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I. I N T R O D U C T I O N  

Since the 1960s, when Beynon, l McLafferty 2 and Budzikiewicz et al. 3 established the 
fundamental theory of mass spectrometry for application to organic chemistry, mass 
spectrometry has become one of the important analytical tools for the structural 
determination of organic compounds. Especially useful is mass spectrometry combined 
with gas chromatography (GC-MS) using Ryhage's jet separator 4 for elucidating the 
structures of many lipids. In the GC-MS method, lipids are first hydrolyzed to their 
constituent fatty acids, long chain bases and water-soluble components, and then each 
component is derivatized to the volatile compound and separated by CJC followed by 
analysis by MS. This method remains the most useful technique for analyzing component 
sugars and methylated sugars, which is essential for structure determination of the sugar 
chain and for determining the double bond position and branching point of long chain 
bases and fatty acids that are the ceramide portion of complex lipids. However, this 
method is restricted by the molecular size of the lipids analyzed and could not be used for 
intact lipids. 

In the latter half of the 1970s, direct ionization of surface molecules with high energy 
particles, called particle-induced desorption ionization, 5 was developed. It is suitable for 
the analysis of high-molecular-weight, polar or thermally labile compounds and has been 
developed in many forms, 2s2Cf-plasma desorption mass spectrometry (2s2Cf-PDMS),6 
secondary ion mass spectrometry (SIMS), 7 fast atom bombardment mass spectrometry 
(FAB/MS) 8 and laser deserption mass spectrometry (LDMS). 9 These soft ionization 
methods are applied to lipid analysis. ]°-]4 FAB/MS and SIMS are used most often for the 
analysis of middle-molecular-weight compounds such as complex lipids. 

An important characteristic of mass measurements for FAB and SIMS is the use of a 
liquid phase (e.g. glycerol), called the matrix. A "liquid drop", consisting of sample 
solution and the matrix, is bombarded with the fast beam, and the secondary ion produced 
during the sputtering process is measured. The difference between SIMS and FAB/MS is 
what is used as the fast beam, in SIMS, it is a cation beam, such as Ar + or Xe + (3-5 keV), 
whj)e in FAB/MS, it is an electrically neutral atom beam, such as Ar ° or Xe ° (3-8 keV). 
However, the energy levels of the fast beam are about the same, and no significant 
difference can be recognized between the FAB/MS and SIMS spectra obtained. Therefore, 
in this review, SIMS and FAB/MS are dealt with in the same way. 

As [M + H] +, [ M -  I-l]- and fragment ions in FAB/MS can be observed for several 
minutes or more by using the matrix, a linked scan technique can be used for the specific 
ion to clarify the fragmentation pathway. The related FAB/MS/MS method is also used, 
in which the ions produced are separated by one mass spectrometer, the specific ion is 
selected and activated by collision, and then the daughter ions are analyzed by a second 
mass spectrometer. Some interfaces for the direct coupling of liquid chromatography (LC) 
and FAB/MS have been develope d]5'~6 and the convenient TLC/FAB/MS method was 
designed for the direct analysis of spots on a TLC plate without elution. ~7 

At present, lipids are analyzed by mass spectrometry in their intact form without 
hydrolysis or derivatization. This review summarizes how FAB/MS is used in lipid 
research. 

II .  M E T H O D S  

A. F A B / M S  

The main features of FAB/MS are shown schematically in Fig. 1. As an atom beam was 
used as the primary beam, an Ar +, Xe + beam produced from the atom beam in the primary 
ionic chamber was introduced to the collision chamber which was filled with Ar and Xe 
gases, and Ar + and Xe + were changed to At .° and Xe ° by charge exchange, with the 
resulting neutral Ar ° and Xe ° being used as the bombarders. Both positive and negative 
ions are produced as secondary ions during the sputtering process? A matrix is required 
for this analysis. The sample must be completely dissolved in the matrix to make a clear 
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solution, in order to obtain good spectra. For the lipid solvent, chloroform-methanol or 
methanol-glacial acetic acid mixtures are usually used and many kinds of matrices have 
been tried with different lipids (see Table 1). 

B. FAB/MS/MS 

Cotlisionary activated dissociation (CAD) mass spectrometry is a new field developed 
by McLafferty) s The ions which are associated with the molecular weight or fragment ion 
are selected in the first mass spectrometer MS-I. They collide with an inert gas such as 
helium in a collision cell located in the field-free region between MS-I and the second mass 
spectrometer, MS-2. Finally, the product ions are analyzed in MS-2. The advantage of 
FAB/MS/MS is that collision spectra of the individual components from mixtures can be 
obtained, and it is possible to exclude most of the obstructive signals derived from the 
matrix in order to interpret the fragment ions. Therefore, this method can be used to 
characterize the important ions and examine the fragmentation pathway of pertinent ions. 

C. Linked Scan MS 

In a mass spectrometer with an E (electric field) B (magnetic field) or BE type 
arrangement, characteristic spectra by linked scan MS are obtained when an ion m + 
subjected to an accelerating voltage is decomposed to m~- and m + before entering the 
electric field, and both magnetic and electric fields are scanned under fixed condition) 9 A 
B/E constant scan yields spectra of all m~ (daughter ions) produced from m~, whereas 
a B2/E constant scan produces spectra of the m + (parent ion) produced from a specific m~ 
ion. Combining this method and the FAB ionization method is effective for studying 
fragmentation. 

D. TLC/FAB/MS 

Efforts have been made to combine SIMS and TLC. SIMS is suitable for analyzing 
high-molecular-weight, non-volatile and thermolabile compounds, and TLC is a simple 
and powerful separation method. Complex mixtures of lipids are separated on a TLC plate 
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TABLE 1. Matrices used for FAB Mass Spectrometry of Lipids 
Proton 

b.p. al~nity 
Matrix MW (°C) (kJ/mol) Lipids (references) 

Glycerol (G) 92.09 290 828 PC (21, 22, 24, 34, 37), PE (21, 22, 24, 37), 
LPC (21), PS (21), laG (21, 24), PA (24, 34), 
PI 04), PAF 09, 40, 42), Iyso-PAF (43), 
ether lipid (44), CMAEP (45), CAEP (45), 
CMH (51, 58), CDH (51), CTH (51), 
Glob (51), CSE (79), GMI (52, 58), GM2 (79), 
GM3 (50, 72, 79), asiloGMl (50, 58), 
asialoGM2 (51), GDIa (58, 79), GDIb (58), 
psychosine (63), Cer (86) 

Triethanolamine (TEA) 149.19 170 975 

Tetramethyl urea (TMU) 

TEA + TMU 

Diethanolamine (DEA) 105.14 

3.Nitrobenzyl alcohol (NBA) 153.14 

116.6 176.5 

183 954 

175-180 
(3 mmHg) 

Dithioerythritol 154.25 m.p. 82-84 
+ dithiothreitol 154.25 125-130 

(2 mmHg) 

Thioglycerol (TG) 108.16 118 
(5 mmHg) 

TG + G-15-Crown-5 220.27 100-135 
(0.2 mmHg) 

TG+ G 

PC (23, 26, 28, 38), PE (36), LPC (26), PS (23), 
PG (36), PI (36), PAF (36, 41), SM (26, 28), 
CAEP (45), CMAEP (45), CMH (50, 70), 
CDH (50, 53), CTH (50, 53, 70), Glob (50), 
Forss (50), GMI (50, 53, 63), GM2 (53, 70), 
GM3 (50, 53, 72), asialoGMl (50, 53), 
asialoGM2 (50, 53, 63), 9-0-Ac-GD3 (73), 
Gal-6GL (57), sulfoGL (49, 82), 
phosphonoGL (57, 85) 

Gal-6GL (57) 

CDH (53), CTH (53, 54), Glob (54), Forss (54), 
GMI (53, 71, 80), GMlb (74), GM2 (53, 71), 
GM3 (50, 53, 54, 71, 72), asialoGM1 (53, 71), 
asialoGM2 (53, 71), GDIa (52, 54, 72), 
GDIb (54, 72), GTIa (54, 72), GTlb (54, 72), 
ether lipid (44) 

PC (25, 34), PE (25, 34, 35), PS (34), Pl (34), 
SM (34), LPC (34), LPE (34), LPS (34), DPG (35) 

PC (25, 26, 28), PE (25), LPC (26), SM (26, 28), 
CAEP (63), CMAEP (63), phosphonoGL (85), 
permetliylated ganglioside (77), Cer (86) 

PE (36), CAEP (46), CMAEP (46) 

PC (22), PE (22), GMI (75), FucGMI (75), 
GM3 (75), GDla (75), GDlb (75), 
FucGDlb (75), GTlb (75), GQIb (75), 
permethylated sulfoGL (81) 

Permethylated ganglioside (77) 

PE (33), permethylated gangfioside (78) 

and tl]en analyzed directly on the plate by SIMS without  elution f rom the T L C  plate. 
An aluminum- or plastic-backed silica gel T L C  plate is used for  good separat ion and easy 
a t tachment  to the secondary ion mass spectrometer  p r o b e )  7a° After  separat ion o f  the 
sample on  the T L C  plate, the area o f  interest on the plate is cut out  as a small piece, which 
is then at tached to the  ion target with a strip o f  double-faced masking tape and then mixed 
with a suitable solvent and matrix.  For  more  convenience, the so-called scanning 
T L C / S I M S  appara tus  or  scanning T L C / F A B / M S  appara tus  can used. This enables direct 
bombardmen t  o f  each ch romatogram with fast Xe + ions or  Xe atoms without  being cut  
f rom the T L C  plate. 

E. HPLC/FAB/MS 

Combined  use o f  F A B / M S  and high performance liquid chromatography  (HPLC)  
has also been expected to be useful. F A B / M S  and S I M S  are suitable for  the analysis o f  
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high-molecular-weight, polar or thermally labile compounds, while HPLC has superior 
chromatographic separation efficiency. Attempts have been made to develop a suitable 
interface for HPLC/FAB/MS. One is the moving belt method in which the test solute 
is ionized in a liquid matrix such as glycerol. However, the results have not been good 
and samples separated by HPLC are usually collected as a single peak for FAB/MS 
analysis. Some recent methods include micro HPLC/FAB/MS ~5 and continuous flow (CF) 
FAB/MS 16 using fused-silica or an open tubular capillary tube and a stainless-steel frit. 
Glycerol, premixed in the mobile phase, serves as the matrix of FAB ionization. The mobile 
phase solvent is immediately vaporized on the surface of the frit, while the solute and 
matrix are left on the surface and subjected to bombardment by the Xe or Ar beam. 

III. APPLICATION TO STRUCTURAL ASSIGNMENT 

A. Phospholipids 

1. Glycerophospholipids 

Naturally occurring lipids are usually mixtures of multiple molecular species and their 
mass spectra are complex. Among the glycerophospholipids, phosphatidylcholine (PC) has 
been a popular choice for study, 21-27 because PC with a known structure can be prepared 
easily from egg yolk and soy beans and a synthetic one having simple molecular species 
with component fatty acids of known kind and position, is commercially available. FAB 
mass spectra of dipalmitoylglycerylphosphocholine and 1-palmitoyl-2-stearoylglycero- 
phosphocholine are shown in Fig. 2. 

The molecular weight of glycerophospholipids is usually determined from the m/z value 
of both [M + H] + ions and [M + Na] + ions, which appear in the positive ion mode and 
[M - I-I]- ions which appear in the negative ion mode. In the case of PC, [M + H] + ions 
are detected in the positive ion mode, but [M - H]- ions are not obtained in the negative 
ion mode. 23~4'26 Instead, triplet ions of [M - 15]-, [M - 60]- and [M - 86]- appear as 
ions indicating molecular weight. They have been assigned structures of [ M -  CH3]-, 
[ M -  NH(CH3)3]- and I M -  CH2 = CHN(CH3)3]- by measurement of their exact mass 
numbers and the MS/MS of each triplet ion. The origin of the triplet ion was found to 
be the matrix-ion adduct to the target molecule, using the B2/E linked scan technique. 2~,2s 
The occurrence of triplet ions is characteristic for choline containing lipids and is seen also 
in lyso PC and sphingnmyelin (SM). 26 

Information as to the kind of acyl group and its position in the glycerol backbone can 
be obtained as follows. Collisional activation of carboxylate anions causes fragmentation 
that can be used to characterize the fatty acid substituent. When the [RCOO]- ion in the 
negative ion mode is subjected to measurement of CAD spectra, fragmentation takes place 
from the alkyl end as shown in Fig. 3. Collisional activation of the [RCOO]- ion yields 
a series of fragments arising from loss of the elements of Cn H~ + 2 from the alkyl terminus 
remote from the charge site. Identification of the carboxylic acid and determination of the 
length of its carbon chain is possible because a series of fragment ions is formed starting 
with the loss of CH4 and ending with its loss which yields an ion of m/z 58. The presence 
of unsaturation on the acid chain can cause perturbation of this fragmentation pattern. 
Therefore, the total carbon number and degree of unsaturation of the acyl group can be 
deduced from the spectra. 23'26'29'3° If the acyl group is unsaturated fatty acid, the positions 
of up to three double bonds can be determined. 23'26,29,3° The branching point can also be 
determined. 3° 

The position of the acyl group is judged from the relative intensities of deacylated 
fragment ions. In the two pairs of ions produced by deacylation from glycerophospholipids, 
i.e. the deacyl doublet, [MH - RCH = C = O] + and [MH - RCH = C = O - 2H] +, and 
the deacyloxy doublet, [MH - RCH2.COOH + 2H] + and [MH - RCH2COOH] +, the 
intensities of these ions produced from release of the acyl and acyloxy groups at the 
2-position are usually stronger than those from the 1-position. This makes possible 
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FIG. 2. FAB mass spectra of phosphatidyl choline. (I) Dipalmitoylglycerylphosphocholine, 
(II) 1-palmitoyl-2-stearoylglycerylphosphocholine. Matrix: glycerol (positive), triethanolamine 
(negative), P: polar group ion region, B: ions arising due to the matrix, A: deacylated ion region, 

M: molecular ion region. 

clarification of the acyl groups combined with 1- and 2-positions of glycerol. 22'2~'26 Another 
method compares the intensity of the [RCOO]- ion produced in the negative ion mode 
from the molecular ion by B/E constant linked scanning or CAD spectra. [M - 15]- and 
[ M -  60]- ions among the triplet ions in PC produce the [RCOO]- ion by MS/MS, and 
the intensity of the [RCOO]- ion released from the 2-position of PC is always stronger than 
that from the 1-position. Kayganich and Murphy 2~ reported that the ratio of [RCOO]- 
ions for the 1-position and the 2-position is 1:3. Moreover, [RCOO]- ions appearing in 
the negative ion FAB mass spectrum show that the ions from the 2-position are also more 
intense than those from the l-position. 

The polar head group has a characteristic m/z value which reveals the kind of water- 
soluble compound it is, In PC, the ions at m/z 184 and m/z 224 in the poistive ion mode 21'~6 
and m/z 168 in the negative ion mode 32 indicate the presence of phosphorylcholine. 
These ions have been confirmed to arise from phosphorylcholine by the CAD spectrum 
of the [M + H] + ion. The ion at rn/z 184 in the positive ion mode shows the presence of 
phosphorylserine in phosphatidylserine (PS), 3° and the ion at rn/z 142 in the positive ion 
mode and rn/z 140 in the negative ion mode 3° show the presence of phosphorylethanolamine. 
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FIG. 3. CAD spectra of [RCOO]- ions at m/z 283, 281 and 279 obtained in the negative ion mode 
FAB/MS of phosphatidylcholine. 

As these ions sometimes overlap with the cluster ions derived from the matrix, careful 
attention must be paid when identifying them. However, this problem can be resolved by 
measuring negative ion FAB/MS using a surface precipitation technique. 32 The polar 
groups of the phosphoester type can be identified from the daughter ions produced by B/E 
constant scanning of [M + H] + ions and four kinds of deacylated ions mentioned above 
in positive ion FAB/MS. 

In addition to PC, FAB/MS spectra of PS, 2h23"32 phosphatidylethanolamine (PE),  u'3°~37"33'36 
phosphatidylinositol(PI), 32'34-36 phosphatidylglycerol(PG), uj°'3e phosphatidic acid u'~ and 
the lyso-homolog 32 of PC, PE and PS were measured. Also FAB/MS/MS of PC, 23 PS, 23 
PE, 36 PI) 6 P G  36 and card io l ip in  36 were measured. 

Plasmalogen type phospholipids have also been analyzed by SIMS 35 and FAB/MS) ~,3s 
As they differ from conventional diacyl type phospholipids by the lack of  an oxygen atom 
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FXG. 4. FAB mass spectra of sphingoethanolamine. Matrix: 3-nitrobenzyl alcohol. 

at the 1-position, the [M + H] + ions are detected at 16 mass units less than that of the 
diacyl type phospholipid. 

The structure of the platelet activating factor (PAF) (1-O'-alkyl-2-O-acetyl-sn- 
glyccrophosphocholine) is similar to the plasmalogen type phospholipid, because the 
long aliphatic chain at the 1-position is attached by an ether linkage. As PAF is of 
biological interest, it has been subjected not only to qualitative analysis, 4°,42 but also to 
quantitative analysis 39,4] using stable isotope dilution and the FAB ionization technique. 
The ratio of [M + H] + ions produced from native and trideuterio derivatives used as 
internal standards is measured and quantities as low as 10 ng can be determined. 39 
Moreover, analysis in the picogram range is possible by the stable isotope method and 
FAB/MS/MS? ~ Lyso-PAF, considered to be a precursor of PAF, has also been analyzed 
by the FAB/MS method; its detection limit is 5 ng. 43 FAB/MS/MS analysis of archaeo- 
bacterial lipids was reported." These lipids consist of a glycerol backbone with a polar 
head group, but differ from other glycerophospholipids by the fact that phytanyl chains 
arc ether-linked to glycerol. 
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phonate and eeramide N-me~ylaminoe~ylph~phonate). Matrix: glycerol. 

2. Phosphosphingolipids 

Sphingomyelin (SM) ~,37 and sphingoethanoamine (SEA) were analyzed by FAB/MS. 
As SM contains choline as its constituent, triplet ions occur instead of the [M - I-I]- ion 
in the negative ion mode, as for PC. In the positive ion mode, ions which indicate the 
presence of ccramide and a long chain base appear in addition to the [M + HI + ion. The 
ion at m/z 184 shows the presence of phosphorylcholine. 

Positive and negative ion FAB mass spectra of SEA, N-palmitoyl-octadecasphingenyl 
phosphorylethanolamine, are shown in Fig. 4. The [M + H] + ion at m/z 661, the ccramide 
ion at m/z 520 and the LCB ion at m/z 264 appear in the positive ion mode. In addition 
to the [ M  - H]- ion at m/z 659, the ion at m/z 140 is detected in the negative ion mode. 
This ion shows the presenc~ of phosphorylethanolamine. 

3. Phosphonosphingolipids 

Two phosphonosphingolipids (PnSL) have bccn shown to b¢ naturally occurring sphingo- 
lipids containing aminoalkylphosphonic acid. One is a ccramide aminoethylphosphonat¢ 
(CAEPn) which has aminoethylphosphonic acid (AEPn) as a water-soluble component, 



310 T. MXTSUBA~X and A. HAYASHI 

0 
II 

CH,(CH,),oCH: CH C, H-CH- CH, O- P-CH,CH,NHe 
OH NH OH 

c - o  
C.,H3, 

Positive 
R 

| s .  

I 
'4 5' 

R 

2 A E P  LCB 
128  

617 
4 9 2  

Ceramlde  

" - ~ . . . .  ~ , w  " " 1 3 ~ a  " , e ~  . . . .  ~ . . . .  u "  

e v z  

Negative 
R 

1 
! 

v 

R 
b 

d 

n 

1 2 4  

AEP 

815  

• . , , , . . . . . . . . .  , , 

~ m  m ~ ~ m 

FIG. 6. CAD spectra of[M + H] + and [M - H]- ions at m/z 617 and 615 obtained in the FAB/MS 
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and another, PnSL, has an N-methyl derivative (MAEPn) of AEPn and is ceramide 
N-methylaminoethylphosphonate (CMAEPn). FAB mass spectra of a mixture of CAEPn 
and CMAEPn are shown in ,Fig. 5. In addition to the [M + H] + ions, those indicating 
ceramide and a long chain base were detected in the positive ion mode and the [M - H]- 
ion was detected in the negative ion mode. There are also two pairs of ions, at m/z 126 
and 140 in the positive ion mode and at m/z 124 and 138 in the negative ion mode. These 
ions were assigned to be ions indicating AEPn and MAEPn from the results of exact mass 
measurement of the CAD spectral data of each ion. 45'46 Therefore, these ions can be used 
to distinguish AEPn and MAEPn in CAEPn and CMAEPn. 

CAD spectra of the [M + I-I] + ion at m/z 617 and the [M - H I -  ion at m/z 615 of PnSL 
are shown in Fig. 6. The [M + H] + ion produces a ceramide ion at m/z 492, long chain 
base ions at m/e 236 (C~6-sphingosine; d l t :  1), and a polar group ion at m/z 126 (AEPn). 
On the other hand, the [M - I-I]- ion gave only strong polar group ions at m/z 124 (AEPn). 

Separation of the PnSL mixture into CAEPn and CMAEPn at the molecular species 
level was carried out by reversed phase HPLC. Each peak was collected separately and 
analyzed by FAB/MS. As shown in Fig. 7, one peak consists of almost a single molecular 
s p i r i t s .  
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Triethanolamine (TEA) has been reported to be better than glycerol as a matrix for 
phospholipids. However, when TEA was used as a matrix in the negative ion mode, 
FAB/MS of phospholipids containing a free amino group, such as PE, PS, CAEPn and 
SEA, [M - H + 26]- and [M - H + 42]- ions appeared in addition to the [M - HI- ion. 47 
As the intensities of these adduct ions between the matrix and lipid are usually stronger 
than that of [M - H]- ion, the molecular weight should be determined with caution. These 
phenomena did not occur in the diethanolamine (DEA) matrix. This problem is also 
described by Jensen. 4s 

The sensitivity of detection of the [ M -  H]- ion is good in the order of DEA, 
3-nitrobenzyl alcohol (3-NBA) and glycerol, with slight differences being noted with the 
type of phospholipid. Intensities of the [M - H ] -  ion of CAEPn using four kinds of 
matrices are shown in Fig. 8. 

B. Glycolipids 
1. Glycoglycerolipids 

Sulfates of monogalactosylalkylacylglycerol and its lyso-homologue were analyzed by 
SIMSP In the positive SIMS, cationized molecular species were very intense. Desulfo and 
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desulfo-degalacto ions derived from the molecular ions were also prominent. In the 
negative SIMS, [ M -  H]- ions were detected with strong intensities in the high mass 
region, and the fragment ions corresponding to the terminal sulfated galactose residue at 
m/z 241 [HSO3-Gal]- and m/z 257 [HSO3-Gal-O]- were identified. 

Glycolipids containing dialkylglycerol can also be analyzed by negative ion FAB/MS) ° 
The [M - H]- ion and ions indicating the sugar sequence were detected clearly, but an ion 
corresponding to the dialkylglycerol was not observed. This differs greatly from the spectra 
of glycosphingolipids which produce ceramide ions as described below. It is very interesting 
that the spectra reflected a difference in the linkage position of the glycolipid. When 
dimannosyl-di-O-alkyl glycerols with different linkages, such as 1-6, 1-2 and 1-4 linkages, 
were analzyed under identical conditions, clearly different relative intensities of [M - H]- 
and [mannosyl-di-O-alkyl glycerol-  H]- ions were observed. 

2. Glycosphingolipids 

FAB/MS spectra of a large number of glycosphingolipids as well as gangliosides have 
been studied, because they yielded information about molecular weight and sugar 
sequence. 5~-5s TEA alone or a mixture of TEA and tetramethylurea (TMU), and recently 
3-NBA, are used as matrices for glycosphingolipids. Glycerol is not suitable for analyzing 
glycosphingolipids and gangliosides, because little structural information can be obtained 
from both positive and negative ion FAB mass spectra. Molecular weight was determined 
from [M + H] +, [M + Na] + and [M + H - H20] + ions in the positive ion mode and from 
[M - H]- ions in the negative ion mode. These quasi molecular ions were observed usually 
as multiple peaks with differences of 10, 12, 14, and 16 mass units. These phenomena reflect 
the heterogeneity of the ceramide moiety, i.e. a mixture of some molecular species. The 
difference of 10 mass units shows the presence of 2 double bonds, 12 mass units, 1 double 
bond and 16 mass units a hydroxyl group in the ceramide moiety. Negative ion FAB was 
used to define the sugar sequence. As shown in Fig. 9a, a series of ions with a specific m/z 
value which was produced by cleavage of glycosidic linkages were detected clearly from 
the start at the ceramide containing an oxygen atom in the glycolipid with a linear sugar 
chain) 9,~° From these m/z values, the composition of sugar [hexose (162), pentose (132), 
deoxyhexose (146), N-acetylhexosamine (203), methylated hexose (176) and so on] and 
sugar sequence can be determined. However, isomeric monosaccharides (glucose, galactose, 
mannose etc.) cannot be distinguished from each other. If the sugar chain has a branching 
structure, the spectra shows a complex pattern from the branching point (Fig. 9b). 

Positive ion FAB/MS gave less information about the structure of the sugar chain than 
the negative ion mode type, but much information was obtained about the constitution 
of ceramide and long chain base, especially when 3-NBA was used as the matrix. 61'~ The 
ion at m/z 264 in the positive ion FAB/MS was found to be derived from C:s-sphingosine 
(dlS:l)  which is one of the most abundant naturally occurring long chain bases. 63 The 
chain length of fatty acid can be calculated by subtracting the m/z value of the long chain 
base ion from that of the ceramide ion. 

Recently, a more detailed study on the structure of glycosphingolipids and the frag- 
mentation pathway of some ions have been carried out ss using FAB ionization combined 
with high performance tandem mass spectrometry. 

In the positive ion FAB mass spectra of permethylated glycolipid, the sugar ion series 
produced by cleavage of the glycosidic linkage from the nonreducing terminal was 
detected ~'ss in addition to ceramide ions. Elimination of MeOH (32 mass units) from the 
sugar ion is a very typical feature similar to the ion found by EI mass spectra of per- 
methylated glycolipid. The terminal hexose residue gives rise to ions at m/z 219 and 187 
(219 - MeOH) and deoxyhexose is represented by ions at m/z 189 and 157 (189 - MeOH). 
The ion at m/z 260 and 228 (260 - MeOH) is characteristic of terminal N-acetylhexos- 
amine. The glycosidic bonds of N-acetylhexosamine residues are most favored points 
of cleavage. Thus, glycolipid with repeated lactosamine units (Gall-4GalNAc) gave the 
ion at m/z 464 and 432 (464-  MeOH) and m/z 913 and 881 (913-  MeOH). If the 



314 T. MATS~ and A, HAYASHI 

(a) 

H o x - O - H e X N A c - O - H o x N A c - O - H e x - O - H o X N A c - O - H o x N A c - O - H o x N A c - O - H e x - O - H e x - O - C e r  

t68 

" ZOO 4oil r=66 
too 

1266 ! 56 
. . . .  L L  ._ 

I , .  

i2~O 

1469 1631 

=tS,0 

698 

968 

1063 

Li...=~--~,J,L~ .... • 
860 =s.e 

toog t~gg 

2199 
1834 2037 1, 

• 20 .'a 

t L 6 0 9 '  L 9 ~ 6 '  ,, , L tag6 . .  2E06 22~6 

{b) 
1 1056 | l O  655 IS~$ 

!iO-ie-Hei.,-'o-,. , .  , 
: 

: 1 1 9 1  I 0 I~lt 

58 

.lh ........ 
395 

298 488 G88 Bg8 t88g  1268 148~ t G ~  t~88 

FIG. 9. Negative ion FAB mass spectra of glycosphingolipids with linear sugar chain (a) and 
branched sugar chain Co). Matrix: triethanolamine, 

Gal 1-3GalNA¢ structure is present at the terminal end of the glycolipid, the ion at m/z 
464 is accompanied by the ion at m/z 228 instead of m/z 432. Egge et al. analyzed 
oligoglycosylceramide containing up to 25 sugars by this method. ~,~ 

Many applications of LC/MS for the analysis of glycolipid have been reported, e.g. 
separation of glycolipid classes using the moving belt LC/MS interface with CI mass 
spectrometry, ~7 separation of molecular species of cerebrosides by reversed phase LC and 
atmospheric pressure ionization. ~ Recently, a new system of HPLC/FAB/MS which 
involves a frit interface between micro column HPLC and MS was developed and applied 
to the separation and characterization of molecular species of glycosphingolipids with one 
and five sugars. ~ 

Analysis of glycolipid accumulated in some lipidoses has been carried out using 
TLC/SIMS. 7° 
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3. Gangliosides 

A large number of FAB mass spectra of intact gangliosides 7~-" and permethylated 
gangliosides 6s,76-79 have been measured. For determination of the sugar sequence, the 
negative ion mode is useful, similar to the case of the neutral glycolipid. Cleavage of 
glycosidic bonds takes place only from the side of the ceramide including the oxygen atom. 
As sialic acid is usually attached to the sugar chain at the non-reducing end and this 
ketoside linkage is cleaved easily, the ion at m/z 308 and its dehydration ion at 
m/z 290 were observed in the case of N-acetylneuraminic acid containing ganglioside 
(Fig. 10). 

The isomeric gangliosides (GMla and GMIb, 74 GDla  and GDlb, u GTla  and GTlb u) 
can be clearly distinguished on the basis of fragment ions. As polysialogangliosides have 
many negative charges, they have a tendency to bind cations like Ca +, K + or Na +, which 
leads to a very complex cluster of cationized molecules. This problem can be overcome 
partly by the addition of acid, such as hydrochloric, oxalic or citric acids, to the matrix, 
although this can lead to a pronounced tendency for lactone formation. Glycerol is not 
a good matrix for analyzing ganglioside, but when hexamethylphosphoric triamide or 
triethylene glycol was added to glycerol, the [M - I-I]- ion and prominent fragment ions 
caused by sequential cleavage of glycoside linkage were clearly observed) ° 

4. Sulfoglycolipids 

As sulfoglycolipids have a negative charge coming from the sulfate group, the negative 
ion mode is expected to be better than the positive ion mode for analyzing them, as in the 
case of gangliosides. Indeed, negative ion FAB s' and negative SIMS sz's3 of sulfoglycolipids 
proved the presence and location of the sulfate group and also revealed the sugar sequence 
and ceramide composition, as shown in Fig. 11. 

The positive ion mode is superior to the negative ion mode for analyses of permethylated 
neutral glycolipids and gangliosides, but the negative ion mode is better for analyses of 
permethylated sulfatides. 
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Lyso-sulfatide can be analyzed by both positive and negative ion modes? 4 Weak 
[M + I-1] + ions, and strong ions corresponding to galactosylpsychosine and the dehydrated 
ion of the protonated long chain base were detected in the positive ion mode. Besides a 
large amount of [M - H]- ions, the ions derived from sulfated galactose at m/z 257 and 
241 and deprotonated sulfate at m/z 97 were observed in the negative ion mode. 

5. Phosphonoglycosphingolipids 

Information on the structure of the sugar chain and ceramide composition were obtained 
from negative ion FAB mass spectra as well as neutral glycolipids. Aminoalkylphosphonic 
acid was identified using the ion at m/z 124 and 138 in the negative ion mode and the ion 
at m/z 126 and 140 in the positive ion mode as described in Section III.A.3. The position 
of aminoalkylphosphonic acid on the sugar chain was revealed by comparing each negative 
ion mode FAB mass spectra of phosphonoglycosphingofipid (PnGSL) before and after 
treatment with HF (Fig. 12): I The molecular species of the long chain base and 
aminoalkylphosphonic acid also can be determined by linked scanning of [M + H] + ions 
and ceramide ions of intact PnGSL, respectively. 

C. Non-Polar Moiety 

1. Ceramides 

The positive ion FAB/MS of intact sphingofipid mainly yields fragments related to the 
non-polar portion (ceramide) whereas negative ion FAB/MS yields more informative 
ions for the water-soluble part. FAB mass spectra of free ceramide gave [M + H] + and 
[M + H - H20] + ions in the positive ion mode and [M - H]- ions in the negative ion mode. 
Therefore, the molecular weight could be estimated from these ions. In our observations, 
LCB ions and a series of ions for hydrocarbons were detected clearly when 3-NBA was 
used as the matrix (Fig. 13). 
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Fro. 12. Negative ion FAB mass spectra of phosphonoglycosphingolipids. Upper: intact 5pid, 
lower: lipid treated with hydrogen fluoride. Matrix: diethanolamine. 

However, Domon et al. s6 reported that the response of the characteristic ceramide ion 
is very weak in positive ion FAB/MS, and the MS/MS experiment is difficult to apply to 
microscale analysis. Hence, ceramide was chemically modified and analyzed by MS/MS, 
i.e. reduction with borane (conversion of the amide to amine) followed by oxidation 
(conversion of allylic alcohol to a vicinal diol). Highly sensitive results with signal 
enhancement 10 times that of intact ceramide can be obtained." 

2. Fatty Acids 

Fatty acids, one of the important components of conjugated lipid, have been analyzed 
by CJC/MS as methyl esters. The double bond position of unsaturated fatty acid can be 
determined as trimethylsilyl, pirrolidide and picolinyl derivatives also using GC/MS. 
Recently, free fatty acid can be analyzed by FAB/MS/MS. *7-94 Free acids dissolved in the 
TEA matrix are readily desorbed in the negative ion mode by FAB to yield [M - I-I]- ions. 
When the [ M -  I-I]- ions are selected in a tandem mass spectrometer and collisionally 
activated, they undergo parallel loss of the elements ell4, C2H~, C3 He etc. These C, Hz~ + 2 
losses begin at the alkyl terminus and progress along the entire alkyl chain. The ion 
fragmentations are called "charge-rem0te". Analytical applications and fundamental 
studies of charge-remote fragmentation are reviewed by Adams. 95 The patterns are well 
defined for saturated fatty acid, *s e.g. for palmitic acid, the ions at m/z 58, 71, 85, 99, 113, 
127, 141, 155, 169, 183, 197, 211, 225 and 239 are formed as daughter ions from the 
[M - HI- ion at rn/z 255 by the loss of CnHz~+2. If unsaturation or substituents are present 
in the alkyl chain, this pattern is interrupted at that point, enabling determination of the 
double bond position. Polyunsaturated fatty acids are reduced with deuterium-labelled 
diimide 0NT2D2) and the resulting saturated acid with deuterium labelling at the original 
unsaturated side is analyzed by this method. The location of double bonds in the original 
acid can be determined by the mass shifts caused by incorporation of deuterium into 
CnH~+2 fragments) 9'~ The FAB/MS/MS method has been extended to the structural 
determination of fatty acids containing branching (iso- and anteiso-9°), epoxy rings, 
cyclopropane rings, cyclopropene rings and hydroxy groups) 3 

In the case of the derivatized fatty acid, the [M + H]- ion is used. Deterring and Gross 93 
reported that picolinyl ester derivatives can also be readily desorbed by FAB as positive 
ions and then collisionally activated. CAD spectra of the [M + H] + ions of the derivatized 

JPLR ~/4--B 
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fatty acids revealed that structurally informative charge-remote fragmentations occur just 
as they do for fatty acid carboxylates. About 50 ng of material is needed to obtain a CAD 
spectrum for the piconilyl derivative of stearic acid, and about 10 ng for the oleic acid for 
the [ M -  I-I]- ion. Thus, the detection limits are similar. In addition to the picolinyl 
derivative, methyl-, ethyl- and propyl-esters, amide, and pirrolidide derivatives have also 
been analyzed using [M + H] + ions in the positive ion mode. 94 

3. Long Chain Bases 

The ion at m/z 264 which appeared in positive ion FAB/MS of sphingolipids has already 
been proved to be the LCB ion (d18:1) by B/E constant linked scanning of the ceramide 
ion. 63 Long chain bases in lysosphingolipids (psychosine) were analyzed by positive ion FAB/ 
MS. ~ Sphingenine containing psychosine produced [M + H - Gal]  +, [M + H - H 2 0 ]  + 
and [M + H - Gal - 2 H 2 0 ]  + ions in addition to [IV[ + I-I] + and  [M + H - H 2 0 ]  + ions, 
whereas sphinganine containing psychosine gave [M + H - Gal - H20] + and [M + H 
- Gal - 2H20] + ions with weak intensity. Therefore, sphingenine and sphinganine were 
distinguished by comparing the intensity of these ions. There are two reports concerning 
the analysis of free long chain base by FAB/MS. 96'97 Only [M + I-I] + and [M + H - H20] + 
ions are detected in the positive ion mode and the ion at m/z 264 corresponding to 
[M + H - 2H20] + was not found. 

D. Water-Soluble Components 
1. Sugars 

FAB/MS of sugars has been studied for glycolipids, and also for oligosaccharides derived 
from glycoprotein 9s-l°l and naturally occurring oligosaccharides. 1°2-1°5 Egge et al. 6s'l°2J°6 
analyzed a large number of sugar chains obtained from oligosaccharidcs, glycolipids and 
glycoproteins as intact, permethylated and peracetylated forms by FAB/MS. They 
concluded that negative ion FAB/MS could be used for analysis of non-derivatized neutral 
and acidic oligosaccharides, while positive ion FAB/MS was better for methylated and 
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acetylated derivatives, because very clear cut fragmentation could be obtained from the 
non-reducing terminal of the sugar chain. A detailed FAB/MS study of sugar derived from 
glycoconjugates has been reviewed by Dell. ~°7 For a more fundamental study, fragmentations 
of free sugar, ~°8 sugar phosphate ~°9 and sugar sulfate ~°9 have been analyzed systematically. 
Analyses of anomeric configuration are being tried by FAB/MS coupled with chromic 
oxidation. H° Identification of interglycosidic linkages of oligosaccharides are also being 
tried by high performance tandem mass spectrometry. ~ ~'~ ~2 

2. Aminoalkylphosphonic Acids 

CAD spectra of AEPn and MAEPn were measured? 5 From the ion at m/z 138 and 124, 
daughter ions such as m/z 107, 94, 79, and 63 were detected and also daughter ions at m/z 
109, 97, 81 and 44 or 30 from both ions at m/z 140 and 126, as shown in Fig. 14. A large 
amount of ion at m/z 79 in the negative ion mode is strong evidence for phosphonic acid. 
The existence of a daughter ion at m/z 44 in the positive ion mode produced from the ion 
at m/z 140 shows that the hydrogen of the amino group of AEPn is substituted by a methyl 
group. Therefore, the ion at m/z 138 and 124 in the negative mode and the ion at m/z 
140 and 126 in the positive mode represent MAEPn and AEPn, respectively. 

IV. C O N C L U S I O N  

The introduction of FAB/MS to the study of lipids released many workers from the 
tedious work of chemical analyses by trial-and-error methods. FAB/MS made it possible 
to obtain valuable information on the structure of complex lipids, such as homogeneity, 
molecular weight, molecular species, composition of fatty acid, LCB and sugar, fatty acid 
position in the glycerol backbone, and the sequence of sugars, although it cannot be used 
for linkage analysis of the sugar chain. These highly reproducible data can be obtained 
with comparatively small amounts of material in a very short time. Therefore, FAB/MS 
measurement prior to chemical analysis is essential for lipid analysis today. 

Mass spectrometry, unfortunately, cannot give stereochemical information, e.g. cis and 
trans configuration of the double bond in fatty acids and long chain bases, anomeric 
configuration and the site of substitution in the sugar chain. These can be determined using 
one- or two-dimensional ~H-NMR, although NMR studies require larger amounts of 
sample. If NMR sensitivity can be increased, the structure of native lipids including the 
conformation can be determined by a combination of FAB/MS and NMR. This would 
make it possible to clarify the relationships between structures and many biological 
functions. 

For pure samples, FAB ionization coupled with high performance tandem mass 
spectrometry is now being used to obtain more detailed structure information including 
linkage analysis of the sugar chain. This would make it possible to determine the 
conformation of intact lipids using only mass spectrometry in the near future. For 
heterogeneous samples, high performance liquid chromatography combined with FAB 
mass spectrometry is the most powerful analytical tool. However, although many research 
groups have tried using it, they have not been successful due to the lack of a good interface, 
like the jet separator used in GC/MS. Two promising systems have been developed for 
HPLC/FAB/MS. One is a FRIT-FAB LC/MS, which has already been applied to the 
analysis of glycolipids, and the other is a CF-FAB LC/MS, which has attracted much 
interest, but has not yet been applied widely to the analysis of lipids. 

(Received 4 April 1991) 
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