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Abstract

MALDI and FAB mass spectrometry were applied to eight samples of laminarans from different
algal species. The existence of both M-chains (mannitol-containing) and G-chains (mannitol-free)
was confirmed for six of them, as well as the absence of M-chains for laminarans from two
Cystoseira sp. It was found that Cystoseira barbata and C. crinita glucans contain a small percen-
tage of N-acetylhexosamine-terminated chains. This is the first observation of nitrogen-containing
sugars in laminarans. The presence of cyclic structures in some laminaran samples is suggested by
the MALDI and FAB data. This study demonstrates the power of modern mass spectrometry for
defining d.p. profiles in complex mixtures of polysaccharides and for rapidly and sensitively
revealing the presence of novel components. © 1998 Elsevier Science Ltd. All rights reserved
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1. Introduction

Laminarans (laminarins) are a class of low-
molecular-weight storage S-glucans of brown algae

Abbreviations: DHB, dihydroxybenzoic acid; DMSO,
dimethyl sulphoxide; d.p., degree of polymerisation; FAB, fast
atom bombardment; MALDI, matrix-assisted laser deso-
rption/ionisation; MS, mass spectrometry; TFA, tri-
fluoroacetic acid; TOF, time-of-flight.
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consisting of (1—3)-B-D-glucopyranose residues in
which some 6-O-branching in the main chain and
some B-(1—6)-intrachain links are present [1-3].
The majority of laminarans contain polymeric
chains of two types: one type is built only of Glcp
residues (G-chains), whereas the other type is ter-
minated with 1-O-substituted D-mannitol residues
(M-chains) [1-3]. Laminarans from different algal
species may vary in structural features, for exam-
ple, in the M:G ratio (in some cases M-chains are
absent), in the degree of branching and d.p. (up to
50 carbohydrate residues, usually ca. 25), and in
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the ratio of (1—3)- and (1—6)-glycosidic bonds.
Several laminarans have been shown to have
structures quite distinct from that originally sug-
gested for the commercially available preparations
from Laminaria sp. [2-4].

Laminarans are of increasing current interest
because some of their derivatives have been shown
to have interesting biological activities. For exam-
ple, a fluorescent-tagged heptasaccharide prepared
from Eisenia bicyclis laminaran has been demon-
strated to have elicitor activity [5], and a glucan
with immunostimulating activity was obtained by
transglycosylation of laminaran from Laminaria
cichorioides [6].

Laminarans were one of the subjects for the
development of classical chemical methods of
polysaccharide structural analysis [1]. More
recently, progress in mass spectrometry, in parti-
cular, the invention of effective methods of ionisation
from condensed phases makes direct MS analysis
of laminarans as mixtures of oligosaccharides a
powerful means of characterisation. Read et al. [7]
used electrospray-ionisation mass spectrometry to
elucidate the size heterogeneity and branching
structure of permethylated derivatives of a com-
mercial preparation of laminaran from Laminaria
digitata; native laminaran of the same origin was
recently studied using MALDI-MS [8]. In addition,
FAB-MS has been widely used in the analysis of
many polysaccharides whose size and complexity
are comparable to the laminarans [9].

Here we report the application of FAB and
MALDI mass spectrometry for the structural ana-
lysis of laminarans from several algal species. We
show that MALDI-MS of native laminarins is a
rapid and sensitive means of defining d.p. profiles
whilst analysis of permethyl derivatives by either
technique is particularly useful for investigating
minor and/or novel components.

2. Experimental

Materials.—Laminaran from Laminaria digitata
was obtained from Sigma Chemical Company (lot
S50H3839). Laminaran from L. hyperborea was
purchased from  Koch-Light Labs. (lot
3423H46917). Laminarans from Alaria angusta,
Chorda filum, Cystoseira barbata, C. crinita, Lami-
naria cichorioides, and Sphaerotrichia divaricata
were isolated previously [4]. The following reagents
and solvents were used: DMSO (Romil), methyl

iodide, sodium borohydride and sodium boro-
deuteride (Aldrich Chemical Co.), sodium hydro-
xide (BDH), acetonitrile and chloroform (HPLC
grade, Rathburn).

Analytical techniques.—Methylation of lami-
naran samples prior to FAB-MS was performed
using a modification of the NaOH slurry method
previously described [10]. Samples (0.1-1.2mg)
were solubilised in DMSO at 40 °C and a slurry of
NaOH in DMSO was added to the solution fol-
lowed by methyl iodide (0.2 mL). The mixture was
vortexed for 20min and then the addition of
NaOH and Mel was repeated. The mixture was
vortexed periodically for 1 to 1.5h then cooled on
ice before the reaction was terminated by the
addition of 1mL of water. Permethylated lami-
naran was extracted with chloroform (2mL), and
the organic layer was washed with water (3x2mL)
before drying under a stream of dry nitrogen.

Methylated laminarans were purified on Sep-
Pak® CI18 cartridges (Waters Ltd.) as previously
described [10]. Eluates of 35, 50, 75, and 100%
acetonitrile were collected and freeze-dried.

FAB MS.—Positive-ion mode FAB mass spectra
of methylated laminarans were obtained with a
ZAB-2SE-FPD mass spectrometer fitted with a
cesium ion gun operated at 30kV. Mono-
thioglycerol (Sigma) was used as the matrix. Sam-
ples were dissolved in methanol proir to aliquoting
into the matrix.

MALDI MS~—MALDI-TOF mass spectro-
metry was performed using a Voyager Elite Per-
Septive Biosystems Biospectrometry Research
Station laser-desorption mass spectrometer cou-
pled with delayed extraction. Samples of native
laminarans (0.2 to 1 mg) were dissolved in a mini-
mum amount of UHQ water (100 to 300 L) and
x10 and x100 dilutions in UHQ water were made.
Aliquots (1 uL) of each sample were analysed. The
short methylation procedure described in [10] was
used for preparation of methylated samples for
MALDI-MS. Methylated laminarans were dis-
solved in 80:20 v/v methanol:water prior to addi-
tion to the matrix. 2,5-Dihydroxybenzoic acid
(DHB) was used as the matrix. Insulin B chain was
used as an external calibrant.

3. Results

Laminaran samples—The following samples
were examined (i) mixtures of M- and G-chains
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from Alaria angusta, Chorda filum, Laminaria
cichorioides, L. hyperborea, L. digitata and S.
phaerotrichia divaricata; (1) G-chains from Cysto-
seira barbata and C. crinita [4,11].

MS of mannitol-containing laminarans.—Native
laminarans were examined by MALDI-MS to
establish d.p. profiles. In these experiments, M-
chains and G-chains, which differ by only 2 mass
units cannot be distinguished at high d.p. values.
Therefore, in a second set of experiments, samples
were converted to their permethylated derivatives
thus increasing the mass interval between G and M
oligomers to 16 mass units, allowing unambiguous
discrimination by MALDI-TOF at all d.p. values.
Native laminarans from A. angusta, L. cichorioides,
L. hyperborea, L. digitata, and S. divaricata gave
MALDI spectra of similar appearance which
closely resemble the data from Novotny et al. [§]
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Fig. 2. MALDI-TOF mass spectrum of native laminaran from C. filum. Each major [M + Na] ™ molecular ion is accompanied by a

minor [M +K]™ ion to higher mass.

are absent in spectra of the other M- and G-chain-
containing laminarans indicating that water loss
does not normally occur during MALDI analysis
of laminarans. Thus the “minus 18 signals in the
C. filum laminaran spectrum are probably mole-
cular ions of minor constituents of the sample
which, prior to MALDI-MS, have lost water by
cyclisation or elimination. Cyclisation was sug-
gested by MALDI and FAB data of permethylated
derivatives. Partial MALDI data for permethy-
lated L. hyperborea and C. filum laminarans are
shown in Fig. 3(a) and (b), respectively. The major
molecular ions in Fig. 3(a) occur as pairs corre-
sponding to G-chains and M-chains. In contrast,
the spectrum of laminaran from C. filum is more
complex with each abundant molecular ion cluster
containing a prominent signal 46 mass units below
the ion corresponding to the G-chain (reducing-
end constituent) [Fig. 3(b), see legend for assign-
ments]. Corroborative data were obtained in the
FAB experiments (data not shown). The 46 mass
units intervals are consistent with cyclisation.
Further, the absence of analogous satellites for
M-chains suggests that cyclisation involves the
reducing end residue. Whether the cyclic compo-
nents are macrocycles or have an anhydro sugar at
the reducing end remains to be established.

MS of mannitol-free laminarans.—Laminarans
from C. crinita and C. barbata are believed to be
mannitol-free [4a]. This was confirmed by MS
experiments on native and methylated samples.
However, peaks distinct from [G,, + Na]™ molecular
ions were found for both laminarans suggesting the

existence of novel minor constituents. Thus
MALDI analysis of C. crinita laminaran showed
molecular ions consistent with G-oligomers up to
d.p. 31 with abundance peaking at d.p. 23 [Fig. 4;
(a) native and (b) methylated]. However, close
examination of the methylated data revealed two
regions of the spectrum where clusters of ions
indicated additional components, namely d.p. 5 to
d.p. 10 and d.p. 16 to d.p. 17 [Fig. 4(b)]. The latter
show abundant signals 46 mass units lower than
the corresponding G, value consistent with cyclic
components (see discussion of C. filum data
above). This was corroborated by FAB-MS of
methylated, deuteromethylated and reduced/
methylated derivatives (data not shown). The for-
mer are more interesting. They exhibit satellite
signals 41 mass units higher than the sodiated ion
for G,. This mass interval is consistent with the
presence of a HexNAc residue. These “plus 417
components were clearly observed in the FAB-MS
experiment where purification on Sep-Pak C18 (see
Experimental) resulted in their enrichment in the
50% acetonitrile fraction [Fig. 4(c)]. Notably these
constituents gave both [M+H]* and [M+Na]™*
ions, in contrast to the G, components which
exhibited sodiated molecular ions only. This is in
accord with the well established FAB-MS beha-
viour of HexNAc containing oligosaccharides [9].
Importantly, an A-type fragment ion at m/z 260
[Fig. 4(c), inset], which shifts to m/z 272 in the
spectrum of the deuteromethylated derivative
(data not shown) establishes the non-reducing
terminal location of this putative HexNAc [9].
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Fig. 3. Partial MALDI-TOF mass spectra of methylated laminarans from (a) L. hyperborea and (b) C. filum. In addition to the
signals assigned in the text the C. filum spectrum shows a major signal in each cluster consistent with undermethylation at two sites
in each of the M-chains. This is probably due to the mild methylation procedure which was employed in order to minimise peeling

reactions (see Experimental).

These observations are very surprising because no
amino sugars have been found in polysaccharides
of brown algae except the recent finding of an N-
acetylglucosamine-containing minor fraction of
commercial fucoidan from Fucus vesiculosus [12].
Experiments are under way to define the amino
sugar found in C. crinita laminaran. No NAc sig-
nals were observed in the 3C NMR spectrum of
this sample [4a] but this is not surprising in view of
the low abundance of HexNAc which is present
as only a single residue in oligomers of d.p. 5-10
which themselves constitute less than 5% of the
total oligomer population.

The MALDI spectrum for native C. barbata
laminaran contains major [G,+Na]" signals for
components up to d.p. 32. Mono-HexNAc-con-
taining ions are observed for the higher oligomers,

d.p.=22-31 (Fig. 5). FAB analysis of the per-
methylated derivative confirmed the presence of
terminal HexNAc (data not shown). Thus both
Cystoseira species appear to be capable of incor-
porating HexNAc into their laminarans although
they differ with respect to the d.p. values of the
HexNAc-containing components.

4. Discussion

Eight laminarans from different species of brown
algae were studied by MALDI MS (both in native
and methylated forms) and FAB MS (as per-
methylated derivatives). The existence of M- and
G-chains was confirmed for Alaria angusta,
Chorda filum, Laminaria cichorioides, L. digitata,
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Fig. 5. MALDI-TOF mass spectrum of native laminaran from C. barbata.

L. hyperborea, and Sphaerotrichia divaricata, and
the absence of M-chains in laminarans from
Cystoseira barbata and C. crinita was demon-
strated unambiguously. The MS experiments pro-
vided evidence for the existence of minor amounts
of cyclic oligomers in some samples. In addition,
the glucans from Cystoseira sp. were unexpectedly
found to contain a small percentage of N-acetyl-
hexosamine-terminated chains.

The data in this paper illustrate the power of
modern MS technology for defining d.p. profiles of
polysaccharides and for revealing the presence of
unexpected constituents such as the cyclic and
HexNAc-containing oligomers observed in this
work. MALDI-TOF is the technique of choice for
analysing native laminarans but FAB-MS is a
valuable complement to MALDI for the study of
derivatives and is particularly useful for establish-
ing the location of HexNAc residues via A-type
cleavage [9] which reliably occurs at HexNAc in
the FAB experiment. The main drawback of FAB-
MS for the investigation of d.p. profiles is the drop
of signal intensity in the high m/z range and, hence,
overestimation of lower-mass components. Thus,
the d.p. patterns obtained by FAB-MS do not
accurately reflect relative concentrations of low
and high molecular weight components and the
higher molecular weight cut-off should be inter-
preted with caution. The d.p. distribution defined
from MALDI mass spectra is in more close agree-
ment with that found by HPAEC [14].

It should be noted that peaks due to derivatisa-
tion artefacts were observed in FAB mass spectra if
long reaction times were employed in order to
minimise undermethylation (see Experimental).

For example, “‘minus 46 signals were present in
some methylated samples which did not exhibit
corresponding “minus 18" signals prior to methy-
lation. The components which afford these signals
are probably produced by alkaline degradation
(“peeling”, ref. [2], pp 28-31) resulting in per-
methylated 6-O-glycosylated 3-O-deoxyhexono-
lactones. At least in aqueous media, the formation
of  6-O-glycosylated  3-deoxyhexonic (meta-
saccharinic) acids has been established for alkaline
peeling of B-(1—3, 1—6)-glucans [15]. Whilst the
presence of artefact peaks does not interfere with
d.p. and/or M and G assignments from permethyl
derivatives, caution needs to be exercised when
assigning possible artefact peaks since genuine
dehydrated and/or cyclic components give the
same molecular ions. Although artefacts can com-
plicate the spectra of derivatives, it is nevertheless
important to acquire data from derivatives, as well
as their native counterparts, because (i) very minor
components might be revealed due to the extra
sensitivity conferred by derivatisation, and (ii)
derivatisation permits fragment ions, for example
those derived from elimination of water from
native samples, to be distinguished from genuine
molecular ions. Furthermore, structurally useful
fragment ions, e.g., the HexNAc A-type ion, may
be present in the FAB spectra of derivatives.
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