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Abstract

In this review an updated overview of current improvements on thin-layer chromatography (TLC) of
gangliosides over the past decade is provided. Basic general techniques and special advice is given for successful
separation of glycosphingolipids. New approaches concerning continuous and multiple development, and several
preparative TLC methods are also included. Emphasis is placed on TLC immunostaining and related techniques,
i.e. practical applications of carbohydrate-specific antibodies, toxins and bacteria, viruses, lectins and eukaryotic
cells. Thus, this review on ganglioside TLC summarizes its power as an analytical tool for a wide range of purposes.
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1. Introduction

Gangliosides are a diverse group of glyco-
sphingolipids (GSLs)' composed of long-chain
base and fatty acid, which together make up the
ceramide portion (N-acylsphingosine), and car-
bohydrate moieties [1]. Structures and functions
of GSLs have been widely reviewed [2-15].
Gangliosides are characterized by the presence
of one or more sialic acid units in the oligo-
saccharide chain. The parent compounds are N-
acetylneuraminic acid (Neu5SAc¢) and N-gly-
colylneuraminic acid (Neu5Gc), which are
known to play crucial roles in various biological
functions [16-18]. Gangliosides, as well as re-
lated GSLs, are located primarily in the outer
leaflet of the plasma membrane, where they
represent a small percentage of total lipids, but
are also found in association with intracellular
organelles [19-21].

Along with the development of sophisticated
methods for detection and structural characteri-
zation of GSLs, many different molecular species
of gangliosides have been described in all verte-
brate species, with highest concentrations in
neural and in lower amounts in extraneural
tissues. Due to the important biological role of
gangliosides much effort has been spent on their
isolation and structural elucidation. After ex-
traction from biological source by standard pro-
cedures [2,22], anion-exchange chromatography
is generally the method of choice as first purifica-
tion step from crude GSL extracts. Since the first
report [23], the separation of gangliosides by
DEAE-linked matrices has become a well estab-
lished method [24-27]. Recent improvements in
the separation of gangliosides are the application
of DEAE-Fractogel [28] as well as the strong
anion-exchangers like Q-Sepharose [29] and
TMAE-Fractogel [30], which enable the isolation
of ganglioside positional isomers on a prepara-
tive scale. Thereafter, the acidic lipid containing
fraction undergoes a mild alkaline treatment to
saponify contaminating phospholipids usually
followed by further purification on silica gel, e.g.

' For abbreviations see list on p. 20.

Iatrobeads [2,31]. It should be mentioned, that
alkaline labile O-acetyl- or lactone-derivatives of
sialic acids are irreversibly disintegrated by this
procedure. Now ganglioside fractions are ready
for thin-layer chromatography.

Due to its resolving power, high-performance
thin-layer chromatography (HPTLC) has be-
come the standard tool for resolution of gan-
glioside mixtures for analytical and preparative
applications. Separation and identification of
GSLs by TLC has been the subject of several
reviews [2,32-34]. The goal of this review is an
up-dated overview on improvements in TLC
over the past decade. The most commonly used
general techniques are reviewed and some spe-
cial advice is given to achieve successful TLC.
Advances in ganglioside chromatography based
on continuous and multiple development are also
included. Furthermore, this review deals with
some selected enhancements for preparative
TLC and techniques of combined TLC/mass
spectrometry. Finally, the TLC-immunostaining
procedure and its various modifications are de-
scribed. The practical application of carbohy-
drate-specific reagents, such as antibodies, tox-
ins, lectins, will prove the overlay technique as a
powerful tool in the specific detection of GSLs in
complex mixtures as shown by the pioneering
work of Magnani et al. [35].

2. General techniques of TLC
2.1. TLC plates

Commercial aluminium, plastic and glass
backed plates precoated with silica gel 60 are the
most commonly used for TLC of GSLs because
of their convenience and superior resolving
capacity compared to home-made plates. High-
performance TLC (HPTLC) plates from E.
Merck (Darmstadt, Germany) are generally rec-
ommended for diverse applications [36]. HPTLC
plates offer excellent resolution potential for the
separation of gangliosides. The author prefers
glass backed HPTLC plates (10 cm x 10 cm,
thickness 0.2 mm, Cat. No. 5633; E. Merck).
Compared to other suppliers, GSL bands are
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distinctly sharper and less material is required
for visualization and quantitation (see below) of
gangliosides in the picomolar range [37].

Before use, the plates are usually activated for
30-45 min at 110°C, cooled down and then
stored over heat activated silica gel and auxiliary
P,O; in desiccators.

2.2. Application of samples and development of
chromatograms

Samples of 5-20 ug of ganglioside mixtures
are applied 10-20 mm from the bottom of the
plate by means of a 5 ul or 10 ul precision
microsyringe (Hamilton Bonaduz AG, Bonaduz,
Switzerland) as series of microdroplets with a
special microdispenser (PB600-1, Pat. No.
3161323, Hamilton) to form a 5-10 mm band.
Best chromatographic results are generally ob-
tained by delivery of samples to TLC plates with
commercially available automatic applicators
(TLC applicator AS 30; Desaga, Heidelberg,
Germany) [30].

The most frequently used TLC developing
solvents for gangliosides are mixtures of chloro-
form, methanol, and aqueous salts. For nearly
all applications, mixtures of chloroform-metha-
nol-20 mM aq. CaCl, (120:85:20, v/v/v) [38] or
more polar (100:80:20, v/v/v) lead to reproduc-
ible separation results. Ammonium hydroxide
(1-5 M) in the aqueous phase changes the
mobilities of several gangliosides, and this alkali-
zation is particularly useful to distinguish
NeuSAc from Neu5Gc substituted gangliosides
[39,40]. Other commonly used solvent systems
include e.g. n-propanol-0.25% aq. KCl (3:1,
v/v); methyl acetate—n-propanol—chloroform-
methanol-0.25% aq. KCl (25:20:20:20:17, v/v/
v/v.) [2]. The solvent system acetonitrile—iso-
propanol-50 mM aq. KCl (10:67:23, v/v/v)
gives excellent separation of polysialogan-
gliosides [27,41]. Mobilities and compactness of
ganglioside bands are markedly influenced by the
presence of salts or ammonia. Halogen salts in
the aqueous phase produced excellent separa-
tions, while non-halogen salts gave poor res-
olutions [41]. It is assumed that strongly ionized
cations effectively associate with gangliosides

and that such GSL-ion complexes are jointly
separated on silica gel.

The solvent mixture (ca. 100 ml) is usually
added into a standard developing tank (inner
dimensions: length, 21 cm; width, 9 cm; height,
21 cm; Desaga) lined with filter paper. The
closed chamber should be allowed to equilibrate
for at least 2-3 h (preferably overnight) with
fresh solvent before inserting the plate. To
assure that the chamber is properly closed, it is
advisable to seal the tank by means of a weight
on the top of the glass cover. Silicone sealants
should be used sparsely. Chromatography is
finished when the solvent front has reached a
line approximately 10 mm below the top of the
plate. Then the plate has to be removed and the
solvent is allowed to evaporate in a fume hood at
ambient temperature. Before initiation of the
staining procedure, traces of solvent are re-
moved by incubating the plate under vacuum or
by gentle heating with a hair dryer.

A recently introduced development chamber
(TLC-MAT, Desaga) allows automatic develop-
ment of TLC chromatograms without supervi-
sion. The operation of this device is controlled
by a sensor based on the detection of the solvent
front by differences in the light reflecting prop-
erties of dry and wet areas of the TLC plate.
Chromatography takes place in an environment
protected from atmosphere and light. The sol-
vent vapours are removed by an integrated fan
when development is completed, and the exact
development time is recorded. Simple operation,
reduced volume of the mobile phase and a
microprocessor controlled system guarantee val-
idated results obtained by a device which is
suitable for glass plates and foils.

2.3. Staining and quantification

Specific detection procedures for staining of
gangliosides on thin-layer chromatograms have
been reviewed in detail by several authors [2,32-
34]. Only the most prominent and frequently
used destructive reagents for specific analytical
purposes are reviewed in this chapter. Some
nondestructive dyes and reagents for unspecific
detection of lipids on TLC plates can be used for
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preparative recovery and will be described along
with the procedure of preparative TLC (see
below).

The dried, developed plate is placed upright in
a protective frame (e.g. spray box, Desaga) for
spraying with aggressive reagents. Particularly
for quantitative work (see below), even applica-
tion of the dye solution should be accomplished
with a fine mist sprayer (Sprayer SG1, Desaga),
initiating the spray stream off the side from the
plate surface, moving in a zigzag pattern beyond
the chromatogram until the plate is adequately
moistened. Some reagents require covering the
sprayed plate before heating. Both the chro-
matogram and a clean plate of equal size are
clamped together and placed in an oven or
alternatively on a hotplate until maximum color
has developed.

Resorcinol spray is specific for sialic acid and
therefore remains the most selective and sensi-
tive tool for ganglioside detection on TLC plates
[42]. Resorcinol-HCI-Cu®* spray reagent is
prepared by mixing 10 ml of 2% aqueous re-
sorcinol solution with 80 ml concentrated HCI
and 0.25 ml of 0.1 M copper sulfate. The total
volume is filled up to 100 ml with water. The
reagent should be kept in the dark at 4°C and
remains stable for at least 2 weeks. The plate is
sprayed moderately with a fine mist of resorcinol
reagent, covered with a glass plate and heated in
an oven at 100°C for ca. 20—-30 min. Gangliosides
produce a characteristic blue-violet color, where-
as neutral and sulfated GSLs give less intense
yellow-brown color. Overheating leads to discol-
oration of the gangliosides.

All GSLs can be visualized with a number of
general carbohydrate stains. Orcinol-sulfuric
acid spray is the most commonly used for detec-
tion of lipid bound carbohydrates [43] and ap-
plied as a 0.2% solution of orcinol in H,SO,—
H,O (3:1, v/v). The dye solution is stable for at
least 2 weeks and should be stored at 4°C in the
dark. The plate is thoroughly sprayed until
becoming obviously moist followed by heating at
100°C for ca. 10-15 min. Neutral and sulfated
GSLs, as well as gangliosides, will give pinkish
violet spots on a white background, while the

color intensity is proportional to the number of
monosaccharides in the carbohydrate moieties.

Direct densitometric scanning of resorcinol
positive bands is a simple but rapid method for
quantification of relatively small amounts of
GSLs [2,36]. Ganglioside patterns on HPTLC
plates can be scanned with a densitometer (Den-
sitometer CS-910, Shimadzu, Kyoto, Japan;
Densitometer CD 60, Desaga), operating in the
transmittance mode with incident light at 580
nm, giving linear response in the range of 0.15-
3.0 g sialic acid per band [36]. This scanning
technology has been proved to be convenient for
a reproducible quantitation of picomolar
amounts of individual ganglioside species [37]
and its usefulness for clinical purposes has also
been demonstrated [44].

3. Continuous and multiple development
3.1. Short-bed continuous development

One-dimensional TLC is the simplest and still
commonly used method for analysis of gan-
glioside mixtures. This method has been continu-
ously optimized with emphasis on enhanced
resolution, because HPTLC plates have the
disadvantage that the bands are sometimes very
closely spaced, although distinctly resolved.
Higher resolution by TLC can be achieved by
reduction of the solvent strength. This basic
theory provides the approach for short-bed con-
tinuous development TLC [45]. Its application is
limited by an exponential reduction of GSL
migration mobility at decreasing solvent
strength. This circumstance can be solved by
high solvent velocities achieved by continuous
development in a short-bed chamber. In this sort
of development, volatile solvent is continuously
removed from one end of the adsorbent layer by
vaporization. This generates a continuous flow of
solvent through the silica gel and results in e.g.
improved separation as shown with G, -type
gangliosides of mouse lymphoma cells [46,47].
However, the special chamber provided by Regis
Chemical Co. (Morton Grove, IL, USA} is very
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basic design and does not work properly. In
principle, chromatography can be performed,
but the realization of the excellent idea of short-
bed continuous development needs fundamental
technical amendments which are highly recom-
mended for successful operation. It is suggested
that with such design improvements this ap-
proach may be of benefit for thin-layer chroma-
tography.

3.2. Multiple development

Multiple development can be carried out in
three ways: in the original direction of develop-
ment with the same or different solvents, or at
right angles to the original direction of the
chromatography and with a different solvent
(= two-dimensional chromatography). All three
alternatives increase the capability of TLC by
affording separations, not otherwise either
adequate or attainable, and will be evaluated in
this review.

Normally, a single run is sufficient for the
desired resolution, although drying and rede-
velopment in one dimension in the same or in a
different solvent can improve resolution. Limited
availability of material frequently prevents ex-
tensive purification. Therefore, sensitive HPTLC
microanalyses of complex tissue lipids have been
developed, using e.g. three or four consecutive
solvent systems [48] and not involving preceding
column chromatography. More than 20 different
lipid subclasses can be separated with this pro-
cedure. Unidirectional ascending chromatog-
raphy in three different solvent systems has been
reported for accelerated separation of gan-
gliosides within total lipid extracts [49]. This
TLC technique was applied for the resolution of
brain and retinal gangliosides without any need
for previous purification of gangliosides.

Excellent separation of multisialogangliosides
containing more than three sialic acid residues
was obtained with two one-dimensional runs in
chloroform-methanol-12 mM aq. MgCl,-15 M
ammonium hydroxide (60:35:7.5:3, v/v/v/v) fol-
lowed, after drying in warm air, by a second
chromatography in chloroform-methanol-12

mM aq. MgCl, (58:40:9, v/v/v). Runs were
performed at 38°C [50]. Ammonia was found to
be necessary in the first run to give sharp
resolution of polysialogangliosides; control runs
at room temperature resulted in poorer sepa-
ration. By application of this system, several
gangliosides were detected in embryonic brain
moving below G,,,, suggesting gangliosides with
six, seven, or even more sialic acid residues per
GSL molecule. The bands were sufficiently con-
centrated for reproducible densitometric quanti-
fication.

3.3. Automated multiple development

In another approach to multiple development,
called programmed multiple development, TLC
plates are automatically cycled through a preset
number of developments [51]. As mentioned
above, increased separation by TLC can be
achieved by decreasing solvent strength, which is
the basic theory for short-bed continuous, as well
as multiple development. An improved TLC
separation of gangliosides by automated multiple
development (AMD) was published recently
[52]). The AMD equipment (Camag, Muttenz,
Switzerland) consisted of a development unit, a
control unit and a vacuum pump. Conventional
single-step HPTLC is generally performed in the
common three-compound solvent chloroform-
methanol-20 mM aq. CaCl, (120:85:20, v/v/v)
due to its high resolution power and its wide
applicability for standard ganglioside separation.
An enhanced resolution of mono- and dis-
ialogangliosides was obtained by three consecu-
tive runs with intermediate drying periods in a
solvent with reduced polarity compared to the
routine separation of the gangliosides in ques-
tion. Three times repeated chromatography of a
complex mixture of neolacto-series mono-
sialogangliosides from human granulocytes
(Table 1) in the less polar solvent system
chloroform—methanol-20 mM aq. CaC(l,
(120:85:14, v/v/v) resulted in a ca. three-fold
increase in separation distance of e.g. «2-3 and
a2-6 sialylated ganglioside isomers compared to
conventional single chromatography in the stan-
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Table 1
Structures of neolacto-series monosialogangliosides from
human granulocytes

No.* Fatty acid Structure

1 24:1, 22:0 I’NeuSAc-LacCer (G,,,)
2 16:0 II°NeuSAc-LacCer (G,,;)
3 24:1, 22:0 IV*NeuSAc-nLcOse Cer
4 16:0 IV°NeuSAc-nLcOse,Cer
5 24:1 IV°Neu5Ac-nLcOse,Cer
6 16:0 IV®NeuSAc-nLcOse Cer
7 24:1 VI’NeuSAc-nLcOse Cer
8 16:0 VI’NeuSAc-nLcOse,Cer

* According to Fig. 1.

dard solvent as shown in Fig. 1. Disialogan-
gliosides were developed three times in
chloroform-methanol-20 mM CaCl, (120:85:16,
v/v/v) leading to more than two-fold increase of

Neu5Ac-Lac

(13 IV3NeuSAc-nLc4

B I}V6 Neu5Ac-nLc4

I°NeusAc-nLcé

1
2
3
4. o
]
6
7
8"

Fig. 1. AMD chromatography of neolacto-series mono-
sialogangliosides from human granulocytes. 15 ug gan-
gliosides were chromatographed in chloroform-methanol-20
mM aq. CaCl, (120:85:20, v/v/v) (lane a) and separated by
threefold automated multiple development in chloroform-
methanol-20 mM aq. CaCl, (120:85:14, v/v/v) (lane b).
Gangliosides were visualized by resorcinol {42]. Structures of
gangliosides are listed in Table 1. Lac, lactosylceramide;
nLc4, nLcOse,Cer; nLc6, nLcOse,Cer.

resolution, and chloroform-methanol-20 mM
CaCl, (120:85:22, v/v/v) was the solvent of
choice for AMD of polysialogangliosides [52].
These examples should serve as a starting point
for future developments.

3.4. Two-dimensional TLC

Considerable complexity of ganglioside mix-
tures has prompted the research demand for
improved methods with the goal of high res-
olution chromatography being capable to sepa-
rate and detect minor gangliosides beside the
major species. Two-dimensional TLC procedures
are successful in resolving complex mixtures of
gangliosides and can be carried out with small
sample amounts. Chromatographies are pre-
ferably performed on HPTLC glass-backed
plates (10 ¢cm X 10 cm; E. Merck, Germany).
The sample is spotted as a small droplet in the
lower left-hand corner of a heat-activated plate
(see above). The first run is performed in the
desired solvent. Thereafter, the plate is carefully
dried, turned left vertically and placed in the
second solvent system with different composi-
tion. After solvent evaporation GSLs are visual-
ized by staining as described above.

The microanalysis of a 500 ug brain lipid
extract using multiple two-dimensional TLC ren-
dered quantitation of cholesterol, cerebrosides,
sulfatides, phospholipids and gangliosides [53].
Approaches utilizing two-dimensional TLC to-
gether with conventional spray methodology [54]
and combined with autoradiography [55] have
been reported. The radiolabelling revealed
minor brain ganglioside species that can not be
visualized with conventional spraying. Several
previously uncharacterized fucose-containing
gangliosides were detected in this study after
intracranial injection of [““C]N-acetylman-
nosamine and [*C]fucose.

Accurate densitometric quantification was at-
tained with brain gangliosides developed by two-
dimensional TLC [56]. The spots were quantified
by sequential scanning densitometry. Linear re-
sponse has been obtained for amounts ranging
from 0.1 to 6 nmol bound sialic acid. This
methodology was exploited to qualitative and
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quantitative analysis of alkali-labile gangliosides
from the brains of different animals [57] and
consists of two-dimensional TLC employing the
same solvent, chloroform-methanol-aq. 0.2%
CaCl, (50:40:10, v/v/v), for both chro-
matographies. Prior to the second run, the plate
is exposed to ammonia vapour for 5 h at room
temperature to split alkali-labile O-acetylated as
well as inner esters (lactones) of sialic acid
residues in gangliosides. At the end of the
chromatography alkali-stable gangliosides appear
along a diagonal line starting from the origin; the
spots corresponding to alkali-labile gangliosides
are located out of the diagonal. By this pro-
cedure up to 15 different labile gangliosides can
be recognized in brain samples.

Remarkable variations in the pattern of minor
gangliosides of muscle taken from ten vertebrate
species were detected by two-dimensional TLC
[58]. More than 15 different minor components
have been found in bovine and hog muscle owing
to the presence of NeuS5Gc-substituted GSLs,
whereas muscle gangliosides of human, dog, cat,
rabbit, and chicken origin showed less complex
patterns which is interpreted by the absence or
even small amounts of NeuS5Gce-type gan-
gliosides. Particularly in leukocytes from murine
origin, heterogeneity e.g. in the sialic acid por-
tion raises difficulties in resolution by conven-
tional one-dimensional TLC which can be solved
by two-dimensional TLC. Total ganglioside mix-
tures of B lymphocytes and macrophages from
endotoxin-responsive and endotoxin-hypores-
ponsive mouse strains [59,60] as well as from a
murine macrophage-like cell line [61] were in-
vestigated by two-dimensional TLC, which facili-
tated discovering G ;,-type gangliosides (G,
GalNAc-G,,;;,) in macrophages and the related
cell line. However, Gy,, and GalNAc-G,,
have been previously identified in mouse spleen
and T lymphocytes by conventional TLC [62,63].

4. Preparative TLC
Separation and recovery of gangliosides by

preparative HPTLC is known to be in many
cases unsatisfactory. The “old-fashioned” tech-

nique of TLC separation and subsequent ex-
traction of GSLs from scraped silica gel is still a
frequently used method [2,22,32-34] and can be
carried out as follows. A partially purified GSL
sample is dissolved in a minimum volume of
chloroform—methanol and applied in a band long
up to several centimeters, compatible with good
resolution by preventing overloading the plate.
After chromatography, gangliosides have to be
localized by nondestructive reagents [64]. Then
the desired areas are scraped off the plate and
the GSLs are extracted from the silica gel with
chioroform—methanol-water or 2-propanol-hex-
ane—water. Salts and/or other impurities in the
ganglioside fractions are commonly removed by
reversed-phase, and/or silica gel chromatog-
raphy. A few procedures for application of
preparative TLC are discussed in this chapter.

A simple but less sensitive reversible staining
method is to spray the TLC plate intensively
with distilled water. The silica gel becomes
translucent while lipids remain white. However,
successful isolation of gangliosides has even
recently been reported with this method [60].

Iodine vapour detects many lipids, also with
low sensitivity and GSLs should be present in
relatively high quantities to be detected. The
chromatogram is placed in a double-trough TLC
chamber containing solid iodine crystals along
one side. In several minutes most of the lipids
will appear as brown spots on a pale yellow
background. Visualization of gangliosides with
iodine vapour and elimination of silica gel from
the primary ganglioside extract by reversed-
phase chromatography with Sep-Pak cartridges
has been reported as simple and effective pre-
parative TLC method in ganglioside purification
[65].

The most sensitive nondestructive dye for
lipids is primuline [32]. The developed plate is
sprayed lightly with primuline (e.g. from Al-
drich-Chemie, Steinheim, Germany) 0.01% in
acetone—H,O (4:1, v/v). The spots are viewed
under long-wave ultraviolet light at 366 nm (HP-
UVIS cabinet or MinUVIS, Desaga). Lipids are
revealed as light blue or yellowish bands on the
dark, blue-violet background. Due to the high
sensitivity of this test, primuline has become the
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most popular fluorescent dye in preparative TLC
[66-68]. After recovery of GSLs by extraction
with organic solvent, primuline can be removed
by continuous or stepwise gradient elution with
isopropanol-hexane—water (55:40:5 to 55:25:20,
v/v/v) [69,70].

In vitro propagation of e.g. mammalian cells
offers the opportunity to feed growing cells with
radioactively labeled precursor molecules, such
as '‘C-galactose, '‘C-glucosamine, '*C-man-
nosamine, which are incorporated into cellular
GSLs. Metabolically labeled gangliosides can be
detected by exposure of chromatograms to X-ray
film, for instance Hyperfilm-’H (Amersham
Buchler, Braunschweig, Germany), and isolated
from scraped silica gel as described above
[63,71]. Furthermore radioactive labeling in the
ceramide portion can be achieved by treatment
of GSLs with potassium boro[’H]hydride and
palladium as catalyst [72]. The specific radioac-
tivity depends on the unsaturation of the
ceramide moiety and the specific activity of the
boro[’H]hydride employed. Both methods of
radiolabelling require expensive radiochemicals,
special laboratories and highly sophisticated
equipment.

Nondestructive detection of gangliosides with
lipophilic fluorochromes and their employment
for preparative TLC was recently reported
[73,74]. The nondestructive fluorochrome NBD
dihexadecylamine was used for preparative TLC
of brain gangliosides in microgram and milligram
scale [73]. The fluorescent zones were scraped
off and the gangliosides were extracted with a
mixture of chloroform—methanol-water
(30:60:8, v/v/v). The gangliosides were sepa-
rated from uncharged NBD dihexadecylamine by
anion-exchange chromatography and impurities
were removed by latrobeads chromatography.
The flowsheet of ganglioside isolation according
to this procedure is shown in Fig. 2 and purified
individual gangliosides are demonstrated in Fig.
3 (for structures of gangliosides see Table 2). A
wide spectrum of lipophilic fluorochromes which
are listed in Table 3 was selected for preparative
TLC [74]. Fluorescent ganglioside spots were
located on HPTLC plates under short- or long-
wave ultraviolet light (A =254 or 366 nm; see

HPTLC

J

Localization of gangliosides
with fluorochromes

{

Ganglioside extraction from scraped
silica gel with C/M/W (30/60/8)

!

DEAE-Sepharose

7

Eluate 2:
0.45 M NH ,OAcin M,
Gangliosides

§

Freeze drying

latrobeads
chromatography

Z § N

Eluate A Eluate B Eluate C

d

Purified
Gangliosides

Eluate 1:
CIM/W (30/60/8), M
Fluorochrome

Fig. 2. Flow diagram of the isolation of gangliosides by
preparative TLC. Gangliosides were localized on the plates
and extracted from scraped silica gel. Fluorochromes were
removed by anion-exchange chromatography and impurities
were removed by latrobeads column chromatography. C,
chloroform; M, methanol; W, water; eluate A, C-M (85:15,
v/v); eluate B, C-M (1:2, v/v); eluate C, M [73,74].

Table 3) after chromatography in the dark with
0.002% (w/v) fluorochrome in the solvent. Addi-
tion of fluorescence dye to the running solvent
does not alter ganglioside mobility compared to
solvent without fluorochrome [73,74]. Alterna-
tively, the plate can be sprayed after running
with 0.002% (w/v) fluorochrome in acetone-
methanol (60:40, v/v). The extraction was per-
formed as described above for NBD dihex-
adecylamine. Both methods [73,74] offer an easy
to handle and effective preparative TLC strategy
to obtain pure gangliosides in microgram and
milligram quantities [75,76]. Several probes can
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Fig. 3. Thin-layer chromatogram of individual gangliosides
isolated from mouse brain by preparative TLC using NBD
dihexadecylamine dissolved as reversible stain in the running
solvent. Gangliosides were chromatographed in chloroform-
methanol-20 mM aq. CaCl, (120:85:20, v/v/v) and visual-
ized by spraying the plate with resorcinol-HCl reagent.
Aliquots of TLC purified G,,, (a), Gp,, (b), Gp,. (©), Gy
(d) and 15 ug of whole gangliosides from mouse brain (e)
were applied [73].

Table 2
Structures of ganglio-series gangliosides

Symbol® Structure

Gy, or Gy, 1I’Neu5Ac-GgOse Cer

Gy IV*Neu5Ac-GgOse ,Cer

GalNAc-Gy,,, IV NeuSAc-GgOse Cer

Gp.. 1V*NeuSAc,II’NeuSAc-GgOse,Cer
Gy, II’(NeuSAc),-GgOse,Cer

Gy, IV*(Neu5Ac),-GgOse ,Cer

Gy, IV’NeuSAc,ITI°NeuSAc-GgOse Cer
Gt IV*NeuSAc,IT'(NeuSAc),-GgOse ,Cer
Gy IV (NeuSAc),.II*(NeuSAc),-GgOse ,Cer

* According to Svennerholm [234].

Table 3
Features of fluorochromes selected for preparative TLC

be purified simultaneously and the method only
requires standard laboratory equipment, there-
fore being suitable for a wide range of research-
ers working in this field.

5. Combined TLC and fast atom bombardment-
mass spectrometry (FAB-MS)

The analysis of structural parameters of GSLs
has been successfully probed by mass spec-
trometry for two decades, generally using ther-
mal evaporation and electron ionization of
appropriate derivatives {77]. The soft ionization
methods, especially fast atom bombardment
(FAB) and liquid secondary ion mass spec-
trometry, in combination with the development
of high-field instruments have brought substan-
tial progress [78-81].

Following the procedure of preparative TLC
(see above), GSLs have to be extracted from the
silica gel of TLC plates before analysis by FAB-
MS. Along with this procedure GSLs can be
characterized from their FAB mass spectra in
terms of partial monosaccharide sequence,
ceramide composition, and molecular weight
(82]. The coupling of soft ionization mass spec-
trometry and TLC offers new perspectives by
direct analysis of GSLs on TLC plates without
preceding elution of the sample from the silica
gel [83]. This method involves separation on a
flexible aluminium- or plastic-backed silica gel
TLC plate and nondestructive localization [84].
The area of interest on the plate was cut out and

Fluorochrome Excitation Color Emission
(nm) intensity”
Acridine orange 254 Yellow ++++
Pyrene-1-aldehyde 254 Light blue ++++
Rhodamine 6G 254 Orange ++++
3,3'-Diethyloxacarbocyanineiodide 254 Yellow +++
Nile red 254 Red ++
N-Phenyl-2-naphthylamine 366 Light blue ++
N-Pheny!-2-naphthylamine 366 Light blue +

* Appearance on HPTLC plates graded from + to ++++ after chromatography and thorough evaporation of solvents.
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the piece was attached to the mass spectrometer
probe tip. After addition of a few microliters of
methanol and about 2-3 ug matrix liquid, the
probe tip was introduced into the mass spec-
trometer. The probe was handled manually for
the scanning of the piece of the TLC plate, and
mass spectra were recorded every 0.25 mm along
the plate using Xe" ions as the primary ion with
an energy of 5 kV (for more details, see [83]).
The mass spectra obtained were comparable to
those obtained by conventional methods [85].
The combination of TLC and mass spectrometry
is especially attractive and useful, because it
simultaneously provides chromatographic and
structural information. The application of this
technique for GSL storage disease has been
reported [86].

The resolution into molecular species on de-
sorption of GSLs from thin-layer chromato-
grams, using combined TLC and FAB-MS was
demonstrated for sulphatides, G,; and
GgOse,Cer [87]. In this study a mass spectrome-
ter was used with a special FAB probe and an
extended solid inlet port. The mounted TLC
strip was moved by a motor at 0.25 mm per
scanning cycle, which allowed >200 scans per
plate (for details, see [88]).

With the development of the overlay-binding
assay (to be elucidated in the next chapter), the
requirement for improved techniques to identify
unknown receptor molecules in a mixture of
GSLs became obvious. Although the sensitivity
of TLC-MS (ug level) is lower compared to
TLC immunostaining (ng level), both methods
are complementary for characterizing GSL
probes separated on a TLC plate.

6. Overlay technique

The TLC overlay procedure is an easy, rapid
and sensitive method to investigate specific bind-
ing of ligands to separated GSLs. Overlay tech-
niques are valuable tools for the localization of
biologically active compounds on TLC plates.
The first proof of selective binding of cholera
toxin to gangliosides resolved on a TLC plate
[35] led to the development of a huge variety of

related TLC overlay methods for direct binding
of antibodies, various toxins, lectins and other
proteins as well as related compounds. These
techniques are also useful in identifying GSL
structures as potential receptors for viruses,
bacteria and cells.

6.1. General procedure

After chromatography of GSLs some TLC
techniques share several common steps. The
pretreatment of the chromatograms with plastic,
usually polyisobutylmethacrylate (Plexigum P28,
R6éhm, Darmstadt, Germany), is recommended.
Coating of TLC plates can be performed by
chromatography in polyisobutylmethacrylate
saturated hexane [89] or by dipping the plate, for
example, in 0.2% polyisobutylmethacrylate solu-
tion [90]. The rationale for plastic coating is to
prevent flaking of silica gel from the support
during the incubation and washing steps. The
hydrophobicity of the plate protection is believed
to induce a similar presentation of GSLs as in
the plasma membrane. However, plastic- as well
as aluminium-backed TLC sheets have been
reported to be sufficiently robust alone whereas
silica gel of glass-backed HPTLC plates needs
plastic fixation. For the next step the plate is
overlayed with the primary agent (antibody,
toxin, etc.), incubated, washed with buffer and,
if necessary, overlayed with secondary detection
agents (e.g., secondary labeled antibody). Then
the plate is washed again, and dried for au-
toradiography on X-ray film or treated for sec-
ondary color development (e.g., alkaline phos-
phatase-based detection). A companion plate is
chromatographed in the same chamber under
identical conditions and subjected to chemical
detection (see above). Exact conditions of over-
lay procedures are explained in detail along with
the particular application, examples of which are
given in the following sections.

6.2. Antibodies
To study function and expression of

glycoconjugates on the cell surface, specific anti-
bodies have been raised against distinct carbohy-
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drate determinants {91-95]. TLC overlay meth-
ods for defining GSL specificities of mono- and
polyclonal antibodies have been developed [96—
99] with aid of '*’I-labeled secondary antibodies.
The procedure is carried out as follows [98]:
Gangliosides were chromatographed on alumin-
ium-backed HPTLC plates and the dried chro-
matogram was soaked in a saturated solution of
polyisobutylmethacrylate in hexane. To prevent
unspecific binding of antibody, the chromato-
gram was sprayed after drying with phosphate
buffered saline containing 1% bovine serum
albumin (buffer A) and immediately soaked in
buffer A. The plate was then overlayed with
monoclonal antibody solution diluted 1:4 with
buffer A and incubated for 3 h at 4°C. After
washing in cold phosphate-buffered saline the
plate was overlayed with '*I-labeled F(ab’),
rabbit anti-mouse IgG. The plate was washed
again and exposed to X-ray film. Following this
procedure, e.g. two monoclonal antibodies have
been identified reacting with a sialyl derivative of
lacto-N-fucopentaose II, a hapten of the human
Le® blood group antigen, which was detected in
GSL extracts of several carcinomas [98].

Using specific antibodies [100] against gan-
gliosides Gy,, G, Gp; and GgOse,Cer, the
detection of bound primary antibodies was
achieved also with 'ZI-labeled staphylococcal
protein A, which has been shown to bind pref-
erentially to the Fc region of human, rabbit and
guinea pig IgG. The method allowed positive
identification of GSLs on TLC plates and also
provides a convenient means of assessing the
specificity of anti-GSL antibodies.

To avoid work with radioactive isotopes and to
accelerate the immunostaining procedure, assays
with peroxidase- and alkaline phosphatase-linked
secondary antibodies were established [101-103].
A sensitive enzyme-immunostaining method on
TLC plates has proved to be valuable for detec-
tion and quantitative determination of Neu5Gc-
containing GSLs, Hanganutziu~Deicher antigens
[101]. The procedure consists of an immune
reaction among gangliosides, affinity-purified
chicken anti-G;(Neu5Gc) and horseradish per-
oxidase-conjugated rabbit anti-chicken IgG with
4-chloro-1-naphthol as peroxidase substrate.

Quantification was achieved by direct densito-
metric scanning of the enzyme-immunostained
spots on the chromatogram. As little as 0.5 pmol
of Gy;(Neu5Gce), IV'Neu5Ge-nLcOse,Cer, and
VI’Neu5Ge-nLcOse Cer (0.64-1.0 ng) have
been detected with a good signal-to-noise ratio.
Further applications of non-radioactive detection
using TLC immunostain have been reported to
demonstrate, e.g. the specificities of two sets of
monoclonal antibodies against a- and b-pathway
ganglio-series gangliosides [104,105].

A complementary method based on peroxi-
dase labeled secondary antibodies, where the
GSLs were transferred to a nitrocellulose sheet,
has been described [106}: After TLC the sepa-
rated GSLs are blotted onto nitrocellulose and
the replica is incubated with poly- or monoclonal
antibodies followed by detection with peroxidase
labeled secondary antibodies. Advantages of the
procedure are its speed, non-radioactive detec-
tion and its suitability for screening applications.
This approach has been recently extended to
very efficient quantitative blotting of GSLs from
HPTLC plates to a polyvinyldine difluoride
membrane followed by immunological staining
[107]. This technique has been also proved to be
a convenient procedure for preparative TLC
with GSL yields ranging from 68% to 92%, the
mean value being 82.3% [108].

The avidin—biotin enzyme system, which has
been used to detect carbohydrate antigens in
tissues and isolated cells, was adapted for GSL
immunostaining on thin-layer chromatograms
and on nitrocellulose blots [109]. This method is
based on the extraordinarily high affinity of the
egg white protein avidin for biotin. Biotin can be
covalently attached to proteins (e.g., antibodies)
and these proteins can be detected by the use of
a preformed complex of avidin plus biotinylated
enzyme. Since avidin has multiple biotin binding
sites, several biotinylated enzyme molecules can
be bound. The conversion of a soluble substrate
into an insoluble product by the biotinylated
enzyme provides a highly amplified signal for the
location of the antibody binding site. This meth-
od is characterized by a high sensitivity, i.e.
subnanogram amounts of the GSL can be de-
tected [109].
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Another immunochemical detection method
originally developed for the detection of glyco-
proteins on nitrocellulose has been adapted for
staining of GSLs on TLC plates. This procedure
is based on periodate oxidation of the carbohy-
drate portion of GSLs [110]. Digoxigenin—X—-
hydrazide (X = spacer) reacts with the aldehyde
groups, and the digoxigenin is recognized by an
alkaline phosphatase-labeled polyclonal anti-di-
goxigenin antibody. This method combines the
general applicability of the orcinol and resorcinol
stains with the sensitivity of an immunostain.
Selective staining of gangliosides could be
achieved by the use of low periodate concen-
trations.

The construction of neoglycolipids as novel
approach for determining the antigenicities and
receptor functions of minute amounts of oligo-
saccharides derived from glycoproteins was re-
ported [111]. Unlike hydrophilic oligosaccha-
rides, the neoglycolipids have hydrophobic prop-
erties conferred by the lipid moiety, such that
ligand-binding assays can be performed by using
the oligosaccharides as immobilized probes on
solid supports, e.g. TLC plates. Conditions for
efficient conjugation of reducing oligosaccharides
to dipalmitoyl phosphatidylethanolamine were
established, and the potent and specific reac-
tivities of the resulting neoglycolipids with mono-
clonal antibodies in oligosaccharide-recognition
assays on silica gel chromatograms were proved
[112]. Development of neoglycolipid technology
has been recently reviewed [113].

6.3. Enzymatic modification

The large majority of brain gangliosides
belongs to the ganglio-series with GgOse,- and
GgOse,Cer core. Therefore, in some cases it is
convenient to analyse gangliosides by combined
neuraminidase treatment followed by immuno-
staining of respective asialo-gangliosides with
anti-GgOse,Cer and/or anti-GgOse,Cer antibo-
dies [114-117]. After thin-layer chromatography
and silica gel fixation, the chromatogram is
treated with Arthrobacter ureafaciens
{114,116,117] or Vibrio cholerae neuraminidase
[115]. This procedure will remove both external

and internal sialic acid residues from the core
oligosaccharide backbone. The resulting asialo-
gangliosides are then stained with anti-
GgOse,Cer and/or anti-GgOse,Cer antiserum
and secondary detection agents. To remove all
sialic acids from ganglio-series gangliosides with
A. ureafaciens neuraminidase, sodium
taurodeoxycholate was found to be required
[116,117]). This is incompatible with the first
description of this procedure [114]. However,
this discrepancy might be due to the probable
existence of different isozymes in enzyme prepa-
rations from different A. wreafaciens strains
[118].

Since terminally sialylated gangliosides such as
Gy, and IV’NeuSAc-nLcOse,Cer were iden-
tified as virus receptors, and certain other termi-
nally sialylated gangliosides were discussed as
tumor markers, several overlay procedures have
been developed to screen gangliosides from
different tissues or cell lines for the presence of
such components, especially if only small amount
of material is available [89,119,120]. G,,,, and
Gp,, are rendered accessible to anti-GgOse,Cer
stain after V. cholerae neuraminidase treatment
[89], GalNAc-G,,, is susceptible to anti-
GgOse,Cer binding after A. ureafaciens neur-
aminidase incubation [119,121] and selective
detection of terminally «2-3 and a2-6 sialylated
neolacto-series gangliosides is possible by com-
bined V. cholerae neuraminidase treatment and
anti-nLcOse,Cer immunostaining [120]. The
procedure is carried out as follows [120]. After
chromatography of the gangliosides the plates
were dried for 0.5 h over P,O, in a desiccator
equipped with a vacuum pump and then chro-
matographed twice in hexane saturated with
polyisobutylmethacrylate. The plastic solution
was prepared by adding excess of poly-
isobutylmethaccrylate to hexane. After 30 min of
stirring at ambient temperature the decanted
supernatant was used for silica gel fixation. V.
cholerae neuraminidase (Behring, Marburg,
Germany) treatment was carried out by incuba-
tion with 2.5 mU/ml in 0.05 M sodium acetate, 9
mM CaCl, (pH 5.5) for 2 h at room tempera-
ture. For blocking of unspecific binding the
plates were soaked for 15 min in solution A
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(phosphate-buffered saline supplemented with
1% bovine serum albumin). Then the plate was
overlayed for 1 h with chicken anti-nLcOse,Cer
antibody diluted 1:2000 in solution A. Unbound
antibodies were removed by washing the plate
five times with solution B (phosphate buffered
saline, 0.05% Tween 21). Rabbit anti-chicken
IgG antiserum (Dianova, Hamburg, Germany)
labeled with alkaline phosphatase, was used as
the second antibody (dilution of 1:1000 in solu-
tion A). After 1 h incubation the plate was
washed as described above followed by twofold
washing with 0.1 M glycine buffer (pH 10.4),
supplemented with 1 mM ZnCl, and 1 mM
MgCl,, to remove phosphate. Bound first anti-
bodies were visualized with 0.05% (w/v) 5-
bromo-4-chloro-3-indolyl phosphate (Biomol,
Hamburg, Germany) dissolved in the same al-
kaline buffer [103]. The arising blue color indi-
cated specifically bound antibodies. The specific
detection of terminally #2-3 and a2-6 sialylated
neolacto-series gangliosides of human granulo-
cytes (for structures, see Table 1) is demon-
strated in Fig. 4. Neuraminidase treatment of
gangliosides with «2-3 substituted sialic acid is
necessary prior to immunostaining (Fig. 4, lane
¢) whereas a2-6 sialylated gangliosides can be
detected without enzyme treatment (Fig. 4, lane
b). Steric hindrance of sialic acid bound in
position 3 to terminal galactose prevented bind-
ing of the antibody to the GalB1-4GlcNAc
sequence whereas sialylation in position 6 does
not hinder recognition. The combined method of
neuraminidase treatment and immunostaining of
neolacto-series gangliosides is a suitable tool for
highly specific and sensitive detection down to 10
ng of such gangliosides in complex GSL mix-
tures.

Not only enzymatic degradation but also solid-
phase biosynthesis of GSLs on HPTLC plates
has been accomplished [122]. The method takes
advantage of the solid matrix for precursor GSLs
in biosynthetic experiments after chromato-
graphic development of the precursor sample.
The method is simple, fast and sensitive. It
minimizes the risk of adding unwanted exoge-
nous precursors and abolishes the need for
tedious purification of products after incubation.

IV®Neu5Ac-nLc4 |

VI’Neu5Ac-n|

Fig. 4. Selective detection of terminally «2-3 and a2-6
sialylated neolacto-series gangliosides. 3 ug of a G,,; de-
pleted ganglioside fraction from human granulocytes per lane
were chromatographed as described in Fig. 3. Lane a:
resorcinol stain; lane b: immunostain with anti-nLcOse Cer
antibody; lane ¢: immunostain with anti-nLcOse,Cer anti-
body with preceding neuraminidase treatment {120]. nLc4 =
nLcOse,Cer; nlc6 = nlcOse Cer. IV’NeuSAc-nLc4 corre-
sponds to bands 3 and 4, IV°Neu5Ac-nLc4 to bands 5 and 6,
and VI’NeuSAc-nLc6 to bands 7 and 8 of Fig. 1. Structures
of neolacto-series gangliosides from human granulocytes are
listed in Table 1.

The method opens up new areas for the bio-
synthetic study of gangliosides by assaying direct-
ly and simultaneously the activities of sialyl-
transferases with multiple acceptor specificity
[123]. An acceptor GSL was chromatographed
and incubated with an enzyme mixture contain-
ing an appropriate radioactive sugar nucleotide.
The radiolabeled reaction product was isolated
by preparative TLC and the radioactivity de-
termined to measure the activity of rat brain
cytidine 5’-monophosphate-N-acetylneuraminic
acid: LacCer-, Gy;-, Gy,- or Gp,-sialyltransfer-
ase.

6.4. Toxins

Ganglioside G, is the major receptor for
cholera toxin on the surface of animal cells
[124,125]. G,,, substituted with N-acetyl- or N-
glycolylneuraminic acid has been reported to
exhibit the same toxin receptor capacity [126].
The toxin is a globular 84 kDa protein and
consists of two different types of subunits, A and
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pentameric B, [127]. Its mechanism of action
involves  binding of the B subunit
(= choleragenoid) to ganglioside G,,, and other
structurally related compounds on the cell sur-
face, followed by a dissociation between subunits
and penetration of subunit A into the membrane
with activation of adenylate cyclase followed by
changes in membrane permeability.

The discovery of G, as natural receptor for
cholera toxin opened the investigation of this
binding phenomenon for analytical purposes.
Gangliosides that bind cholera toxin can be
detected by the direct binding of '*’I-labeled
toxin to thin-layer chromatograms followed by
autoradiography [35,128]. The method is very
sensitive detecting 0.1 ng of G, (70 fmol) on
chromatograms of total cellular lipid extracts
[35]. A modification of this method has been
reported, in which native cholera toxin was used
instead of '*’I-labeled toxin, followed by incuba-
tion with specific antiserum to cholera toxin and
species-specific antiserum coupled to horse rad-
ish peroxidase [129]. The use of enzyme-labeled
secondary antibody was a reliable, reproducible,
and sensitive method for G, detection with
limits down to 0.01 ng G,,, corresponding to 6.5
femtomol. To reveal the presence of other mem-
bers of the gangliotetraose family, i.e., Gpy,,
Gpips Grp and Gy, (for structures see Table
2), V. cholerae neuraminidase is employed to
convert these gangliosides to Gy, prior to treat-
ment with choleragenoid [130], since this enzyme
does not cleave the internal sialic acid of Gy,
linked to galactose at position II (counted from
the ceramide portion) of the GgOse,Cer core.
By use of these methods described above, the
disialoganglioside Gp,,, showed considerable
binding capacity to cholera toxin (approximately
10:1 ratio of Gy;:Gp,,) [128-130]. However,
TLC combined with sialidase treatment and
choleragenoid staining (as well as immunological
staining as described above) has found wide
application, e.g. determination of gangliotetra-
ose-type gangliosides in human primary medul-
loblastomas [131], human cerebrospinal fluid
[132,133] or in mouse lymphoma [134]. A new
ganglioside showing choleragenoid-binding ac-
tivity in mouse spleen was identified by this

technique. Its structure was determined to be
Gal-GalNAc-G,,,, (IV’NeuSGc-GgOse,Cer),
which contains a terminal tetrasaccharide struc-
ture identical with that of II’Neu5Gc-
GgOse, Cer (G, (Neu5Gc)) [135]. The proce-
dure (taken from [134]) can be carried out as
follows: A silica gel HPTLC plate coated with
polyisobutylmethacrylate was incubated with
cholera toxin B subunit (Sigma, No. C-7771,
Munich, Germany) at a final concentration of
250 ng ml™' in phosphate buffered saline con-
taining 1% bovine serum albumin (solution A)
for 2 h at room temperature. Goat anti-cholera
toxin B subunit (choleragenoid) antiserum (Cal-
biochem, No. 227040, Frankfurt a. M., Ger-
many) and alkaline phosphatase conjugated rab-
bit anti-goat IgG (Dianova, Hamburg, Ger-
many) antibody (1:1000 dilution in solution A)
were used for the immunostaining procedure (1
h at room temperature). The washing steps and
the detection of alkaline phosphatase activity on
the plate were performed as described above
[120]. For detection of Gy,,, Gp;,» Gy and
Go,» neuraminidase is employed to convert
these gangliosides to G, prior to treatment with
choleragenoid. Plastic coated silica gel plates
were incubated with 50 mU ml~' V. cholerae
neuraminidase for 18 h at 37°C in 0.05 M sodium
acetate, 9 mM CaCl,, pH 5.5. The subsequent
immunostaining assay with choleragenoid was
performed as described above. The reliability of
this technique is shown in Fig. 5. Gy, from a
human brain ganglioside mixture (and to much
lesser extent also Gp,,) is immunostained by
choleragenoid (Fig. 5, lane a), whereas Gyp,,,
Gpip» G, and Gg,, are stained after neur-
aminidase treatment in addition to G, (Fig. 5,
lane b). Conventional resorcinol visualization of
human brain gangliosides is shown in Fig. 5 (lane
c) in parallel to the combined choleragenoid-
immunostains.

Direct binding analysis of toxin molecules to
gangliosides on TLC plates permits clearer
identification and sensitive quantification of the
receptor structure. For example, TLC overlay
technique was employed for screening the bind-
ing activity of solubilized protoxin and activated
toxin from Bacillus thuringiensis [136], type A
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Fig. 5. Detection of gangliotetraose-type gangliosides by
combined neuraminidase and choleragenoid-immunostaining
assay. 25 ng (lanes a and b, each) and 10 pg of human brain
gangliosides (lane ¢) were chromatographed as described in
Fig. 3. Lane a: combined immunostain with choleragenoid
and anti-choleragenoid antibody; lane b: V. cholerae neur-
aminidase treatment prior to choleragenoid detection; lane c:
resorcinol stain [134]. Structures of gangliotetraose-type
gangliosides are listed in Table 2.

neurotoxin from Clostridium botulinum [137],
toxin A from Clostridium difficile [138], Shiga
toxin from Shigella dysenteriae [139], etc. In the
procedures  described so far, polyiso-
butylmethacrylate is generally used to prevent
loss of silica gel and to orientate carbohydrate
moieties for the binding of various ligands to
GSLs. This pretreatment of chromatograms was
found to alter the binding behaviour of Verotox-
in 1, and therefore caution is advised in analysis
of toxin binding to GSLs after treatment with
this compound [140].

6.5. Lectins

Lectins are carbohydrate-binding proteins of
non-immunoglobulin nature [141], capable of
binding to glycolipids and glycoproteins. The use
of lectins from plant and animal origin for
studying animal cell glycoconjugates has a long
and productive history (142]. By definition, most
lectins are multivalent proteins having multiple
subunits, and the interaction of a glycoconjugate
with a lectin is governed by the binding specifici-
ty and affinity of each subunit for a glycoconju-
gate [143]. Today, many different lectins are

commercially available and used for purification
of glycolipids and glycopeptides and glycolipid-
as well as glycoprotein-derived oligosaccharides
[144,145] by lectin affinity chromatography. Im-
munochemical methods and enzyme-linked lectin
assays have been developed to detect electro-
phoretically separated glycoproteins after blot-
ting onto nitrocellulose sheets [146) and to ascer-
tain glycoproteins adsorbed to plastic supports
[147]. Binding specificities of lectins against
neutral GSLs and gangliosides immobilized on
polyvinylchloride microtiter plates have been
investigated using an enzyme-linked immuno-
sorbent assay with the biotin—avidin system for
detection of bound lectin [148].

At first, '“I-labeled lectins have been de-
scribed as lectin tools for GSL detection after
chromatography on thin-layer chromatograms
[149,150]. GSLs that bind radiolabeled lectins
can be detected by autoradiography after TLC of
GSL standards or crude lipid extracts [151,152].
This technique extends lectin specificity studies
from inhibition analyses in aqueous systems to
the identification of specific, lectin-binding GSLs
in crude lipid mixtures of cell membranes.

Many lectins with well characterized sugar
binding activities could be employed for pre-
liminary structural characterization of chromato-
graphically separated GSLs. Alternatively to
'I-labeled lectins, lectin-horse radish peroxi-
dase conjugates or biotinated lectins, followed
by incubation with a complex of avidin and
biotinated horseradish peroxidase, were used to
detect GSLs immobilized on TLC plates by
nonradioactive visualization [153,154]. Most of
all these overlay procedures are cost effective
and less hazardous for laboratory personnel
compared to radiolabeled lectins and the results
are not dependent upon film exposure time and
development.

6.6. Other proteins and related compounds

A number of extracellular matrix proteins,
including  fibronectin  [155,156], laminin
[157,158], thrombospondin [159,160] and also
von Willebrand factor (coagulation factor VIII
related protein) [158,160], have been shown in a
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variety of assays to bind either to gangliosides, to
sulfatides, or to both (reviewed in [161]). Some
recent publications which describe binding
studies of GSLs, proteins and/or lipoproteins on
thin-layer chromatograms are reported in this
chapter.

Mannose-binding protein binds with high af-
finity to glycoconjugates with terminal mannose
or N-acetylglucosamine residues. However,
glycoproteins with these terminal residues are
relatively rare in normal mammalian tissues and
in search for other possible natural receptors,
purified mannose-binding protein was found by
chromatogram overlay assay to bind with high
affinity to LcOse,Cer and nLcOsesCer [162].
Oligosaccharide recognition by three mammalian
mannose-binding proteins was investigated by
employing a series of structurally characterized
neoglycolipids as probes in TLC binding assays
[163]. The results illustrated the potential of
neoglycolipids in studies of oligosaccharide rec-
ognition.

Cytotactin is an extracellular matrix protein
that is involved in cell adhesion, migration, and
proliferation during embryogenesis. The binding
of this glial glycoprotein to a variety of purified
GSLs has been investigated and using radio-
labeled cytotactin clear evidence was found for
binding to sulfatides separated by TLC [164].

Exoenzyme S is an ADP-ribosyl transferase
produced by Pseudomonas aeruginosa which is in
discussion to be, at least in part, responsible for
the pathogenesis of this organism in respiratory
infection. By employment of the TLC overlay
technique it has been shown that exoenzyme S
specifically binds to ganglio-series GSLs [165].

Glycolipids have been supposed to act as
regulatory molecules in the cellular uptake of
low-density lipoproteins [166—-168]. For analysis
of the ligand-receptor reaction, the TLC im-
munostaining method greatly facilitated the di-
rect examination of apolipoprotein B binding to
various types of acidic and neutral GSLs [169].

6.7. Viruses

During the initial phase of infection, myxovir-
uses such as influenza and Sendai viruses inter-

act with receptors on the host cell surface,
followed by fusion with the surface membrane
[4]. Terminally sialylated gangliosides are im-
portant receptor binding sites for viruses and
are able to nmediate virus attachment
[75,170,171]. Several assay systems, based on
the adsorption to [172], fusion with [173] or
infection of target cells [174], have been found
convenient to investigate the accessibility of
viruses to cells. To minimize the interference of
other cell or virus membrane components, di-
rect solid-phase binding assays have been estab-
lished. These tests offer the opportunity for
direct measurement of the interaction between
the virus and its ganglioside receptor. Plastic
microtiter wells coated with receptor molecules
have been used to estimate the avidity of virus
binding to a purified ganglioside [175]. This
solid-phase approach was extended by employ-
ment of virus binding to thin-layer chromato-
grams on which the GSLs were separated [176].
As an example, the overlay assays of S
labeled influenza A/PR/8/34 (HIN1) and Sen-
dai virus (HNF1, Z-strain) on thin-layer chro-
matograms are shown in Fig. 6. Both viruses
were found to bind gangliosides from human
granulocytes (for structures see Table 1) to
various extent [75]. The following procedure is
derived from [75]: Ganglioside chromatography
and plastic coating of the TLC plates were
performed as described above (Section 6.3). To
reduce the amounts of labeled viruses, the
plates were cut with a diamond glass cutter into
strips of 1.5 cm X 10 cm per lane. The strips
were soaked for 15 min in solution A (phos-
phate buffered saline, supplemented with 1%
bovine serum albumin) to block unspecific bind-
ing sites. The solution was thoroughly with-
drawn by suction and 80 w1 labeled virus prepa-
ration were added per lane (about 2x10°
counts min~'). Then the strips were covered
with small pieces of parafilm and kept in a
humidified atmosphere for 2 h at 4°C. After
incubation the virus suspension was tipped off
and the plate was washed six times with phos-
phate buffered saline. The dried plate was ex-
posed to X-ray film for 20 days at 4°C. Stained
parallel ganglioside chromatogram (Fig. 6, lane
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3 IPNeuSAc-LacCer

Fig. 6. Autoradiographies of TLC overlay assays of gan-
gliosides from human granulocytes with *°S labeled influenza
A/PR/8/34 (lane a) and Sendai virus (lane b), exposure time
20 d. The paraliel resorcinol stain is shown in lane c. In each
lane 20 pg of gangliosides were applied and chromato-
graphed as described in Fig. 3. Structures of neolacto-series
gangliosides from human granulocytes are listed in Table 1
[75]. nLc4 = nLcOse,Cer; nLc6 = nLcOse Cer; X, Y and Z:
unknown structures.

¢) and virus autoradiographies (Fig. 6, lanes a
and b) can be quantified by densitometry (CD60
scanner, Desaga), and ratios of bound 3S.
labeled virus to gangliosides can be calculated
(75]. Both, the solid-phase binding assay in
microtiter wells and the overlay technique are
now well established tools in receptor binding
assays [177], and high degree of correlation of
values obtained by the TLC overlay technique
and the microwell adsorption assay has been
recently reported [178].

Influenza C virus uses 9-O-acetyl-N-acetyl-
neuraminic acid as a high-affinity receptor de-
terminant for attachment to cells [179,180].
This unique specificity was used to reveal O-
acetylated sialic acids residues on glycoproteins
after polyacrylamide gel electrophoresis and
transfer onto nitrocellulose sheets and as con-
stituents of gangliosides after thin-layer chro-
matography [181,182], thus providing a new
analytical tool. The TLC overlay and the mi-
crowell adsorption assay allowed specific and
sensitive detection with a limit of 65 fmol 9-O-

acetylated sialic acid in 9-O-acetylated gan-
glioside Gp,,,.

6.8. Bacteria

There is a rapidly growing interest in the
molecular aspects of microbe association to ani-
mal surface cells. Attachment to the host is the
initial event of the infection process where mem-
brane-close lipid-linked oligosaccharides are of
particular interest. The recently published solid-
phase methods (see above) have opened the new
possibilities for the detection and characteriza-
tion of carbohydrate receptors for microbes
[9,177,183].

Conditions have been adapted for the binding
of intact bacteria to GSLs on thin-layer chro-
matograms [184]. Externally with '*’I or with
other isotopes metabolically labeled bacteria are
layered on the plate and after repeated washing,
the bound bacteria are detected by autoradiog-
raphy. Using this technique, several kinds of
bacteria have been shown to adhere to the plate
in a carbohydrate-specific way [185-195]. One of
the advantages of this solid-phase overlay ap-
proach is the possibility to detect a minor re-
ceptor component within a complex GSL mix-
ture. In addition, the multivalent solid-phase
presentation of the carbohydrate receptor also
reveals low-affinity binding sites, which probably
might remain undetectable in the classical inhibi-
tion experiments with soluble oligosaccharides
[174].

6.9. Cells

Cell-cell recognition and adhesion is mediated
by cell surface carbohydrates and complemen-
tary carbohydrate receptors [13,196-198]. A
method has been reported which detects carbo-
hydrate-specific adhesion of intact eukaryotic
cells directly to GSLs separated on TLC plates
[199]: After chromatography and plastic coating,
plates were mounted in a specially designed
plexiglass chamber. To achieve contact between
cells and TLC separated GSLs, radiolabeled cells
were added into the chamber, which was then
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sealed and gently centrifuged. Adherent cells
were detected by autoradiography. This method
can be used to test GSLs as cell surface recogni-
tion markers for a variety of cell types (for more
details, see [200]).

7. Conclusion and perspectives

The combination of TLC separation, conven-
tional chemical staining of GSL bands and direct
overlay binding can rapidly generate detailed
information on ganglioside structure and func-
tion without large investments in instrumenta-
tion. On the other hand, binding studies of
antibodies, toxins or lectins to GSLs provide
information of unknown carbohydrate specifi-
cities when highly purified GSL standards are
used as references. Purification of a GSL to a
single band, even in several different solvent
systems, does not always ensure homogeneity
and purity. Certain complex ganglioside mixtures
are difficult to resolve by TLC, while some
GSLs, although having different monosaccharide
moieties and/or variations in their ceramide
parts, chromatograph with identical TLC R,
values. Structural assignments gained by im-
munochemical methods are also limited and
should be carefully interpreted, because underly-
ing minor gangliosides can simulate adsorption
to dominant gangliosides in crude fractions as
well as in insufficiently purified probes. How-
ever, premature conclusions might lead to mis-
interpretation of antibody binding specificity.

Therefore, even though TLC-based techniques
are powerful tools for GSL analysis, they should
be combined with other analytical and prepara-
tive methods for unambiguous structural deter-
mination. For this, a multidisciplinary approach
is needed, including preparative purification as
well as analytical determination of GSLs by high-
performance liquid chromatography [201,202],
oligosaccharide  sequencing  with  specific
exoglycosidases and  endoglycoceramidases
[203,204], determination of sialic acids [205-
211}, FAB-MS [79-82,212-217}, GC-MS [218-
221] and nuclear magnetic resonance spectros-

copy [222-227], or combinations of technologies
[83-88,228-231]. Merging of TLC with these
techniques enhances its power as an analytical
tool for wide range of application.

8. List of abbreviations

AMD, automated multiple development;
FAB-MS, fast atom bombardment-mass spec-
trometry; GC-MS, gas chromatography-mass
spectrometry;  GSL(s), glycosphingolipid(s);
HPLC, high-performance liquid chromatog-
raphy; HPTLC, high-performance thin-layer
chromatography; NeuSAc, N-acetylneuraminic
acid; Neu5Gc, N-glycolylneuraminic acid [232].
The designation of the following glycosphingo-
lipids follows the IUPAC-IUB recommendations
[233] and the nomenclature of Svennerholm
[234]. Lactosylceramide or LacCer, GalB1l-
4GlcB1-1Cer; gangliotriaosylceramide or
GgOse,Cer, GalNAcB1-4GalB1-4GlcB1-1Cer;
gangliotetraosylceramide or GgOse,Cer, GalB1-
3GalNAcB1-4GalB1-4GlcB1-1Cer; gangliopen-
taosylceramide or GgOse.Cer, GalNAcf1-4Gal-
B1-3GalNAcB1-4GalB1-4GlcB1-1Cer; ganglio-
hexaosylceramide or GgOse.Cer, GalB1-3Gal-
NAcB1-4GalB1-3GalNAcB1 -4Galpl-4GlcB1-
1Cer; lactotriaosylceramide or LcOse,Cer, Glc-
NAcB1-3GalB1-4GlcB1-1Cer; lacto-N-neotetra-
osylceramide or nLcOse,Cer, GalB1-4GlcNAc-
B1-3GalB1-4GlcB1-1Cer; lacto-N-pentaosylcer-
amide or nLcOse;Cer, GlcNAcB1-3GalB1-4Glc-
NAcB1-3GalB1-4GlcB1-1Cer; lacto-N-norhexa-
osylceramide or nLcOse Cer, GalB1-4GlcNAc-
B1-3GalB1-4GIlcNAcB1-3GalB1-4GlcB1-1Cer;
Gya» IPNeuSAc-GalB1-1Cer; Gy, II°NeuSAc-
LacCer; Gy,, II’'NeuSAc-GgOse,Cer; G,,, or
Gpiar II’NeuSAc-GgOse,Cer; Gy, IV’Neu-
5Ac-GgOse,Cer; GalNAc-Gyy,, 1V NeuSAc-
GgOse Cer; Gp,, 1I’(NeuSAc),-LacCer; Gp,,,
IV'NeuSAc, II’Neu5Ac-GgOse,Cer; Gy,
II’(NeuSAc),-GgOse,Cer;  Gp,., [V’(Neu-
5Ac),-GgOse,Cer; Gp,,, IV’ NeuSAc, II°Neu-
5Ac-GgOse,Cer; Gq,,, IV’NeuSAc, II°(Neu-
5Ac),-GgOse,Cer; Gg,,, IV'(NeuSAc),, II-
(Neu5Ac),-GgOse,Cer.



J. Miithing | J. Chromatogr. A 720 (1996) 3-25 21

Acknowledgements

The author is thankfui to all colleagues and
co-authors of the past and present cooperative
projects as cited in the joint research papers and
quoted in the reference list. I express my war-
mest thanks to Prof. Dr.-Ing. J. Lehmann for his
generous support throughout all the years work-
ing in his institute. The expert technical assis-
tance of Mrs. H. Doedens is also gratefully
acknowledged. Furthermore 1 thank Dr. H.
Ziehr (GBF, Braunschweig) and Dr. M. Cagi¢
(Medical School, Zagreb) for critical reading of
the manuscript. The financial support of the
Deutsche Forschungsgemeinschaft, the Ministry
of Science and Research of Nordrhein-Westfalen
and the German Ministry of Science and Tech-
nology (BMFT) is greatly acknowledged.

References

(1] S.-I. Hakomori, Annu. Rev. Biochem., 50 (1981) 733.
[2] R.W. Ledeen and R.K. Yu, Methods Enzymol., 83
(1982) 139.
[3] D.M. Marcus, Mol. Immunol., 21 (1984) 1083.
{4] J.C. Paulson, in P.M. Conn (Editor), The Receptors,
Academic Press, Orlando, FL, 1985, Vol. 11, p. 131.
[5] T-E. Thompson and T.W. Tillack, Annu. Rev. Bio-
phys. Biophys. Chem., 14 (1985) 361.
[6] M. Fukuda, Biochim. Biophys. Acta, 780 (1985) 119.
[7} S.-1. Hakomori, Chem. Phys. Lipids, 42 (1986) 209.
{8] EV. Dyatlovitskaya and L.D. Bergelson, Biochim.
Biophys. Acta, 907 (1987) 125.
[9] K.A. Karlsson, Annu. Rev. Biochem., 58 (1989) 309.
[10} Y. Igarashi, H. Nojiri, N. Hanai and S.-1. Hakomori,
Methods Enzymol., 179 (1989) 521.
[11] C.L.M. Stults, C.C. Sweeley and B.A. Macher, Meth-
ods Enzymol., 179 (1989) 167.
[12] M. Saito, Develop. Growth Differ., 31 (1989) 509.
[13]} S.-I. Hakomori, J. Biol. Chem., 265 (1990) 18713.
[14] G. Schwarzmann and K. Sandhoff, Biochemistry, 29
(1990) 10866.
{15] C.B. Zeller and R.B. Marchase, Am. J. Physiol., 262
(1992) C1341.
[16] A.P. Corfield and R. Schauer, in R. Schauer (Editor),
Sialic Acids, Cell Biology Monogr. Vol. 10, 1982, 5.
[17] R. Schauer, Trends Biochem. Sci., 10 (1985) 357.
[18} R. Schauer, Adv. Exp. Med. Biol., 228 (1988) 47.
[19] H.R. Katz and K.F. Austen, J. Immunol., 136 (1986)
3819.
[20] F.W. Symington, W.A. Murray, S.I. Bearman and S.-1.
Hakomori, J. Biol. Chem., 262 (1987) 11356.

[21] B.K. Gillard, L.T. Thurmon and D.M. Marcus,
Glycobiology, 3 (1993) 57.

[22} R.L. Schnaar, Methods Enzymol., 230 (1994) 348.

[23] T. Momoi, S. Ando and Y. Nagai, Biochim. Biophys.
Acta, 441 (1976) 488.

[24] M. Iwamori and Y. Nagai, Biochim. Biophys. Acta,
528 (1978) 257.

[25] S.K. Kundu, S.K. Chakravarty, S.K. Roy and A.K.
Roy, J. Chromatogr., 170 (1979) 65.

[26] T. Ttoh, Y.-T. Li, S.-C. Li and R.K. Yu, J. Biol.
Chem., 256 (1981) 165.

[27] S. Ando, H. Waki, K. Kon and Y. Kishimoto, in H.
Rahmann (Editor), Gangliosides and Modulation of
Neuronal Functions, Springer Verlag, Berlin, 1987, p.
167.

[28] T. Tanaka, Y. Arai and Y. Kishimoto, J. Neurochem.,
52 (1989) 1931.

[29] Y. Hirabayashi, T. Nakao and M. Matsumoto, J.
Chromatogr., 445 (1988) 377.

[30] J. Miithing and F. Unland. J. Chromatogr. B, 658
(1994) 39.

{31] K. Ueno, S. Ando and R.K. Yu, J. Lipid Res., 19
(1978) 863.

[32] V.P. Skipski, Methods Enzymol., 35 (1975) 396.

[33] S.K. Kundu, Methods Enzymol., 72 (1981) 185.

{34] R.L. Schnaar and L.K. Needham, Methods Enzymol.,
230 (1994) 371.

[35] J.L. Magnani, D.F. Smith and V. Ginsburg, Anal.
Biochem.. 109 (1980) 399.

[36] S. Ando, N.-C. Chang and R.K. Yu, Anal. Biochem.,
89 (1978) 437.

{371 B.R. Mullin, C.M.B. Poore and B.H. Rupp, J. Chro-
matogr., 305 (1984) 512.

[38] A. Portner, J. Peter-Katalini¢, H. Brade. F. Unland,
H. Bintemeyer and J. Miithing, Biochemistry, 32
(1993) 12685.

[39] Y. Nagai and M. Iwamori, in L. Svennerholm, P.
Mandel, H. Dreyfus and P.F. Urban, (Editors), Struc-
ture and function of gangliosides, Plenum Press, New
York, 1980, p. 13.

{40] J. Mithing, H. Steuer, J. Peter-Katalini¢, U. Marx, U.
Bethke, U. Neumann and J. Lehmann, J. Biochem.,
116 (1994) 64.

[41] S. Ando, H. Waki and K. Kon, J. Chromatogr., 405
(1987) 405.

[42] L. Svennerholm, Biochim. Biophys. Acta, 4 (1957)
604.

[43] L. Svennerholm, J. Neurochem., 1 (1956) 42.

[44] M. Trbojevi¢-Cepe and Ivica Kratun, J. Clin. Chem.
Clin. Biochem., 28 (1990) 863.

[45] J.A. Perry, J. Chromatogr., 165 (1979) 117.

[46] WW. Young, Jr. and C.A. Borgman, J. Lipid Res., 27
(1986) 120.

[47] WW. Young, Jr. and C.A. Borgman, Methods En-
zymol., 138 (1987) 125.

48] J.K. Yao and G.M. Rastetter, Anal. Biochem., 150
(1985) 111.



22 J. Miithing / J. Chromatogr. A 720 (1996) 3-25

[49] S. Harth, H. Dreyfus, P.F. Urban and P. Mandel,
Anal. Biochem., 86 (1978) 543.

[50] H. Raésner, Anal. Biochem., 109 (1980) 437.

[51] J.A. Perry, KW. Haag and L.J. Glunz, J. Chromatogr.
Sci., 11 (1973) 447.

[52] J. Miithing, J. Chromatogr. B, 657 (1994) 75.

[53] S. Pollet, S. Ermidou, F. Le Saux, M. Monge and N.
Baumann, J. Lipid Res., 19 (1978) 916.

[S4] M. Ohashi, Lipids, 14 (1979) 52.

[55) RW. Ledeen, J.E. Haley and J.A. Skrivanek, Anal.
Biochem., 112 (1981) 135.

[56] V. Chigorno, S. Sonnino, R. Ghidoni and G. Tet-
tamanti, Neurochem. Int., 4 (1982) 397.

[57] S. Sonnino, R. Ghidoni, V. Chigorno, M. Masserini
and G. Tettamanti, Anal. Biochem., 128 (1983) 104.

[58] K. Nakamura, T. Ariga, T. Yahagi, T. Miyatake, A.
Suzuki and T. Yamakawa, J. Biochem., 94 (1983)
1359.

[59] H.C. Yohe, C.S. Berenson, C.L. Cuny and J.L. Ryan,
Infect. Immun., 58 (1990) 2888.

[60] H.C. Yohe, C.L. Cuny, L.J. Macala, M. Saito, W.J.
McMurrya and J.L. Ryan, J. Immunol., 146 (1991)
1900.

[61] H.C. Yohe, L.J. Macala, G. Giordano and W.J.
McMurray, Biochim. Biophys. Acta., 1109 (1992) 210.

[62] K. Nakamura, Y. Hashimoto, M. Suzuki, A. Suzuki
and T. Yamakawa, J. Biochem., 96 (1984) 949.

[63] J. Miithing, H. Egge, B. Kniep and P.F. Miihlradt,
Eur. J. Biochem., 163 (1987) 407.

[64] H. Miller-Podraza, J.-E. Mansson and L. Svenner-
holm, Biochim. Biophys. Acta, 1124 (1992) 45.

[65] H. Kubo and M. Hoshi, J. Lipid Res., 26 (1985) 638.

[66] Y. Fukushi, E. Nudelman, S.B. Levery, S.-I. Hako-
mori and H. Rauvala, J. Biol. Chem., 259 (1984)
10511.

[67] Y. Fukushi, E. Nudelman, S.B. Levery, T. Higuchi
and S.-I. Hakomori, Biochemistry, 25 (1986) 2859.

{68] J.J. Thorn, S.B. Levery, M.E.K. Salyan, M.R. Stroud,
B. Cedergren, B. Nilsson, S.-I. Hakomori and H.
Clausen, Biochemistry, 31 (1992) 6509.

[69] S.B. Levery, E.D. Nudelman, M.E.K. Salyan and S.-1.
Hakomori, Biochemistry, 28 (1989) 7772.

[70] J. Miithing, J. Peter-Katalinié, F.-G. Hanisch, F.
Unland and J. Lehmann, Glycoconjugate J., 11 (1994)
153.

[71] J. Miithing, J. Peter-Katalini¢, F.-G. Hanisch and U.
Neumann, Glycoconjugate J., 8 (1991) 414.

[72] G. Schwarzmann, Biochim. Biophys. Acta, 529 (1978)

106.

[73] J. Miithing and F. Unland, Biomed. Chromatogr., 6
(1992) 227.

[74] J. Miithing and D. Heitmann, Anal. Biochem., 208
(1993) 121.

[75] J. Miithing, F. Unland, D. Heitmann, M. Orlich, F.-G.
Hanisch, J. Peter-Katalinié, V. Knduper, H. Tschesche,
S. Kelm, R. Schauer and J. Lehmann, Glycoconjugate
J., 10 (1993) 120.

[76] J. Miithing and F. Unland, Glycoconjugate J., 11
(1994) 486.

[77] H. Egge, Chem. Phys. Lipids, 21 (1978) 349.

[78] H. Egge, J. Peter-Katalini¢, G. Reuter, R. Schauer, R.
Ghidoni, S. Sonnino and G. Tettamanti, Chem. Phys.
Lipids, 37 (1985) 127.

[79] H. Egge and J. Peter-Katalini¢, Mass Spectrom. Rev.,
6 (1987) 331.

[80] J. Peter-Katalini¢ and H. Egge, Methods Enzymol.,
193 (1990) 713.

[81] J. Peter-Katalini¢, Mass Spectrom. Rev., 13 (1994) 77.

[82] P. Pahlsson and B. Nilsson, Anal. Biochem., 168
(1988) 115.

[83] Y. Kushi and S. Handa, J. Biochem., 98 (1985) 265.

[84] K. Nakamura and S. Handa, Anal. Biochem., 142
(1984) 406.

[85] Y. Kushi, S. Handa, H. Kambara and K. Shizukuishi,
J. Biochem., 94 (1983) 1841.

[86] Y. Kushi, C. Rokukawa and S. Handa, Anal. Bio-
chem., 175 (1988) 167.

[87] K.-A. Karlsson, B. Lanne, W. Pimlott and S.
Teneberg, Carbohydr. Res., 221 (1991) 49.

[88] B.E. Samuelsson, W. Pimlott and K.-A. Karlsson,
Methods Enzymol., 193 (1990) 623.

[89] J. Miithing and P.F. Miihlradt, Anal. Biochem., 173
(1988) 10.

[90] H. Yoshino, T. Ariga, N. Latov, T. Miyatake, Y.
Kushi, T. Kasama, S. Handa and R.K. Yu, J. Neuro-
chem., 61 (1993) 658.

[91] T. Feizi, Nature, 314 (1985) 53.

[92] J.L. Magnani, Chem. Phys. Lipids, 42 (1986) 65.

[93] J.L. Magnani, S.L. Spitalnik and V. Ginsburg, Meth-
ods Enzymol., 138 (1987) 195.

[94] J.L. Magnani, Methods Enzymol., 138 (1987) 484.

[95] S.L. Spitalnik, Methods Enzymol., 138 (1987) 492.

[96] J.L. Magnani, M. Brockhaus, D.S. Smith, V. Ginsburg,
M. Blaszczyk, K.F. Mitchell, Z. Steplewski and H.
Koprowski, Science, 212 (1981) 55.

[97] M. Brockhaus, J.L. Magnani, M. Blaszczyk, Z. Step-
lewski, H. Koprowski, K.-A. Karlsson, G. Larson and
V. Ginsburg, J. Biol. Chem., 256 (1981) 13223.

[98] J.L. Magnani, B. Nilsson, M. Brockhaus, D. Zopf, Z.
Steplewski, H. Koprowski and V. Ginsburg, J. Biol.
Chem., 257 (1982) 14365.

[99] G.C. Hansson, K.-A. Karlsson, G. Larson, B.E.
Samuelsson, J. Thurin and L.M. Bjursten, J. Immunol.
Methods, 83 (1985) 37.

[100}] N. Kasai, M. Naike and R.K. Yu, J. Biochem., 96
(1984) 261.

[101] H. Higashi, Y. Fukui, S. Ueda, S. Kato, Y.
Hirabayashi, M. Matsumoto and M. Naiki, J. Bio-
chem., 95 (1984) 1517.

[102] M.L. Harpin, M.J. Coulon-Morelec, P. Yeni, F. Danon
and N. Baumann, J. Immunol. Methods, 78 (1985)
135.

[103] U. Bethke, J. Miithing, B. Schauder, P. Conradt and
P.F. Miihlradt, J. Immunol. Methods, 89 (1986) 111.



J. Miithing | J. Chromatogr. A 720 (1996) 3-25 23

[104] M. Kotani, H. Ozawa, I. Kawashima, S. Ando and T.
Tai, Biochim. Biophys. Acta, 1117 (1992) 97.

[105] H. Ozawa, M. Kotani, I. Kawashima and T. Tai,
Biochim. Biophys. Acta, 1123 (1992) 184.

[106] H. Towbin, C. Schoenenberger, R. Ball, D.G. Braun
and G. Rosenfelder, J. Immunol. Methods, 72 (1984)
471.

[107] T. Taki, S. Handa and D. Ishikawa, Anal. Biochem.,
221 (1994) 312.

[108] T. Taki, T. Kasama, S. Handa and D. Ishikawa, Anal.
Biochem., 223 (1994) 232.

[109] J. Buehler and B.A. Macher, Anal. Biochem., 158
(1986) 283.

[110] B. Kniep and P.F. Miihlradt, Anal. Biochem., 188
(1990) 5.

[111] PW. Tang, H.C. Goi, M. Hardy, Y.C. Lee and T.
Feizi, Biochem. Biophys. Res. Commun., 132 (1985)
474.

[112] M.S. Stoll, T. Mizuochi, R.A. Childs and T. Feizi,
Biochem. J., 256 (1988) 661.

[113] T. Feizi, M.S. Stoll, C.-T. Yuen, W. Chai and A.M.
Lawson, Methods Enzymol., 230 (1994) 484.

[114] M. Saito, N. Kasai and R.K. Yu, Anal. Biochem., 148
(1985) 54.

[115] J. Portoukalian and B. Bouchon, J. Chromatogr., 380
(1986) 386.

[116] Y. Hirabayashi, K. Koketsu, H. Higashi, Y. Suzuki, M.
Matsumoto, M. Sugimoto and T. Ogawa, Biochim.
Biophys. Acta, 876 (1986) 178.

[117} T. Yamanaka, Y. Hirabayashi, M. Hirota, M. Kaneko,
M. Matsumoto and N. Kobayashi, Biochim. Biophys.
Acta, 920 (1987) 181.

[118] Y. Ohta, Y. Tsukada and T. Sugimori, J. Biochem.,
106 (1989) 1086.

(119] J. Miithing and H. Ziehr, Biomed. Chromatogr., 4
(1990) 70.

[120] J. Mithing and U. Neumann, Biomed. Chromatogr., 7
(1993) 158.

[121] J. Miithing, B. Schwinzer, J. Peter-Katalini¢, H. Egge
and P.F. Miihlradt, Biochemistry, 28 (1989) 2923.

[122] B.E. Samuelsson, FEBS Lett., 167 (1984) 47.

[123] X. Gu, T. Gu and R.K. Yu, Anal. Biochem., 185
(1990) 151.

[124] P. Cuatrecasas, Biochemistry, 12 (1973) 3558.

[125] W.E. van Heyningen, Nature, 249 (1974) 415.

[126] P.H. Fishman, T. Pacuszka, B. Homa and J. Moss, J.
Biol. Chem., 255 (1980) 7657.

[127] P.H. Fishman, J. Membrane Biol., 69 (1982) 85.

[128] F.A. Cumar, B. Maggio and R. Caputto, Mol. Cell.
Biochem., 46 (1982) 155.

[129] A.-B.K. Otnaess and A. Laegreid, Curr. Microbiol.,
13 (1986) 323.

[130] G. Wu and R. Ledeen, Anal. Biochem., 173 (1988)
368.

[131] 1.G. Gottfries, P. Fredman, J.-E. Mansson, V.P. Col-
lins, H. v. Holst, D.D. Armstrong, A.K. Percy, C.J.
Wikstrand, D.D. Bigner and L. Svennerholm, J.
Neurochem., 55 (1990) 1322.

[132] P. Davidsson, P. Fredman and L. Svennerholm, J.
Chromatogr., 496 (1989) 279.

[133] P. Davidsson, P. Fredman, J.-E. Mansson and L.
Svennerholm, Clin. Chim. Acta, 197 (1991) 105.

[134] J. Miithing, A. Portner and V. Jager, Glycoconjugate
J., 9 (1992) 265.

[135] K. Nakamura, M. Suzuki, F. Inagaki, T. Yamakawa
and A. Suzuki, J. Biochem., 101 (1987) 825.

[136] R.D. Dennis, H. Wiegandt, D. Haustein, B.J. Knowles
and D.J. Ellar, Biomed. Chromatogr., 1 (1986) 31.

[137] K. Takamizawa, M. Iwamori, S. Kozaki, G.
Sakaguchi, R. Tanaka, H. Takayama and Y. Nagai,
FEBS Lett., 201 (1986) 229.

[138] G.F. Clark, H.C. Krivan, T.D. Wilkins and D.F.
Smith, Arch. Biochem. Biophys., 257 (1987) 217.

{139] A.A. Lindberg, J.E. Brown, N. Stromberg, M. Westl-
ing-Ryd, J.E. Schultz and K.-A. Karlsson, J. Biol.
Chem., 262 (1987) 1779.

[140] S.C.K. Yiu and C.A. Lingwood, Anal. Biochem., 202
(1992) 188.

[141] N. Sharon and H. Lis, Science, 246 (1989) 227.

[142] N. Sharon and H. Lis, Trends Biochem. Sci., 12 (1987)
488.

[143] N. Sharon, Trends Biochem. Sci., 18 (1993) 221.

[144] D.F. Smith and BV. Torres, Methods Enzymol., 179
(1989) 30.

[145] R.C. Cummings, Methods Enzymol., 230 (1994) 66.

[146] W.F. Glass, R.C. Briggs and L.S. Hnilica, Anal.
Biochem., 115 (1981) 219.

{147] J.P. McCoy, Jr., J. Varani and 1.J. Goldstein, Anal.
Biochem., 130 (1983) 437.

[148] K. Molin, P. Fredman and L. Svennerholm, FEBS
Lett., 205 (1986) 51.

[149] T. Momoi, T. Tokunaga and Y. Nagai, FEBS Lett.,
141 (1982) 6.

(150] D.F. Smith, Biochem. Biophys. Res. Commun., 115
(1983) 360.

[151] S. Ehrlich-Rogozinski, A. d. Maio, H. Lis and N.
Sharon, Glycoconjugate J., 4 (1987) 379.

[152] W. Kielczynski and L.C. Harrison, Glycoconjugate J.,
7 (1990) 75.

[153] K.C. Leskawa, B.A. Schulte and E.L. Hogan, J.
Chromatogr., 411 (1987) 393.

[154] H. Higashi, T. Sugui and S. Kato, Biochim. Biophys.
Acta, 963 (1988) 333,

[155] K.M. Yamada, D.W. Kennedy, G.R. Grotendorst and
T. Momoi, J. Cell. Physiol., 109 (1981) 343.

[156] L.K. Thompson, P.M. Horowitz, K.L. Bentley, D.D.
Thomas, J.F. Alderete and R.J. Klebe, J. Biol. Chem.,
261 (1986) 5209.

[157} D.D. Roberts, C.N. Rao, J.L. Magnani, S.S. Spitalnik,
L.A. Liotta and V. Ginsburg, Proc. Natl. Acad. Sci.
USA., 82 (1985) 1306.

[158] D.D. Roberts, C.N. Rao, L.A. Liotta, H.R. Gralnick
and V. Ginsburg, J. Biol. Chem., 261 (1986) 6872.

[159] D.D. Roberts, D.M. Haverstick, V.M. Dixit, W.A.
Frazier, S.A. Santoro and V. Ginsburg, J. Biol. Chem.,
260 (1985) 9405.



24 J. Miithing / J. Chromatogr. A 720 (1996) 3-25

{160] D.D. Roberts, S.B. Williams, H.R. Gralnick and V.
Ginsburg, J. Biol. Chem., 261 (1986) 3306.

[161] Y.A. Hannun and R.M. Bell, Science, 243 (1989) 500.

[162] M. Kyogashima, H.C. Krivan, J.E. Schweinle, V.
Ginsburg and G.D. Holt, Arch. Biochem. Biophys.,
283 (1990) 217.

{163] R.A. Childs, K. Drickamer, T. Kawasaki, S. Thiel, T.
Mizuochi and T. Feizi, Biochem. J., 262 (1989) 131.

[164] K.L. Crossin and G.M. Edelman, J. Neurosci. Res., 33
(1992) 631.

[165] C:A. Lingwood, M. Cheng, H.C. Krivan and D.
Woods, Biochem. Biophys. Res. Commun., 175 (1991)
1076.

[166] I. Filipovi¢, G. Schwarzmann, W. Mraz, H. Wiegandt
and E. Buddecke, Eur. J. Biochem., 93 (1979) 51.

[167] N.V. Prokazova, I.A. Mikhailenko, S.N. Preob-
razhensky, V.O. Ivanov, S.N. Pokrovsky, N.G.
Timofeeva, M.A. Martinova, V.S. Repin and L.D.
Bergelson, Glycoconjugate J., 3 (1986) 273.

[168] I.A. Mikhailenko, S.A. Dubrovskaya, O.B.
Korepanova, N.G. Timofeeva, A.D. Morozkin, N.V.
Prokazova and L.D. Bergelson, Biochim. Biophys.
Acta, 1085 (1991) 299.

[169] J. Ledvinova, M. Iwamori and Y. Nagai, Eur. J.
Biochem., 194 (1990) 507.

{170} M.A K. Markwell and J.C. Paulson, Proc. Natl. Acad.
Sci. USA, 77 (1980) 5693.

[171] Y. Suzuki, Y. Nagao, H. Kato, M. Matsumoto, K.
Nerome, K. Nakajima and E. Nobusawa, J. Biol.
Chem., 261 (1986) 17057.

[172] M.A.K. Markwell, J. Moss, B.E. Hom, P.F. Fishman
and L. Svennerholm, Virology, 155 (1986) 356.

[173] J. Wilschut, in J. Wilschut and D. Hoekstra, (Editors),
Membrane Fusion, Marcel Dekker, New York, 1991,
p. 89.

[174] L.D. Bergelson, A.D. Bukrinskaya, N.V. Prokazova,
G.I. Shaposhnikova, S.L. Kocharov, V.P. Shevchenko,
GV. Kornilaeva and EV. Fomina-Ageeva, Eur. J.
Biochem., 128 (1982) 467.

[175] J. Holmgren, H. Elwing, P. Fredman and L. Svenner-
holm, Eur. J. Biochem., 106 (1980) 371.

[176] G.C. Hansson, K.-A. Karlsson, G. Larson, N.
Stromberg, J. Thurin, C. Orvell and E. Norrby, FEBS
Lett., 170 (1984) 15.

[177] K.-A. Karlsson and N. Strémberg, Methods Enzymol.,
138 (1987) 220.

[178] J. Miithing and F. Unland, Glycoconjugate J., 11
(1994) 486.

[179] G. Herrler, R. Rott, H.-D. Klenk, H.-P. Mueller,
A.K. Shukla and R. Schauer, EMBO J., 4 (1985)
1503.

[180] G.N. Rogers, G. Herrler, J. Paulson and H.-D. Klenk,
J. Biol. Chem., 261 (1986) 5947.

[181] J.-C. Manuguerra, C. DuBois and C. Hannoun, Anal.
Biochem., 194 (1991) 425.

[182] G. Zimmer, G. Reuter and R. Schauer, Eur. J.
Biochem., 204 (1992) 209.

[183] K.-A. Karlsson, Chem. Phys. Lipids, 42 (1986) 153.

[184] G.C. Hansson, K.-A. Karlsson, G. Larson, N.
Stromberg and J. Thurin, Anal. Biochem., 146 (1985)
158.

[185] K. Bock, M.E. Breimer, A. Brignole, G.C. Hannson,
K.-A. Karlsson, G. Larson, H. Leffler, B.E. Samuel-
sson, N. Stromberg, C. Svanborg-Edén and J. Thurin,
J. Biol. Chem., 260 (1985) 854S.

[186] H.C. Krivan, V. Ginsburg and D.R. Roberts, Arch.
Biochem. Biophys., 260 (1988) 493.

[187] N. Stromberg, M. Ryd, A.A. Lindberg and K.-A.
Karlsson, FEBS Lett., 232 (1988) 193.

[188] N. Baker, G.C. Hansson, H. Leffler, G. Riise and C.
Svanborg-Edén, Infect. Immun., 58 (1990) 2361.

[189] N. Stromberg and K.-A. Karlsson, J. Biol. Chem., 265
(1990) 11244.

[190] N. Stromberg and K.-A. Karlsson, J. Biol. Chem., 265
(1990) 11251.

{191] D.K. Paruchuri, H.S. Seifert, R.S. Ajioka, K.-A.
Karlsson and M. So, Proc. Natl. Acad. Sci. USA, 87
(1990) 333.

[192] G. Nyberg, N. Stromberg, A. Jonsson, K.-A. Karlsson
and S. Normark, Infect. Immun., 58 (1990) 2555.

[193] M.J. Brennan, J.H. Hannah and E. Leininger, J. Biol.
Chem., 266 (1991) 18827.

[194] T. Saitoh, H. Natomi, W. Zhao, K. Okuzumi, K.
Sugano, M. Iwamori and Y. Nagai, FEBS Lett., 282
(1991) 38s.

[195] A. Stapleton, E. Nudelman, H. Clausen, S.-I. Hako-
mori and W.E. Stamm, J. Clin. Invest., 90 (1992) 965.

[196] N. Kojima and S.-I1. Hakomori, Glycobiology, 1 (1991)
623.

[197] R.L. Schnaar, Glycobiology, 1 (1991) 477.

[198] Y.C. Lee, FASEB I., 6 (1992) 3193.

[199] P. Swank-Hill, L.K. Needham and R.L. Schnaar,
Anal. Biochem., 163 (1987) 27.

[200] R.L. Schnaar, B.K. Brandley, L.K. Needham, P.
Swank-Hill and C.C. Blackburn, Methods Enzymol.,
179 (1989) 542.

[201] R. Kannagi, K. Watanabe and S.-I. Hakomori, Meth-
ods Enzymol., 138 (1987) 3.

{202] R.H. McCluer, M.D. Ullman and F.B. Jungalwala,
Methods Enzymol., 172 (1989) 538.

[203] G.S. Jacob and P. Scudder, Methods Enzymol., 230
(1994) 280.

[204] H. Higashi, M. Ito, N. Fukaya, S. Yamagata and T.
Yamagata, Anal. Biochem., 186 (1990) 355.

[205] R. Schauer, Methods Enzymol., 138 (1987) 132.

[206] G. Reuter and R. Schauer, Methods Enzymol., 230

(1994) 168.

[207] A.K. Shukla and R. Schauer, J. Chromatogr., 244
(1982) 81.

[208] S. Honda and S. Suzuki, Anal. Biochem., 142 (1984)
167.

[209] S. Hara, Y. Takemori, M. Yamaguchi, M. Nakamura
and Y. Ohkura, Anal. Biochem., 164 (1987) 138.

[210] N. Karamanos, B. Wikstrém, C.A. Antonopoulos and
A. Hjerpe, J. Chromatogr., 503 (1990) 421.



J. Miithing |/ J. Chromatogr. A 720 (1996) 3-25 25

[211] F. Unland and J. Miithing, Biomed. Chromatogr.
(1992) 155.

[212] A. Dell, H.R. Morris, H. Egge, H. v. Nicolai and G.
Strecker, Carbohydr. Res., 115 (1983) 41.

[213] M. Arita, M. Iwamori, T. Higuchi and Y. Nagai, J.
Biochem., 95 (1984) 971.

[214] A.-S. Angel, F. Lindh and B. Nilsson, Carbohydr.
Res., 168 (1987) 15.

[215] R. Isobe, Y. Kawano, R. Higuchi and T. Komori,
Anal. Biochem., 177 (1989) 296.

[216] T. Kasama and S. Handa, Biochemistry, 30 (1991)
5621.

[217]} A. Dell, A.J. Reason, K.-H. Khoo, M. Panico, R.A.
McDowell and H.R. Morris, Methods Enzymol., 230
(1994) 108.

[218] S.B. Levery and S.-1. Hakomori, Methods Enzymol.,
138 (1987) 13.

[219] R.K. Merkle and 1. Poppe, Methods Enzymol., 230
(1994) 1.

[220] R. Geyer and H. Geyer, Methods Enzymol., 230
(1994) 86.

[221] F.-G. Hanisch, Biol. Mass Spectrom., 23 (1994) 309.

[222] J. Dabrowski, P. Hanfland and H. Egge, Methods
Enzymol., 83 (1982) 69.

[223] T.AW. Koerer, Jr., J.H. Prestegard, P.C. Demou
and R.K. Yu, Biochemistry, 22 (1983) 2676.

[224] T.A.W. Koerner, Jr., J.H. Prestegard, P.C. Demou
and R.K. Yu, Biochemistry, 22 (1983) 2687.

[225] R.K. Yu, T.A.W. Koerner, Jr., J.N. Scarsdale and J.H.
Prestegard, Chem. Phys. Lipids, 42 (1986) 27.

[226]) J. Dabrowski, Methods Enzymol., 179 (1989) 122.

[227} C.E. Costello and J.E. Vath, Methods Enzymol., 193
(1990) 738.

[228] J. Gottfries, P. Davidsson, J.-E. Ménsson and L.
Svennerholm, J. Chromatogr., 490 (1989) 263.

[229] M. Suzuki, M. Sekine, T. Yamakawa and A. Suzuki, J.
Biochem., 105 (1989) 829.

[230] M. Suzuki, T. Yamakawa and A. Suzuki, J. Biochem.,
108 (1990) 92.

[231] M. Suzuki, T. Yamakawa and A. Suzuki, J. Biochem.,
109 (1991) 503.

[232] G. Reuter and R. Schauer, Glycoconjugate J., 5
(1988) 133.

[233] IUPAC-IUB Commission on biochemical nomencla-
ture, Eur. J. Biochem., 79 (1977) 11.

[234] L. Svennerholm, J. Neurochem., 10 (1963) 613.



