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Glycosphingolipids were prepared from pig lung and pooled into two fractions with (

i) =3 sugar residues, and ( /i) =3 sugar

residues. Oligosaccharides were prepared and used for gas chromatography, gas chromatography/mass spectrometry and

matrix-assisted laser desorption/ionization mass spectrometry. The glycolipid fractions

i and ii were further characterised

and purified using a novel method based on high performance liquid chromatography “on-flow” proton nuclear magnetic
resonance. The LC “on-flow” NMR technique showed good chromatographic separation and gave NMR spectral information

which could be used as guidance for pooling of the separated mixture glycolipids. Conventional

IH NMR, thin layer

immunostaining, gas chromatography, gas chromatography/mass spectrometry and matrix-assisted laser desorption/ioni-
zation mass spectrometry were used to characterise the glycolipids and to validate LC-NMR spectral data.

Keywords: gas chromatography/mass spectrometry, glycosphingolipids, liquid chromatography-NMR spectroscopy, pig,

xenotransplantation.

Introduction

The hyperacute rejection (HAR) associated with discor-
dant xenotransplantation (e.g. transplantation from pigs to
humans) is closely related to carbohydrate antigen epi-
topes on the cell surfaces. Since the pig antigens are mainly
located in the endothelial cells, the endothelium rich pig
lung is a useful source for characterising such antigens. Pig
lung is also a possible donor organ in future human
xenotransplantation. The analysis of xenotransplantation-
related carbohydrate antigens [1-3] requires great effort
and time in preparation of the corresponding glycolipids
(GSL) (see material and methods). The critical amount of
sample for characterisation of components in a mixture is
sometimes jeopardised because of limited organ tissue
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Fax: +46 31 41 76 31; e-mail: annika.backer@ss.gu.se

available and due to preparational losses of less abundant,
more polar glycolipids. Thus, there is a need to develop an
improved, standardised and reliable analytical technique to
monitor and rationalise GSL purification.

The liquid chromatography-nuclear magnetic resonance
(LC-NMR) technique has been used for detection and
characterisation of small molecules such as drug metabo-
lites in urine and bile during recent years [4-7]. We have
earlier developed the LC-NMR technique for mixture
analysis of native glycolipids [8,9] and shown its feasibility
in analysing standardised mixtures of well-defined smaller
glycosphingolipids [9]. In this study, LC-NMR was used for
rapid characterisation screening of individual components
in a glycolipid mixture, as well as an advanced monitoring
tool for pooling specific fractions.

The LC-NMR spectra can be used for pooling and struc-
tural characterisation of glycosphingolipid mixtures. This is
a reliable choice compared to the commonly used TLC



46

assay. The latter assay is based on glycolipid migration by
organic solvents on a high performance thin layer chroma-
tography (HPTLC) plate and visualisation by a chemical
reagent. In the case of LC-NMR, the silica column sepa-
rates GSLs on the basis of sugar chain length, ceramide
differences, and the sterical conformation of the sugar
chain (as for the TLC plate), but the column also introduces
the solvent gradient system as an important separation
factor. The spectra, in turn, give structural information
about such factors as a- and B-anomeric protons, which
indicate binding positions and binding configuration as
well as number of monosaccharides in the carbohydrate
chain.

Glycosphingolipids are denoted by blood group activity,
the epitope name, the number of monosaccharides in the
chain and the core saccharide chain type. For example,
H-5-2 denotes a five-sugar blood group H structure based
on a type 2 chain. The nomenclature used to describe frag-
mentation and ions is in accordance with Domon and
Costello [22].

Materials and method
Preparation of glycosphingolipids

A total non-acidic glycolipid (GSL) fraction was isolated
from four pig lungs using the method of Karlsson [10]. The
lungs were freeze dried (dry weight 231g) and extracted
with organic solvents using chloroform/methanol mixtures
in order to release the lipid-containing components. The
isolation procedure included alkaline methanolysis, silica
columns, DEAE-cellulose columns and acetylation.

HPLC fractionation of glycosphingolipid mixtures

The non-acid glycosphingolipid mixture was fractionated
by silicic-acid column chromatography (Polygosil® 60-5,
Machery-Nagel, Germany) [11] on a high performance lig-
uid chromatography (HPLC) system (LKB 2150 & 2152,
Sweden) using a linear gradient from 80/20/1 to 40/40/12
(by volume) of chloroform/methanol/water [11]. TLC
analysis was used for monitoring and controlling column
chromatography. A constant flow rate of 2mL/min was
used over 280 min. Fractions of 4mL were collected. Frac-
tions containing glycolipids with = 3 sugar residues (non-
polar, i) in the carbohydrate chain according to thin-layer
mobility were pooled together (126.1mg), as were fractions
containing glycolipids with = 3 sugars (polar, i) in the
carbohydrate chain (129.2mg).

Ceramide glycanase-cleavage of glycosphingolipids

200 pg of each polar glycolipid mixture was mixed with
30 uL (30mg/mL) sodium cholate (Sigma) in chloro-
form/methanol, 2/1 (by volume). The samples were dried
under a nitrogen stream, re-suspended in 200 pL 0.1M
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sodium acetate buffer (pH 5.0) and 5SmU ceramide gly-
canase (Ceramide glycanase from leeches (EC 3.2.1.4.5)
Boehringer Mannheim, Germany) and finally incubated
for 48 hours at 37 °C [12]. The reaction mixtures were
passed through prewashed C18 reversed phase SepPak
cartridges (Waters Associates, USA) in order to remove
ceramides and potential traces of non-cleaved glycolipids
[13]. To achieve the optimal digestion conditions, different
amounts of ceramide glycanase and glycolipids were
tested and evaluated with TLC and anisaldehyde staining
of the ceramide fraction [10]. The yield was estimated to
be more than 90%. The oligosaccharide fractions eluted
in the water fraction were lyophilised and permethylated
[14] before non-selective GC and GC/MS analysis.

Glycolipid analysis

TLC was performed on HPTLC plates (Si-60; Merck, Ger-
many and HP-KF; Whatman, UK) using the solvent chloro-
form/methanol/water, 60/35/8 (by volume). 5-10ug of the
GSL mixtures was applied to the HPTLC plate. Detection
was accomplished with the anisaldehyde reagent [10] or
with alkaline phosphatase conjugated secondary MAbs ac-
cording to a modification of the method of Magnani et al.
[15, 16] and the method of Hynsjo et al. [17]. The primary
identification of the glycosphingolipids was based on the
migration and antibody staining on the HPTLC plates. The
MAbs and reference glycosphingolipid fractions used in
the thin layer immunostaining assays are presented in Ta-
ble Ia and b.

Glycolipid preparation for NMR analyses

About 3.5 mg (estimated amount of approximately 300ug
of each component) of each glycosphingolipid fraction was
deuterium-exchanged in excess of CDCl;/CD;0D (2:1 by
volume). The LC-NMR samples were dried and dissolved
in 100pL of CDCl,;/CD;0D/D,0 in the proportions 80/20/1
(by volume) for fraction i, and 65/25/4 (by volume) for
fraction ii. Samples used for conventional 'H NMR analy-
ses were dissolved in DMSO.

Liquid chromatography-nuclear magnetic resonance

A gradient of CDCl;/CD;0D/D,0O (Dr. Glaser AG, Swit-
zerland) in the proportions 80/20/1 (by volume, solvent A)
to 60/35/8 (by volume, solvent B) was applied for the non-
polar fraction (7). A mixture of CDCly/CD;0D/D,0 in the
proportions 65/25/4 (by volume, A) to 40/40/12 (by volume,
B) was applied for the polar fraction (ii). A constant flow
rate of 0.5 mL/min. was used over 280 min. The rendered
fractions from the LC “on-flow” NMR where pooled and
analysed by conventional 'H NMR.

An LC33 UV-detector operating at 235 nm was inter-
faced to the LC and the NMR probe head was used to
indicate the composition of the components compounds.
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The LC 22C pump was equipped with a straight phase silica
column (250 X 4.6 i.d., Spherisorb, UK) and connected
on-line to the Bruker AMX 500 MHz spectrometer with an
X32 acquisition system. The spectrometer was equipped
with a dedicated 'H flow probe (4.0 mm. i.d.) with a cell
volume of 160 pL. Continuous flow 'H NMR spectra were
obtained using a one dimensional NOESY (nuclear Over-
hausen effect spectroscopy) pulse sequence including pre-
saturation. An acquisition time of 1 s was used with a
recycling time of 1.5 s, giving a time resolution of 48 s/incre-
ment. The spectral line width was 6 kHz with a time domain
of 12 k. The pseudo-2D spectra were obtained using a
sine-squared window multiplication prior to Fourier Trans-
formation in the f2-dimension. Chemical shifts were refer-
enced to the methyl-group in methanol at & 3.31.
Presaturation frequencies were achieved by reaching equi-
librium with solvent A before and after each experiment.
Blank runs were performed for each experiment without
any solvent suppression using a pulse programme to simu-
late pulses and time delays of the NOESY experiment.
Frequency values for the suppression were read from these
lists. The NMR acquired dates for 40 min., with a complete
chromatography being completed in 50 min. All experi-
ments were performed at room temperature (20-22°C).

High-temperature capillary gas chromatography

Fused silica capillary columns (10m X 0.25 mm i.d., Chrom-
pack, The Netherlands) were D4-deactivated and statically
coated with 0.03 um of PS 264 (Fluka, Switzerland) which
was cross-linked using dicumyl peroxide [18]. Capillary GC
was performed using a Hewlett-Packard 5890-1I1 gas chro-
matograph equipped with an on-column injector and a
flame ionization detector (detector temperature 400°C).
Hydrogen was used as the carrier gas, with an oxygen trap
in the carrier gas line and a head pressure of 0.7 bar, giving
an average linear gas velocity of 125 cm/s at 70 °C. The
permethylated oligosaccharides were dissolved in 200 pL
of ethyl acetate and 1 pL was injected on-column at 70 °C
(1 min.) then programmed up to 200 °C at 50 °C/min. fol-
lowed by 10 °C/min. up to 400 °C.

High-temperature gas chromatography—-mass
spectrometry

GC/MS was performed on a Hewlett-Packard 5890-1I gas
chromatograph interfaced to a JEOL SX-102A mass spec-
trometer (Jeol, Japan). The gas chromatograph was
equipped with an on-column injector which was under
electronic pressure control. Helium was used as the carrier
gas, with an oxygen trap in the carrier gas line and with a
head pressure of 0.3 bar at the start, giving an average
linear gas velocity of 87 cm/s at 80 °C. GC/MS was per-
formed with the on-column injector in constant-flow mode
(1.9 mL/min) and vacuum compensation on with the elec-
tronic pressure control. The fused silica column tip was
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positioned in the ion source about 2 mm from the electron
beam. Gas chromatographic conditions: fused silica column
(10 m X 0.25 mm i.d.) coated with 0.03 um of cross-linked
PS 264 (Fluka, Switzerland) 1 pL of sample dissolved in
ethyl acetate was injected on-column at 80 °C and the same
two-step temperature programme as described above for
GC was used [19].

Mass spectrometry conditions: acceleration voltage + 10
kV; electron energy 70 eV; trap current 300 pA;ion source
temperature 360 °C; GC/MS interface temperature 380 °C;
linear magnet scan and mass range scanned m/z 100-1600;
total cycle time 1.4 s; resolution 1400 (m/Am, 10% valley
definition); pressure in the ion source region 5-10~# Pa.

Matrix-assisted laser desorption/ionization mass
spectrometry

Matrix-assisted laser desorption/ionization mass spec-
trometry (MALDI-MS) was performed on a TofSpec-E
time-of-flight mass spectrometer (Micromass, England) in
the positive reflectron mode at +22.5 kV acceleration volt-
age. A thin-film matrix surface was prepared using the fast
evaporation technique from 2,5-dihydroxybenzoic acid
(16.2 mg/mL in acetone containing 10 mM LiCl). The per-
methylated oligosaccharides were dissolved in 200-500 uL
of ethyl acetate and 0.5 L was applied to the matrix sur-
face. The lithium adducts of the molecular ions [M + Li]*
were observed.

Results
Glycosphingolipid components

The extensive use of silicic acid columns during the basic
preparation process (see Materials & method) caused a
successively increased loss of longer glycosphingolipid
components (e.g. pentaglycosylceramides and longer) from
the fraction, due to irreversible binding of GSL to the silicic
acid. This occurred despite the fact that the column was
eluted with chloroform/methanol/water in the proportions
40/40/12 (by volume) as a finishing step after each silicic
acid column run. MAbs detected only traces of longer
GSLs after the total preparation was finished.

Thin layer immunostaining

The anti-Px MAb and the anti-P MAb showed positive
staining in the three and four sugar region respectively (not
shown), indicating the presence of globotriaosylceramide
(Gb;Cer) and globotetraosylceramide (Gb,Cer).

The anti-nLc, antibody IB, failed to detect the neolac-
totetraosylceramide (nLc,Cer) (type 2 chain) glycolipid in
the mixture (not shown) but it was later detected with
NMR and GC/MS.

Positive staining in the five sugar GSL region was seen
with the anti-H type 2 antibody Chembiomed (not shown)
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Table 1a Monoclonal antibodies used for thin layer immunostaining.
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Antibody Specificity Code no. Reference
Anti-A A determinants, all types Dakopatts A581, Denmark [29]
Anti-B B determinants, all types, Galal,3Galf terminal Dakopatts A582, Denmark [29]
Anti-H H determinants, type 1 chain Dakopatts A583, Denmark [29]
Anti-H H determinants, type 2/3 chain Lot 9BH R0O001 Chembiomed, Canada
Anti-Le? Le? terminal Seraclone
Anti-LeP Leb terminal and H type 1 Seraclone
Anti-Pk Pk terminal *
Anti-P Gb,Cer CLB ery-2 [30]
Anti-Gala1,3Galp Gala1,3Galp terminal, type 2 chain TH-5 **
Anti-Gala1,3Gal Galal1,3Galp terminal, type 2 chain P3393 rrx
Anti-A type 3/4 A determinants, type 3/4 chains HH-5 [31]
Anti-A type 3 Atype 3 TH-1 [32]
Anti-LedH Mono- and di-fucosyl, type 1 chain 075 clone LM129/181, **** [33]
Anti-Le?dc Mono- and di-fucosyl, type 2 chain 069 Clone BRIC87, South West Reg. [33]
Transf. Centre, UK.
Anti-Forssman Forssman antigen MAS 033B, Sera-lab, UK. [34]
Anti-A type 1 Atype 1, monofucosyl AH-21 [35]
Anti-A type 2 A determinants, type 2 chain HH-4 [31]
Anti-nLc, Tetraglycosylceramide, type 2 chain 1B, [36]
Anti-Gg, Ganglio series AG, Seikagaku Inc., Japan [37]

*Proceedings of the Second Workshop and Symposium on Monoclonal Antibodies against Red Cells and Related Antigens.(1990) J Immunogenet.

17:350.
**Thorn, J., Hakomori, S., Clausen, H., unpublished results.
***Strokan, V., Mdélne, J., Svalander, C., Breimer, M E., in press.

*rxGlasgow & West Scotland Blood Transfusion Service Law Hospital,UK.

and the anti-Le®H antibody (075 clone LM129/181) (not
shown). The 7/8 sugar region also stained positive for the
Chembiomed Anti-H MAD. Dakopatts anti-H MADb
stained negative (Table 1a) (not shown).

Two different a-Galactose (Gal) MAbs (TH-5, P3393)
were used to confirm the presence of the Galal,3Gal epi-
tope. Both antibodies showed binding in the 5 sugar region,
probably to the Galal,3nLc,Cer, but also to more slowly
moving glycolipids (7/8,10/12 sugars) (Fig. 1b and ¢ respec-
tively). The TH-5 antibody revealed binding in the 6 sugar
region in the pig lung fraction. Dakopatts anti-B antibody
showed positive staining for the polar pig lung fraction with
binding in the 5 sugar region. The anti-B antibody has
earlier been shown to react with the defucosylated “B-like”
epitope expressed on the Galal,3nLc, structure [3].

The different anti-A antibodies used (Dakopatts, AH-21,
HH-5) are included in Table 1a. Other MAbs used were
anti-Le? (Seraclone), anti-Gg, (Seikagaku Inc.), anti-Le¥
(Dr. Fraser), Le¥c (Dr. Anstee), anti-Forssman and anti-
nlL.c, monoclonal IB, (not shown) (Table 1a).

Nuclear magnetic resonance analyses

Separation and pooling of fractions were monitored by a-
and/or B- anomeric signals. Individual components were
identified by further spectral identification where LC-
NMR spectral data were validated against conventional 'H
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Figure 1. TLC and immunostainings with MAbs of glycolipid fractions i
and ji. 1a. Thin layer chromatogram (TLC) of glycolipid fractions / (fast
moving fraction with = 3 sugar residues in the carbohydrate chain) and
ii (slow by moving fraction with = 3 sugar residues in the carbohydrate
chain) from 4 pig lungs. 2u of each fraction was added to the HPTLC
plate and chromatographed in chloroform/methanol/water in the propor-
tions 60/35/8 (by volume). After drying, staining was accomplished with
the anisaldehyde reagent. The numbers of sugars in the carbohydrate
chains are indicated to the left in figs a—c. 1b. Thin layer immunostaining
with the anti-Galal,3Galf antibody TH-5. 10 ug of a total pig aorta
fraction is used as reference (r1). The anti-Gala1,3Galp antibody P3393
is used for the thin layer immunostaining in 1c. The reference is the
same as in 1b.
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Table 1b Glycolipid references used for Thin layer immunostaining.

References Origin Specificity Reference
A-6-1 Human A, erythrocytes Blood group A hexaglycosylceramide type 1 chain [38]

B-6-1 Human A,B Le®") pancreas Blood group B hexaglycosylceramide type 1 chain *

H-5-1 Pig kidney Blood group O pentaglycosylceramide type 1 chain [39]

H-5-2 Human blood group O erythrocytes Blood group O pentaglycosylceramide type 2 chain [40,41]
Galal,3nLc,Cer Pig aorta Galal,3nLc,Cer [28]

pX Human erythrocytes Pk (globotriaosylceramide) [42]

P Human erythrocytes P (globotetraosylceramide) [42]
Gb,Cer Human kidney Blood group A tetraglycosylceramide type 4 chain [43]

Leb Human small intestine Difucosyl type 1 chain hexasaccharide [44]

Led Human small intestine Monofucosyl type 1 chain pentasaccharide [44,45]
Forssman Dog intestine The Forssman hexaglycosylceramide [46]

A-7-1 Dog intestine Blood group A septaglycosylceramide type 1 chain [47]

A-7-2 Human A, erythrocytes Blood group A septaglycosylceramide type 2 chain [38]

A-9-3 Human kidney vein Blood group A nonaglycosylceramide type 3 chain [43]
nLc,Cer Dog small intestine Tetraglycosylceramide type 2 chain *

Gg,Cer Mouse intestine Gangliotetraosylceramide (ganglio series) [48]

*Backer, A. E., and Holgersson, J., unpublished results
**Samuelsson B. E et al. unpublished results

NMR spectra of separated fractions in comparison with
reference NMR data [5,6,20,21]. This process of validation
of LC-NMR spectral data by comparison with conven-
tional 'H NMR data on isolated fractions increased the
structural predictability of LC-NMR in future analysis. The
f1 dimension in pseudo-2D spectra can be labelled in two
ways, as “rows”, which refers to the order of a given spec-
trum in the series of spectra arrayed along this axis, or as
time (tr). We used time and the symbol “tr” since time is
similar to the LC retention time.

The continuous flow LC-NMR analysis of the fast mov-
ing fraction i allowed separation and identification of three
major components. The first solute had a retention time tr
of 15.52min (row 21, Fig. 2a, 2D plot). The corresponding
TH-NMR spectrum displayed one B-anomeric signal at
4.18ppm (J=7.72Hz), as expected for the Glcf1 in mono-
glycosylceramide (Fig. 2b).

The proton NMR spectrum from row 25 at tr=19.36min
gave rise to two [-anomeric resonances at 4.20ppm
(J=7.72Hz) and 4.27ppm (J=7.72Hz). The resonances are
characteristic for the Glcf1 and GalP4 originating from the
lactosylceramide (LcCer) (Galpl, 4Glcpl, 1Cer) (Fig. 2¢).

The third component, eluted at tr=24.32min (row 31),
was identified as Gb;Cer e.g. Galal, 4GalP1, 4Glcf1, 1Cer.
The relevant proton NMR spectrum exhibited two f-
anomeric protons at 4.21ppm (J=7,72Hz) and 4.34ppm
(J=7.35Hz) which were consistent with a lactosyl core and
an additional a-anomeric peak resonating in the Gala fre-
quency domain (4.89ppm, J=3.67Hz) (Fig. 2d). The down-
field shift of 0.07ppm observed in GalB4 in the glycosylated
lactosyl fragment is note worthy.

The LC “on-flow” NMR analysis of the slowly moving
fraction ii revealed the presence of four different glycolipid
components (2D plot, Fig. 3a). The numbering of the com-
ponents in the NMR spectra is identical to the numbering
in the gas chromatogram in Figure 4, and in the TIC in
Figure 5a.

Component 1, Gb;Cer, was present also in this fraction
(not shown). The fraction was dominated by component 3,
a four sugar glycolipid eluted approximately from
tr=18.60min (row 30) to tr=25.82min (row 41). A specific
NMR profile of the relevant solute is given in Figure 3b.
Three B-anomeric signals at 4.22ppm (J=7.72Hz), 4.35ppm
(J=7.35Hz) and 4.51ppm (J=8.09Hz) were assigned to
Glcp1, Galp4 and N-acetylgalactoseamine3 (GalNAc) re-
spectively. The structure was completed by one a-anomeric
proton at 4.83ppm (J=3.68Hz) which corresponded to
Galo4. The component exhibited the features of Gb,Cer.

Two other slow-moving glycolipids followed Gb,Cer.
The first, component 5, was detected at row 43 at
tr=26.83min (Fig. 3c). It contained one a-fucosyl unit reso-
nating at a typical chemical shift of 5.10ppm. The second
glycolipid (component 6) was detected at row 49 at
tr=30.63min (Fig. 3d). The proton NMR spectrum of row
43 revealed four anomeric signals. According to previous
work and immunological methods such as thin layer immu-
nostaining, the expected fucose-containing glycolipid in the
fraction was a pentasaccharide-based glycolipid. The occur-
rence of a masked glycosylated GalB4 peak at 4.34ppm
relative to a glycosylated lactosyl fragment was assumed
and later proved in the current run of Gb;Cer and Gb,Cer
(Fig. 3d). GlcP1 and GIcNAcB3 appeared at typical reso-



50

Bdicker et al.

row 31

Galo4

row 25

row 21

5.5

5.0

4.5 ppm

Figure 2. 2D plot and 1D spectra of fraction /. 2a. LC-NMR 2D plot of fraction i. All spectra obtained from this experiment are shown in the 2D plot.
To the left the chromatography and dynamics of the gradient are presented. The y-axis is given as rows, which increase with the time of the gradient.
Short sugar chain components are eluted early and are found in the lower part of the plot. Larger, more polar components, eluted later and are found
at the top. The chemical shifts are marked on the x-axis. The 2D plot shows in row 31 the globotriaosylceramide, in row 25 the lactosylceramide and
in row 21 the monoglycosylceramide. Fig 2d—b show the 1D spectra of the 3 components globotriaosylceramide (2d), lactosylceramide (2c) and
monoglycosylceramide (2b). The different anomeric protons in the sugar part of the glycolipids and are indicated in the spectra. The 1D spectra are

extracted from the 2D plot (rows 31, 25 and 21).

nances of 4.22ppm and 4.57ppm respectively. The f-
anomeric proton at 4.28ppm (J=7.72Hz) was assigned to
be the GalB4 in position 4 in the carbohydrate core saccha-
ride. The component was interpreted as the H-5-2 gly-
colipid.

The presence of a Galp4 at 4.34 ppm was taken into
account in the characterisation of component 6), inter-
preted to be Galal,3nLcsCer. The GalB4 resonance was
hidden by an intense solvent peak. The a-anomeric signal
assigned to Gala3 arose at 4.95ppm (J=2.94Hz) in addi-
tion to the four peaks from the earlier characterised
nLc,Cer.

The LC “on-flow” NMR-rendered fractions were pooled
and characterised by conventional 'TH NMR. Most of the
spectra showed pure components or no more than two
different components in the same test tube. The spectra
were interpreted and signals found to be in agreement with
the LC “on-flow” NMR results (not shown).

Gas chromatography-mass spectrometry and
matrix-assisted laser desorption/ionization mass
spectrometry analyses

The TIC from GC/MS and the molecular weights obtained
from MALDI-MS analyses of the corresponding glycanase
released, permethylated oligosaccharides are shown in Fig-
ure 5 and Table 2. The peak numbers in the TICs correlate
to a specific glycosphingolipid whose structure is given in
Table 2. The gas chromatogram of glycanase-released oli-
gosaccharides from pig lung fraction ii was consistently
reproduced in the TIC from GC/MS as assessed by the
conserved scan times and peak intensities (Fig. 4 and 5a).
Mass spectra of special interest were selected from the
GC/MS analysis and are shown in Figure 5b-c (see below).
The EI* mass spectra of permethylated oligosaccharides
contained sequence oxonium ions (B; ions) including the
non-reducing end of the saccharide chain. In the presence
of a N-acetylhexoseamine (HexNAc), fragment ions (Z;
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Figure 2. (Continued)

ions) [22] including the reducing end of the saccharide
chain and arising from an inductive cleavage of the gly-
cosidic bond at the non-reducing end of the HexNAc resi-
due appeared. Together, these complementary ions gave
the complete sequence of the oligosaccharide in most cases.

The capillary GC of fraction ii gave qualitative and semi-
quantitative estimates of the oligosaccharide components
found in the sample mixture obtained after ceramide gly-

ppm

canase cleavage of the glycolipid fraction. Estimations of
number of sugars in the oligosaccharide chains were based
on their retention time on the column and earlier experi-
ments [3]. The result are presented in Figure 4. The num-
bering of the components in the GC chromatogram in
Figure 4 is identical to the numbering in the NMR spectra
in Figure 3, and the total ion chromatograms (TICs) in
Figure Sa.
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Figure 3. 2D plot and 1D spectra of fraction ii. 3a. LC-NMR 2D plot of fraction ii, with rows/time on the y-axis and chemical shifts indicated on the
x-axis (as in Fig. 2a). Row 49 shows the Galol,3neolactotetraosylceramide component, row 43 the H-5-2. The last row, 35, indicates the
globotetraosylceramide component. 3d-b shows extracted 1D spectra from the 2D spectra in figure 3a. Galal,3neolactotetraosylceramide is found
at row 49 (3d), H-5-2 at row 43 (3c), and the globotetraosylceramide is found at row 35. The anomeric protons are indicated in the spectra.

The mass spectrum of component 1 in Figure 5a indicates
a trisaccharide structure (M= 658.4 Da). Oxonium ions at
m/z 219 (B,), m/z 423 (B,) gave the sequence Hex-O-Hex-
from the non-reducing end of the saccharide, and the same
fragment ions also indicated a reducing end sequence con-
taining a -Hex-O-Hex, thereby completing the sequence of
Gb; as given in Table 2. From its spectrum (not shown),
component 3 (Fig. 5a) was identified as a HexNAc-termi-
nated tetrasaccharide (M=903.5 Da). The sequence HexN-
O-Hex- was determined from the oxonium ions at m/z 260
(B;) and m/z 464 (B,) and identified as the Gb, oligosac-
charide (Table 2).

The nLc, oligosaccharide was identified in the spectra
(not shown) of component 4 (Fig. 5a). The intense fragment
ion m/z 182 revealed the type 2 chain and excluded the Lc,
oligosaccharide [3]. Oxonium ions at m/z 219 (B,), m/z 464
(B,) and m/z 668 (B5) gave the Hex-O- HexN-O-Hex- struc-

tural terminal. The reducing end structure -HexN-O-Hex-
O-Hex was shown by the fragment ion at m/z 668 (Z5).
Component no. 5 in the TIC (Fig. 5a) was shown to be a
pentasaccharide with a molecular mass of M=1077.6 Da
(Fig. 5b). The sequence dHex-O-Hex-O-HexN-O-Hex was
shown by the fragment ions at m/z 189 (B;), m/z 393 (B,)
m/z 638 (B;) and m/z 842 (B,). The reducing end structure
(Hex-O-HexN-O-Hex-O-Hex) was determined by frag-
ment ions at m/z 668 (Z;) and m/z 872 (Z;). The H-5-2
structure could be differentiated from its isomer H-5-1 on
the basis of differences in retention times and in intensity
ratio between the fragment ions at m/z 182 and m/z 228. In
the presence of an internal carbon 4-substituted GIcNAc,
the ration is very high, the ion at m/z 182 often being the
base peak [3,23,24]. Components containing an internal
4-substituted GIcNAc elute in front of the isomer with a
3-substituted GIlcNAc, which has been shown earlier for
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lactotetraosylceramide; (LcyCer) (type 1 chain) and
nLc,Cer (Teneberg & Karlsson, unpublished results), and
A-6-2 and A-6-1 [23,25].

In the mass spectrum of component 6 (Fig. 5¢) a Hex-
O-Hex-O-HexNAc- sequence was indicated from the ox-
onium ions at m/z 219 (B,), m/z 423 (B,) and m/z 668 (B;).
The structure from the reducing end (-HexN-O-Hex-O-
Hex) was given by the inductive cleavage at the non-re-
ducing end of the HexNAc residue by the fragment ion at
m/z 668 (Z;). The B, and Z, fragment ions at m/z 872
could be identified in the spectrum. The sequence of the
pentasaccharide (M=1107.6) is consistent with the Gala3-
GalB4GIlcNACcB3Galp4Gle  structure  (Galal,3nLcy),
which presence in the lung fraction was also detected by
the two anti-Gal antibodies in the thin layer immunostain-

ing experiments (Fig. 1a and b). All components were de-
tected in the TIC as well as in the gas chromatogram (cf.
Fig. 4, 5a).

Discussion
Sensitivity

The LC “on-flow” NMR facilitates GSL characterisation
and may be used for purification and pooling purposes in
the screening of mixtures.

The sensitivity was evaluated and compared with that of
conventional 'TH NMR and GC/MS. LC-NMR demon-
strated less sensitivity compared to conventional NMR,
basically due to the reduced signal sampling time. Sampling
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Figure 4. Gas chromatogram of fraction Ji (to be compared with TIC of the fraction in Fig. 5a for reproducibility). Six components were detected in
the gas chromatogram, starting with two trisaccharide components (nos. 1 and 2), two tetrasaccharide components (nos. 3 and 4) and two

pentasaccharide components (nos. 5 and 6).

time and sensitivity could be further increased by using the
“stop-flow” mode. Just comparing detection sensitivity,
GC/MS on ceramide glycanase-released oligosaccharides is
the most sensitive method, needing only a small fraction
(1-10 picomole/component) compared to the injected
amount of 300ug for the LC-NMR analysis. The mass spec-
tra are of high quality and on single component structures
due to the chromatography, which facilitates interpretation
of the oligosaccharide. The mass spectra showed charac-
teristic and easily interpretable fragmentation since the

fragmentation occurred from both ends of the oligosaccha-
rides, which favoured oligosaccharide symmetry.

The GC/MS sensitivity was illustrated by the detection of
the nLc; and the nLc, oligosaccharide. In the total ion
chromatogram (TIC), the components were easily recog-
nised despite low abundance. Both oligosaccharides were
identified in the mass spectra, nLc; by its intense terminal
HexNAc. The LC-NMR failed to recognise Lc;Cer in the
mixture, but could detect nLc,Cer. Lc,Cer is only slightly
more abundant (Fig. 4,5a), indicating possibilities of LC-
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Figure 5. 5a TIC from GC/MS of permethylated oligosaccharides released from glycolipids of pig lung fraction J/i. The different components are
indicated by numbers identical to the numbering in Figure 4. 5b and ¢ shows the mass spectra of component 5, the H-5-2 glycolipid (M = 1077.6)
(top), and component 6, Galal,3nLc,Cer (M = 1107.6) (bottom). Component 6 shows its characteristic feature with the m/z 668 for the B3 and Z3
fragments due to the symmetry of the oligosaccharide.
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Table 2. Oligosaccharide structures found in fraction ii from 4 pig lungs characterised with MALDI-MS.

TIC peak Name Structure M (Da):
1 Gb, Hex-O-Hex-O-Hex 658.4
2 nLcy/Lcg HexN-O-Hex-O-Hex 699.4
3 Gb, HexN-O-Hex-O-Hex-O-Hex 903.5
4 nLc, Hex-O-HexN-O-Hex-O-Hex 903.5
5 H-5-2 dHex-O-Hex-O-HexN-O-Hex-O-Hex 1077.6
6 Galol,3nLc, Hex-0O-Hex-O-HexN-O-Hex-O-Hex 1107.6

NMR detection. The finding of Lc,Cer showed that less
abundant components can be characterised and analysed
just by the addition of chromatographic separation in LC-
NMR. Compared to 'H NMR analysis of the total GSL
mixture, the signals from less abundant GSLs were difficult
to recognise in the total mass of signal information. Vari-
ation in quantity of components is frequently found in
biological samples. When smaller sample amounts (200pg)
were injected, the majority of the components could still be
detected.

Chromatographic separation

The analytical resolution is more dependent on the NMR
cell volume and less dependent on the separation over the
column [26].

The choice of gradient is determined by the GSL compo-
sition in the mixture. Great variation in chain length with
long sugar chains required a gradient with a large polarity
range for separating these compounds. This in turn necessi-
tated a longer gradient time. The solvent flow rate, gradient
composition and chromatography time needed to be opti-
mised for the best resolution. The solvent peak migration
towards 4.5 ppm was one side-effect of the polar eluents
used. Hydroxyl protons and water decreased the OH bonds
in the eluent. A solvent peak at 4.25-4.35 ppm appeared in
a critical part of the spectra, which masked the Galf4 signal
in some cases (e.g. Galal,3nLc,Cer). The water signal at
4.72 ppm caused disturbances in the spectra, as did the
methyl-group of methanol at 3.31 ppm and the hydroxyl-
group of methanol at 4.79 ppm. Deuterated solvents were
used in all experiments due to susceptibility problems and
drift of signals relative to the lock. This increased the ex-
perimental costs. By testing other eluents, we hope to be
able to diminish the solvent peak migration in critical areas
in the future. Improvements in the spectrometer dynamic
range of the NMR were described to reduce the need for
deuterated solvents in other solvent system [27], but were
not fully applicable in our gradient systems. The presatura-
tion position needed to be established for each time slice
due to chemical shift changes by the OH bonds, which
made autosuppression of solvent peaks difficult.

A UV/visible detector is unsuitable for detecting non

chromophores (e.g. GSL) due to the weak absorbance. A
detector able to detect GSLs regardless of concentration or
solvent composition would make it possible to detect sepa-
rate GSLs and allow analysis in “stop-flow” mode.

The technique could be further improved by reducing
the sample volume and optimising the NMR parameters
such as the probe size (sensitivity vs. distance along the cell
with a linear field gradient), detection volume and sensitiv-
ity of the LC probe (unsealed standard sensitivity solution)
[26]. The cell size can be treated as proportional to the cell
volume—a large cell gives higher sensitivity, but a de-
creased chromatographic resolution. This fact must be con-
sidered together with the volume of the chromatographic
peak, probe design and cell design.

The GSL preparational work can thus be monitored by
the non sample-consuming LC “on-flow” NMR technique
instead of the commonly used TLC assay. TLC is based on
GSL migration in organic solvents on a HPTLC plate. Vis-
ualisation of all non-acid GSLs is accomplished with for
example, anisaldehyde. GSL migration depends on sugar
chain length, ceramide differences and the sterical confor-
mation of the sugar chain (e.g. sugar binding positions and
number of side chains). The assay is not capable of distin-
guishing between isomers such as type 1 and type 2 chain
based structures. A single glycolipid component separates
slightly different with different ceramide compositions and
gives rise to two or more distinct bands on the TLC. Two
different glycolipids with the same number of sugar resi-
dues can easily be misinterpreted as one component and
can be incorrectly pooled together.

The TLC assay can be made more specific by the use of
carbohydrate-specific MAbs for visualisation (thin layer
immunostaining). The technique is used for screening of
epitopes of special interest. However, only one specific
MAD can be used at a time, only the Mab-specific part of a
GSL is recognised and only well-characterised antibodies
can be used. The complete structure of a GSL is not re-
vealed by thin layer immunostaining.

In the case of LC-NMR, the silica column separates
GSLs on the basis of sugar chain length, ceramide differ-
ences and the sterical conformation of the sugar chains (as
for the TLC plate), but it also introduces a solvent gradient
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in the column as an extra separation factor. This makes it
possible to separate one part of the GSL fraction efficiently
by using solvent gradients, which through polarity separate
the chosen region of the GSL mixture (for example polar
solvent gradients efficiently separate the more polar GSLs
in a mixed fraction while less polar gradients separate less
polar GSLs in the mixture). Separated GSLs are intro-
duced “on-flow” into the NMR magnet, and the established
spectra show binding positions and a- and B anomeric pro-
tons of each introduced component.

Comparing TLC and LC-NMR, the advantages of the
LC-NMR are the extra separation dimension by solvent
gradients and the more detailed structural information. The
disadvantages of LC-NMR are low sensitivity and high
cost.

LC-NMR data/'H NMR data

The fractions obtained from the LC “on-flow” NMR ex-
periments can be pooled and used for conventional 'H
NMR, which has been done in this study. The conventional
spectra have been used as a control and as a validation of
the LC-NMR data from earlier screenings. Since the LC-
NMR technique has some disadvantages (see above), vali-
dation/comparison of the spectra needs to be performed
with conventional TH NMR. After for example signal drift
and hidden signals have been taken into consideration for
the comparison, the LC-NMR spectra can in turn be used
as reference spectra for future studies.

Complementary techniques giving structural
specificity

Our objectives over the last few years have been to iden-
tify GSLs and characterise the expressed carbohydrate an-
tigens on the surfaces of different pig organs, an animal
which may be suitable as an organ donor for xenotrans-
plantation to man. The studies are based on biochemical
and immunochemical methods involving glycolipid char-
acterisation by thin layer immunostaining, GC, 'H NMR
and mass spectrometry. All techniques require well-char-
acterised and pure reference GSLs, which in turn raises
the problem of producing sufficient amounts of pure, sin-
gle GSL fractions.

By means of LC “on-flow” NMR, single components of
a GSL mixture can easily be structurally characterised. At
this stage of LC-NMR development for native GSLs, the
reproduction of the GSL spectra by conventional !H NMR
of the earlier LC-NMR fractionated and pooled fractions,
can be used to confirm the findings from the screening. The
spectra are used to evaluate eluent drift in the LC “on-
flow” NMR experiments, and can exclude interpretation of
fake GSL signalling due to solvent disturbances. It is im-
portant to include results from LC “on-flow” NMR, 'H
NMR, MALDI-MS, GC, GC/MS and thin layer immu-
nostaining before performing the final structural charac-
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terisation of the mixture. The techniques complement each
other, a single technique does not give all information nec-
essary for total structural GSL characterisation. It should
be pointed out that “structure” in some cases means total
3D-structure, which often necessitates X-ray crystal-
lography and/or extensive NMR analysis. In our setting,
NMR shows binding positions and configurations, GC nos.
of components/sugars involved in the different oligosac-
charides, GC/MS completes the GC with the hexose (Hex)
structures of each oligosaccharide, MALDI-MS gives the
oligosaccharide molecular weight and thus the total
number of sugars, and, finally, the immunostaining shows
the MADb binding epitope of the GSL. As different tech-
niques present different kinds of information for the sam-
ple, it is easy to understand that the information obtained
does not always agree. The thin layer immunostaining illus-
trates this descripancy. The result from this assay are, in
most cases in agreement with the NMR and MS findings.
However, the negative staining for nLc,Cer, which was
shown to exist in small amounts by NMR and MS tech-
niques, might be explained by the fact that the amount
applied for TLC was not sufficient for the antibody to
recognise the epitope. Another possibility is that the domi-
nating gangliotetraosylceramide (Gg,Cer) inhibit the bind-
ing of the anti-nLc, antibody.

Glycolipid identity

The findings of Galal,3nLc,Cer by LC “on-flow” NMR
(Fig.1 ¢—d), conventional 'H NMR (not shown) GC/MS
(Fig. 5a,c) and two anti-Gala MAbs (Fig. 1 c—d) in the pig
lung have not been shown earlier, although the presence of
Galal,3nLc,Cer was expected, due to the fact that the pig
has been shown to express this antigenic structure in other
organs [3]. The dominance of globo-based glycolipids is
also in agreement with other studies on endothelium rich
pig tissue, e.g. the aorta [28].

The preparation procedure of GSLs has in this case dis-
criminated longer, less abundant components, which have
not been eluted in the expected amount from the columns.
By reducing the purifycation steps, the irreversible binding
of the GSL to silicic acid can be reduced to a minimum.
Work is in progress to characterise the more slow moving
GSLs from pig lung, i.e. >5 sugar GSLs.

In this paper, we used the a- and B-anomeric proton
resonance obtained with a LC “on-flow” NMR technique
to pool and structurally characterise native carbohydrate
antigens in a GSL mixture from 4 pig lungs. The LC “on-
flow” NMR technique was combined with gas chromatog-
raphy (GC), gas chromatography/mass spectrometry
(GC/MS) and matrix assisted laser desorption/ionisation-
mass spectrometry (MALDI-MS) of released permethy-
lated oligosaccharides for the GSL characterisation and
validation of LC-NMR data.
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