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ABSTRACT

Derivatisation /FABMS strategies applicable to the structure analysis of low microgramme quanti-
ties of heparin-derived oligosaccharides are described. Negative and positive FAB data from permethyl
derivatives and positive FAB data from the products of subsequent methanolysis are reported for
sulfated tetrasaccharides prepared by nitrous acid degradation of heparin. The preparation and FAB
behaviour of acetylated derivatives of sulfated oligosaccharides are described for the first time, and the
stability of the sulfate groups to base-catalysed acetylation is demonstrated. The acetylation /FABMS
methodology, which yields high quality data, shows promise for the characterisation of a wide range of
sulfated glycoconjugates.

INTRODUCTION

The proteoglycans are macromolecular constituents of extracellular matrices
and cell surfaces, where they are immobilised through attachment of the core
protein to the plasma membrane. The functional roles ascribed to proteoglycans
are highly diverse!. They provide mechanical support, serve as scaffolds for
sequestered enzymes or growth factors, modulate the activities of various enzyme
systems, and influence such dynamic processes as cell adhesion and migration.
Many of these effects depend on ionic interactions between glycosaminoglycan
chains and proteins. The sulfated glucosaminoglycans, heparin and heparan sul-
fate, have attracted particular attention as ligands for a variety of proteins'~>. Such
interactions seem to range from relatively nonspecific cooperative electrostatic
binding to highly specific lock-and-key interaction, as best illustrated by the
antithrombin-binding pentasaccharide sequence®. Analysis of these interactions at
the molecular level relies on the availability of appropriate methods for saccharide
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sequence determination, usually involving identification of fragments generated by
degradation of the saccharides with nitrous acid or with bacterial lyases™. An
important requirement of such methods is applicability to the limited amounts of
material generally recovered from biological specimens or cultured cells.

Deaminative cleavage of heparin/heparan sulfate with nitrous acid (low-pH
procedure of Shively and Conrad’) converts N-sulfated GlcN residues into 2,5-
anhydromannose residues (anhydromannitol, aMang, after reduction), with cleav-
age of the corresponding glucosaminyl linkage, whilst N-acetylated glucosamine
residues are resistant. An exclusively N-sulfated saccharide sequence will therefore
yield HexA-aManp disaccharides, which are readily separated and quantified by
anion-exchange HPLC (usually utilising the radioactive marker obtained on reduc-
ing the saccharides with NaB[’H], (refs 8-10)). The occurrence of isolated N-
acetylated glucosamine residues will result in the formation of (mostly O-sulfated)
tetrasaccharides with the general carbohydrate backbone structure, HexA-
GleNAc-GlecA-aMang. The identification of such components is essential for the
overall elucidation of more extended saccharide sequences. Whilst the variously
O-sulfated tetrasaccharide permutations are also separable by ion-exchange
HPLC'®, the unambiguous identification of the various species usually involves
cleavage of the tetrasaccharides (N-deacetylation by hydrazinolysis followed by
deamination) followed by identification of the resulting disaccharides'™!" and thus
becomes fairly cumbersome. We have therefore explored the potential of fast atom
bombardment mass spectrometry (FABMS) for identifying tetrasaccharide deami-
nation products of heparin.

Previous FABMS studies of heparin-derived oligosaccharides'>~'* have yielded
uscful molecular weight information on native samples, but the full potential of the
technique was not explored because no derivatives were analysed. It is now well
established'™!” that permethylation of sulfated oligosaccharides gives greatly en-
hanced sensitivity, allows unambiguous determination of sulfate heterogeneity, and
enables sequence assignment either via negative ion fragmentation or via partial
methanolysis monitored by FABMS. In this paper, we describe the first application
of permethylation / FABMS protocols to heparin oligosaccharides. In complemen-
tary work, we show for the first time that heparin oligosaccharides can be
converted into peracetyl derivatives without significant loss of sulfate. The per-
acetyl derivatives, which are simple to prepare, yield spectra of very high quality
from microgramme quantities of material. The acetylation-based FABMS strate-
gies described here, the first to be reported for sulfated oligosaccharides, are likely
to have wide applicability to all classes of glycosaminoglycans as well as sulfated
glycoproteins and glycolipids.

EXPERIMENTAL

Materials.—Unless otherwise stated, all reagents were obtained from Aldrich
Chemical Co. Sulfated heparin tetrasaccharides based on the backbone structure



K.-H. Khoo et al. / Carbohydr. Res. 244 (1993) 205-223 207

IdoA-GlcNAc-GlcA-aMany (1-3) (where aMang represents 2,5-anhydro-p-
mannitol formed by reduction of the cleavage products) were obtained as de-
scribed!!. Briefly, heparin from pig intestinal mucosa was subjected to exhaustive,
low-pH deaminative cleavage, and the resulting di- and oligo-saccharides were
fractionated by gel chromatography. The tetrasaccharides were separated further
by anion-exchange HPLC on a Partisil-10 SAX column (Whatman) into 5 major
and a number of minor peaks. The structural characterisation of these compo-
nents, involving N-deacetylation, deaminative cleavage, and identification of disac-
charide products, was reported by Kusche et al.''.

CHLOR? COOH CH,OR*
0 Q
COCH o
OH OH OH OR®
HO o) o 0
OR' NHAC OH CH,OH

a-L-1dopA-(1—e 4)-0=D-Gic pNAC-(1—m 4)-B-D-Glcp A-(1—= 4)-aManp
1 R'=H and R2=S03H or R1=SQ3H and R2=S04H, R3 and R4=H
2 R'and R4=H, R2 and R3=503H
3 R'=H, R2, R3and R4=SO3H

Permethylation.—Hakomori permethylation was carried out using a two-step
procedure as described'®". The monosulfated tetrasaccharide was eluted in the
35% acetonitrile fraction from the Sep-Pak® cartridge (Waters Ltd.) whilst di- and
tri-sulfated tetrasaccharides were mainly collected in the 15% acetonitrile fraction.
Typically, ca. 20 ug of sample was permethylated and 10% of the resulting
Sep-Pak ®-purified permethyl derivative was loaded onto the monothioglycerol
matrix for FABMS analyses.

Methanolysis.—Time-course methanolysis of permethylated samples was per-
formed as described by Dell”. Briefly, methanolic HCl was prepared by bubbling
HCI gas into methanol, or deuteriomethanol, until the solution was hot to the
touch? (ca. 0.1 M HC)). Although the concentration of acid will vary a little from
one preparation to another, this has a negligible effect on the results because of
the time courses used. Approximately 20 wL or less of the reagent was then added
to the sample and aliquots (1 uL) were withdrawn at suitable time-points, prior to
and after heating at 60°C and loaded directly onto monothioglycerol on the FAB
probe for analysis. Methanolysis experiments were routinely performed on perme-
thylated sulfated oligosaccharides after direct FABMS analyses in both negative
and positive modes.

Peracetylation.—Base-catalysed peracetylation was performed with either anhyd
pyridine-Ac,0 (1:1, v/v, 100 L) at 80°C, 2 h or, 1-methylimidazole-Ac,O (1:5,
v/v, 30 pL) at room temperature for 1 h (deuterioacetic anhydride was used for
deuterioperacetyl derivatives). The reagents were evaporated under nitrogen and
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samples were redissolved in methanol for aliquoting into the FAB matrix. m-
Nitrobenzyl alcohol (m-NBA) was the matrix of choice, particularly for more
highly sulfated and /or salty samples, but monothioglycerol was also routinely used.
Approximately 10 wg of the native sample was derivatised and 0.5-1 ug of the
peracetylated sample was loaded for FABMS analyses.

FABMS.—FAB-mass spectra were obtained using a VG Analytical ZAB-HF
mass spectrometer fitted with an M-Scan FAB gun operated at 10 kV. Spectra
were recorded on oscillographic chart paper and manually counted. The negative-
ion mode FAB spectra of the peracetyl derivatives were obtained using a ZAB-2SE
FPD mass spectrometer fitted with a4 cesium ion gun operated at 25 kV or 19 kV.

RESULTS AND DISCUSSION

In preliminary experiments, 2-3 ug of each of the pooled fractions containing
the major peaks was analysed directly without derivatisation by FABMS in the
negative-ion mode. Good quality spectra were obtained, confirming the basic
tetrasaccharide structure as well as defining the maximum degree of sulfation. In
accord with previous studies'>~'*%!, it was observed that the majority of the jon
current 1s carricd by the molecular ion cluster, together with fragment ions
resulting from consecutive loss of sulfite moieties. Sequence-related ions were
weak or absent at these sample loadings.

Permethyl derivatives.—As reported previously for heparan sulfate and der-
matan sulfate oligosaccharides'®, full permethylation was achieved without loss of
the sulfate groups using the short Hakomori procedure'®. The permethyl deriva-
tives afforded good quality negative FAB spectra, showing sequence ions in
addition to the molecular ions and their related fragment jons formed by loss of
sulfite moieties. Data obtained from di- and tri-sulfated samples (2 and 3, respec-
tively, both derived from the antithrombin binding region*) are reproduced in Figs.
la and 2a, respectively.

The disulfated tetrasaccharide 2 afforded molecular ions at m /z 1032 and 1054,
corresponding to [M — H]~ and {M — 2H + Na]~ (whcre M corresponds to the
molecular weight of fully protonated, fully permethylated disulfated tetrasaccha-
ride 2, Fig. 1a). Loss of sodium sulfite from »1/z 1054 gave the signal at m /z 952.
The trisulfated tetrasaccharide 3 yielded an abundant molecular ion [M — 3H +
2Na]™ at m/z 1142, whilst loss of one and two sodium sulfite moieties afforded
the signals at m/z 1040 and 938, respectively (Fig. 2a). In our carlier studies of
heparan sulfate and dermatan sulfate'®, we observed cleavage on the reducing side
of glycosidic oxygens, preferentially between the GIcNAc and the GIcA, resulting
in a pair of ions whose masses defined the number of sulfate groups present on
each side of the cleavage site. Analogous pairs of ions were reproducibly observed
in all the permethylated heparin tetrasaccharides examined in the present study.
For example, the disulfated tetrasaccharide 2 yielded a pair of signals at m /z 471
and 574 (Fig. 1a), corresponding to unsaturated GlcA-aMan(SO;) and the
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Fig. 1. FABMS analyses of permethylated disulfated heparin tetrasaccharide 2 in (a) the negative-ion
mode; (b) the positive-ion mode; and {c) after methanolysis, for 5 and 30 min, in the positive-ion mode.
Most signals are described in the text and are annotated. Signals 32 u lower than those assigned
correspond to loss of methanol, whilst those 14 u lower correspond to undermethylation. Other signals
are assigned as: [IM—H]~ (m/z 1032); [M~50,+NH,]* (m/z 971); IM~SO;H+2Na)* (m/z
998); and [M+NH,]* (m /z 1051).
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Fig. 2. FABMS analyses of permethylated trisulfated hepatin tetrasaccharide 3 in (a) the negative-ion
mode; (b) the positive-ion mode; and (c) after methanolysis, for 8 and 40 min, in the positive-ion mode.
Signals at m /z 1134 and 1139 in (b) correspond to [M~H+INH,}* and IM—H+NH, +Nal*,
respectively.
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methyl glycoside of IdoA-GIcNA(SO7 ), respectively (to facilitate discussion of
the data, we have translated HexA, as defined by FABMS, into IdoA or GlcA
since the tetrasaccharide sequence was known), whilst the trisulfated tetrasaccha-
ride 3 afforded signals at m/z 559 and 574 (Fig. 2a) corresponding to the
unsaturated GlcA-aMang(SO;),Na® and the methyl glycoside of IdoA-
GlecNAC(SO3), respectively. Thus, the additional sulfate group on 3 was localised
to the GlcA-aMany moiety, amply affirming the usefulness of this diagnostic pair
of sequence-related ions. In our earlier work'®, where we observed glycosidic
cleavage in front of HexNAc as well as HexA, we suggested that cleavage could be
occurring during the FABMS process. It now appears more probable that the pairs
of ions observed in the heparin experiments, all of which correspond to HexNac—
HexA fission, are molecular ions of disaccharides formed by degradation occurring
during the alkaline permethylation reaction via the well characterised B-elimina-
tive degradation pathway?? as shown in Scheme 1. Evidence supporting chemical
cleavage during permethylation was provided by analysis of monosulfated heparin
tetrasaccharides which eluted from the Sep-Pak in the 35% acetonitrile fraction,
whilst their disaccharide degradation products were recovered in the 15% acetoni-
trile fraction. The presence of the disaccharides in the 15% fraction was unam-
biguously established by both positive and negative FABMS (data not shown). In
contrast, in the Sep-Pak purification of the permethylated products from disulfated
tetrasaccharide 2, the monosulfated disaccharides co-eluted with the disulfated
tetrasaccharides in the 15% acetonitrile fraction, giving the FAB data shown in
Fig. 1a. In good quality spectra, a number of minor fragment ions predominantly
originating from B-cleavages® were also observed. For example, in Fig. 1a, the
signal at m /z 720 corresponds to GicNAc~-GlcA-aMang with one sulfate and two
free hydroxyl groups. One free OH group is produced by B-cleavage at the
IdoA-GlIcNAc glycosidic linkage whilst the other is formed by loss of a sulfite
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moiety. These data are consistent with the presence of two sulfate groups in the
GlcNAc-GlcA~-aMan, trisaccharide. One of these sulfates must be located on the
GleNACc residue because each of the IdoA-GleNAc and GlcA-aMany disaccha-
rides contains one sulfate as shown by the ion pair at m /z 574 and 471 (Fig. 1a).
Whilst a number of sequence-related ions are observed in the negative FAB
spectra of permethylated, sulfated oligosaccharides, it is imperative to obtain as
much corroborative data as possible in order to draw firm conclusions pertaining
to the sequences of unknown samples and the location of the sulfate substituents.
It is recommended that, whenever sample quantities permit, the permethyl deriva-
tives should also be examined in the positive-ion mode to exploit the predictable
fragmentation pathways that have yielded sequence-related fragment ions from a
very wide range of complex carbohydrates®. As shown in Figs. 1b and 2b, for the
permethylated di- and tri-sulfated tetrasaccharides, respectively, sample loadings
of ca. 5 pg gave good quality positive spectra. As expected, the most intense ions
were afforded by the mass spectrometric cleavage of sulfite moieties from the
molecular ion. Thus, disulfated 2 yielded fragment ions at m/z 896 and 976 (Fig.
1b) corresponding to loss of two and one suifite moieties, respectively, from the
molecular ion [M + Na]* at m/z 1056, whilst trisulfated 3 afforded fragment ions
at m/z 882, 984, and 1086 (Fig. 2b) corresponding to loss of 3, 2, and 1 sodium
sulfite moieties, respectively, from the predicted molecular ion [M — 3H + 4Na]*
at m/z 1188 (not seen). A weak disodiated molecular ion of 3 was observed at
m/z 1144. In addition, A-type oxonium ions>* were present at m /z 464 (loss of
sulfite from m/z 544) (Fig. 1b) and 544 [IdoA-GleNAc(SO,H) "] (Figs. 1b and
2b). These ions corroborate the data from the disaccharide pairs observed in the
negative-ion mode. Specifically, the presence of the ion at m/z 544 in the positive
spectrum of 3 (Fig. 2b) confirms that the additional sulfate group is on the
reducing end GlcA-aMan,, moiety. Similarly, B-cleavage ions were seen at m/z
664 (monosodiated GleNAc-GlcA~aMan, with 3 free OH groups) for 2 (Fig. 1b)
and m /z 650 (loss of sodium sulfite from m /z 752) and 752 (disodiated, monosul-
fated GlcNAc-GlcA-aMany, with 3 free OH groups) for 3 (Fig. 2b), confirming
that the non-reducing end IdoA is not sulfated in either 2 or 3.
Methanolysis.—When only limited quantities of material are available, direct
analysis of permethylated derivatives in the positive-ion mode may not yield
sufficiently good quality spectra for sequence-related fragment ions to be observed.
Previously '®, we have advocated a subsequent step of acid-catalysed peracetylation
of the permethylated sample on the basis that the sulfate substituents would be
replaced by acetyl groups, making the sample more amenable to positive FABMS
analysis. Although we have successfully applied this procedure in a number of
instances, we now recognise that the removal of the sulfate groups can occur
rather slowly under the mildly acidic conditions employed. Consequently, substitu-
tion of the sulfate groups by acety! groups is frequently incomplete and may result
in rather poor FAB data. To overcome this problem, we have explored an
alternative approach to positive-ion analysis of permethylated heparin oligosaccha-
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rides, namely partial methanolysis monitored by FABMS. Methanolysis has been
widely used to partially and completely degrade carbohydrates. In particular,
time-course methanolysis of permethylated oligosaccharides, coupled with direct
FABMS analysis, has been successfully used to afford full or partial sequencing of
oligosaccharides®?. Typically, during partial methanolysis, the permethylated
sample is gradually degraded by methanolysis of the glycosidic linkages. Methyl (or
deuteriomethyl if deuteriomethanol is used) glycosides are produced at the re-
leased reducing ends whilst the methanolysed glycosidic oxygen becomes a free
hydroxyl group. The number of free OH groups associated with each fragment
observed is deduced from the mass data and used to define sequence and
branching. Since different glycosyl and non-glycosyl substituents exhibit different
susceptibility towards methanolysis, sample aliquots taken at early time-points
invariably contain relatively intact oligosaccharide backbones with only the most
labile substituents being methanolysed. We predicted, therefore, that the first
substituents to be lost from the sulfated heparin oligosaccharides would be the
sulfate groups, generating free hydroxyl groups at the positions formerly substi-
tuted with sulfates. This was confirmed when permethylated heparin tetrasaccha-
rides were subjected to deuteriomethanolysis. The first aliquot was withdrawn
immediately after adding the deuteriomethanolic-HCI, prior to any heating. The
mono- and di-sulfated tetrasaccharides afforded acceptable spectra, showing weak
molecular ions retaining the sulfates and strong fragment ions resulting from loss
of sulfite(s) (data not shown). The spectrum of disulfated tetrasaccharide 2 at this
ecarly stage in the reaction is similar to that obtained prior to methanolysis (Fig.
1b). Trisulfated tetrasaccharide 3, in contrast, did not yield meaningful data at the
initial time-point, but gave good data once the sulfate groups had been removed by
the reagent. Within the first 10 min of incubation at 60°C, some notable changes
were observed, as typified by the mass spectra obtained after 5 min for 2 and 8 min
for 3, reproduced in Figs. 1c¢ and 2¢, respectively.

Firstly, any weak molecular ions observed at the initial time-point had disap-
peared. For tetrasaccharide 2, new molecular ions were observed at m /z 899 and
902, which are, respectively, 3 and 6 mass units higher than m /z 896, which is the
dominant ion observed in the high-mass region of the non-methanolysed material
(Fig. 1b). The mass of this last ion corresponds to the monosodiated, nonsulphated
molecular ion of 2 bearing two free hydroxyl groups. The “doublet” at m/z 899
and 902 is consistent with a tetrasaccharide from which both sulfates have been
removed by the methanolysis reagent and whose methyl ester groups have been
replaced by one and two deuteriomethyl groups, respectively. For tetrasaccharide
3, molecular ions now appear at m/z 885 and 888 (Fig. 2c), analogous to those
observed for 2 but 14 mass units lower, consistent with this oligosaccharide having
three free OH groups in place of the three sulfate groups removed by methanoly-
sis. Secondly, A-type oxonium ions were observed at m/z 464 and 467, corre-
sponding to IdoA-GIcNAc™ with one free OH group (the latter incorporating a
single deuteriomethyl ester).
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Further incubation at 60°C resulted in complete conversion into deuteriomethyl
esters with the m/z 464 /467, 899 /902, and 885/888 doublets becoming single
peaks at m/z 467, 902, and 888, respectively, and the appearance of new ions at
m/z 667 for 2 and 653 for 3 (Figs. 1c and 2¢). The latter are molecular ions of
methanolysis products and are analogous to the B-cleavage ions of the non-
methanolysed material, which occur at m/z 664 (Fig. 1b) and 650 (Fig. 2b),
respectively. The interval of 3, rather than 6, mass units between the B-cleavage
ions and the products of deuteriomethanolysis, is consistent with the latter being
reducing-end trisaccharides having a single HexA residue rather than non-reducing
end trisaccharides containing two HexA residues.

It is significant that no data were obtained for the trisulfated tetrasaccharide
prior to heating, but structurally informative spectra were obtained after the
negatively charged substituents had been methanolytically removed, thus attesting
to the enhanced positive-ion sensitivity achieved by the methanolysis procedure.
The above data suggest that (@) when sufficient material is available, positive-mode
analysis of the intact permethylated sulfated oligosaccharides will vield sequence-
informative fragment ions, which complements the data obtained in the negative-ion
mode; (b) when analysis in the positive-ion mode is not successful due to sample
quantity limitations, a time-course methanolysis strategy of enhanced sensitivity
due to the removal of the negatively charged substituents can be employed; (¢)
during methanolysis, the labile sulfate substituents are removed within the first few
minutes of heating without any appreciable degradation of the rest of the molecule;
in related experiments on permethylated glycoprotein-derived sulfated oligosac-
charides, we have observed that sulfate groups are labile to prolonged incubation
with methanolic-HC! at room temperature and their loss precedes the cleavage of
acid-sensitive glycosidic bonds involving sialic acid and /or fucose residues (Khoo
and Dell, unpublished data); (d) if deuteriomethanolic-HCI is used, the methyl
ester of the HexA will eventually be replaced by a deuteriomethyl group and the
resulting mass shift is helpful for sequence assignment.

Peracety! derivatives.—The most effective FAB-based strategies for characteris-
ing complex carbohydrates from biological sources employ acetyl as well as methyl
derivatives?>?%. Advantages of acetylation include (a) relatively simple experimen-
tal manipulation and, unlike permethylation, sample purification is not essential
prior to FABMS analyses, minimising the possibility of derivatised highly sulfated
oligosaccharides being lost during the purification step by coelution with hy-
drophilic salt impurities: (b) peracetyl derivatives frequently fragment at glycosidic
linkages that are refractory in the permethyl derivative, thereby affording comple-
mentary data; and (c) the acetyl groups can be readily replaced with methyl groups
if subsequent linkage analysis is required. As noted above, acid-catalysed acetyla-
tion of permethyl derivatives has been helpful in some glycosaminoglycan structure
assignments'®, but the method can suffer from low yields. Further, acid-catalysed
acetylation of native sulfated oligosaccharides only affords data pertaining to the
oligosaccharide structure, because desulfation occurs during the derivatisation. We
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decided, therefore, to investigate alternative methods of preparing acetylated
derivatives; in particular, we sought procedures which would give retention of the
sulfate moieties. Since base catalysis appeared to be a viable means of achieving
this objective (alkaline conditions are employed in many procedures for isolating
glycosaminoglycan oligosaccharides without loss of sulfate), the products of reac-
tion of a variety of heparin tetrasaccharides with acetic anhydride, catalysed by
either pyridine or 1-methylimidazole, were examined by FABMS. To avoid poten-
tial ambiguities that might arise due to similarity in mass of a sodium sulfite loss
(102 u) and the elimination of an acetic acid moiety (60 u) from an underacetylated
(42 u) species, deuteriated acetic anhydride was used throughout with either
pyridine or 1-methylimidazole as the base catalyst. The data which are described
below revealed that peracetylation can, indeed, be achieved with little or no loss of
sulfate and the resulting derivatives give excellent FAB data.

Figs. 3a and b show the negative FAB-spectra of the monosulfated heparin
tetrasaccharide 1 after deuterioacetylation catalysed by pyridine and 1-methylim-
idazole, respectively. Both samples afforded a molecular ion [M — H]™ at m/z
1203, corresponding to 1 in which all hydroxyl groups are deuterioacetylated and
the sulfate moiety is retained without modification. Notably, the absence of a
signal corresponding to the molecular ion of desulfated 1 (m /z 1168 for [M — H] ™)
suggests no significant loss of the sulfate. Signals at m/z 1140 and 1077 corre-
spond in mass to loss of one and two deuterioacetic acid moieties from the
molecular ion. Because the intensities of m/z 1140 and 1077 were reproducibly
higher than m/z 1203 in the spectra of pyridine-catalysed products, but were
significantly less intense in the spectra of 1-methylimidazole-catalysed reactions
(cf. Figs. 3a and b}, it is probable that m/z 1140 and 1077 are, as least in part,
quasimolecular ions of lactonised species formed during the derivatisation, and are
unlikely to be solely fragment ions derived from consecutive elimination of deu-
terioacetic acid from m/z 1203. Supporting this assignment are the signals at m /z
1109 and 1172 in Fig. 3a, which are 32 u higher than m/z 1077 and 1140,
respectively. These correspond to quasimolecular ions of methy!l esters formed by
ring opening of the lactones with the methanol which is used to dissolve the
sample prior to analysis. Notably, this pair of signals grew in intensity each time
the sample was redissolved for further FABMS analyses. This “methanol addition”
was also observed in experiments where 1-methylimidazole was used as the catalyst
(data not shown). In an attempt to confirm that lactones can be produced under
the basic acetylation conditions, we carried out similar experiments on mono- and
di-sialylated O-glycans. These gave data consistent with partial lactonisation of the
sialic acid residues (data not shown). Although lactones are not expected to be
stable at basic pH, lactone formation in the presence of acetic anhydride, which
will form mixed anhydrides with the carboxyl groups, is perhaps not too surprising.
In this regard, it is interesting that lactones of sialic acids have been observed after
alkaline permethylation of glycophorin-derived oligosaccharides?’, suggesting that
the organic reaction conditions that pertain during derivatisation may result in
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Fig. 3. Quasimolecular ion regions of the spectra of deuterioacetylated monosulfated heparin tetrasac-
charide 1 in {a) the negative-ion mode, pyridine catalysis; (b) the negative-ion mode, 1-methylimidazole
catalysis; (c) the positive-ion mode, pyridine catalysis; and (d) the positive-ion mode, 1-methylimidazole
catalysis. The unusual isotope pattern observed in these spectra is due to the batch of deuterioacetic
anhydride uscd for these experiments being incompletely deuteriated int a portion of the molecules. The
monosodiated form of the ion at m /z 1123 is observed at m /z 1101. The signal at m /z 1271
corresponds to [M—2H +3Na]*. Signals at m /z 1095 and 1158 in (a) correspond to underdeu-
terioacetylated quasimolecular ions. Other signals are described in the text.
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products that would not be expected to survive in an aqueous environment at
similar pH.

Similar patterns of quasimolecular ions were present in the positive spectra of
deuterioacetylated 1 (Figs. 3c and d for pyridine- and 1-methylimidazole-catalysis,
respectively). A weak disodiated molecular ion [M — H + 2Na}* was present at
m/z 1249, accompanied by signals corresponding to the disodiated mono- and
di-lactonised species at m/z 1186 and 1123, respectively. As in the negative
spectra, these latter ions were most prominent in the spectrum of the pyridine-
catalysed deuterioperacetylated sample (Fig. 3a). In addition, a strong signal
corresponding to the monosodiated dilactonised product was observed at m/z
1101, consistent with the loss of a negative charge through lactonisation. As
expected, loss of sodium sulfite from the quasimolecular ions is a major fragmenta-
tion pathway in the positive-ion mode, resulting in signals at m/z 1021, 1084 and
1147. These mass-spectrometric fragment ions are distinguishable from quasi-
molecular ions of possible products of chemical desulfation because the latter will
carry an additional deuterioacetyl group at the site of sulfation. Finally, in the
spectra of the 1-methylimidazole-catalysed perdeuterioacetylated sample (Fig. 3d),
strong signals were observed at m /z 1310 and 1371, one and two increments of 61
u, respectively, above the disodiated molecular ion at m /z 1249, When acetylation
was carried out with non-deuteriated reagents, the corresponding signals were
observed 60 and 120 u above the disodiated molecular ion. These data are
consistent with the presence of a monosodiated molecular ion bearing a single
protonated methylimidazole (MW, 82) adduct, ie., [(M — H)™+ Na* +
MelmidazoleH™], and a molecular ion having two protonated methylimidazole
adducts, i.e., [M —H) + 2MelmidazoleH"]. The one mass-unit difference be-
tween the normal and deuterioacetylated products can be rationalised as deu-
terium incorporation, probably through deuteriation of the imine nitrogen giving
deuteriated methylimidazole, i.e., MeImidazoleD™*. As would be expected, these
cation adducts were not seen in the negative-ion mode (Fig. 3b).

In addition to the fragment ions resulting from loss of sodium sulfite, a number
of sequence ions were also observed in the positive-ion mode. The relevant region
of the positive spectrum of the 1-methylimidazole-catalysed deuterioacetylated 1 is
reproduced in Fig. 4a. A-type oxonium ions present at m/z 582 (monosodiated
IdoA-GIcNA(OH)*) and 662 (monosodiated, monosulfated IdoA-GIicNAc™t)
suggest that the single sulfate group in this sample is located on either the IdoA or
the GlcNAc residue, whilst oxonium-type cleavage between the GicA and aMang
residues produced the ion at m/z 848 corresponding to monosodiated IdoA-
GleNAc-GlcA(OH)*. Related ions at m/z 537 and 803 were 45 u lower than
signals at m/z 582 and 848, respectively, consistent with their bearing one
additional free OH group as a result of under-deuterioacetylation. Alternatively,
since the parent molecule was almost completely deuterioacetylated with no or
very weak —45-u signals (Figs. 3b and d), they could also be rationalised as
resulting from glycosidic cleavage of the lactonised parent molecule, retaining the
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Fig. 4. Regions of the spectra of deuterioacetylated 1 which show scquence-related fragment jons, (a)
positive-ion mode and (b) negative-ion mode. These are the lower mass regions of the same spectra
reproduced in Figs. 3d and a, respectively, Signals at m /2 519 and 530 are 63 u lower than signals at
m /z 582 and 593, respectively, corresponding to loss of a deaterioacetic acid moiety. Signals at m /z
562 and 623 are the methyl esters formed by methanol addition to the lactonised species at m /z 530
and 591, whilst signals at m /z 609 and 548 are the underdeuterioacetylated species of signals at m /2
654 and 593, respectively.

glycosidic oxygen as a free OH group at the reducing end. Thus, the signal at m/z
537 corresponds to monosodiated IdoA~GleNAc¢ bearing two free OH groups, one
at the reducing end and the other as a consequence of sulfite loss. Similarly, the
signal at m/z 803 corresponds to IdoA~GlcNAc-GlcA(OH),. lons derived from
B-cleavage and ring cleavage produce a pair of reducing end fragment ions 28 mass
units apart (the ring-cleavage jon is of higher mass, Scheme 2) with the g-cleavage
ion having a free OH group at the non-reducing end as a result of the glycosidic
cleavage. Additional free OH group(s) are attributed to loss of sulfite(s). Thus,
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signal pairs at m/z 588 /616, 836 /864, and 881 /909 correspond to monosodiated
B-cleavage and ring-cleavage ions of GlcA-aMang, GleNAc(OH)-GlcA-aMang,
and GlcNAc-GlicA-aMang, respectively. Taken together, these ions define the
sequence IdoA-~GlcNAc-GlcA-aMany with the single sulfate group attached to
either the GlcNAc residue, giving the pair of signals at m /z 836 /864 after loss of
sulfite, or the IdoA residue, yiclding the pair of signals at m/z 881/909, fully
consistent with the sample 1 being a mixture of IdoA(2-OSO;)~GlcNAc-GlcA~
aMany and IdoA-GleNA(6-0SO,)-GicA-aMany as reported previously'.
Analogous fragment ions were also observed for pyridine-catalysed deu-
terioacetylated 1 each shifted to 63 u lower, consistent with the lactonised forms
being the dominant parent molecular ions. In the negative-ion mode (Fig. 4B),
B-cleavage and ring-cleavage ions were observed at m/z 829/857 and 892 /920,
corresponding to the lactonised and non-lactonised GlcNA(OSO3)~GleA~
aMang, respectively. These were analogues of those seen in the positive-ion mode
except that the sulfate substituent was retained. Non-reducing end fragment ions
corresponding to lactonised, monosulfated IdoA-GlcNAc with free hydroxyl and
enol groups at the reducing end were present at m/z 593 and 591. The non-
lactonised form of the latter was also present at m /z 654. Finally, ions at m /z 750
and 813 (with lactonised and non-lactonised IdoA, respectively) could be ratio-
nalised as similar non-reducing end fragment ions resulting from ring cleavage at
the lactonised GlcA residue as shown in Scheme 3. The GlcA residue is schemati-

-GlcNAc-O-GlcA- -GIcNAc-OR  R=158 u
Q 0
Q Q 0 j—{
o
o/ N ( —— 0 L /
07 dAcO Ring cieavage dAcO

Scheme 3.
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cally represented as a five-membered lactone involving the carboxylic group and
the OH at C-3, but alternative lactones are possible.

In summary, data on the monosulfated heparin tetrasaccharide showed that
acetylation can be effected without any desulfation, using either pyridine or
1-methylimidazole as the base catalyst. The reaction is simple and, provided the
sample to be derivatised is relatively free of salt or other impurities, the acetylated
products are sufficiently clean to be analysed directly after drying down to give
good quality FABMS spectra in both positive- and negative-ion modes at the 1-ug
loading level. The pyridine-catalysis conditions, which involved heating at 80°C for
2 h, appeared to promote lactonisation of the uronic acids more readily than the
milder 1-methylimidazole-catalysed conditions (1 h, room temperature). Thus,
although the non-lactonised molecular ion was observed, the lactonised forms are
the dominant species in the spectra of pyridine-catalysed derivative. Finally, in the
negative-ion mode, the molecular ions were the dominant signals whilst, in the
positive-ion mode, fragment ions resulting from loss of the sulfite moiety and
hence the negative charge, are usually more intense than the molecular ions. Some
sequence-related ions were also present.

When our study was extended to include di- and tri-sulfated heparin tetrasac-
charides, FABMS analyses in the positive-ion mode became less tractable. This
was partly due to the molecular ion current being spread amongst various sodium-
and potassium-cationised adducts, hence lowering the sensitivity afforded. In
addition, complex fragmentations which resulted in loss of negative charges were
highly favoured, yielding clusters of signals that were not readily interpretable
(data not shown). In contrast, in the negative-ion mode, good quality spectra were
obtained from di- and tri-sulfated tetrasaccharides. Data from the 1-methylim-
idazole-catalysed deuterioacetylated disulfated 2 are presented in Fig. 5a. An
abundant quasimolecular ion [M —2H + Na]~ is present at m/z 1260 together
with related cationised species. Other major signals are attributed to lactonised
components and to losses of sodium sulfite (see figure legend). Similarly, deu-
terioacetylated trisulfated 3 (Fig. 5b) afforded clusters of quasimolecular ions
varying in cation content, together with fragment ions resulting from cleavage of
one or two sodium sulfite moieties. Sequence-related fragment ions were of low
abundance in the spectra of acetylated 2 and 3. Experiments to enhance fragmen-
tation by collision-induced dissociation are in progress. These experiments are
practicable at the low microgramme level because of the high abundance of the
quasimolecular ions.

CONCLUSION

Heparin oligosaccharides produced from deaminative cleavage are well suited
for FABMS analyses. The m /z values of the molecular ions obtained from native
material and permethyl and peracetyl derivatives in the negative-ion mode provide
data which define the size and the heterogeneity of the sample as well as the
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degree of sulphation. Since deaminative cleavage occurs at each N-sulfated glu-
cosamine site, resulting in the reducing end aMan after reduction, additional
glucosamine residues in the oligosaccharide fragments isolated will be N-acetylated.
In the positive mode, this ensures a favoured mass-spectrometric cleavage site>
for both the permethyl and peracetyl derivatives, giving abundant non-reducing
end sequence ions at each HexA-HexNAc repeat. Important structural data are
provided by the B-eliminative degradation products produced during the permeth-
ylation reaction. They yield characteristic pairs of ions which unambiguously define
the number of sulfate substituents on each disaccharide repeat. Additional se-
quence information is provided by the fragment ions, mostly arising from fB-clea-
vages, and from the molecular ions of the products of methanolysis. Further, we
have shown that base catalysed peracetylation procedures arc compatible with
sulfated samples and lead to little or no desulfation. These derivatives afford high
quality spectra.

The present study constitutes the first rigorous FABMS study of permethylated
and peracctylated heparin derivatives. The methodology used in this work is
designed to maximise the amount of structurally useful data present in the mass
spectra. In some structural studies, it may not be necessary to carry out derivatisa-
tion procedures, notably when large quantitics of very clean sample permit the
detection of ring- and glycosidic-cleavage ions from underivatised samples. How-
ever, in our experience, most biological applications demand the better quality
data afforded by derivatives. Further, with judicious choice of strategy, a range of
data can be obtained from a single sample for example, by implementing the
following series of steps: (/) deuterioacetylation and positive and negative FABMS
analyses of a portion of the products (typically 10% for cach analysis); (i)
permethylation of the remaining derivatised sample, followed by negative and
positive FABMS of aliquots of the permethyl derivative; (ifi) methanolysis / positive
FABMS of the remainder of the permethylated derivative. In related studies in our
laboratory (Khoo, Dell, Morris, unpublished work with Sugahara), we have shown
that it is, indeed, feasible to carry out sequential reactions of this type starting with
a few micrograms of material.

The derivatisation strategies reported in this paper are applicable to the analysis
of a wide range of sulfated oligosaccharides. We expect that the FAB protocols
described by us, as well as by others in the field'?>~'>?! coupled with advances in
purifications and mass analysis technology, will permit structural characterisation
of biologically important sulfated carbohydrates which can be isolated in only trace
amounts from biological matrices.
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