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1. INTRODUCTION

Gas chromatography (GC) and mass spectrometry (MS) are both indispensable
microtechniques in the field of hipid research. Their combination adds a new dimen-
sion to this ficld. Even when available in microgram quantities. a.variety of classes
of polar lipids and their innumerable molecular species can be characterized by this
combined technique.

[t is known that polar (ionized) lipids are not amenable either to vapour phase
separations or MS characterization (exception is the direct inlet system). However.
the volatility conterred on mary of these substances by derivatization. especially with
a trimethyisilyl (TMS) group. huas made this method one of great importance in GC,
and. more recently. in MS. '

In the present review. for the sake of convenience and clarity. the polar lipids
are categorized into two major groups. viz. (1) glycerolipids and (2) sphingolipids.
The types of lipids so far investigated in the first group belong to the subgroup
elveerophospholipids: glyceroglyveolipids have not been investigated so far. The types
of liptds nvestigated n the second group are divided into three categories. viz. ()
sphingosines and ceramides. (b) sphingophosphohipids and splun“ophmphonollpldx
and (¢) sphingoglveolipids.

Before discussing the observations made by many investigators in this held.
would ke appropriate to discuss the salient features of the methodology adopted by
them for the success of their mvestigations.

2. AMETHODS
A, Prepararion of lipid samples

Procedures for the extraction of lipids from animal tissues. plant tissues and
micro-organisms' ~*. and their puritication from non-lipid contaminants were de-
scribed®-*-*. Separation of lipids into individual classes by various chromatographic
techniques was also desceribed® . Chromatographic techniques used in the isolation of
molecular species of lipids were recently reviewed™ .

B. Preparation of lipid derivatives

The importance of preparing volatile derivatives from polar lipids for GC-MS
investigations was emphasized earlier. The derivatization procedure. however. de-
pends on the chemical make-up of the individual class of polar lipids. In this respect
a polar lipid classification on the following basis will be useful:

(1) Phospholipids (glvcerophospholipids. sphingophospholipids and sphingo-
phosphonolipids). -

(2y Glycolipids (sphmuoul\Lollplds)-

Phospholipids. because of the thermal susceptibility of their phosphate ester
bond to hydrolyiic cleavage. are usually silvlated after dephosphorviation. The
dephosphorylation is achieved either chemically or enzymatically. On the other hand.
the sphingoglyeolipids are usually directly silvlated. However. sometimes they are
deglycosylated chemically and then silylated.
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(¢} Dephosphoryilation .

(i) Chemical dephosphorylation®. Glycerophospholipids and sphingophospho-
lipids were dephosphorylated in phenyl ether a1 250 for 15 min. The respective yields
of diglvcerides and ceramides could be increased by addition of trace amounts of
water. In the former case the products formed were composed of a mixture of 1.2-
and 1,3-diglycerides. In the latter case ceramides and-anhydroceramides were formed
and hence ceramides had to be isclated by preparative thin-layer chromatography
(TLC) (silica gel G/jchloroform) and then silviated.

(ii} Enzvmatic dephosphoryiarion®. Although phospholipase ¢ can be isolated
from Clostridium welchii and Bucillus cereus. the enzyme from the latter organism is pre-
terred because of its broader specificity with many glveerophospholipids. The reaction
is best performed in dicthyl ether. For optimal enzymatic activity, phospholipase ¢
from Clostridium welchii requiires Tris butler (pH 7.3) containing 0.03 M7 CaCl; and
307 incubation temperature. The enzyme from- Bucillus cereus. on the other hand.
requires a phosphate bufter (pH 7.0) containing 0.001 A/ 2-mercaptoethanol and
0.001 M ZnCl, and 377 incubation temperature for its optimum activity.

(hj Deglycosidation

The technique of deglyvcosidation developed by Carter er af!! 10 transform
cerebrosides into ceramides on a preparative scale was modified by Hammarstrom!?
for microgram amounts of sample. The removal of glveosy! residue from the cere-
brosides was achieved in three steps: Firstlv. the glycoside ring was opened by oxida-
tion with potassium periodate. then the oxidized product was reduced by sodium
borohvdride and finally the alcohol formed was removed by mild acid hydrolysis.
The resulting ceramide. if necessary. can be converted to the long-chain base by alkaline
hydrolysis. The base so Obtained retains its natural stercochemical configura-
ton.

(¢} Deacylarion'3-13

A mixture of glycerophospholipids can be analysed for its individual compo-
nents by GC-MS. But before derivatization to TS ethers. it is necessary to deacylate
the mixture. The deacylation 1s.achieved in a solution of chioroform-methanol (1:44)
with 0.1 A aqueous sodium hvdroxide. After neutralization with 0.1 N aqueous acetic
acid. the solution is extracted with a mixture of chloroform-isobutanol-methanol-
water (1.8:1:0.2:2). The separated aqueous laver contains the sodium salt ot glveero-
phosphate esters. which are converted to the acids by passage through a cation-exchange
resin (Dowex 50W. H* form). With the exception of glycerophosphorylcholine, the
remaining glveerophosphate esters are eluted from the resin with water. If the former
is required. it should be eluted from the resin with dilute acid. The aqueous solution
of glvcerophosphate esters is lyophilized and then silyvlated.

(d) Oxidarion'>-*¢
~ The location of unsaturation in a long-chain aliphatic moiety can be deter-
mined by the oxidative technique developed for polvunsaturated fatty acids'® and
sphingosine bases'. Oxidation with either potassium permanganate'® or osmium
tetroxide!>-!® yields a diol at the site of unsaturation which is subsequently converted
to its TMS derivative and analvsed by GC-MS.
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(e} Silviation”

Silylation of hydroxyl or amino compounds is achieved using a combination
of different solvents (pyridine, acetonitrile, etc.). different catalysts (trimethylchioro-
silane (TMCS). water) and a variety of silylating reagents (hexamethyldisilazane
({HMDS). N-trimethylsilylimidazole (TSIM). bis(trimethylsilyl)acetamide (BSA) and
bisttrimethylisilvi}fluoroacetamide (BSTFA). etc.) in varying proportions. The silyla-
tion reaction is usually carried out overnight at room temperature or around 60° for
ca. 2 h. However, the various silylating agents show some specificity. Thus TSIM in
either pyridine or acetonitrile converts the phenolic and alcoholic hydroxyl groups to
the TMS derivative in akout 3 h at 60°, but N-silylation does not take place at this
temperature even over a period of 48 h (ref. I8). On the other hand, HMDSX,
BSA"™-* and BSTFA!""-*® can convert all types of hvdroxyl groups and the primary
amino group into TMS derivatives: the secondary amino group, however. remains
unaffected 2. The rate of reaction in all these instances could be considerably hastened
by the catalvtic amounts of TMCS and trace amounts of water'™. The marked increase
in the rate of reaction resulting from the addition of wateris of considerable interest,
since most discussions on silylation reactions point out the desirability of maintaining
anhydrous conditions.

C. Coupling of GC-MS unir™

An inttial attempt to characterize substances separated by GC by MS was by
condensing the eluate emerging from the GC column on the inner surface of a glass
tube, which was then transferred to the inlet svstem of the mass spectrometer. This
method was rather time consuming. and the idea of directly combining these instru-
ments through some kind of pressure reduction syvstem arose. The pioneering attempt
in this direction was made by Holmes and Morell2®. A historical account of this has
Eeen published™!.

Although an excellent review on the subject of CC~MS coupling is av .ul.lblc-‘
a few important points are briefly summarized lurc

(a} Proper operating conditions for GC
The main difference in the operation of an ordinary gas chromatograph as
compared to the one linked to a mass spectrometer via a molecular separator interface
is that the coupled instrument ts more sensitive 1o the carrier gas flow-rate and to the
liquid phase bleeding effect. The former problem is taken care of through installing a
- flow controller operating at 3 kg/cm® or 35 p.s.i. By this, even during temperature
programming of the column, the flow-rate is kept constant. The problem of liquid
phase bleeding has to be conirolled by choosing such a phase (selective or non-
selective) which will produce the desired separation effect but at the same time produce
a minimum of column bleed. In more common use for this purpose are the non-
selective type phases like SE-30 (methyl silicone). OV-1 (dimethyl silicone) or moder-
ately selective type like OV-17 (methyvl phenyl silicone). which are relatively stable at
high temperatures. As the amount of bleed is proportional to the surface area of the
coated support, concentration of liquid phase and the operating temperatures, best

ors

results are obtained with a liquid phase concentration of 0.5 to 59.
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(b) Proper operating conditions for MS

The scanning of a GC component by MS should be as rapid as possible to
ensure the sample concentration remaining relatively constant during this: peri-
od.

(¢) Transfer of eluate and enrichment of sample

Transferring of the eluate at atmospheric pressure from the gas chromatograph
to the mass spectrometer without exceeding the vacuum limit of the latter and in-
creasing the sample to carrier gas ratio (enrichment of samiple) when its input and out-
put concentrations are considered, are problems, which have been solved by using a
molecular separator interface as the connecting link between the gas chromatograph
and the mass spectrometer. A number of such devices are available.

In a jet separator the carrier gas and the eluate from the GC column are fed
under pressure and viscous flow conditions to a nozzle from which the gas emerges
in a jet periphery. A sharp-edged collector nozzie etfects a separation, since the lighter
component of the gas is eariched m the peripheral portion, which is evacua-
ted3.

Another category of molecular separators exist, which work on the principle
of different permeabilities for the carrier gas and heavier molecules. The devices, like
porous glass separators. PTFE capillary separators, porous silver membrane separa-
tors. porous stainless-steel membrane separators and variable conductance separators,
tavour the permeability of the carrier gas. The carrier gas i1s preferentially separated
from the solute by application of vacuum to the outer surface of the semi-permeable
separator.

On the other hand, a third category of molcculdx separators, like silicone rubber
membrane and silicone-coated rubber membrane, work on the principle of diffusion
of the organic vapours through the membrane to the 1on source of the nmass speciro-
nieter while the carrier gas is rejected because of its low solubility in the membrane.
One point to be remembered in using any type of ditferential permeability separators
is to silanize them before use. This is essential to avoid absorption of polar components
on their [arger acuive surface.

Recently a two-stage molecular separator (combined membrane and porous
silver separator) has been developed®.

D. Chromutogruphy

(«) Thin-laver chromarography

The complexity of individual classes of polar lipids, especially that of sphingo-
lipids. necessitated investigiators 10 use certain specitic prefractionation TLC tech-
niques. These are summarized in Table 1.

(b} Gas chiromutography:

Experimental conditions for the GC separations of TMS ethers of glycero-
phosphate esters, of TMS ethers of glvecerophospholipids, and of TMS ethers of
sphingolipids for their characterization by a coupled GC-MS technique are sum-
marized i Tables 2, 3. and 4, respectively.
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TABLE |

PREFRACTIONATION TLC TECHNIQUES USED FOR THE CHARACTERIZATION OF
MOLECULAR SPECIES OF SPHINGOLIPIDS BY GC-MS

methanol-witer
(24:7:1)

" No. Sphingolipids 10 Advorbent used Activation of Development solvent Reference
be separared acdsorbent

I Ceramides with Stlica gel G Activation at Chloroform- 12
normal fatyy 120° for 45 min methanol-water
acids from those (93:5:0:5) or
with hydroxy chloroform-
fauy acids methanol (93:7)

2 Ceramide Silica gel G- Activation at Chloroform- 25
acetiates AaNO; (15:1, 1207 forl h benzene-methanol
tvinviogues) by wi)) after 2-h dryving (80:20:1)

At room temperit-
re

3 *Glucosyl Silica gel G- Activation at Chloroform- 26
ceramide from borate (30 g gel; 125 forth methanol-water—
malactosyl 63mi!l ".. after dryving I3 NV ammonium hy-
Teramide Nu,B.O:- 10 H.O:  overnightat room  droxide (280:70:6:1)

b pH Y2 temperaure

1 Glyeosyl Silica gel G- Activation at Chloroform- 27
salactosyland Nu:B.0;- 10 H.O 120° for 30 min methanol-water
xylosyl ceramides (30:1, by wi) (65:25:3)
from each other

53 . Cerebrosides with  Silicn el G Activation at For galactosy] RAY
normal fatiy acids 11O for 30 min - ceramides:
from those with chloroform-
hydroxy fatty acids methanol-ammonia

(75:25:1)

For glucosyl 26
ceramides:

chloroform-—

3. INVESTIGATIONS OF POLAR LIPIDS BY GC-MS

- It was- pointed out in Introduction that the coupled GC-MS technique has
been used tor both the separation and characterization of classes of polar lipids as
well as their innumerable molecular species. Now we will first consider the separation

~and charuacterization of polar lipids. This will ke followed by separation and charac-
terization of molecular species of glycerophospholipids. sphingolipids (sphingosine
bases. ceramide). spingophospholipids. sphingophosphonolipids and sphingoglyco-
lipids.

A. Class separation and characterization of polar lipids
Almost  simultaneously, but independently, two rescarch groups'3-'3-® ap-

proached this problem in identical manner. This method has so far been applied only
to 1.2-diacyl-sn-glycero-3-phosphate esters. (It may be mentioned that the sanmie method
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TABLE 2

EXPERIMENTAL CONDITIONS FOR GC SEPARATION OF TMS ETHERS OF GLYCERO-
PHOSPHATE ESTERS FOR THE CHARACTERIZATION OF GLYCEROPHOSPHOLIPIDS

BY GC-MS

No. Lipid class Derivarive of the Details abour Column dimen-  Coltunn Reference
stuclied” lipid class columu packing  sions and carrier remperature
investigated marerial gas flow-rate t C)
1t  PA,PG.,PIL TMSethersof 12,0V-17on  6ft. » 2mm Temperature 13
PE. PDME, sglvcerophos- Supelcoport, slass column: programming
and PS phate esters 30-100 mesh helium at from 150-2350°
(after deacvia- 25 ml/min atd ymin
tion of individual
class of glveero-
phospholipid)
2 M-PL D-PL TN Sethersof 12, SE-30on 24 1idin. Temperature 14,29
T-Pl.and CL  glyvcerophos- Gas-Chrom Q  glass column; programming
phate esters heliumat 75 from 180-210"
ml‘min at4 min
3 Pnk.PnAl TMSecthersof 3%,0V-1on 6ft. > 3mm Isothermal at 30

PE, and PS

Guas-Chrom Q.
100-120 mesh

I-phasphono-2-
aminocethane,
2-amino-3-

elass column:
argon at 20
mi-min

150

phosphono-
. propionic acid.
O-phosphoryl-
cthanolamine,
and O-phospho-
rylserine
® Abbreviations: PA =: phosphatidic acid: PG - phosphatidylglyveerol: PS = phosphatidyi-
serine: AI-Pl = monophosphoinositide: D-P1 = diphosphoinositide: T-Pl = triphosphoinositide:
PE - phosphatidylethanolamine: PDME -~ phosphatidyvidimethylethanolamine: CLo - cardiolipin
or diphosphatidyiglyveerol; PnE - glveeride 2-aminocthyIphosphonate: and PnAl = glyeeride phos-
phonoalanine. ‘

can be applied to lyso(acvlphospholipids as well as to 1-alk-1"-envI-2-acvl-sa-
alveero-3-phosphate esters.)

A mixture of diacylphospholipids were deacvlated by mild alkaline hvdrolvsis
and the resulting sodium salts of su-glveero-3-phosphate esters were converted 1o free
acids by 1on-exchange chromatography and. after lvophilvzation. silyvlated and ana-
lvsed by GC-MS. The conditions employed during the GC separation ot TMS ethers
of various su-glvcero-3-phosphate esters are given in Table 2. Their retention times
are given in Table 5.

From Table 5 it is clear that eight classes of glvcerophospholipids could be
separated from each other as the TMS derivatives of glvcerophosphate esters. Duncan
er al . however, pointed out that although the method possessed the capability of
being used as a convenient qualitative method of analysis; its use as a quantitative
analysis procedure was not yet realizable. The reasoning put forward for this was that
varyving amounts of TMS ethers of si-glvcero-3-phosphate and si-glycero-2-phosphate
were detected during GC of all glycerophosphate ester derivatives. On the other
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PERIMENTAL CONDITIONS FOR GC SEPARATION OF TMS ETHERS OF GLYCEROPHOS-
GC-MS PHOLIPIDS FOR THE CHARACTERIZATION OF THEIR MOLECULAR SPECIES

Lipid class Derivarive of Details about Colummn di- Temperature (°C) Reference
studied” the lipid class - column mensions and T T T I s e e e
' investizared packing carrier gas Column {nfector,
material Sfow-rate detector, etc.
PC, PE. Diacyl ester -394 SE-30 2ft. X 1i81n. Either iso- Injector be- 31
and L-PC of propenediol on acid- stainless-steel thermal at tween 350°
(thermal clea- washed column: 2807 or pro- to 400° and
vage product) Chromosorb = heliumat sramming detector at
Monoacyl ester WV, 60-80 25 mi/min from 200- 360°
of propenediol mesh 3607 at
) ) 12°/min
PC Diacvl ester of Either 3%, 2fi. = I/8in.  Lincarly pro- ~Injectorat 32,33
propenediol JXRori% stainless-steel grammed at 3007, detec-
OV-17on column; 4-6%/min torat 340°,
Gas-Chrom nitrogen at over the and detector
Q, 100-120 150 ml/min range 100- line it 320°
mesh at 200° 325°
PS.PC.PE. TAM\iSetherof 24 SE-300on 91t. = 4mm Temperature Injector at 1), 31-36
PI.CL.PA,  original phos- acid-washed glass column: programmed 260 and de-
and SPH pholipid vields and silanized nitrogen at from 270- _ tector at 3007
by thermal Gas-Chrom 26 p.s.i. (45 . 300° at
cleavage TMS P, 100-120 ml/min at 2% /min fol-
ether of’ mesh 2007) fowed by iso-
diglycerides thermal oper-
ation at 300°
Glycero- TMS ethers of 1.5% XE-60 13-in. glass Tempernuture — 37
phospho- 1,2-diglvceride on silanized column: programmed
lipids obtained by Chromosorb helium at from 2557 at
* phospholipase W 45 mi/min 37/min
C hydroiysis
of glvcero-

® Abbreviations: PC = phospiﬁti&}'lcholiuz: L—Pb = lvso-PC: SPH == sphingomyelin. Sce

Table 2.

hand, Cicero and Sherman'?-*? used GC-MS

phospholipids

identifying mono-, di-, and triphosphoinositides

from rat brain extracts. For quantitation purposes

as

also tootnote

a method of measuring and

well as diphosphatidylglycerol

they compared the chromato-

graphic peak heights of their sumple with standards run under identical conditions.

The ions used in the characterization of these compounds can be grouped under
three categories. The first category, characterizing the molecular weight of the com-
pound, represents ions formed by loss of a number of neutral fragments typical of
TMS derivatives and these were confirmed by labelling the parent compound with
TMS-d, groups®. The second category of ions are diagnostic for compounds with the
terminal sequence CH,(OTMS)-CH(OTMS)-CH,OPO(OTMS), and were confirmed
upon labelling with the TMS-d; group by the corresponding mass shift. The first of
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EXPERIMENTAL CONDITIONS FOR GC SEPARATION OF TMS ETHERS OF SPHINGOLIPIDS AND
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BY GC-MS
No. Lipid class Derivative of Details about
studied the lipid class column packing
investigated material
1  2-Amino-1,3- Di-O-TMS 29 SE-30 on
diol alkanes ether Chromosorb W,

tJ

2]

Ceramide with
normal or
hydroxy fatty
acids

Ceramide with
cither sphingosine
or sphinganine or
phylosphingosine
as base and either
normal or
hydroxy fatty
acids

N-Acetyl di-
O-TMS cther

Aldehyde
Faty acid
methyl ester

N-icetyl polv-
TMS cther

N-.acetyl di-O-
TMS cther

Di-O-TMS

ether

TMS cther

TAIS cther

60-80 mesh

159 diethvlene-
alvcol succinate
on Chromosorb
W, 60-80 mesh

292 SE-30 on
Chromosorb W,
60-80 mesh

3% SE-300r 3%
OV-1 {non polar)
3%, XE-60or
3%,0V-17
{polar) on acid-
washed Gas-
Chrom S, 100-
120 mesh

69 silicone on
stlanized Gas-
Chrom P, 80—
100 mesh

19 SE-30 on
actd-washed and
silanized Gas-
Chrom P, 100-
120 mesh

Variation be-
ween 1102.5%
OV-1 on Gas-
Chrom Q, 60-80
mesh

Columun dimen-
sions and carrier
cas flow-rate

Im >~ 3Imm
elass column

2m ¥ 3mm

~ glass column

fm -~ 3mm
elass column

61t. = 3mm
glass column

2m = 3.5 mm
glass column:
hefium,

I kg'cm®

12t - 3.5 mm
glass column:
nitrogen. 40-50
ml/min at-200°

Between 1 to 1.7
m > 3mm U-
shaped glass
column: helium
with an inlet
pressure of 3
kg/em®

Column
IL’I’I[".’!'(I'I"' o
(°C)

190

190

205

220

207

Temperature
programming
from 230° up 1o
3507 at 25/min
and from 270°
up to 3307 at
2%/min for
ceramides of
normal and
hydroxy fatty
acids, respec-
tvely
Isothermal be-
ween 2753 o
350°. depending
on the compo-
nents of ceramide

Reference

38,39

40

41

42

25 4346

{ Continued on p, 114}
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TABLE 4 fcontinued)

No. Lipid cluss Derivative of  Derails about Colummn dimen-  Column Reference
stuelicd the lipid class - colunm packing  sions and carrier remperature
vestigared material gas flow-rate (°C}
4  Cercbrosides TMS ether 1to 22, 0V-1 1.4m =~ 3mm Isothermalat 47,48
’ on Gas-Chrom U-shaped glass  320°
Q. 100-120 column: helium,
mesh 90 mli/min
5  Ceramide TANIS ether 12,0V-l1on 2m >~ 3mm Isothermal at 39
aminocthyl- acid-washed coiled glass; 280~
phosphonate Chromosorb W_ helium, 25
60-80 mesh ml‘min
TABLE 5

RETENTION TIMES OF TMS ETHERS DERIVED FROM DIFFERENT sn-GLYCERO-3-
PHOSPHATE ESTERS
No. Glreerophospholipid investivated .~ Nature of derivative formed Investivators
: Duncan  Cicero
cral*  and

Shermear™®
I 1.2-Diacyl-su-giveero-3-phosphate TetrakistTMS)-su-glycero-3-
phosphate 010
Tetrakis(TMS)-su-ghycero-2-
phosphate 0.07 -
2 1.2-Diacyl-su-glveero-3- Pentakis(TMS)-su-3-glyveero-
phosphorviglvcerol . phosphoryigiveerol 0.4
3 1.2-Diacyl-sa-glyveero-3-phosphoryl- Tris(TMS)-NON-bist TN S)-s2-
~ ethanolamine elvcero-3-phosphoryicthanolumine 049
47 1.2-Diacvi-su-glveero-3- Tetrakis( TMS)-N-TNS-sn-
phosphoryviserine elvcero-3-phosphorviserine 0.32
35 1.2-Diacyl-su-glycero-3- Qctakis(T MS)-su-glyeero-3-
phosphorylinositol phosphoryiinositol .00 100
6  Bis(1.2-diacvl-sn-glycero-3- Heptakis(T MS)-bistsu-glycero-3-
phosphoryl)-1°,3-su-glveerol phosphoryl)-1°,3-sa-glyvcerol - 1.38
‘7 L2-Diacyl-sn-ghveero-3- Nonakist TMS)-sn-glycero-3-
phosphorylinositol monophosphate phosphorylinositol monophosphate 1.62
S - L2-Diacyl-su-glvcero-3- ‘Decakis(TMS)-sn-glveero-3-
phosphoryiinositol diphosphate phosphorvlinositol diphosphate - 212

" Only one proton of the serine amino group is silylated.

these 1ons from the second category resulis from cleavage of the carbon and phosphite
ester oxygen bond with charge retention by the oxygen accompuanied by a hydrogen
and TMS back-transter vielding a protonated phosphate ion. The second ion results
from back-transfer of two hyvdrogens. The third ion of this category at mje = 299
originates through loss of methane in a rearrangement ion at nrije = 315 (CyH150,Si;P)
(ref. 50) (Fig. 1). The third category of ions are the most important ones in the char-



GC-MS OF POLAR LIPIDS 115

CH,— QTMS
CH OTMS CH,—OTMS
o CH—OTMS

t

H L3
CH1—O.PO.OTMS i H T TMe (M—145)

P CH;—0.PO.0.X

H 1

i OIMS 315 :

H + TMS oTMS

Fig_ 1. MS fragmentation pattern of the TMS derivative of su-glveero-3-phosphate. TMS = Tri~
methylsilyl.

Fig. 2. MS fragmentation pattern of the TMS derivative of su-glveero-3-phosphate-X. X -+« Ethanol-
amine or scrine or glycerol or inositol. etc.

acterization of the individual class of glycerophospholipid. In 4 phosphate diesier
like sn-glycero-3-phosphate-X. the cleavage between carbon and phosphate ester
oxyegen bond with charge retention by the oxygen accomparied by either double
hydrogen or hydrogen and TMS back-transfer vielding a protonated phosphate ion
can result in either loss of glyvcerol or the X group. The ions resuliing from the loss
of glycerol [(M — 217) double H-transfer: M — 145 (H and TMS wanster)] are
diagnostic of the various X groups present in phosphate diesters (Fig. 2). In addition
to these. there are certain ions which are typically characteristic tor the individual
class of phosphate diesters. Thus. for example. the TMS ether of sn-glyeero-3-phos-
phorylserine vields abundant ions due to loss of the. carbotrimethylsiloxy radical
(—-COOTMS) trom the molecular ion at M — 117, a cleavage process noted previously
for the TMS derivatives of amino acids® . In the case of etharolamine or ethanolamine-
derived glyvcerophospholipids. a simple single-bond cleavage between its carbon and
phosphorus ester oxyvgen bond with charge retention on itself (N7) vields structurally
relevant information. Thus the TMS ether of sn-glvcero-3-phosphorvl-N_N-bis (tri-
methylsilvl) ethanolamine will vield 1ons at mie = 174 (M — 401) and m/e = 188
{M-387) (Fig. 3). while the TMS ether of sn-glycero-3-phosphorvldimethylethanol-
ine will vield me = 72 (M — 401) and mje = 38 (M — 387) (Fig. 4). At low
ionizing energy these simple cleavages predominate even to a greater extent.

CH;— OTMS CH,—— OTMS
CH — OTMS CH —OTMS
f N 1886 | — 72
CH——0.PO.0 ——CHy—— CHy— N(TMS), CHy——0.PO.0~—CHy4~ CH;—NICHs),
174 —_— =58
oT™mMS oTMS

Fig. 3. MS fragmentation patiern of the TMS derivative of su-glycero-3-phosphoryl-N, N-bis (tri-
methylsityhethanolamine.

Fig. 4. MS fragmentation pauern of the TMS derivative of sa-glyveero-3-phosphoryvidimethylethanoi-
amine.

Since the discovery of phosphonate-containing organic substances in nature™,
their existence as lipids is well documented®. Hence the necessity to differentiate
chemically the phosphonates from the phosphates has been very essential. Although
methods like paper chromatography™. ion-exchange chromatographyv®. electro-
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phoresis®®. infrared®” and nuclear magnetic resonance™ spectroscopy. as well as knowl-
edge of the stability of phosphonate phosphorus to prolonged acid hydrolysis-5%
existed to distinguish phosphates from phosphonates, they required relatively large
amounts of material and did not always provide conclusive evidence. On the other
hand GC-MS could be used successfully for this purpose’®. When using reference
materials. 2-aminoethviphosphonate. O-phosphorylethanolamine, 2-amino-3-phos-
phonopropionic acid. and O-phosphoryviserine were separated from each other as
TMS cthers on & non-selective phase (Table 2). The separation was no doubt based
" on the molecular weight of the compounds but the ““phosphono™ components were
always eluted ahead of their corresponding “phosphate™ components. The distin-
suishing mass spectral features ‘in these components were: (1). The ““phosphono™
derivatives had a more intense ion (M — 15) than the corresponding ““phospho™
dernivatives. (2) The phosphate derivatives showed the characteristic ion m/e == 299
while the phosphonate derivatives possessed the ion nije = 298 (CyH\-O;Si;P).
Using this as his basis. Karlsson® identified I-phosphono-2-aminoethane and
small amounts of N-methyl-1-phosphono-2-aminoethane as the polar parts of the
major sphingophosphonolipids of the sea-anemone. AMerridium senile. The polar
parts were released from this sphingophosphonolipid by phospholipase c.

B. Sepoeration and characterization of molecular species of polar lipids

(aj Glveerophospholipids
Separation and characterization of molecular species of various glycerophos-
pholipids were achieved by GC-MS using either direct pyrolysis products obtained
by GC of native underivatized glycerophospholipids® ~3* or TMS cthers derived from
I.2-diglvcerides obtained from glvcerophospholipids by enzvmatic hydrolysis® or
TMS ethers derived from 1.2- and 1.3-diglycerides obtained by chemical degradation
of glvcerophospholiipids® or TMS ethers of native glycerophospholipids®. The deriva-
tives used had a higher temperature of volatilisation and hence it was necessary to
use non-polar liquid phases and high temperatures during GC separations (Table 3).
The use of high temperatures either during derivatization procedures or GC separa-
tions results in the partial isomerization of 1.2-diglveerides to 1.3-diglvcerides. TMS
derivatives of 1.2-diglyceride are always eluted ahead of the corresponding TMS
derivatives of 1.3-diglvceride (Fig. 5). but the latter isomer is likely to averlap the 1.2-
isomer of another diglyceride with a higher carbon number!®-3%.
The MS characterization of the TMS ethers of 1.2- and 1.3-diglyceride showed
“a [M — 15]* fragment. indicating its molecular weight. The spectra also showed peaks
due to acyl 1ons corresponding 1o each substituent fatty acid and peaks due to loss
of acyloxy plus TMS minus hydrogen. loss of acyl plus TMS minus hyvdrogen. and
loss of acvloxy. A readily distinguishable feature between TMS ethers of 1.3- and 1.2-
diglyceride was that the former had an intense peak due to the loss from the molecular
ion of an acyloxy group together with methylene (Fig. 6). The TMS ethers of pairs
of mixed acid 1.2-diglyceride isomers can be readily distinguished from their mass
spectra when introduced into the ion source on a direct insertion probe. In these spec-
tra there is a preferential loss of the acvloxy group fromTthe 2 position and an even
more marked difference in the preferential loss of the complete acid from the 2 posi-
‘tion>. :
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Fig. 5. Relationship of miethyience unit (MU) values of TMS derivatives of 1,.2- and 1,3-diglycerides

-

to the sum of the fatty acid carbon number in the diglveeride!. 34:1 = Total thirty-four carbons with
one double bond in the two faity acids of diglveeride. 36:2 = Total thirty-six carbons with two double
bonds in the two fiauy acids of diglyeeride.

{ b} Sphingosines

Saturated and unsaturated, odd-and even-numbered. and straight and branched
long-chain 2-aminopolyols (2-amino-1.3-diol: 2-amino-1.3.4-triol) are the basic
constituents of sphingolipids. These bases are derived from the native lipids by either
acid hydrolysis™ or alkaline hvdrolysis®®. The free bases are characterized by GC-MS
as: (I) long-chain aldehvdes obtained by periodate® or lead tetraacetate oxidation:
(2) di-O-TMS ethers of long-chain 2-amino-1.3-diols. and (3) N-acetvl-di-O-TMS
ethers of long-chuain 2-amino-1.3-diols. For locating the position of the double bonds
in these compounds they are analvsed by GC~MS as: (1) methyl esters of monocar-
boxylic acids derived by periodate~permanganate oxidation of the N-acetyl base and
(2) the TMS ether of the polyhydroxylated N-acetyl long-chain base obtained by OsO,
oxidation of the double bond. The GC conditions for various separations are sum-
marized in Table 4. Although it should be possible to separate by argentation chroma-
tography the fully acetylated C,s-saturated, monoene and diene 2-amino-1.3-diols,
Polito ¢t af*® used a combination of preparative GC on polar and non-polar phases
to get pure analogs of C,y bases. On a non-polar phase (3%, SE-30 or 3%;, OV-1) the
mono-unsaturated base was eluted ahead of the saturated and di-unsaturated bases,

CHzy—0.CO.R,

Fig. 6. Characteristic MS fragmentation pattern of the TMS derivative of 1_3-diglvceride. R and R, =
Alkyl chains.
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which were eluted together. The latter eluant. when put on a polar phase (3%, XE-60
or 3%, OV-17). cluted the saturated component ahead of the di-unsaturated compo-
nent.

The MS characterization of long-chain 2-amino-1.3-diols as their di-O-TMS
ethers depends on the detection of the following ions (Fig. 7): (1) M — I3, resulting
from loss of the methyi group from one of the TMS groups: (2) M — 103, resulting

)
g3

Crig—— (Ciy )y .~ CH —— Cr —— Cr5 OTMS

OTMS ki

COCH.

Fie. 7. AiS fragmentation pattern of the TMS derivattive of N-acetylsphinganine.

from cleavage ketween C; and Cs of the base, and (3) M — 132 (or M — 174 when the
amino group is acctylated). resulting from cleavage between G, and C;. Thus. for a
saturated C,s base one should look for peaks at mr'e = 428, 346 and 311, for a
mono-unsaturiated Cyy base at nrfe = 426. 338 and 309. and for a di-unsaturated Cyy
base at mrfe == 424. 336. and 307. When investigating polyvhvdroxylated O-TMS
- ethers derived from unsaturated bases. the positions of diols are easily located. This is
because simple cleavage of the C-C bond between two carbons with G-TMS groups
tends to produce O-TMS fragments® (Fig. 8). Thus. in a G, diere base the locition
of unsaturation between Cjand Csas well as Cyand C, was determined on the kasis of
nrie == 461, mie = 378, nife == 3T1. and mie = 288 for C; and G;. and mrie - 2290

229 =610 45l—ege378
CHy—(CHylg—— CH——CH (CH—_,)-'—C’H—E—EH-—CH—CH——CHz.OTMS
: {
OTMS OTMS OTrMS OTMS OTMS NH
COCH,

Fiz. 8. MS fragmentation pattern of the TMS derivative of polvhydroxylated N-acetylsphinganine.

2_amino-1_3_4-triol (phytosphingosine) wis based on the fragments mje = 401 (M —
178" and e = 299 (M — 276)* produced by the N-acetyi-tri-O-TMS ether of this
base. These two fragments indicated cleavage between C.-C; and C;-C,. respectively®,

The aldehydes and methyl esters of monocarboxylic acid are characterized
individually by their respective moleculir peaks and M — 29 (cleavage between C,~C,
in the case of aldehvdes) and M — 39 (cleavage between C;—C, in the case of methyl
esters)™.

(¢} Ceramides »

The GC-MS technique has been successtully exploited for the characterization
of molecular species of ceramides. The complex npature of ceramides, resulting from
combinations between long-chain saturated or unsaturated 2-aminodiols or -triols
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with normal or hydroxy fatty acids. necessitates use of certain prefractionation TLC
techniques. which are briefly summarized in Table 1. The ceramides differing in chro-
matographic properties because of the presence of an additional hydroxyl group cither
in the long-chain aminopolyol or long-chain fatty acid are separated by plain adsorp-
tion chromatography. On the other hand. ceramides differing only in number of un-
saturated sites in their molecules are separated by argentation chromatography. This
is achieved by accentuating the polarity differernce due to unsaturation alone. after
acetviating the free hydroxyl groups ot ceramide niolecules. The resulting polyacetates
are then separated by argentation chromatography. and after hvdrolysing the O-
acetyl bonds by mild alkaline hydrolysis. the ceramiides are sifylated and subjected to
GC-MS analiysis.

The GC dawa obtained by Casparrini ¢r ¢l on a 1%, SE-30 liquid phase as
methylene unit (MU) values of TMS derivatives of ceramides were plotied against the
fatty acid carbon number. The 2-amisodiol component of all the ceramides was
sphingosine (Fig. 9). The solid lire represents ceramides with hydroxy fatty acids and

27 ¥
Hydtgey Fary :.c.;'/l
£

L

=z P,
/ Piormel Fany Aced
.

L
My

Fig. 9. Relationship ol methylene unit (MU) values of TAS derivatives of ceramides (with normal
or hydroxy faty acids) to the carbon number of fatry acids in the cernmide®:. The 2-aminodiol
component of all the ceramides was sphingosine.

the dotted Iine represents ceramides with normal fatiy acids. Similar data obtained by
Samuelsson’s group with ceramides derived from sphingosine and normal fatty acids®.
sphingosine with hydroxy fatty acids®*. dihvdrosphingosine with normal fatty acids®?.
dihydrosphingosme with hydroxy fatty acids**. and phytosphingosine with normal
fauy acids® are shown in Fig. 10.

The MS characterization of the TMS ethers of ceramides can be briefly sum-
marized as follows. For details please refer to the original publications*>~+3,

(1) Molecular weight fragments characterizing ceramides (all types) are those
formed by climination of a methyl group. trimethylsilanol group. and —-CH,-OTMS
eroup from the molecular ion.
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Fiz. 10. Relationship of triglveeride carbon unit {TGCU) values of TMS derivatives of ceramides to
the carbon number of faity acids in the ceramide™ 2,

(2) The fragmenis resulting from cleavage between C, and C; of the long-chain
aminopolyols of the ceramide (all types) vield information on fong-chain basg_ and
fatty acids (Fig. I[).

(3) Information similar to that obtained in (2) is also derived due to cleavage
of the amide structure and hyvdrogen transter (exception is the ceramide derived from
phytosphingosine) (Fig. 11).

33— 480

Criy— (Criyl — ot —i Cti—— CH, OTMS
] [«27H 426
OTMS NH
CO(CH,)p2CHy

Fig. 11. MS fragmentation pattern for a TMS derivative of ceramide with normal fatty acid.

(4) Inceramides containing phytosphingosine as the long-chain base additional
cleavage between C; and C; of the base gives additional ions characteristic of the base
and fatty acid (Fig. 12).

(3) Ceramide containing normal fatty acid and a diol amino base has a special
intense peak at sirfe = 85. representing the two terminal carbons of the base and the
amide derived structure remaining after a McLafferty cleavage of the long-chain acyl .
eroup** (Fig. 13).
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l‘ “+
Cch—-cH——cH0oTMs CH==CH,
L] 1

CHy——(CHp);,~— CH;—CH

OTMS OTMS NH

NH —C===CH, mje =85
OH J

CO(CH)gCH4
Fig. 12 MS fragmentation pattern of a TMS derivative of ceramide with normal fatty acid and
phytosphingosine base.

Fig. 13. MS fragmentation ion tvpical for a TMS derivative of ceramide with normal fatty acid.

(6) Ceramides containing 2-hydroxy fatty acids vield a fatty acid-characterizing
fragment due to cleavage between the carboxyl carbon and the hvdroxyl carbon (Fig.
14).

3

CHz—(CH,), ,—— Ct — CH ——CH,0TMS

OTMS NH
[
CO——CH——(CH,);5——CHy
13

CcTMS
Fig. 11, MS fragmentition patiern for a TMS derivative of ceramide with 2-hydroxy fatty acid.

(d) Sphingophospholipids :

Two types of sphingophospholipids. viz. (1) ceramide phosphorvicholine
tsphingomyelin) - ard (2) ceramide phosphorylethanolamine (sphingoethanol-
amine)™, occur in nature. So fur no attempis to analyse the molecular species of
ceramide phosphorylethanolumine by GC-MS have been made. However, a number
of difterent approaches have been used to characterize the molecular species of
ceramide phosphorvlcholine!-33-%_1n one of the methods. phosphalipase ¢ is used 10
release the ceramide moiety of the lipid, which is subsequently analysed for its molec-
ular species as the di-O-TMS ether derivative by GC-MS*. In the second meth-
od, silylated ceramide phosphoryvicholine was directly analysed. Similar to glycero-
phospholipids, the phosphate ester moiety. wis eliminated, perhaps in a thermal
elimination fashion equivalent to dehydration®™. In the third method', the ceramide
phosphorvicholine was thermally degraded in phenyi ether. This reaction vielded three
products with R values ot 0.2, 0.28. and 0.39 on a Chromar sheet with chloroform’
as the developing solvent. Ore of the products was ceramide. the other was anhvdro-
ceramide and the third remained uncharacterized. Water in trace amounts increased
the vield of ceramide. These products. after preparative TLC. were analyvsed as their

TMS ether by GC-MS.

(e) Sphingophosphonolipids

The following sphingophosphonolipids have been discovered so far: (1)
ceramide 2-aminoethylphosphonaie®, (2) ceramide N-monomethyl-2-aminoethyl-
phosphonate®, (3) ceramide N-acyl-2-aminoethylphosphonate®®. and (4) ceramide
N,N-acylmethyl-2-aminoethylphosphonate®®. Recently Havashi and Matsuura® re-
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ported the occurrence of a new type of N-methyl sphingophosphonolipid containing
2-hydroxy tauty acid and phytosphingosine. The use of GC-MS has been made to
charvactenize the molecular species of two types of ceramide 2-aminoethylphosphonate
by Hayashi's group™-®.

In analysing the molecular species of ceramide 2Z-aminoethyiphosphonate
Hayashi ¢7 al %7 used two different approaches, vi=. (1) GC-MS analysis of ceramides
obtained from ceramide 2-aminoethylphosphonate by enzymatic (phospholipase ¢)
hvdrolysis and (2) analysis of intact ceramide 2-aminoethylphosphonate by GC-MS.
In both cases they were converted to TMS ethers prior to analysis. To substantiate
the results obtained by the above two techniques they independently analysed the
farty acids and long-chain bases derived by methanolysis of ceramide 2-aminoethyl-
phosphonate and further identification of long-chain bases by GC analvsis of their
oxidation products. All the three analvtical approaches vielded the same results: the
presence of N-hexadecanoylthexadecasphing-4-eninyl-2-aminoethylphosphonate as
the major component; the three minor components inciuded N-heptadecanoylhexa-
decasphing-4-eninyl-. N-hexadecanoyloctadecasphing-4 8-dieninyl-. and N-hexadec-
anoyloctadecasphing-d-eninyl-2-aminocthylphosphonate. One interesting observa-
tion the authors made about their GC separation was that intact ceramide 2-amino-
ethylphosphonate could ke separated according to the number of both carbon atom
and double bond on a noi-seiective OV-1 liquid phase. Although intact ceramide 2-
aminoethylphosphonate as TMS ether could be analysed directly by GC-MS. no
information could ke derived about the C-P moiety. This was done by the method of
Karlsson®®. _

Recently molecular species analysis by GC-MS of ceramide 2-N-methylamino-
cihylphosphonate containing 2-hydroxy fuatty acid and phytosphingosine as compo-
nents. was reported. The ceramides derived from this sphingophosphonolipid after
silvlation vielded at least nine different peaks on a non-selective 2%, OV-1 liquid phase
column which was run isothermally wt 296 °. The authors quantitated the nine different
peaks and found as main components ceramide 2-N-methviaminoethylphosphonates
containing 46%,, of C,y 2-hvdroxvhexadecanovlphytosphingosine. 17, of C,, 2-
hydroxyhexadecanoylphytosphingosine. and 27%, of C,; 2-hydroxyvhexadecanoyl-
dehydrophytosphingosine. The MS characterization was based on the results obtained
on reference ceramides by Samuelsson’s group®~**. The authors™ suggested that a
collection of data on mass spectra of standard ceramides containing 2-hvdroxy ftatty
acids and phytosphingosines would ke useful.

(f} Sphingogiyvcolipids

Long-chain aminopolyols. fatty acids and carbohydrates constitute sphingo-
glycolipids. They are all derivatives of ceramides to which one or more carbohydrate
units are linked glycosidically (mostly in p-configuration) via the hydroxyl group at
the C-1 in the long-chain aminopolyol. So tar GC-MS analysis has been exploited in
the successful characterization of molecular species of ceramide monohexosides
(ceramide galactosides® and ceramide glucosides™). Two approaches have been used.
In the first one™. the cercbrosides were chemically degraded by the procedure of Carter
er al 't and the resulting ceramides were analysed by GC-MS as their di-O-TMSethers.
In the second approach. the cerebrosides were analvsed by GC-MS directly afier
silviation!0-37-3% ‘
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In studying the molecular species composition of mouse brain glucosyl cera-
mides, it is essential to use some prefractionation TLC techniques. Use of borate-
impregnated silica gel plates (Table 1) was made to free the glucosyl ceramides from
the bulk of the galactosyl ceramides. The isolated pure glucosyl ceramides were then
fractionated on plain silica gel plates into non-hydroxy fatty acid-containing and hy-
droxy fatty acid-containing glucosyl ceramides (Table 1). A point to remember is that
the cerebrosides having either normal fatty acids or the hydroxy fatty acids with iden-
tical long-chain bases cannot be separated by GC. This effect is due to the polyhydroxy
function in the hexose molecule. These were subsequently silylated and analysed by
GC-MS*,

The conditions employed to achieve GC separation are reported in Table 4
and the achieved GC separations are shown in Fig. 15. The MS characterizations of
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Fig. 15. Relatonship of triglveeride carbon unit (TGCU) values of TMS derivatives of ceramide
glucosides to the carbon number of fatty acids in the cerebroside.

TMS ethers of cerebrosides are. in many respects. similar to those of ceramides!”-#7-3%,

Thus a C,-C; cleavage in the long-chain base produced 1ons characterizing the base
as well as the fauy acid. The 1on characterizing the fatty acid (Fig. 16) by turther
elimination of hexose produced another 10on characteristic for fatty- acids (Fig. 17).
The ions formed by elimination of the whole hexose moiety and by elimination of

.
CH—CH;—0—R; |© CH—CHz—O

TH TH

R, Ra

Fig. 16. lon characterizing fatty acid chain in a cerebroside. Ry = Acvlchain: R; = silvlated hexose.

Fig. 17. Ion characierizing fatty acid chain in a cerebroside. R, == Acyl chain.
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hexose plus TMS-OH from molecular ion yielded fragments characteristic of the
ceramide. The distinguishing feature ketween the galactosyl ceramide and the
glucosyl ceramide was the relatively higher abundance of the ion formed by the elimi-
nation of the glycosyl residue from the cerebrosidet’.

4. APPLICATIONS
A. Class separation and characterization of polar lipids

A sensitive and reliable means of identifying and quantitatively assaying the

tissue content of phosphoinositides (mono-. di- and triphosphoinositides)* and cardio-

- lipin (diphosphatidylglycerol)® was developed. The values obtained for rat brain
extracts were 2.42_0.3. 0.19, and 0.62 umoles per g of wet tissue for mono-, di-, tri-
phosphoinositides and diphosphatidylglycerol, respectively.

Qualitative 1dentification of phosphatidic acid, phosphatidylgiveerol and
phosphatidylinositol in the bronchopulmonary lavage from two paticnts with
pulmonary alveolar proteinosis and in two lavages obtained post mortem from undis-
eased lungs™ was achieved. 7

Contfirmation of the base I-phesphono-2-aminoethane and identification of a
new base; N-methyl-1-phosphono-2-aminoethane, in the sphingolipids of the sea
anemone. Merridium senile. was reported™.

GC-MS was successfully used to characterize three molecular species of diol-
choline plasmilogens™. The lipid was enzymatically dephosphorylated and analysed
without prior derivatization. The three molecular species were identified as: (1)
hexadec-17-enyl-ethanediolphosphorylchohine. (2) hexadec-1’-enyl-propane-1_3-diol-
phosphoryicholine, and (3) octadec-1"-enyl-propane-1_3-diolphosphorylcholine.

B. Separation and characierizarion of molecular species of polar tipids

(a}. Glyeerophospholipids

In the bovine phosphatidyiserine, 1-stearoyl-2-oleoyl- (and perhaps 1-oleoyl-2-
stearoyl)sn-glveero-3-phosphorylserine was the major molecular species. Other
species included: I-stearoyl-2-docosahexaenoyl- and l-siearovl-2-eicosuaenoyl-sn-
giycero-3-phosphorylserine. These results agreed very well with the fatty acid compo-
sition of the phosphatidyiserine determined by independent methods™. Molecular
species of phosphatidylcholine (from egg. plant and bile). phosphatidylinositol. .
phosphatidyvlethanolamine and diphosphatidylglycerol from commercial sources
were also reported®®-*c. '

(h) Sphingosines ]

A long-chain base from oyster glycolipid has been. identitied as sphinga-
4.8-diene®*. The unique occurrence of 2-amino-1_3-diol-d-zrans-tetradecane and 2-
amino-1_3-diol-d-rrans-hexadecane was reported in M. domestica larvae and adults™.
The presence of sphinga-4,14-diene in human plasmal sphingomyelin has also been
reported’*>. Two branched phytosphingosine bases. 1,3,4-trihvdroxy-2-amino-16-
methvloctadecane and 1.3.4-trihydroxy-2-amino-16-methylnonadecane, were identi-
fied by Karlsson ez al*" in the sulfatides of the sailt gland of the spiny dogfish.
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(c) Ceramides

ldentification and quantitation of ceramides in human plasma have been
reported™. Only ceramides with normal fatty acids (C,,—C,, chainlength) were found.
Although sphingosine was the main long-chain base, the other bases detected were
hexadeca-, heptadeca- and nonadecasphingosine, sphinganine and sphingadiene.
Healthy subjects had a ceramide content of 5.64 =- 1.51 ygg/ml of plasma.

A patient who had a special phenotype of lipogranulomatosis and a control
were studied for ceramide content and its nature”. In a subcutaneous nodule (analvsed
one year betore the death of the patient). ceramide had accumulated to the extent of
11.9 mg/e of wet weight. The main components were sphingosine base and palmitic,
behenic and lignoceric acids. In the kidney of the dead, the accumulation of ceramides
with hydroxy fatty acids was seven times higher than in that of the control (6CO ug/e
of wet weight).

Human platelets which had a free ceramide content of 1.31 ug/109 platelets
or 0.47 ugimg platelet protein contained as its major molecular species: N-palmitoyl-
sphingosine, N-stearovilsphingosine, N-docosanoylsphingosine, and N-tetracosanoyl-
sphingosine™. Minor amounts of ceramides containing sphinganine and sphingadiene
as well as unsaturated fatty acids were also present. The quantitation of ceramides’
was achieved by use of radioactive ceramide as internal standard and synthetit
crystalline ceramides for comparison of peak areas.

(d} Sphingophospholipids (sphingomyelin)

A combination of prefractionation TLC and GC-MS indicated the existence
of at least 33 molecular species of sphingomyelin trom human plasma and two of the
GC fractions were pure molecular species of N-tetracosenovisphingosine and N-
tetracosenoylsphinga-4, 14-diene®.

{e) Sphingophosphonolipids

In the ceramide 2-aminoethyl phosphonate isolated from oysier adductor®®,
N-hexadecanoylhexadecasphing-4-eninyl-2-aminoethylphosphonate was -the major
molecular species. The other species were: N-heptadecanoyihexadecasphing-4-eninyl-,
N-hexadecanoylsphing-4 8-dieninyl-, and N-hexadecanoylsphing-4-eninyvl-2-amino-
cthylphosphonate.

The molecular species of ceramide monomethylaminoethylphosphonate oc-
curring in the viscera of Turbo cornurus were: C,g 2-hydroxyhexadecanoylphytosphin-
gosine-. C,y 2-hydroxyhexadecanoylphytosphingosine-, and Ca.. 2-hyvdroxyvhexadeca-
rovldehydrophytosphingosine-2-N-methylaminoethylphosphonate in the ratio of
46:17:27 (ref. 70).

(1) Sphingogiycolipids

About fifteen molecular species each of glucosyl ceramide® and galactosyl
ceramide’ have been identified. Mouse brain glucosyl ceramides contained 20%;
hydroxy fatty acids (mainly 2-hydroxystearic and -behenic acids). and the rest non-
hvdroxy (stearic. arachidic, lignoceric, and behenic acids, in that order of abundance).
The major long-chain base was sphingosine and Cag-sphingenine comprised 20%;, of the
total bases.

Cerebrosides from cerebrospinal fluid®®, containing sphingosine, normal and
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hydroxy fatty acids. and galactose. resembled in composition the cerebrosides from
brain. ‘

5. DISCUSSION

It is clear from the information given above that GC-MS has been successfully
exploited not only for the identification and sometimes quantitation of the molecular
species of a variety of glvcerophospholipids. long-chain 2-amino-1.3-or-1.3.4-polyols,
ceramides. sphingophospholipids, sphingophosphonolipids. and sphingoglvcolipids.
but also for the identification and quantitation of a number of glycerophospholipid
classes from samples of biological origin.

Recently some reports have appeared in the literature on identification of
molecular species of complex lipids by MS alone. Thus Klein™~™ has demonstrated
the possibility to detect fragments related to the molecular species of phosphatidyl-
cholines in naturally occurring mixtures and has tentativelv identified eight ditterent
molecular species™. The author suggested the necessity to obtain correction factors
for the commonly occurring species and, in certain cases, for the less readily available
molecular species. if the tissue were rich in a particular fatty acid, and in case quantita-
tive analysis of biological sumples was sought. The molar correction factor derived
showed that the greatest response was for those compounds containing the smallest
nuniker of carbon atoms and the introduction of one double bond increased the re-
sponse approximately two-fold.

During their work on structure determination of pure sphingoglycolipids as
their TMS derivatives by direct MS. Sweeley and Dawson™ used a partially scanned
mass spectrum (#z;e 60 1o mje 800) to get the information regarding the positions of
substitution of monosaccharide units. the nature of sphingolipid bases and the rela-
tive amounts of constituent fatty acids.

Stoffel and Hanfland® used GC-MS to characterize methylated alditol acetates
and N-methylacetamidoalditol acetates in characterizing amino-sugar containing
sphingoglyvcolipids. .

A recently  reported centrichromatography-mass * spectrometry - technique
seems to have similar potential of analysing microgram quantities of multicomponent
mixtures. This technique involves the application of centrifugal force to accelerate
the migration and separation by sohid-liquid chromatography of samples through
columns of microparticuliate silica and subsequently analyse them by MS®.
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7. SUMMARY

The review discusses. in brief. the methodology involved in the coupled gas
chromatography-mass spectrometry separation and characterization of some clusses
of polar lipids and their molecular species. lis application to the field of biological
sciences has been indicated.
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