (Hayaishi, 1969). Sphinga-
nine itself has two hydroxyl groups one at C-1 and another at C-3.
Transfer of a hydroxyl group from one of these two hydroxyl groups to
C-4 via a cyclic ether intermediate is plausible. Glucose and phospho-
enolpyruvate, both of which have hydroxyl groups that are not exchang-
able with water in the medium (Thorpe, 1968), are also considered to
be possible donors. Yeast grown on ethanol as the sole carbon source
might give an indirect solution to this problem.

Finally, studies were focused on the mechanism of PLP-dependent
condensation of serine and palmitoyl CoA. At least two broad mechanisms
for the formation of 3-ketosphinganine are possible (Fig. 3). These

two different mechanisms, discussed by Braun and Snell (1968) are that
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the Schiff's base complex I may undergo decarboxylation to yield
complex II, after which 3-ketosphinganine is formed by the addition
of the palmitoyl group followed by hydrolysis; or the p¢-hydrogen

atom of serine is lost to form complex III and 3-ketosphinganine

is then formed via complexes IV and V. Using tritium label on C-2
and C-3 of serine, Weiss (1963) noted that isotope ratios of C-1/C-2
of 4-sphingenine isolated from rat brains were similar to C-3/C-2 of
serine substrate, although some variations of the isotope ratios were
observed. Preliminary studies on yeast grown in the presence of
[2,3,3-2H3] serine indicated that deuterium on C-2 was lost during the
formation of 4-hydroxysphinganine. Thus, it is desirable to reinvesti-

gate the biosynthesis of sphinganine in the animal system.
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MATERIALS

A. Materials.
Chemicals

Palmitoyl chloride

Ethyl acetoacetate

Mannosamine-HCl
N-Acetylglucosamine

2£-E£xthr -gsphinganine
DL-Erythro-4-sphingenine sulfate
Hexamethyldisilazane and trime-
thylchlorosilane

Yeast extract, malt extract and
peptone

Solvents

General solvents

Diethyl ether

AND METHODS

Pfaltz and Bauer Inc., Flushing, New
York. Palmitoyl chloride was double
redistilled under reduced pressure.
Aldrich Chem. Co. Inc., Milwaukee,
Wisconsin. Ethyl acetoacetate was re-
distilled before use.

Sigma Chem. Co., St. Louis, Missouri.
Sigma Chem. Co.

Sigma Chem. Co.

Sigma Chem. Co.

Analabs, Inc., North Haven, Connecti-
cut.

Difco Laboratories, Detroit, Michigan.

All solvents were redistilled before
use.

Mallinckrodt Chem. Works, St. Louis,
Missouri. Diethyl ether was stored

over small pieces of sodium metal.

35
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Stable Isotopes
CH30°H, 2H,0, N3H,.°H,0, LiAl®H,, Merck Sharp and Dohme of Canada, Ltd.,

NaB2H,, dz-serine and dg-acetic Montreal, Canada. Distributed in the

anhydride United States by Merck and Co. Inc.,
Rahway, New Jersey.

Bis(trideuteromethylsilyl)triflu- Regis Chem. Co., Morton Grove, Illi-

oroacetamide-d;g nois.

H3®0 (normalized) Miles Labs., Inc., Elkhart, Indiana.
Monsanto Research Corp.

Chromatographic Supplies

3% SE-30 on Supelcoport (80-100 Supelco, Inc., Bellefonte, Pennsyl-

mesh) vania.

Silica gel G EM Reagents Division, Brinkmann Ins-

truments, Inc., Westbury, New York.

Amberlite MB-3 Mallinckrodt Chem. Works.

Silicic acid (Unisil, 100-200 Clarkson Chem. Co., Inc., William-

mesh) port, Pennsylvania.

Animals

Rats (10-14 day-old) Spartan Research Animals, Haslett,
Michigan.

Live oysters City Fish Co., Lansing, Michigan.

Yeast

Hansenula ciferri (mating type Gift of Dr. Kurztman,C.P.

F-60-10)
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Yeast Media

Liquid medium-1 (LM-1) yeast extract (0.3%), malt extract
'(0.3%), peptone (0.5%) and glucose
(1.0%¢) in water. The medium was
sterilized by millipore (0.8 u)
filtration.

Liquid medium-2 (IM-2) the same as liquid medium-1 excepted
that sterilization was accomplished
by autoclaving at 120°C for 25 min.

Liquid medium-3 (LM-3) yeast extract (0.3%), MgSO,.TH-0 (0.07%),
(NH, )-S0, (0.12%), NaCl (0.05%), KH,PO,
(0.5%).

B. Methods.

1. Gas-Liquid Chromatography (GLC)
Gas chromatography was carried out on a Hewlett-Packard Model
F and M 402 gas chromatograph equipped with a flame ionization
detector. A 6 ft. glass column packed with 3% SE-30 on Supelcoport,
80-100 mesh (Supelco Inc., Bellefonte, Pa.), was used throughout the
studies. Nitrogen was the carrier gas. The flash heater and detector
were set about 20°C above the column temperature, which was set as
described elsewhere.
2. Mass Spectrometry (MS).
Mass spectra were recorded with an LKB 9000 combined gas
chromatograph-mass spectrometer. Conditions for gas chromatography

were the same as those described for gas chromatography except that



helium was
at 70 eV,
current of
computer f
described
labeled cc
nator (AV
3.
[2-
by treati
Procedure
Compound
hydroch],
SOIutio“
Teacheq
Glacia)

for ang



38

helium was used as the carrier gas. Mass spectra were recorded

at 70 eV, with an accelerating voltage of 3.5 KV and filament
current of 60 pA. The mass spectrometer was interfaced to a PDP-8/1
computer for on-line, real-time data collection and reduction as
described by Sweeley et al. (1970). The deuterium content of
labeled compounds was analysed by the accelerating voltage alter-

nator (AVA) technique as described by Holland et al. (1973).

3. Preparation of [2-150] Glucose

[2-180] Glucose was synthesized from mannosamine hydrochloride
by treating the aminosugar with nitrous acid in H3®0 according to the
procedure of Horton and Philips (1972) for synthesis of the unlabeled
compound, with a slight modification as described below. Mannosamine
hydrochloride (216 mg) was dissolved in 5 ml of H380 (8.8%). The
solution was stirred magnetically in an ice-bath. When the temperature
reached 0°C, sodium nitrite (278 mg) was added in small portions.
Glacial acetic acid (0.3 ml) was added slowly and stirring was continued
for another 4 hours at 0°C. Nitrogen was then bubbled through the solu-
tion for 5 min. and the solution was deionized by passing through a
column packed with 10 g. of amberlite MB-3 mixed-bed resin. The column
was allowed to run dry and Héao was recovered by lyophilization. The
column was washed once with 20 ml of distilled water. The second
eluent and the lyophilized glucose were combined and then passed through
a second column packed with 30 g. of the mixed-bed resin. The column
was washed with 20 ml of distilled water and eluent was concentrated
by lyophilization to give a pale yellow syrup. TLC of this syrup on
silica gel G (developed with butanol-pyridine-water, 70:15:15) showed a

minor by-product at the origin and glucose was at Rf = 0.2 (mannose
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was at Rf = 0.28). GLC analysis of TMSi derivative showed about 1%
impurity. This syrup was diluted to a proper concentration and used
for growing yeast. No growth inhibition of yeast was observed. The
yield, determined by GLC, was 93 mg (52%) of 6.43% 180 enrichment on
C-2 of glucose.
4. Synthesis of [3-180]Serine
N-Acetylglucosamine (2 g.) was dissolved in 5 ml of H3%0

(20% enrichment). The-solution was left at 4°C for 10 days, after
which time H320 was recovered by lyophilization. The aminosugar
residue was redissolved in 20 ml of cold water and 1M NaBH, in 0.0O5N
NaOH (10 ml) was added. The mixture was kepted at 4°C overnight.
Excess NaBH; was removed by careful acidification with O.1N HCIl.
Boric acid so formed was removed under reduced pressure as its methyl
ester by repeated addition of absolute methanol to the dried solid
residue. The N-acetylglucosaminitol residue was used in the next step
without purification.

Water (50 ml) was added to the solid residue, followed by
50 ml of NalOg (pH 4.5). The solution was kept in the dark at room
temperature overnight. Methanol (50 ml) was added and the inorganic
precipitate was removed by filtration. The filtrate was reduced to
half of the original volume. KMnO, (40 mmoles in 80 ml of water) was
added and the solution was kept at room temperature overnight. Excess
KMnO, was removed by addition of a dilute solution of oxalic acid.
The precipitate was filtered and the filtrate was treated with decolo-

rizing carbon, refiltered and lyophilized. The solid residue was extracted
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three times with 10 ml of absolute methanol. The combined extracts were
dried under reduced pressure and the residue was determined to be about
95% pure by GLC of its TMSi derivative. The major peak in the chromato-
gram co-chromatographed with di-O-TMSi-N-acetylserine. The mass spectrum
of the TMSi derivative of this residue was identical to that of di-O-
TMSi-N-acetylserine (Fig.7).

The solid residue was dissolved in 20 ml of 3N HCl and heated
at 80°C for 6 hours. The solution was neutralized with dilute Na,CO4
and evaporated to dryness under reduced.pressure. Serine was extracted
three times with 10 ml of 90% methanol. The compined extracts were dried
under reduced pressure, yielding 0.5 g. with 6.94% of 120 enrichment on
C-3. TLC on silica gel G (developed with butanol-acetic acid-water,
60:20:20 and with phenol-water, 75:25) showed only one nihydrin- and
HS04-positive spot at the same Rf value as that of reference serine.
Supplementing yeast medium with this labeled serine did not inhibit the

growth of the yeast, Hansenula ciferri.

5. Preparation of [1-120]Palmitate.

Palmitoyl chloride (100 mg) was added to 2 ml of 8380 (9.5%
enrichment). The mixture was sonicated for 5 min. and‘two drops of
Triton X-100 were added. The mixture was then sonicated for another
15 min. The tube was sealed and left at room temperature for three
days. Fatty acid was extracted with chloroform and dried under a stream
of nitrogen. For analysis of 120 enrichment, about 1 mg of the fatty
acid was treated with freshly prepared diazomethane in ether containing
10% methanol. Excess diazomethane and solvents were removed under a

stream of nitrogen, hexane (5 ml) was added to the residue, and the
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mixture was sonicated briefly. The hexane extract was carefully de-
canted, concentrated and analysed by GLC-AVA.
6. Synthesis of Deuterated Sphinganines.
Ethyl 2-acetamido-3-ketooctadecanocate (19) was synthesized
from palmitoyl chloride and ethyl acetoacetate as described by

Shapiro et al. (1958) and Shapiro (1969) as outlined below.

- CO-CHg
CHa-CO-CHo-COEt -N_‘,[cna- CO- CH- COZE{I Na 2151131—2(:_1.' Cy 5Hay CO-G-COEL
H

(14) (15) (16)

@-N.-.N' cl” GOCH5
[c

s ' 15H31-CO-9-C02Et ———l Clsnsl-co.g'(:02Et
-NH

N=
(17) (5 (18) @

Zn in
Ac;0-AcOH

#  C,5Hgy-CO-CH-COoEL

NH-Ac ( 19)

a. [1,1,3-2Hg] N-Acetylsphinganine.

Ethyl 2-acetamido-3-ketoactadecancate (500 mg) was dissolved
in 50 ml of anhydrous diethyl ether-tetrahydrofuran (1:1). The solution
was cooled in an ice-bath and lithium aluminum deuteride (15 mg) was
then added. The solution was refluxed gently for one hour, after which
sodium hydroxide (O.2N, 50 ml) was added; the phases were separated

and the aqueous phase was extracted with ether (10 ml). The combined
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organic phases were washed twice with 5 ml of water, dried over
anhydrous sodium sulfate and evaporated to dryness under a stream
of nitrogen.

b. [5-2H] N-Acetylsphinganine.

Ethyl 2-acetamido-3-ketooctadecanocate (100 mg) was dissolved in
10 ml1 of methanol. The solution was cooled in an ice-bath and sodium
borodeuteride (10 mg) was added. The solution was left in the cold
room for 24 hours after which time it was acidified with dilute HCL.
The solvents were evaporated under reduced pressure. Boric acid
that formed in the reaction was removed as its methyl ester by repea-
ted addition and removal in vacuo of anhydrous methanol to the dry
residue left after each evaporation. Diethyl ether (5 ml) and tetra-
hydrofuran (5 ml) were added to the dry residue and the suspension was
sonicated briefly in a sonic oscillator to help dissolve organic mat-
erials. The solution was then reduced with lithium aluminum hydride
and N-acetylsphinganine was recovered as described in the synthesis
of (1,1,3-2Hg) N-acetylsphinganine.

c. [l,l-aﬂé']N-Acetylsphinganine.

[1,1-2H2] N-Acetylsphinganine was synthesized by the procedure
described for [3-2Hj]N-acetylsphinganine except that sodium borohydride
and lithium aluminum deuteride were used in place of sodium borodeu-
teride and lithium aluminum hydride, respectively.

d. [1,1,2,3,4,4-2Hg ] N-Acetylsphinganine.

Sodium metal (about 0.2 g) was added in small pieces to CH3O®H

(10 ml1). When the evolution of deuterium gas had subsided, deuterium
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oxide (0.5 ml) was added, followed by ethyl 2-acetamido-3-ketooctade-
canoate (100 mg). The solution was left at room temperature for 24
hours, after which time acetic anhydride (2 ml) was added. Chloroform
(20 ml) and water (3 ml) were added, the two phases were separated by
centrifugation, and the lower phase was washed once with 10 ml of
Folch's upper phase (Folch et al., 1957) and then evaporated under
reduced pressure. Traces of water were removed by azeotropization with
absolute ethanol. The residue was then reduced with lithium aluminum
deuteride as described in the synthesis of [1,1,5-2H3j]N-acetylsphin-
ganine.

e. [N—2Hg]-Acetylsphinganine.

N-Acetylation of sphinganine was carried out as described by
Gaver and Sweeley (1966). Hexadeutero-acetic anhydride (0.1 ml) was
added to the solution of sphinganine (1 mg in 1 ml of methanol) with
a slight shaking to help distribute the anhydride evenly. The solu-
tion was left at room temperature for 10 min., after which chloroform
(2 m1) and water (0.5 ml) were added with thorough mixing. The lower
phase was washed once with Folch's upper phase (Folch et al., 1957)
and the lower phase was evaporated to dryness under a stream of nitro-
gen.

£. [4,5-2H, JSphinganine.

This compound was a biosynthetic product isolated from oyster
microsomes incubated with serine and [2,3-2H2]pa1mitate as described
by Hammond and Sweeley (1973).

T. Preparation of Microsomal Enzymes.

Microsomes were prepared from liver of 10-14 day-old rats as
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described by Brady et al. (1965). The tissues were homogenized in 5
volumes of 0.25 M sucrose with a teflon homogenizer at 2-4°C. The
homogenate was centrifuged at 8600 x g for 15 min. Supernatant was
ultracentrifuged at 100,000 x g for 45 min. The microsomal sediment
was suspended in 0.1 M potassium phosphate buffer (pH 7.5), contai-
ning 1 mM PLP and 1 mM dithiothreitol (DIT), equal to 0.2 of the ori-
ginal volume.

8. Isolation and Purification of Sphinganine.

At the end of incubation (1 hour at 37°C), sodium hydroxide
(1 N, 1 ml) was added and the lipids were extracted 3 times with 10
ml of diethyl ether. The combined ether extracts were washed once
with 10 ml of water, dried over anhydrous sodium sulfate, and eva-
porated to dryness under a stream of nitrogen. The dry residue was
dissolved in a minimal volume of chloroform and then applied on a
silica gel G thin layer plate with a sphinganine standard applied on
the side lane. After developing with chloroform-methanol-water,
65:25:4 (Braun and Snell, 1967) the plate was exposed to iodine vapor
briefly and the area at the same Rf value as that of the standard was
scraped off. Sphinganine was extracted from the silica gel with three
portions (10 ml each) of chloroform-methanol 1:1. Solvents were eva-
porated in vacuo.

9. Preparation of Volatile Derivative of Sphingolipid Bases.

Sphingolipid bases were N-acetylated by the procedure of Gaver
and Sweeley (1965). Methanol (2 ml) was added to the dry long-chain
bases. The mixture was sonicated briefly and acetic anhydride (0.2 ml)

was added. The reaction mixture was left at room temperature for 10 min.
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Chloroform (4 ml) and water (1.0 ml) were then added. The two phases
were mixed thoroughly and then separated by centrifugation. The
lower phase wa§ evaporated to dryness under a stream of nitrogen.
TMSi-donor agent, consisting of pyridine-hexamethyldisilazane-
trimethylchlorosilane, 10:2:1 (Gaver and Sweeley, 1965), was added
about 10 min. prior to analysis by GLC.

10. Growth of Yeast and Isolation of Tetraacetyl-L-hydroxy-
sphinganine.

Hansenula ciferri was grown aerobically at 26-28°C in diffe-

rent liquid media (10 ml). Growth was initiated by adding 0.1 ml of
yeast previously grown to stationary phase and kept at 4%¢ overnight.
Cells were harvested 48 hours after growth by centrifugation or lyo-
philization. Tetraacetyl-4-hydroxysphinganine in the cell paste or
dry cells was extracted twice with 10 ml of acetone, that from the
medium was extracted two times with 10 ml of petroleum-ether. The
combined extracts were dried under reduced pressure.

11. Hydrolysis of Sphingolipids.

Complete hydrolysis of sphingolipids was accomplished by the
procedure described by Gaver and Sweeley (1965) with a slight modifica-
tion. The sphingolipids were dissolved in 10 ml of methanol followed
by the addition of HCl (6 N; 2 ml). The mixture was heated at 80°¢
for 16 hours in a Teflon-lined screw-capped tube. Chloroform (20 ml)
and water (4 ml) were added, the lower phase was washed once with
Folch's upper phase (Folch et al., 1957), and was dried in vacuo.

Partial hydrolysis was used to remove O-acetyl groups selectively.
The crude tetraacetyl-4-hydroxysphinganine was dissoved in 2 ml of 0.1

N sodium hydroxide in methanol and the solution was kept at 60° for
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1 hour (Thorpe and Sweeley, 1967). Chloroform (4 ml) and water
(1 ml) were added, the chloroform layer was washed once with Folch's

upper phase (Folch et al., 1957) and dried under a stream of nitrogen.



RESULTS

A. Mass Spectrum of Tris-O-TMSi-N-acetyl-4-hydroxysphinganine.

The mass spectrum of tris-O-TMSi-N-acetyl-4-hydroxysphinganine
(Fig.4) was reported previously by Thorpe and Sweeley (1967). The
molecular ion (t_n/_e_ 575) was not present in the spectrum but could be
deduced from the ion at M-15 (_@/g_ 560), which is probably derived from
the loss of a methyl residue from one of the TMSi groups. Direct clea-
vage between C-3 and C-4 yields ions at m/e 276 and 299 with the posi-
tive charge retained on C-3 and C-4, respectively. The ion at m/e 218
is possibly derived from further cleavage of the C-N bond of the for-

mer ion with the loss of nitrogen containing fragment, as shown below.

+0mMSi +OTMS i +0TMS 1
CILg(CHZ)ls(':HI&!.!H-(l!H-CHZOTMSi — (':Q?H-cngomsi v CH=CH-CH,OTHSi
OTMSi NH-Ac CNH-Ac
m/e 276 m/e 218

Cleavage between C-2 and C-3 gives rise to ions at m/e 4Ol and
174, depending on which fragment charge retention occurs. Homolytic
cleavage of C-1 and C-2 bond yields two ions at m/e 103 and m/e 472.
The ion at m/e 103 was shown to be derived from both C-1 and C-3 of
TMSi-N-acetylsphinganine, and may be derived from other fragments of
TMSi-N-acetyl-L-hydroxysphinganine. Supporting evidence for the above
statement is the presence of ions at both m/e 103 and m/e 105 in the

spectrum of TMSi- [1,1-2H2]N-acetyl-h-hydroxysphinganine (Fig. 20).

k7
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The ion at m/e 472 is unstable and loses TMSiOH to give a
more stable ion at m/e 382. The ion at m/e 299 is useful for the
analysis of labeled oxygen on C-4 (Thorpe and Sweeley, 1967) since
substitution of 80 will shift this ion to m/e 30l. It contains only
one oxygen atom, thus, the increment of isotope ratio of m/e 301/299
from the reference (natural isotope) value can be used directly for
the calculation of isotopic enrichment on C-4. The origin of this
oxygen is of considerable interest, and can be studied using oxygen
on C-1 and C-3 as experimental controls in case of negative incorpora-
tion into C-4. Therefore, analysis of 180 on C-1 and C-3 is usually
necessary. Analysis of 180 on C-1 and C-3 was therefore carried out by
stepwise subtraction. The ion at m/e 401 consists of oxygen on C-3
and C-4. Subtraction of isotopic enrichment on C-4 (from.g[g 301/299)
will give the value of isotopic enrichment on C-3.

The intense ion at m/e 218 is suitable for the analysis of 120
on C-1 and C-3. Isotopic enrichment on C-1 is then obtained by sub-

traction of that calculated for C-3.

B. Studies on The Incorporation of [1,1,3-2H3]Sphinganine into
4-Hydroxysphinganine.

[1,1,3-2Hz]Sphinganine (100 pg) and Triton X-100 (4O mg) were
dispersed in 10 ml of IM-2. The medium was innoculated with O.1 ml
of viable yeast and was shaken at 26-28°C for 48 hours. Tetraacetyl-l4-
hydroxysphinganine was isolated and converted to the TMSi-N-acetyl-k-
hydroxysphinganine as described in Methods. Deuterium contents in k4-
hydroxysphinganine were analysed by GLC-AVA, using intensity of the

ions at m/e 218, 220 and 221 for the analysis. The ion at m/e 218 is
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Table 2. AVA Analysis of [1,1-2H2]-h-Hydroxysphinganine and

[1,1,3-H3] -4-Hydroxysphinganine from Yeast Grown in

the Presence of [},1,5-2H3]Sphinganine.

m/e 220/218

m/e 221/218

Determinations
Reference Sample Reference Sample
1 0.0919 0.1590 0.0227 0.1414
2 0.0915 0.1588 0.0225 0.1405
3 0.0926 0.1589 0.0226 0.1390
Average 0.0920 0.1589 0.0226 0.1403
* - 0.0669 - 0.1177

* ig the difference between sample and reference values.

m/e 218, f:n=cn-cneom51;

OIMSi

m/e 221, (':D=cn-cnaom51.

OIMSi

m/e 220, (|!H¢CH-CD20TMS1;
OTMS1
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derived from C-1, C-2 and C-3 with two TMSi groups (Results, A).
Substitution of deuterium on these three carbons would be expected

to increase the mass of this ion by an amount corresponding to the
number of deuterium atoms incorporated. Therefore, direct hydroxy-
lation of sphinganine to L4-hydroxysphinganine will be expected to
involve retention of all three deuterium atoms an C-1 and C-3 in
L-hydroxysphinganine and the ion at m/e 218 should be shifted to

m/e 221. On the other hand, if the process occurs via a 3-ketosphin-
ganine intermediate, an obligatory loss of deuterium on C-3 will

be expected and the ion at m/e 218 will be shifted to m/e 220. Re-
sults are normalized to the ion at m/e 218 and are summarized in
Table 2. An increase in the isotope ratio of m/e 221/218 (11.77%
above the reference sample) suggested that sphinganine was incorpo-
rated into 4-hydroxysphinganine without loss of deuterium; thus it

is inferred that hydroxylation proceeded at the sphinganine level
rather than 3-ketosphinganine. An increase in isotope ratio of m/e
220/218 (6.7%) is of interest since it suggests that 3-ketosphinga-
nine is also a direct precursor of L4-hydroxysphinganine. Loss of deu-
terium due to degradation and resynthesis by utilization of the degra-
dation product is unlikely. Degradation of sphinganine would result in
loss of all the three deuterium atoms rather than just one of them.
Hence it was concluded that hydroxylation of sphingolipid bases proba-

bly occurs at both 3-ketosphinganine and sphinganine level (Fig. 5).

C. Incorporation of [1,1,5-2H3]Sphinganine into 4-Sphingenine.

Although sphingolipid bases are not soluble in water, several
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methods can be used to disperse them in water. Kanfer and Gal (1966)
dissolved L-sphingenine in 0.1 M acetate buffer, pH 5.0 (20 pg/ml).
Barenholz and Gatt (1968) dispersed the free bases in saline (1 mM),
but 4-sphingenine did not yield a clear solution at this concentra-
tion. Egg lecithin was then added (10 times the sphingolipid bases
weight). Bovine serum albumin (5% solution) was used as a dispersing
agent by Stoffel and Sticht (1967), who obtained a clear solution of
5 mg/ml. Keenan and Okabe (1968), on the other hand, dissolved the
sphingolipid bases in dimethyl sulfoxide (1 mM) instead of water.
Stoffel et al. (1971) used 17% Triton WR-1339 in saline to solu-

bilize the sphingolipid base (100 mM) for intracerebral studies. This

is the highest dispersing power (to my knowledge) for in vivo studies

of sphingolipid bases metabolism, [1,1,5-2H3]Sph1nganine was therefore
prepared in this solution at a concentration of 100 mM. Each rat
received 5 pl by injection into the brain via the frontal sagittal
suture. Brains were removed by decapitation after 24 hours. L-Sphin-
genine was isolated and converted to TMSi-N-acetyl derivative as des-
cribed in Methods and deuterium content was analysed by GLC-AVA.

The mass spectrum of TMSi-N-acetyl-4-sphingenine (Fig.6) was
reported previously by Gaver and Sweeley (1966). Cleavage of the bond
between C-2 and C-3 gives ions at m/e 174 and 311. Substitution of
deuterium on C-1 and C-3 will shift the mass of these ions to m/e 176

and 312 respectively.
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OIMSi
C; 3Hzy-CH=CH- EHL(.:H- CH,OIMSi — E'IH- CH-OTMS1i
3 NH-Ac +NH-Ac
m/e 1Tk
f?E;Si ﬁTMSi
C; 3Hy-CH=CH-CH<{CH-CH,0TMSi ——————3» C;3H>7-CH=CH-CH
&H-Ac

m/e 311

Analysis of ions at m/e 174 and 176 indicated that there was no
deuterium enrichment in 4-sphingenine. GLC analysis did not indi-
cate any accumulation of sphinganine. The failure to detect deutera-
ted Lpsphingenine in rat brain might be due to rapid degradation of
injected sphingolipid bases (Stoffel et al., 1968b) and a high endo-
genous 4-sphingenine in rat brain.

Attempts to inject higher doses (25 ul each) into rat brains
were not successful. Severe bleeding was observed in several rats
and those which were not bleeding only survived for a few hours. The
dead frozen rats and the survivors were pooled. There was no deuterium
detected 1in the isolated L-sphingenine. This problem was not further

investigated.

D. Studies on Yeast Grown on [2-120]Glucose.
1. Determination of 80 Enrichment on C-2 of Glucose.
The mass spectrum of TMSi-methoxime of [2-180]31ucose synthe-
sized from mannosamine-HCl was identical to that of TMSi-metho-

xime glucose which was reported by Laine and Sweeley (1971). The
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spectrum is easily interpreted and isotopic substitution on each
carbon can be distinguished. The ion at m/e 160 is derived from
direct cleavage between C-2 and C-3 with the charge retained on C-2
fragment. Since oxygen on C-1 is removed during the formation of

the methoxime derivative, this ion can be used directly for deter-
mination of isotopic abundance on C-2 without complication. Substi-
tution of 180 on C-2 will shift this ion to m/e 162. Therefore, the
increment of ratio at m/e 162/160 from the natural isotopic abundance
will be the net incorporation of 180 into this position. The result
from AVA analysis (Table 2) shows that isotopic enrichment at this

position is 6.43%.

.' ---------------- CH= NOCHS

CH=0TMSi
m/e 160

2. U4-Hydroxysphinganine Produced by Yeast Grown on [2-180]G1ucose.

It was speculated by Thorpe (1968) that phosphoenolpyruvate might
be an oxygen donor in U-hydroxysphinganine synthesis. Experiments with
phosphoenolpyruvate itself may suffer from rapid hydrolysis and com-
plication by poor transport across cell membrane. In this experiment
it was hoped that some answers might be obtained about whether phospho-

enolpyruvate is a donor or not, using [2-180]glucose, since the hydroxyl

! 4
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Table 3. AVA Analysis of 180 on Carbon-2 of

Synthetic Glucose.

m/e 162/160

Determinations
Reference Sample
1 0.0520 0.1156
2 0.0508 0.1155
3 0.0510 0.1153
L 0.0507 0.1151
5 0.0512 0.1149
6 0.0505 0.1154
Average 0.0510 0.1153
A* - 0.0643

ZS* is the difference between sample and reference

values.

m/e 160, ?qu-ocus ; m/e 162, CH=N-OCHj .
[}
CH==0TMS 1 CHREOTMS i
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group on C-2 of phosphoenolpyruvate can be derived from hydroxyl
groups on either C-2 or C-5 of glucose from glycolytic pathway
(Thorpe, 1968).

Yeast was grown on LM-3 in the presence of 1% [2-180]glucose
(6.43% isotopic enrichment). Tetraacetyl-L-hydroxysphinganine obtained
from the medium and intracellular sources were combined and partially
deacetylated with O.1 N methanolic NaOH. After trimethylsilylation it
was analysed by GLC-AVA. The ratio of ions m/e 301/299 was the same
as that of the reference sample, indicating that there was no isotopic
enrichment into C-4 of 4-hydroxysphinganine. It was concluded that
the hydroxyl group of C-L4 of 4-hydroxysphinganine is not derived from
oxygen on C-2 of glucose, glucose-6-phosphate, fructose-6-phosphate
and fructose-1,6-diphosphate.

It is important to note that partial or complete loss of 180
on C-2 of glucose may happen at the following steps.

1) This hydroxyl group was transformed into the carbonyl oxygen
in fructose-6-phosphate, fructose-1,6-diphosphate and dihydroxyacetone-
phosphate, hence loss of some 18, by exchanging with water in the
medium might occur. Heron and Caprioli (1973) reported loss of about
50% of the isotope from C-2 of fructose-1,6-diphosphate at room tem-
perature for 20 hours. However, the actual loss of 180 on C-2 of
glucose might be much less than the value given by Heron and Caprioli,
since fructose 1,6-diphosphate formed in the cell might be subjected
to further metabolism and the time of exposure to the medium should be

less than 20 hours.
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2) Aldolase, which catalyses the cleavage of fructose-1,6-di-

phosphate to two molecules of triose phosphate, may cause a complete
loss of isotope on C-2. Such a mechanism requires PLP-Schiff's base
formation, as shown with rabbit muscle aldolase (Horecker et al.,
1961). Yeast aldolase, on the other hand, does not require PLP for
catalytic activity (Rutter, 1964). Accordingly, yeast aldolase
converts fructose-1,6-diphosphate to dihydroxyacetone phosphate with-

out loss of isotope on C-2 (Heron and Caprioli, 1973).

E. Studies on Yeast Grown in the Presence of [3-180]Ser1ne
1. Determination of 180 on C-3 of Serine.
Isotopic abundance on C-3 of serine was determined by GLC-
AVA of the N-acetyl-TMSi derivative. A mass spectrum of this deri-
vative is shown in Fig.7. Molecular ion (m/e 291) is not present in
the spectrum but can be deduced from the ion at M-15 (m/e 276) which
may be derived from the loss of a methyl group from one of the TMSi
groups. Loss of trimethylsilanol from this ion and that from the
molecular ion give ions at m/e 186 and 201, respectively. Cleavage
between C-1 and C-2 with charge retention on the nitrogen containing
fragment gives an ion at m/e 17h. Cleavage between C-2 and C-3 with
the charge retained on the latter fragment gives an ion at m/e 103.
This ion contains only one oxygen of C-3 and its intensity is strong,
thus it is used for the analysis of isotopic enrichment in this posi-
tion. Results in Table 4 show an enrichment of 6.94%. The ion at m/e
261 (M-30) is probably derived from loss of formaldehyde from C-3 by

transfer of TMSi to the nitrogen atom as outlined below.
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Table 4. AVA Analysis of 1809 on C-3 of Synthetic

Serine.

Determinations .E/S 105/103
Reference Sample
1 0.0520 0.1212
2 0.0504 0.1201
3 0.0504 0.1207
4 0.0518 0.1203
Average 0.0512 0.1206
N - 0.0694

* is the difference between sample and reference

values.

m/e 103, CHo=OTMSi; m/e 105, CHAZOTMS{.
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CHp- CH-COoTMS i . CH-CO.TMS i

1Y T 2

('))rf NH-Ac —» +NH-Ac

TMSi CHscéi-(Cﬂs)e
m/e 261

FH-Si(CHs)g

Ac
m/e 116

This type of mechanism has been illustrated for the frag-
mentation of the sphinganine derivative (Hamarstri')m_g al., 1970).
This ion (m/e 261) may then undergo 1,2-elimination, involving the
loss of a methyl group of TMSi and C-1 and C-2 fragment as shown above,
to give an ion at m/e 116.

2. L-Hydroxysphinganine from Yeast Grown in the Presence of
[3-1%0]serine.

Yeast grown in LM-3 in the presence of 1% glucose and 0.5%
[3-18018erine. Tetraacetyl-4-hydroxysphinganine from medium and intra-
cellular sources were combined and N-acetylated. GLC-AVA analysis of
189 enrichment in 4-hydroxysphinganine is summarized in Table 5. The
ion at m/e 299, which is derived from cleavage of C-3 and C-4 bond,
is used for analysis of isotope abundance on C-4. Substitution of 189
will shift the ion to m/e 30l. Subtraction of the ratio of m/e 301/299
from that of the reference sample gave a valﬁe of 0.003 or .3%. Since

[3-280])serine used in this study was 6.94% enriched with 180, the
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theoretical percent incorporation was (.3/6.94)x100 or 4.8%. Total

incorporation of isotope into C-3 and C-4 was (.23/6.94)x100 or about
3.3%, which is slightly less than that of C-L4, thus it is concluded
that there is no net incorporation of isotope into C-3 of 4-hydroxy-
sphinganine. Analysis of isotope on C-1 and C-3 (the ratio of m/e
220/218) shows an incorporation of 81.5%. Since there is no incor-
poration of isotope into C-3, this incorporation is then attributed

to that of C-1 only. This is slightly less than the theoretical value
(100%), probably due to dilution from synthesis from non-isotope endo-
geneous serine. Although a 4.8% incorporation into C-4 of 4-hydroxy-
sphinganine has been observed, this value may be insignificant in this
study because the precision of the instrument has been reported to be 17
(Holland‘gs'gl.,1975) and the net isotopic enrichment on C-4 was only
0.3% which is probably beyond the precision of the instrument. There-
fore, [3-1°0] serine and [1-180]sphinganine, which can be derived from

[3-180)serine in situ, are ruled out as the hydroxyl donors.

F. Studies on Yeast Grown in the Presence of [1-180]Palmitate.
Isotopic enrichment on C-1 of palmitic acid was analysed by GLC-
AVA as its methyl ester derivative. The mass spectrum of methyl palmi-
tate has been reported elsewhere (Budzikiewicz.gs.gl.,1967). The mole-
Cular ion is relatively intense and has been used for the analysis of
total 180 in the molecule. The ion at m/e 239 (M-31), which arose
from the loss of the methoxyl group was used for determination of iso-
topic abundance on the carbonyl oxygen. The result in Table 6 shows
that enrichment on the whole molecule was 11.1%, and that on the car-

bonyl group was 8.3%.
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Table 6. AVA Analysis of 120 in Methyl Palmitate.

Determinations EAS 212/270 E/E 2k1/239
Reference Sample Reference Sample
1 0.0237 0.1352 0.3623  0.4426
2 0.0240 0.1368 0.3622  0.4463
3 0.0255 0.1355 0.3633  0.4464
L 0.0252 0.1360 0.3682  0.4467
Average 0.02L46 0.1359 0.3625 0.4455
A* - 0.1113 - 0.0830

A* is the difference between sample and reference values.

0t 18014
] ]
m/e 270, CysH3;-C-OCHz ; m/e 272, CysHgy-C-OCHz and

ot . Ot
] |
CisHay-C'B0CHs; m/e 239, CysHzy-C;  m/e 241,
180+

]
CisHa;-C .
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Table 7. AVA Analysis of 180 in 4-Hydroxysphinganine from
Yeast Grown in IM-1 in the Presence of [1320]-

Palmitate (1 mg/ml).

Determinations m/e 301/299 m/e 403/k01
Reference Sample Reference Sample
1 0.0681 0.0672 0.1246 0.1779
2 0.0680 0.0669 0.1249 0.1766
3 - - 0.1269 0.177h
N - - 0.1278 0.1786
Average 0.0681 0.0671 0.1260 0.1776
A* - - - 0.0516

/\* 18 the difference betwee sample and reference value.
180 on C-3 of 4-hydroxysphinganine is 62.17%.

+ +
m/e 299, Cy¢Hoo-CH=OTMSi; m/e 301, C;4H-g-CHIEOTMS];

(IJmsi . c|rms1 .
m/e 401, Cy4Hop-CH-CH:OTMSi; m/e 403, C;,Hog-CH-CH20TMSi

13(')'11181
<+
and C; Hog-CH-CH=0TMS1i.
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Adding 1 mg of this [l-lso]palmitate, dispersed in 20 mg of
Triton X-100, into LM-1 (10 ml) resulted in an incorporation of
180 into C-3 of 4-hydroxysphinganine after incubating with viable
yeast for 48 hours at 26-28°C. About 62% (100 x 5.2/8.2) enrichment
was found on C-3 (Table 7). None was observed on C-4 of 4-hydroxy-
sphinganine. It was concluded that [l-lso]palmitate and [3-180]Sphin-

ganine, which can be derived from [1-180]palmitate in situ, were not

the oxygen donor on the hydroxyl group on C-4 of 4-hydroxysphinganine.

G. Incorporation of H%so into 4-Hydroxysphinganine by Yeast Grown on
Differrent Media.
1. Yeast Grown on LM-1 and LM-2.

Table 8 shows the incorporation of H;SO into various hydroxyl
groups of 4-hydroxysphinganine by yeast grown on LM-1, containing
0.3% yeast extract, 0.37 malt extract, 0.5% peptone and 17 glucose
in 10 ml of H3 0 (30.13%). Incoporation of 180 into C-4 of 4-hydro-
xysphinganine (16.57) was comparable to that reported by Thorpe and
Sweeley (1967). When the medium was autoclaved at 120°C for 25 min-
utes (LM-2, néso used was 19.1%), incorporation of 18y from aéso into
C-4 of 4-hydroxysphinganine was not affected by heat (Table 9, 13.97).
The slightly lower value (2.67%) is probably due to experimental errors
in the determination of low isotopic abundance in 4-hydroxysphinganine
product or due to slight variations of harvesting time which is not
known whether it is a critical factor for isotopic incorporation. The

hydroxyl group on C-3 of 4-hydroxysphinganine was fully derived

from water in both experiments (LM-1 and LM-2). This hydroxyl
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group was derived from palmitate; exchange with water in the medium
somewhere after palmitate synthesis cannot account for complete exchange
and therefore the exchange with water must take place prior to the
incorporation into palmitate.

Incorporation of H:80 into the primary hydroxyl group on C-1
of 4-hydroxysphinganine was increased from 57.7% in LM-1 to 79.1% in
IM-2. This increase is expected because an increase in temperature
would increase the rate of oxygen exchange between water and the alde-
hydic oxygen on C-1 of glucose. This oxygen is transformed into the
hydroxyl group on C-3 of 3-phosphoglyceric acid during glycolysis then
to the hydroxyl group on C-3 of serine (Umbarger and Umbarger, 1962).
This hydroxyl group of serine was shown in the earlier study to be
the precursor of the hydroxyl group on C-1 of L-hydroxysphinganine.

2. Yeast Grown on Ethanol as the Principal Carbon Source.

Since over 957 of the dry weight of malt extract was found to
be anthrone-positive compounds (calculated as glucose), it was necessary
to omit this nutrient in order to minimize the source of carbon other
than ethanol. Peptone contained about 1.57% of anthrone-positive material
and was also omitted in this study. Yeast extract, however, contained
about 7% of anthrone positive substances, but could not be eliminated
without affecting growth of the yeast.

Yeast was grown on LM-3, containing 0.12% ammonium sulfate, 0.07%
magnesium sulfate, 0.05% sodium chloride, 0.5% potassium phosphate
(dibasic), 0.5% yeast extract and 2% ethanol in 10 ml of H320 (13.7%).
To utilize ethanol as the building block for other biological substances,

yeast must oxidise it to acetate. Oxygen of acetate is assumed to be
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Table 11. AVA Analysis of 180 on C-2 of Glucose from Yeast

Grown in IM-3 and 2% Ethanol in HX®0 (13.7%).

Determinations m/e 162/160
Reference Sample
1 0.0529 0.1475
2 0.0529 0.1477
5 0.0530 0.1473
4 0.0535 0.1460
Average 0.0531 0.1471
Ay - 0.0940

zsf is the difference between sample and reference values.

Incorporation of 180 into C-2 of glucose is 68.61%.

m/e 160, clm=N-ocus; m/e 162, ?H-N-ocus.
+ +
CH=0TMS1 CHiSoTMS1



3

*20anos uoqaed yjedyoutad ay3z se fouryid uo umoald

Iseaf woaj paje(os] (g pu® ddua1a3ydx (y fawyxoyldw asodn(B-ISWI Jo ®ildads ssel 'Q "B1J




r(l"

9/w

oSk 00% 06€ 00€ 0z - 002 061 001 0S
_ ,
m
; toz
ol
,. L2 -
< “ 09l
1 bl 03
! -08
6ic G02 €L
8 ~- — - 001
oSy 00 0Ge 00¢€ 0SZ 002 08T 001 0S
. e
] 02
|
1 -0t
g LR <ol
] 09
1 09! bl 08
_ v €L
6lg G02 001

(%) Aisus;ul anpjoy



5

easily exchanged with water in the medium and most biological com-

pounds would, therefore, be expected to bear oxygen isotope in the
molecule. Table 10 shows that incorporation of H380 into C-4 of
4-hydroxysphinganine was not increased compared to the results with
yeast grown in LM-1 and LM-2. The only increase was that on the
primary group on Cil which originated from serine. By either path-
way, glyceric acid (Umbarger and Umbarger 1962) or glycine and
formaldehyde (Kislink and Sakami, 1954), an increase in the 189
abundance on C-3 of serine, relative to that of LM-1 and LM-2, would
be expected.

It was a surprise that the isotopic abundance of the hydroxyl
group on C-3 of L-hydroxysphinganine was less than that in yeast grown
in IM-1 and IM-2. This difference in 280 incorporation might be due
to the fact that acetyl CoA, the oxidation product of ethanol, might
be used directly for the synthesis of palmitoyl CoA. Thus, unhydro-
lysed acetyl CoA might be responsible for incorporation of the ethanol
oxygen and would give a lower level of 20 from water.

Analysis of glucose isolated from the cell paste (Table 11)
indicates that 68.67 of oxygen on C-2 was derived from water in the
medium. The spectrum of TMSi-glucose methoxime from the cell paste
(Fig.8B) indicated the incorporation of 180 into various positions of
glucose, thus glucose was tentatively ruled out as the possible oxygen
donor to the hydroxyl group of L-hydroxysphinganine. Interpretation
of the mass spectrum of TMSi-glucose methoxime (Fig.8A) has been

published (Laine and Sweeley, 1971). The major ions are shown below.
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The ions at m/e 409 and 307 are unstable and subsequent loss of

TMSiOH yields an ion at m/e 319 and 217, respectively.

CH=N-OCH4
CH-OTMS1i 160

msio-tn T 509
P
bomet T 205 (42)
PR

H. Mass Spectra of Bis-0-TMSi-N-Acetylsphinganine.

The mechanism of electron-induced fragmentation of TMSi-N-
acetylsphinganine was studied with the aid of deuterium labelling
and exact mass measurement. The ions formed on electron impact ioni-
zation at 7O eV were divided into two main categories with respect to
electron abstraction from one of the oxygen atoms or the nitrogen atom
of sphinganine.

1. Ions Derived by Electron Abstration from Oxygen Atoms.

The mass spectrum of TMSi-N-acetylsphinganine (Fig.9) was
previously reported (Gaver and Sweeley, 1966). The molecular ion
was not detected, but could be deduced from other ions in the spec-
trum, especially the ion at M-1