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Time-of-Flight Mass Spectrometry of
Underivatized and Permethylated Gangliosides
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Underivatized and permethylated gangliosides have been studied by the matrix-assisted
laser desorption (MALD) ionization technique. The samples investigated induded commer
cially available and highly purified gangliosides from the human brain containing up to five
sialic acid residues. Several permethylated gangliosides have also been studied, and MALD
has proven successful in analyzing multicomponent mixtures of glycolipids with different
fatty acyl residues. During the studies a variety of matrix and wavelength combinations have
been tested in both the positive and negative ion modes. The best results have been obtained
with the matrices 2,5-dihydroxybenzoic acid, 4-hydrazinobenzoic acid, 1,5-diaminonaphtha
lene, and 6-aza-2-thiothymine. Negative ion mass spectra of the underivatized gangliosides
have always been of better quality than the positive ion mass spectra, exhibiting better
signal-to-noise ratio, better resolution, less fragmentation, and less adduct formation with
Na+ and K+. With increasing number of sialic acid substituents the molecular ion region
became less and less resolvable, leading to broadened peaks even in the negative ion mode.
Fragmentation could frequently be observed in the negative ion mode, and it was pro
nounced in the positive ion mode. The major fragmentation pathways corresponded to loss
of sialyl groupts) and to decarboxylation of one of the sialyl residues. For underivatized
gangliosides the typical sample amount used was 10-20 pmol. Permethylation led to a
significant improvement in sensitivity (two orders of magnitude); the detection limit of
permethylated gangliosides was about 10 fmol. The higher stability of the permethylated
compounds was indicated by the fact that positive ion mass spectra exhibited only a
marginal extent of fragmentation. (JAm Soc Mass Spectrom 1992, 3, 785-796)

S
ince the introduction of matrix-assisted laser de
sorption (MALD) ionization by Karas et al. [1]
and Tanaka et al. [2], numerous studies have

demonstrated the huge potential of this technique. It
can produce intact molecular ions from proteins with
My exceeding 200 kDa [3] or oligomers thereof up to
500 kDa [4], or in special cases from proteins consisting
of noncovalently bound subunits [3]. The molecular
weights of heavily glycosylated proteins that confound
even approximate mass measurement with sodium
dodecylsulfate (SDS)-polyacrylamide gel electrophore
sis (PAGE) and also pose a serious challenge to elec
trospray ionization mass spectrometry have been de
termined by MALD ionization [5, 6]. In addition to
proteins and peptides, other classes of macromolecules
such as oligosaccharides [7], oligonucleotides up to 40
kDa [8], and even polymers [9] have been shown to be
amenable to this technique. MALD ionization can be
used for direct analysis of complex mixtures such as
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enzymatic digests [10] without requiring any purifica
tion of the reaction mixture. In general, there is no
need for specific sample preparation (such as derivati
zation in order to improve sensitivity), the ionization
process apparently being quite insensitive to most
impurities.

The MALD ionization technique can be coupled
with various types of mass analyzers. Time-of-flight
(TOF) mass analyzers are ideally suited for MALD
ionization, because sensitivity and speed of the analy
sis are very high and the analyzer itself has no upper
limit for the mass of transmitted ions. For readily
ionizable samples (e.g., smaller proteins and peptides),
mass spectra can be obtained even at the low femto
mole level [11]. The decrease of sensitivity with in
creasing mass can be attributed to the decline of detec
tor sensitivity rather than to the loss of sensitivity of
the ionization method. Mass accuracy of 0.1-0.2% for
MALD-TOF can be easily maintained; this can be in
creased to the level of 0.01% with the use of internal
standards [12). The most serious drawback of the TOF
analyzers is their limited mass resolution. This prob
lem can be partly eliminated by employing an ion
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reflectron [13, 14], which compensates (up to the sec
ond order) for the initial energy spread of the ions.
Effects other than energy spread may also contribute
to diminished resolution above 10 kOa.

MALO ionization has been demonstrated to be
compatible with Fourier transform mass spectrometric
(FTMS) instruments [8, 15] and also with magnetic
sector instruments when an array detector is employed
[16]. With FTMS the observed sensitivity is consider
ably lower than for TOF techniques, because of the
lower ion transmission. The mass resolution of MALO
spectra recorded with FTMS and magnetic sector in
struments is substantially better than that of linear
TOF analyzers (though not significantly better than
that of reflectron TOF analyzers), and they offer the
immediate possibility for MS/MS analysis.

The versatility of MALO ionization can be at
tributed to a number of free parameters of this method
that are currently the subject of active research. MALO
allows more control over energy deposition into the
sample than do other related ionization techniques
such as plasma desorption, fast-atom bombardment
(FAB), and secondary ionization mass spectrometry
(SIMS). Although the laser fluence is easy to vary by
means of filters, attenuators, or defocusing, it should
be kept close to the ion formation threshold (at least
with TOF analyzers), to obtain optimum resolution
and minimal extent of metastable decay. On the other
hand, the variety of wavelength and matrix combina
tions and compound class-specific sample preparation
methods that are just beginning to be explored provide
rich resources of new solutions to problems of bio
chemical interest. This study was designed to explore
some of these features as they relate to gangliosides, a
class of compounds of biological significance that
has always posed a challenge to mass spectrometric
analysis.

Gangliosides are sialic acid (N-acetyl or N-gly
colylneuraminic acid) containing glycolipids and com
prise a class of cell membrane components that play
important roles, not yet fully understood, in processes
involving communication of the cell with its environ
ment, cell-cell recognition and adhesion, contact inhi
bition, cell growth and differentiation, and serve as
receptors for toxins, hormones, and ions [17-19]. They
are particularly abundant in the central nervous sys
tem, where they are concentrated at the outer surface
of the plasma membrane [20]. Striking qualitative and
quantitative changes in ganglioside distributions occur
during stages of normal and aberrant development of
organisms and organ systems [18] and durmg onco
genesis [21].

Gangliosides have as common structural features a
hydrophobic, membrane-anchored ceramide and an
exposed hydrophilic carbohydrate chain containing one
or more sialic acid residues at various linkage sites.
Within the ceramide, a fatty acyl residue is amide
linked to a long-chain base (LCB), a hydrocarbon sub
stituted with hydroxyl groups on C~l and C-3 and the
acylated amino group on C-2. A variety of LCBs and

fatty acyl groups occur in native gangliosides, differ
ing in their hydrocarbon chain lengths, the number of
additional hydroxyl groups, and sites of unsaturation
(if any). The most common LCB found in glycolipids is
4E-sphingenine, (2S,3R,4 E)-2-amino-4-octadecene
1,3-diol, and the general term "sphingoid" bases
derives from this name. In the gangliosides of the
nervous system, the occurrence of longer LCBs is fre
quent, and there is usually heterogeneity in the LCB.

Mass spectrometric analysis of intact gangliosides
and their derivatives can provide information on their
molecular weight distributions and many structural
details. Electron ionization of reduced z'permethylated
derivatives [17] and FAB or liquid SIMS of permeth
ylated derivatives [22-25] have been most widely used.
Incorporation of related techniques also has advan
tages. On-line thin-layer chromatography has been re
ported for native gangliosides [26] and continuous
flow FAB has recently been demonstrated in the 5-250
ng range for underivatized monosialo-gangliosides
[27]. Permethylation facilitates separation by supercrit
ical fluid chromatography (SFC) at the nanogram level;
direct chemical ionization has been employed for iden
tifications of SFC-purified permethylated gangliosides,
but required microgram-level samples [28]. 252 Cf_
plasma desorption mass spectrometry has only limited
suitability for analyses of native gangliosides [29], but
has been successfully utilized during the structural
determination of some novel permethylated ganglio
sides [30]. A preliminary report of the application of
atmospheric pressure electrospray ionization to gan
glioside analysis has been presented [31].

Supplementary information can be obtained by
degradation to sugars, LCBs, and fatty acids. Sample
requirements for these procedures may be prohibitive,
however, and information is lost about the individual
components of mixtures. FAB tandem mass spectrome
try (MS/MS) offers the advantage that the structures
of the individual components of gangliOSide mixtures
may be determined [32-34]. Sensitivity and informa
tion content are improved when permethylated or re
duced z'permethylated derivatives are analyzed [35].
For larger gangliosides, the sample requirement is
around 1 nmol. While this amount is small compared
to that needed for other techniques used for detailed
structural studies (such as NMR), it still represents a
barrier to rapid screening experiments and the evalua
tion of gangliosides present at very low (picornole and
subpicomole) levels in some tissue extracts.

The high degree of success achieved in the analysis
of proteins and peptides by MALO ionization suggests
that its application to ganglioside analysis should also
be examined. An impressive demonstration of the use
of MALD-TOF mass spectrometry for the molecular
weight determination of native and permethylated
neutral glycosphingolipids has appeared [36]. Chait
et a1. [37] have initiated studies on underivatized and
peracetylated oligosaccharides containing sialic acid
residues. We report here the results of an investigation
of the MALO-TOF mass spectrometry behavior of a
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series of native gangliosides and their permethylated
derivatives under experimental conditions that include
variations in both matrix and wavelength.

Experimental

Experimental investigations were carried out on a
VT2000 (Vestee Corp., Houston, TX) TOF mass spec
trometer. The original instrument has been augmented
with two additional lasers and associated optics, a
camera-monitor observation system, and data process
ing software integrated into the VAX-based environ
ment (Digital Equipment Corp.• Maynard, MA) of the
laboratory. A detailed description of the instrument
and data processing has been presented elsewhere [38].

A nitrogen laser (Laser Science Inc., Newton, MA)
radiating at 337 nm (pulse width 3 ns) and the fourth
harmonic of a Nd:YAG laser (Lumonics Inc., Ottawa,
Ontario) radiating at 266 nm (pulse width 10 ns) were
used for desorption. The two laser beams were merged
and steered through a variable attenuator (Newport
Corp., Fountain Valley, CAl, a fused quartz prism, and
a quartz objective (25-cm focal length) into the ion
source. The sample-matrix mixture was applied to a
stainless steel probe tip (2-mm diameter). The sample
irradiation was observed by means of a camera
monitor system (Pulnix, Sunnyvale, CAl. The intensity
of the laser beam was not measured, but almost all the
spectra were obtained close to the threshold irradiance
for ion formation.

Ions were accelerated to 30 keY in the positive ion
mode; this value was reduced to 25 keY in the nega
tive ion mode to avoid high-voltage ion source arcing.
Ions drifted along the 2-m long flight tube and were
detected with a 20-stage secondary electron multiplier
(Beckton-Dickinson, Towson, MD). The signal was
preamplified and led to a 200-MHz fast digitizer
(LeCroy TR8828D, Chestnut Ridge, NY) and to an
oscilloscope (Tektronix Inc., Beaverton, OR) for real
time observation. Digitized and averaged data were
sent via a general purpose interface box (GPIB) inter
face to a 386-based personal computer and from there
via DECnet (Digital Equipment Corp., Maynard, MA)
to one of the VAX workstations in the local area
VAXcluster. Data processing software has been devel
oped for the VAXstations in this laboratory, utilizing
interactive peak selection and evaluation [38]. From a
single sample preparation typically 6-20 spectra were
accumulated, each of them being a sum of 30-50 laser
pulses. Calibration of the mass spectra could usually
be done without using an internal standard, because
the two constants necessary for calibrating TOF mass
spectra have always been consistent enough to main
tain a mass accuracy better than 0.2%. In the mass
range of interest this accuracy corresponded to about 5
u, which was satisfactory to interpret the mass spectra
in many cases. When more accurate mass measure
ments were needed, matrix peaks (as many as possi
ble) were used as internal standards. Mass assignment

errors using this method were usually below 1 u,
Matrices, all purchased from Aldrich Chemical Co.

(Milwaukee, WI) included sinapinic acid (3,5-dimeth
oxy-4-hydroxycinnamic acid), 2,5-dihydroxybenzoic
acid, 6-aza-2-thiothymine, 1,5-diaminonaphthalene, 4
hydrazinobenzoic acid, and 2-thiohydantoin. Ganglia
sides GMla, GOla, GOlD and G n b were purchased from
Boehringer Mannheim (Indianpolis, IN) and were per
methylated using the procedure of Ciucano and Kerek
[39], as modified by Gunnarsson [40]. Highly purified
samples of the native gangliosides GOlb, Gn D, GQ1b,
G pl (a mixture of G piD and Gp Ic), and the permeth
ylated derivatives of Gmb and GT1b were provided by
J.-E. Mansson and L. Svennerholm (Goteborg Univer
sity, Sweden). The structures of the ganglioside stand
ards were verified by FAB-MS and MS/MS prior to
their use in this study. A mixture of gangliosides
expressed by rat dorsal root ganglion neurons had
been obtained earlier from D. K. Chou and F. B.
Jungalwala (Eunice Kennedy Shriver Center, Waltham,
MA) and had been characterized by negative ion FAB
MS [41]. Details of solution preparation for samples
and matrices are discussed in the following section.

Results and Discussion

Gangliosides

Gangliosides are named through the text, tables, and
figures using the systematic Gx• symbols introduced
by Svennerholm [42], in which X = M, D, T, Q, P
indicates the number (1-5) of sialic acid residues, and
the n following the letter refer to the relative TLC
migration positions of isomers. The generic structure
of the gangliosides investigated is shown:

Gal131 -> 3GalNAc131 ->4Ga1131 -> 4Glc,Bl -> L'Cer
3 3
i i

RI R2

Individual structures of the underivatized gangliosides
involved in this study are given in Table 1, where the
corresponding (isotope averaged) molecular weights
are also listed. (For the gangliosides in Table 1, names
according to the IUPAC-proposed nomenclature [43]
are provided in the footnote.') All the samples listed in
Table 1 were inhomogeneous in the LCB. With the

1 In the IUPAC-proposed abbreviations [43], series names depend on
structures and biogenetic relationships and include linkage informa
tion. For example, ganglio indicates GalNAc131 - 4Ga1131 - 4G1c,91
-e L'Cer, Gg.Cer ~ GgOse.Cer ~ Galill - 3GalNAc131 - 4Galj31
--> 4Glcj31 --> ITer. The subscript refers to the number of "root
sugars"; Roman numerals I-IV designate root sugars counting from
the ceramide end; a superscript Arabic numeral indicates the attach
ment site on the root sugar residue. The IUPAC abbreviations for the
gangliosides discussed are the following: GM 1> n'NeuAc-GgOse.Cer;
G D 1., IV'NeuAcIl3NeuAc-GgOse.Cer; G D •b , n 3(NeuAc),-GgOse.Cer;

G n a, IY'(NeuAc)2I1'NeuAc-GgOse.Ccr; G Tib > Iy 3NeuAcII3

(N euAcl,-GgOse.Cer; GQ 1b • IV 3(NeuAcl2U3(NeuAc)2-GgOse.Cer;
G Q • b > IV3(NeuAc)2""(NeuAc),-GgOse.Cer; G p l b , rv 3(N e u Ac)J" 3
(N euAc)2-GgOse.Cer; G p" • IV "(NeuAc)2I13(NeuAc)3-GgOse.Cer.



788 JUHASZ AND COSTELLO J AM Soc Mass Spectrorn 1992, 3, 785-796

Table 1, Ganglioside standards investigated by matrix-assisted laser desorption ionization time-oF-flight mass spectrometry

GM 1• Neu5Aca2- H 1546.8, 1574.9

(1/1)

GD1• Neu5Aca2- Neu5AcCl2- 1838.1, '866.'
(, /2)

G D1b H Neu5AcCl2 -8Neu5AcCl2- 1838.1,1866.'

(1/2)

GT1b Neu5Aca2- Neu5Aca2 -BNeu5Aca2- 2129.4,2157.4

(2/5)

G0 1b Neu5Aca2-8Neu5AcCl2- Neu5Aca2-8Neu5Acrr2- 2420.6, 2448.7

(3/2)

G p 1b Neu5Aca2-8Neu5Aca2-8Neu5Aca2- Neu5Aca2-8Neu5AcCl2-

2711.9,2739.9

Gp 1c Neu5AcCl2-BNeu5AcCl2- Neu5Aca2-8Neu5Aca2-8Neu5Aca2- (2/1)

usual notation of the sphingoid bases [18] the two
major components differing by two methylene groups
corresponded to d18:1 and d20:1. Heterogeneity in the
fatty acyl group is also common for native ganglia
sides but in these cases the samples contained N
stearoyl almost exclusively. The relative abundances
are indicated for the major molecular species (Table 1),
based on FAB-MS determinations of resolved molecu
lar ions and ceramide fragment ions (the term molecu
lar ion will be used for [M + H] f and [M - H]- ions).

In addition to the underivatized gangliosides shown
in Table 1, the permethylated derivatives of G lJ 1b and
G T 1b were subjected to MALD-TOF mass spectrometry.
Permethylation converts all the hydroxyl groups to
methoxyl groups, and the NH in both the LCB and the
N-acetyl groups to N-methyl. The molecular weights
of the two homologs of these compounds thus shifted
to 2188.8, 2216.8 Da and 2550.2, 2578.2 Da, respec
tively. During the evaluation of the mass spectra mi
nor components corresponding to undermethylation
were detected.

Matrices

It has been observed that in the low mass range (below
5 kDa) MALD spectra can exhibit matrix-specific fea
tures [38]. In order to accumulate more experience we
investigated a number of novel matrices, as well as
those now in routine use. The structures and UV
wavelength utility of the matrices investigated are
shown in Figure 1. Since the known matrices have
been found by testing organic compounds having de
sirable physical features, such as absorption coefficient
at the chosen laser wavelength, vacuum stability, solu
bility, etc., primarily on standard peptides and pro
teins (insulins, cytochrome c, myoglobins) in the posi
tive ion mode, it seemed reasonable to consider also
matrices that may not be suitable for proteins but
might give favorable results with gangliosides, and to

carry out the experiments in the negative ion mode as
well. Doing so, a few more compounds have been
found to be useful as matrices for gangliosides.

Although a variety of matrices have now been de
scribed in the literature, two of them are most widely
used for UV-MALD of proteins and peptides. Sinapinic
acid (SA) (3,5-dimethoxy-4-hydroxycinnamic acid), in
troduced by Beavis and Chait [44], is useful at the
frequency of both the N2 laser (337 nm) and the
frequency quadrupled Nd:YAG laser (266 nm), 2,5
Dihydroxybenzoic acid (DHB), the matrix preferred by
the Munster group [11], can be used at 337 nm but not
at 266 nm. This matrix has also been used for MALD
on a magnetic sector instruments [16].

Chait and co-workers [37] have reported that SA
(and other cinnamic acid derivatives) are not well
suited for the study of underivatized gangliosides in
either the positive or negative ion mode. We could not
detect a well-resolved molecular ion signal even for
the smallest ganglioside investigated (G M 1a ) with SA
as matrix, but found DHB to be an efficient matrix for
these glycolipids, in both the positive and negative ion
modes.

eH=CHCOQH -=:0014 OH

CH.O*OCH, b O H N~CH.

HO HSA" ..... N
OH

Slnapl....lc 6dd (SA) 2,5-tIt1yClfOxybenzOiC acid (DHB) 6-azB-2.thIDttl',.mlnalaTlj
266,337nrn 337nm ZS6,337I1m

C?:S
COQH

¢
0

("ONtt
~c-, /:

N •
H

NH. NHtHol.

1,5-t:llarrinanaphthalonll (DAN) 4-hydrazlnoll8nmlc aclet (HBA) 2-thlOh';dantoll'l (TH)

337001 337 .... 266 om

Figure 1. Structures of matrices used in the study of underiva
tized and permethvlated gangliosides.
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In the course of other studies, we have found 6-aza
2-thiothymine (aTI) to be almost as general a matrix as
DHB, and useful for profiling enzymatic digests. It can
be used in both the positive and negative ion modes. It
has a very strong absorption at 266 nrn, and also
absorbs well at 337 nm, 1,S-Diaminonaphthalene
(DAN) is one of the specialized matrices that work
well in the negative ion mode, but not in the positive
ion mode. In addition, it seemed to favor glycolipids
over proteins or peptides, It was quite difficult to
obtain negative ion spectra of proteins with DAN, and
any attempt to use small peptides as internal stan
dards for the analysis of glycolipids failed with this
matrix. SPECIAL CARE SHOULD BE TAKEN with
1,S-diaminonaphthalene, it being both toxic and a car
cinogen. 4-Hydrazinobenzoic acid (HBA) is similar to
DAN, in that it is a negative ion mode matrix, with
lower efficiency for proteins and peptides. 2-Thiohy
dantoin (TH) has been used in our laboratory for
desorption of peptides and proteins in the positive ion
mode, and somewhat poorer performance was found
in the negative ion mode. It did not work well for the
underivatized gangliosides in either mode, but proved
to be very efficient for the permethylated analogs in
the positive ion mode.

Sample Preparation

Several simple sample preparation methods had to
be tried in order to obtain the best mass spectra. Gan
gliosides are not soluble in water; most frequently
these are dissolved in a methanol-chloroform
(CHCl3:MeOH) mixture. Although all the matrices
listed above could be dissolved in 50:50 CHCI3:MeOH,

the rapid evaporation of this solvent did not allow
matrix and sample to crystallize together. Cocrystal
lization is thought to have crucial importance for the
success of the MALO analysis [11], but in the presence
of the solvent mixtures usually used for matrices (water
containing a small percentage of methanol or acetoni
trile) the glycolipids visibly precipitated and poor re
sults were obtained. The best results were obtained
when matrices were dissolved in 50:50 acetonitrile
water mixture at approximately 10 giL concentration.
TH, aTT, and DAN dissolve quite slowly, but the
solution process may be hastened by warming the
solvents. It is recommended to make fresh solutions
every one or two days from SA, DAN, and HBA. The
others seem to be quite stable in solution, but, to
prevent unforseen problems, fresh solutions of DHB,
aTT, and TH were made weekly. The matrix solution
(0.5-1 ,ILL) was put onto the probe tip and ca. 0.5 ,ILL
of the ganglioside solution was added on the probe tip.
For an instant the liquid phase turned opaque, but
soon became dear, indicating that the matrix and the
glycolipids were retained in solution. Although the
solubility of various gangliosides optimizes at differ
ent solvent compositions, 50:50 CHCI3:MeOH was
found to work well for all. The concentration selected

for the ganglioside solutions varied with the sensitivity
of the sample. For underivatized gangliosides it was
typically 0.1 giL, and for the permethylated deriva
tives one order of magnitude lower. The samples were
dried at room temperature without any additional
intervention into the drying process. Acceleration of
drying was observed to have no or slightly detrimental
effect on the quality of the mass spectra. Direct obser
vation of the sample during the experiment was im
portant because the sample surfaces formed by the
majority of matrices were inhomogeneous, a phe
nomenon that seems related to irregular analyte distri
bution in the matrix and leads to strongly position
dependent quality and sensitivity of the mass spectra.

Spectra of Underivatized Gangliosides

Mass spectra of underivatized gangliosides were
recorded under a variety of experimental conditions
(matrices, wavelength, sample preparation). A sum
mary of the experimental results is compiled in Table
2. In the columns are shown the different gangliosides
containing up to five sialic acid residues. In the rows
are the matrices tried with the given glycolipid in the
positive and negative ion modes. Double check marks
(v-v-) show whether the corresponding mass spectrum
had good signal-to-noise ratio and a well-defined
molecular ion peak, so that the two homologs due to
the ceramide inhomogeneity could be clearly distin
guished and their masses accurately assigned. Cation
ization was always the major pathway of ionization of
glycolipids in the positive ion mode, and even in the
negative ion mode peaks containing sodium and
potassium could be observed. Ambiguity in mass as
signment arose when adduct peaks became more dif
ficult to separate at higher mass and their unresolved
contribution shifted the molecualr ion peak centroid.
When the LCBs differ by two methylene units, the
[M + Na - 2H]- peak of the lower homolog differs
only by 6 u from the [M - H]- peak of the higher
homolog. In order to resolve these two peaks in the
spectrum of the ganglioside GQ 1b , mass resolution bet
ter than 1:400, a performance usually not attained for
MALO with linear TOF analyzers with these samples,
would be needed. In cases where the molecular ion
region was present but the peaks were not well re
solved, the entry in Table 2 is a single check mark (V-).
Dashes indicate that no molecular ion signal was
observed.

As has been observed for FAB ionization [22, 41],
negative ion mode MALO was found to be more
suitable than positive ion mode operation for the mass
spectrometry of gangliosides. Although the amount of
sample put on the probe tip was the same in the
positive and negative ion modes (about 50 ng), more
abundant molecular ion peaks and better resolution
were found in the negative ion mode and lower laser
irradiance was required. Even [M - H]- ions under
went fragmentaion easily, but metastable decomposi-
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Table 2. Summary of matrix-assisted laser desorption results on underivatized gangliosides'

Matri)( Mode AInrn) GMI • GOI • GO l b Gr l b Ga l b Gp l

SA + 337
337 I-"

DHB + 337 1-"1-" "'I-" 1-"1-" I-" 1-"'"

337 "'I-" "'I-" 1-""" """" ""'" '"an + 337 1-""" "''''' """" "" ""266 1-"1-" n la n la n la n/a

337 1-"1-" 1-"1-" 1-"1-" 1-"1-" ""266 1-"1-" n la n la n la n la n la

DAN + 337
337 1-"'" 1-"1-" 1-"'" 1-"1-" '"HBA + 337

337 "'I-" 1-"1-" 1-"1-" 1-"1-" 1-"1-" I-"

aStrang molecular ion signal is indicated by j,;#yii, weak molecular ion signal by v, and the absen-ce
of molecular ions by -. "n /e' indicates that the corresponding combination was not measured.

that gas phase processes were involved rather than
solution chemistry.

Scheme I. Designations for product ions that arise from frag
mentations within the carbohydrate portion of glycolipids. Be
cause the number of hydrogen transfers during ring cleavages
(A" X') can vary, these are not included in the designations, but
must be indicated in each case. Fragments that arise via glyco
sidic cleavages include predictable numbers of hydrogen trans
fers; the designations are thus defined; Bt = [Bi ], CT = [C, + 2Hl
V ~ [V, + 2H], zt~ [Zj]; Bi ~ ts, - 2H], Ci ~ [Ci], Y j- - lYjl
Zj = [Z i - 2H]. Reproduced, with permission, from ref 45.

~
CH:OH 0 0 o-R

3 OH
1

2
OH

o-
CH' ~H O 0

0-0

3 0H
HO I

2
OH

Smaller Gangliosides at Low Laser Power. Many matri
ces produced clean spectra for the ganglioside GM 1a in
the negative ion mode, and that recorded using 1,5
diaminonaphthalene (DAN) is shown in Figure 2. The
baseline is uninterrupted in this spectrum down to the
region of matrix peaks. With aTT matrix negative ion
mass spectra of good quality were obtained at 266 nm
and 337 nm, and no wavelength dependence of the
spectra was observed (unlike the positive ion mass
spectra, which will be discussed later), The third tiny

tion was absent, and the background was therefore
much cleaner than in the positive ion mass spectra.
With an increasing number of sialyl residues (from
G M 1• toward G p1) , the quality of the negative ion mass
spectra declined and thus the difference between posi
tive and negative ion spectra became less and less
significant. Even so, recording useful spectra from G p1

was easy in the negative ion mode (with OHB and
HBA matrices), apart from resolution problems brought
about by strong adduct formation, whereas no positive
ion MALO mass spectra could be obtained for this
compound.

The most frequently observed fragmentation of the
molecular ions involves the loss of one or more sialic
acid residues. Two types of this decomposition could
be found in MALO ionization spectra. In almost every
case Y-type fragmentation [35] occurred, as the glyco
sidic bond between NeuSAc and the Gal residue in the
root sugar was cleaved, with retention of the hydroxyl
group on Gal. The fragment ions appeared 291 u lower
than the [M - H]- ions. The fragmentation nomencla
ture for the carbohydrate portion of glycolipids is
indicated in Scheme I. Another common fragmentation
pathway was signaled by loss of 45 u, probably due to
decarboxylation. This process seemed to depend on a
number of experimental parameters, such as wave
length, laser power, matrixjanalyte ratio, and the ma
trix itself. It could be observed frequently with aTI
and sometimes with DAN, HBA, and DHB. Loss of a
water molecule from the molecular ions was probably
indicative of lactone formation, favored because of the
proximity of the carboxyl groups of Neu5Ac residues
and one of the OH groups on the neighboring Gal
residues. Although this process occurs spontaneously
in solution and is frequently detectable in FAB mass
spectra [251 only the gangliosides G Dl a and G D 1b ex
hibited this behavior in MALO ionization spectra. Re
peated analyses of these compounds exhibited widely
varying abundance of the lactone peaks, suggesting
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Figure 2. Negative ion MALO mass spectrum of the ganglio
side C M lo recorded with DAN matrix, 337-nm irradiation. M,
and M 2 are two homologs corresponding to the gangliosides
having dlS:l and d20:1 sphingoid bases. [M, - Hl- = m/z 1545.2
and [M 2 - H]" = m/z 1573.2 was found; the calculated values
are shown in Table 1.

Fragmentation Increase at Higher Laser Power. Despite
the poor quality of positive ion mass spectra of under
ivatized gangliosides, differences in fragmentation pat
terns could be clearly observed for isomers. The gan
glioside G DI• contains two sialic acid substituents, one
bonded to each of the root sugar residues II and N. In

peak, 14 u higher than the peak attributed to the lower
homolog, between the molecular ion peaks probably
represents an additional inhomogeneity in the LCB.

Figure 3 shows the negative ion mass spectrum of
GD 1a with HBA matrix. In addition to the intact molec
ular ions both Y- and Z-type loss of a NeuSAc residue
could be observed (excluding or including the glyco
sidic oxygen [35]). Although not seen in this spectrum,
minor dehydration of the [M ~ H]- ions, probably
due to lactone formation, was sometimes detected.
Decarboxylated peaks accompany the molecualr ions
at [M - H - 45]-. Decarboxylation and lactone forma
tion would be competitive reactions if they involve the
same carboxyl group.

a
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Wavelength Dependence of Fragmentation. In Figure 5
are shown the positive ion mass spectra of the ganglio
side GM 1a obtained with the aTI matrix. The compari
son is made at two different wavelengths: 337 and 266
nm. The most obvious difference between the two
spectra is the extent of fragmentation. While at 337 nm
only minor fragment peaks show up, at 266 nm frag-

GDI• the two sialyl groups have identical linkages to
the tetrasaccharide chain and thus a glycosidic cleav
age of either sialic acid residues would be (at least
approximately) equally probable. Because a single
cleavage is more likely than two cleavages, one would
expect a more abundant peak of [M - NeuSAc + Na]+
than [M - 2NeuSAc + NaJ+. Compound GDlb has a
single disialyl substituent (NeuSAca(2-8)NeuSAca2-)
on Gal II. The 2-8 linkage between the two sialyl
residues seems more resistant to fragmentation than
the 2-3 linkage to Gal II or Gal IV, so in the mass
spectrum of G Dlb the major fragment ion observed is
[M - 2Neu5Ac + Na]+. The comparison is shown in
Figure 4 for the mass spectra recorded with DHB
matrix. Although laser fluence had to be increased in
order to make the difference in fragmentation pattern
more dear cut, which degraded the overall quality of
the spectra, this way of distinguishing isomers is still
effective and requires a minimal amount of sample
and time.

1200 13QO l40Q 1500 1600 1700 1800
33.5 34.9 ]6.2 17.4 38.6 39.S 41.0
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Figure 3. Negative ion MALD mass spectrum ot the gangt)G
side GOI • with HBA matrix at 337-nm irradiation. Loss of a
Neu5Ac residue takes place as fragmentation of the type Y2 j3

and/or Yh and Z2~ and/or Zh' Y and Z fragments differ by 18
u, but 213 and 4« fragments have the same mass because these
represent isomers. M, - dI8:1, M 2 - d20:1. 1M, - H]" = mrz
1838.4 and [M 2 - Hl- = mlz 1866.3.

Figure 4. High laser power positive ion MALD mass spectra of
gangliosides (a) COl' and (b) C Dlb reveal different fragmentation
patterns for the two isomers. Both spectra were recorded with
DHB matrix, 337-nm irradiation. M) - d18:1, M 2 - d20:1. [M, +
Na]" = m/z 1867.8 and [M 2 + Nal+ = m/z 1894.7 was found
from (a). The slightly larger error in mass assignment was due to
the high laser irradiance applied.
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dependent on the matrix (a tentative order being DHB
< HBA < aTT < DAN with some dependence on the
sample).

Figure 6 shows the negative ion mass spectra of
G Dlb with matrices DHB and DAN. In contrast to
DHB, DAN strongly promotes the Y-type loss of
Neu5Ac (in this respect aTT is similar to DAN). In
both matrices, lactone formation is again observable.
Mass spectra of G Dta with DHB were very similar to
that in Figure 3, while more pronounced fragmentation
would be observed with aTT and DAN matrices.

Figure 5. Positive ion MALO mass spectra of the ganglioside
G M " at (a) 266 nm and (b) 337 nm. In both cases aTT matrix was
used. The time scale shift between (a) and (b) is due to the
different timing of the detection with the two lasers. Both Y- and
Z-type cleavage of Neu5Ac occurs. M, - d18:1, M, - d20:1.
1M, + Na]+ ~ mrz 1570.2 and 1M, + Na]+ ~ mr: 1597.2 deter
mined from (a).

b

Larger Gangliosides. In contrast to the spectra of gan
gliosides containing two sialic acid residues, the nega
tive ion mass spectra of the trisialo ganglioside Gn b
revealed only minor fragmentation. The spectra
recorded with DHB or HBA as matrix were not much
different from those of G D1a and G Dt b . However, the
spectra with aTT or DAN as matrix looked completely
different. Figure 7 shows the mass spectrum of GTl b
with DAN matrix. No trace of fragmentation is seen,
and the most abundant peaks correspond to [M - 2H
+ K] - as deduced from calibration to the matrix peaks.
But there remained the faint possibility of misassign
ment, because the centroid of the peak [M + Cl] - (the
individual carbon and chlorine isotopic peaks cannot
be resolved) would differ by about 2 u from the
[M - 2H + K]-. [M + Cll : ions have been reported to
appear in the negative ion MALO ionization spectra of
oligosaccharides [37]. In the accompanying spectra ob-

b

m/z iaoo 1400 1"500 1(>00 1700 1800 19ULI 2000
I/.s 35.0 36.3 37.6 38.8 40.0 H.t 42.2 43.3

Figure 6. Negative ion MALD mass spectra of the ganglioside
G Ol b with (a) DHB and (b) DAN matrices, 337-nm irradiation.
M, - d18:1, M, - d20:1. [M, - H]- ~ m(z 1835.7 and [M, 
Hl- = m r z 1863.6 determined from (a).

ment ions are the most abundant. In the molecular ion
region the decarboxylated peaks are more abundant
than the [M - H] ions themselves. Similar differ
ences in the extent of decarboxylation have also been
observed for peptides with aTT matrix. Spectra
recorded with 337 and 266 nm desorption also differ in
the way the sialyl residues are lost. While in the
former case there occurs only Y-type fragmentation
(loss of 291 u), in the latter both Y- and Z-type frag
ments can be found (loss of 291 and 309 u}, In this
"desialylated" region no pairs of peaks can be ob
served differing by 45 u, corroborating the assumption
that loss of 45 u can be attributed to decarboxylation.
Because aTT was the only matrix operational at both
wavelengths it is not known whether the differences
seen in Figure 5 should be considered general or
matrix specific.

Matrix-Dependent Fragmentation. The negative ion
mass spectra of the gangliosides G D l a and G Dl b exhib
ited a variety of fragmentation processes depending on
the matrix and, to a lesser extent, on the spot chosen
for irradiation. Though the sensitivity and resolution
were better in the negative ion mode, molecular ions
of these compounds decomposed very easily. The
abundance of fragment ions varied from spot to spot
on the probe surface and was found to be strongly
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Figure 8. Negative ion MALD mass spectra of gangliosides (a)
GQ1b and (b) G p 1 with DHB matrix, 337-nm irradiation. M , 
d18:1, M, - d20:1. For GQ 1b [M t + Na]+ ~ m/z 2419.6, [M, +
Na]+ = m/z 2445.8. For Gp t the peak centroid is at mrz 2794.

Galu1->3Gal/n --->3GalNAc,81-+4Gal,81-+4Glc,81-+ 1'Cer
2 3
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the sensitivity was somewhat lower, and the baseline
was uneven and noisy because of extensive metastable
decay.

It became increasingly difficult to obtain spectra in
the positive ion mode with underivatized gangliosides
containing 4 and 5 sialyl residues. The positive ion
spectrum of the GQ 1b recorded with DHB as matrix
was as good as its negative ion spectrum but the other
matrices failed in the positive ion mode, and no posi
tive ion signal of G p 1 could be obtained with any of the
matrices.
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Mixture Analysis. Because MALD ionization was
shown to produce mostly molecular ion signals, espe
cially in matrices chosen for this characteristic, it
seemed worthwhile to investigate its suitability for
detecting the distribution of components present in a
typical ganglioside mixture obtained by extraction from
a tissue sample and to compare the results with other
methods. For this purpose, a well-characterized sam
ple of ganglioside antigens expressed by subsets of rat
dorsal root ganglions [41] was used. The structure of
the antigen is given below:

Figure 7. Negative ion MALD mass spectrum of the ganglio
side G T1b with DAN matrix. 337-nm irradiation. M, - d18:1.
M 2 - d20:1. IM t + K - 2Hl- = m/z 2165.8 and [M 2 + K 
2Hl- = m/z 2193.7 was found.

tained with aTT as matrix (not shown), 1M - H]
peaks were also found, and these could be used as
additional internal standards, leading to a very accu
rate mass determination for the adduct ion. With that
calibration it was unambiguous that the most abun
dant peaks in all these spectra corresponded to 1M 
2H + K]- and not to 1M + Cl]-. The peaks 140 u
higher than the calculated values of the 1M - H]- ions
in Figure 7 are probably due to matrix adduction
accompanied by water loss.

The complete absence of fragmentation in the spec
trum in Figure 7 suggested that elevating the potas
sium level in the sample could prevent the decomposi
tion observed when GDl a and GDlb were analyzed with
DAN matrix (Figure 6b), by favoring the formation of
1M - 2H + K]- over the less stable [M - H]-. To
explore this question a 20-fold (molar) excess of KI was
added to the G Dt a sample, but this step did not result
in reduction of the abundance of the desiaIylated peaks.

For underivatized gangliosides, the spectrum qual
ity deteriorated as the number of sialic acid sub
stituents increased. The numerous possible combina
tions of adduct peaks produced an unresolved com
plex in many cases. In the negative ion mass spectrum
of the ganglioside GQ 1b • shown in Figure Sa, the ions
IM 1 - 2H + Na]- and [M 2 - H]- could no longer be
resolved, resulting in a shift of the mass assignment.
The centroids of the two 1M" - H]- peaks were found
26 u apart, instead of 28 u, due to the contribution
from the unresolved [M 1 - 2H + Na]" ion. The de
cline in resolution was accompanied by a decline of
sensitivity, but spectra were still relatively easy to
obtain with DHB and HBA. The matrices aTT and
DAN were less satisfactory for the ganglioside GQ 1b

and both of them failed with GPl . Figure Bb shows the
mass spectrum of G p1 recorded with DHB as matrix.
In this spectrum, no single peaks can be recognized
under the envelope. The centroid of this wide peak
(m/z 2789) is substantially higher than the value cal
culated for [M - H]- (see Table 1), indicating that
adduct formation involved multiple sodium and
potassium cations. When HBA was used as the matrix,
the two homologs could be clearly distinguished, but
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In this ganglioside mixture, a single LCB, 4E-sphin
genine, is present, but there is considerable hetero
geneity in the fatty acyl group, with 16:0 being the
major component and 20:0, 22:1, 22:0, 24:1, 24:0 and
26:1,26:0 and 28:0 being minor components [41]. A 1-2
/-tg sample of the mixture of native fucosyl monosialo
gangliosides remained from the earlier structural stud
ies. This was dissolved in 200 /-tL 1:1 CHCI3:MeOH
and 1 JLL of this solution was mixed with 1 JLL OHB
(10 giL) to obtain the spectrum shown in Figure 9.
The distribution of molecular species in Figure 9 paral
lels that observed in the negative ion FAB mass spec
trum [41] but required only about 0.5% of the amount
used for the previous FAB-MS analysis.

Spectra of Permethylated Gangliosides

Permethylation is a widely used method to improve
mass spectrometric sensitivity, or to enhance volatility
for ionization techniques that require the sample
molecules to be in the gas phase. According to scat
tered reports [37] similar derivatization procedures
(e.g. peracetylation) improve the sensitivity of matrix
assisted laser desorption in cases where the original
samples are hard to ionize. MALO ionization spectra
of the permethylated gangliosides GDlb and G T1b were
recorded with several matrices in the positive ion
mode. Permethylation considerably increased the sen
sitivity. For underivatized gangliosides, about 50 ng
was used for each set of spectra, to achieve optimum
results. One tenth this sample level was still sufficient
for the detection of the underivatized compounds (with
the possible exception of G p 1 ) . The estimated improve
ment in sensitivity with the permethylated sample was
around 100-fold. Very high sensitivity was obtained
with 2-thiohydantoin as matrix at 266 nm. This in
crease in sensitivity is reflected by the fact that even
sinapinic acid could now be used as matrix.

Two spectra of the permethylated ganglioside GTlb

with sinapinic acid (337 nm) and 2-thiohydantoin (266

IM-Hl-, lQ:O

nm) matrices are shown in Figure 10. Comparison of
the molecular ion abundances relative to that of the
matrix ions suggests that the ionization of the sample
is more efficient in 2-thiohydantoin. The sensitivity
with the latter matrix was excellent; indeed, 10 fmol of
permethylated GTlb (26 pg) still produced well-defined
spectra with this matrix. In all cases 1M + Na]" and
1M + K]+ were the most abundant ions. A few peaks
indicating incomplete methylation were also present.
Low-abundance peaks due to permethylated compo
nents lacking one sialic acid residue could be seen in
both cases. Improving sensitivity is often concomitant
with better mass resolution; a comparison of the ob
served mass resolution also testifies to the improve
ment in the quality of the MALO mass spectra upon
permethylation. For the underivatized GTlb the highest
mass resolution (full width at half maximum) attained
was about 1:250, while in the spectrum with 2-thiohy
dantoin matrix shown in Figure lOb the mass resolu
tion at the [M + Na]" peak of the higher homolog was
1:320. From a mechanistic point of view, it is interest
ing to consider that the analytes in this example were
glycolipids with all their polar sites blocked and the
matrix had no carboxyl groups, yet the sensitivity and
resolution were in the same range as that reported for
peptides and proteins in the most favorable matrices!

Conclusions

Accumulating experience in matrix-assisted laser de
sorption yields heightened awareness of the experi-
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Figure 9. Negative ion MALD mass spectrum of the ",-galac
tose (u-fucose)-monosialo-gangliosides expressed by subsets of
rat dorsal root ganglion neurons [41], in DHB matrix, 337-nm
irradiation. The only LeB present is 4E-sphingenine. Numbers
shown represent fatty acyl variants. Mass assignments of ob
served peaks include [M - H]-: 16:0 mjz 1826.6, 18:0 mjz
1854.2,20:0 rnjz 1882.4, 22:0 rnjz 1910.3, and 24:0 plus 24:1 mjz
1938.0.
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Figure 10. Positive ion MALO mass spectra of the permeth
ylated ganglioside G n b with (a) SA at 337 nm, and (b) TH matrix
at 266-nm irradiation. Inserts show the expanded molecular ion
region. M j - dI8:1, M 2 - d20:1. IM j + Na]+ = mjz 2576.0, [M 2

+ Na]+ = mjz 2603.9 determined from (b).
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mental subtleties pertinent to optimization of the ion
ization process and their effects on the appearance of
the spectra. This study has shown that the MALD
ionization process is well suited for the study of gan
gliosides, producing molecular ions at the picomole
level for underivatized samples and at the low femto
mole level for permethylated derivatives. It has also
brought to light points not in accord with some of the
general statements made at the outset regarding the
characteristics of MALD ionization. In particular, these
results show that it is not always possible to avoid
fragmentation of the molecular ions and that optimum
sample preparation involves purification or derivatiza
tion steps and may require methodological develop
ments so far as search for the most appropriate ma
trix-wavelength combination is concerned. Neither of
these features, however, necessarily represents a draw
back. Occurrence of fragmentaion may bear structural
information. It seems very important to base the choice
of matrix on the given problem. The multiplicity of
matrices in these studies proved informative, since the
fragmentation processes have been observed to de
pend on the matrix. It is clear that utilizing alternative
matrices can simplify mixture analyses when fragment
or adduct peaks complicate the mass spectra. More
involved sample preparation methods will certainly
widen the scope of problems amenable to MALD-TOF,
and could confer selectivity.

The studies reported here demonstrated the follow
ing: (1) The sensitivity of MALD ionization for molecu
lar weight determinations of native and permethylated
gangliosides is at least two orders of magnitude better
than that of FAB/LSIMS. (2) As in FAB/LSIMS, un
derivatized gangliosides are ionized more efficiently in
the negative ion mode. (3) Fragmentation of the molec
ular ions of underivatized gangliosides is observed in
almost all cases, its extent being dependent on matrix,
wavelength, and laser power, and it can provide lim
ited structural information. (4) Permethylation lowers
the detection limit for MALD ionization of gan
gliosides by approximately another two orders of
magnitude.

These results offer further evidence that MALD
ionization is not only an exotic technique for problems
inaccessible to the other mass spectrometric methods
but also has an important role to play in applications
dominated by FAB for a decade. The high yields of
molecular ions from underivatized and permethylated
gangliosides suggest the feasibility of an improved
approach to structural studies by MS/MS employing
the MALD technique for primary ion generation. For
MS/MS, derivatization may not always be required to
achieve adequate sensitivity, but it would offer the
proven advantage of directing fragmentation into
informative channels.
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