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A fucoidan, a heterogeneous sulfated polysaccharide from the brown alga Fucus evanescens, was depoly-
merized under solvolytic conditions, and its ethanol-extracted low-molecular-weight fraction was ana-
lyzed by MALDI-TOFMS and ESIMS/MS. It was found that the mixture contained unsulfated
oligosaccharides including some monosulfated components, which were shown to consist of mainly
(1-3)-linked 2-O-sulfonated fucose residues (from 1 to 4). Minor components of the mixture were
shown to contain 2-O- and 4-O-sulfonated xylose and galactose residues. Among them, mixed monosulf-

IF?C' (‘;‘;Zﬁf" onated fucooligosaccharides were detected and characterized: Xyl-(1-—4)-Fuc, Gal-(1—4)-Fuc, Gal-
Sulfated polysaccharide (1-4)-Gal-(1—-4)-Fuc, Gal-(1—-4)-Gal. Fucose, galactose, and xylose residues were shown to be mainly
Structure 2-O-sulfonated with traces of 4-O-sulfonation. Glucuronic acid was also found as a part of non-sulfated
ESIMS fucooligosaccharides: Fuc-(1-3)-GlcA, Fuc-(1-4)-Fuc-(1-3)-GlcA, Fuc-(1-3)-Fuc-(1-4)-Fuc-(1-3)-
MALDI-TOFMS GIcA.

Brown alga © 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Fucoidans belong to a family of sulfated homo- and heteropoly-
saccharides possessing diverse biological activities.!? They include
polysaccharides with a high content of glucuronic acid and a low
content of fucose and sulfates, and polysaccharides built as sul-
fated homopolymers of fucose (fucans). Galactose, mannose,
xylose, and rhamnose moieties have also been found in various
fucoidans.>® Although fucoidans have been known since 1913,
only a few structures have been fully established. Brown algae syn-
thesize highly branched polysaccharides with species-specific su-
gar compositions,>>7® and for this reason, fucoidan structures
are extremely diverse. It was recently shown that fucoidans have
o-(1—3)-backbones or repeating disaccharide units of o-(1-3)-
and o-(1-4)-linked fucose residues with O-2 branches. Depending
on the structure of the main chain, fucoidans may be sulfonated at
0-4, 0-2, or at both positions of fucose units.>¢°-'2 Some fucoidans
are both sulfated and acetylated.>'®> Generally, brown seaweeds
belonging to the orders Chordariales and Laminariales (Phaeospo-
rophyceae) produce polysaccharides built of (1-3)-linked o-L-
Fucp residues in the main chains.>!"3-1> Side chains consist of
p-glucuronate (Cladosiphon okamuranus) or fucose residues (Chorda
filum), and are attached to the 0-2 position of the main chain’s
fucose residues in a regular manner. However, this regularity is
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masked by random sulfation and acetylation. An exception is the
fucoidan from Laminaria gurjanovae,'® which is, in fact, a galactofu-
can similar to the fucoidan from Undaria pinnatifida.'” The main
chains of the fucoidans from brown seaweeds of the order Fucales
(Cyclosporophyceae) are built mainly of alternating (1-3)- and
(1—-4)-linked a-i-fucosyl residues. Fucoidan from Fucus evanes-
cens, belonging to the same order, also was shown to contain a lin-
ear backbone of alternating 3- and 4-linked o-L-fucopyranose
2-sulfate residues. Additional sulfate occupies position 4 in some
3-linked fucose residues.®%18

Chemical methods of structural analysis, as well as NMR spectra
of native algal fucoidans, usually give only partial information on
their structures. In order to simplify the structure of the polysac-
charide and obtain interpretable NMR spectra, some chemical
modifications are applied to native fucoidan: acid hydrolysis,
desulfation and deacetylation.'®2° The yield of polysaccharide after
these procedures often does not exceed 2-7% of the crude prepara-
tion.>2?! Thus, a large amount of structural information on minor
components found in known seaweed fucoidan samples (galactose,
mannose, xylose and glucose) is being lost.

Along with NMR spectroscopy, MALDI-TOF (matrix-assisted
laser desorption/ionization time-of-flight) and ESI (electrospray-
ionization) mass spectrometry are analytical methods of high sen-
sitivity and selectivity. Their benefits include wide dynamic range,
the ability to observe a diverse number of molecular species, and
reproducible quantitative analysis. They are perfectly suitable for
anionic carbohydrates analysis.?> Recent MS studies on
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fucoidans'®?>2* have shown the capabilities of MS methods
to effectively reveal additional structural and compositional
information.

The present work is devoted to the structural features analysis
(in addition to structures, established mostly with NMR by Bilan
et al.® and Kusaykin et al.’®) and determination of the exact loca-
tion of minor structural elements of the fucoidan isolated from
the Pacific brown alga F. evanescens (order Fucales, Cyclosporophy-
ceae, Phaeophyta), by MALDI-TOFS and ESIMS/MS.

2. Results and discussion

The fucoidan from F. evanescens, which was shown® to be a lin-
ear polymer with alternating (1-3)- and (1—4)-linked fucose res-
idues, sulfonated mainly at O-2 and partially acetylated,
substantially differed from the fucoidan fraction under study. Our
sample was shown to contain nearly 3.5 times more (1-3)-linked
fucose residues over (1—4)-linked units.'® Fucoidan was depoly-
merized under solvolytic conditions (see Section 4) and low-
molecular-weight oligosaccharides suitable for MS analysis were
obtained. It was previously shown by our group (for the fucoidan
from the brown seaweed L. gurjanovae) that products of desulf-
ation contained low-molecular-weight unsulfated fragments of
fucoidan as the main product of reaction, along with desulfated
polysaccharide. The mixture still contained some sulfated oligosac-
charides, detected by MALDI-TOFMS in the negative-ionization
mode.'® Although it was known that during solvolysis some cleav-
ages of glycosidic bonds might occur,>?! this is the first work,
where low-molecular-weight unsulfated fragments of fucoidan
(still containing a minor percent of sulfated oligosaccharides) were
extracted and then analyzed by MALDI-TOF and tandem ESI mass
spectrometry.

The low-molecular-weight mixture, extracted from products of
desulfation with EtOH, dSImf, was analyzed by MALDI-TOFMS in
the positive-ion mode without any purification. A distribution of
singly charged ions corresponding to fucose oligomers [Fuc, + Na]*
(n=1-6) was detected (see insertion in Fig. 1). There were some
less-intensive signals in the spectrum, which were found to be ions
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from mixed oligosaccharides when one of the fucose residues in
the chain was substituted by another sugar residue, that is, [Fuc.
Pent; + Na]* at m/z 319.0 and [Fuc,Hex; + Na]* at m/z 349.1 dif-
fered from [Fuc, +Na]® at mjz 333.1 by —14 and +16Da,
respectively. Thus, pentose- and hexose-containing oligosaccha-
rides were detected in a positive MALDI-TOFMS of dSImf as
[Fuc,Pent + Na]*, n = 1-6 and as [Fuc,Hex + Na]", n = 1-6. Oligosac-
charides, containing uronic acid, were not detected. Then, a sample
was separated using reversed-phase HPLC (see Section 4). An anio-
nic fraction 1, which was not retained on the column (AF1), was
exposed to ESIMS analysis in the negative-ion mode to investigate
if some sulfated oligosaccharides remained in the mixture.

The high sensitivity of the ESI Q-TOF instrument allowed us to
acquire interpretable MS/MS spectra of sulfated sugar compounds
with even trace quantities, including those detected in this case,
uronic acid-containing oligosaccharides (see Fig. 1). The fact that
sulfated oligosaccharides were detected indicates that the desulf-
ation reaction was not exhaustive. Due to the monosaccharide
composition analysis, pentose was assigned to xylose (Xyl), hexose
was assigned to galactose (Gal), hexuronic acid was assigned to
glucuronic acid (GIcA), (see Section 4). Full information on the frag-
ments found in AF1 is depicted in Table 1. For the first time, to our
knowledge, we have shown that the fucoidan (fraction AF1) from F.
evanescens contained sulfated xylose (at m/z 229.006) and galact-
ose (at m/z 259.018) residues. Free uronic acid was not detected,
but was found in fragments [Fuc,GlcA-Na]~, n=1-3 for the first
time.

It is clear that each peak in the mass spectrum of AF1 may con-
tain a number of isomers, which may differ in sulfation pattern,
type of linkages, etc. But by having characteristic ions of each iso-
mer in a collision-induced dissociation (CID) MS/MS spectrum, we
often may reveal the structural features of separate components.
Recent studies proposing the formation of characteristic ions dur-
ing negative CID MS/MS on sulfated fucose isomers?® and sulfated
fucooligomers?* were used in the present work. It was shown that
the formation of the %A, ion (following Domon and Costello’s
nomenclature® see Fig. 2) required an available hydrogen at the
C-3 hydroxyl group in order to assist breaking of the bonds be-
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Figure 1. Negative-ion mode ESIMS spectrum of sulfated oligosaccharides of fraction AF1, obtained from the dSImf fraction by HPLC on a C18-column (inset contains a
positive-ion mode MALDI-TOFMS of the oligomeric fraction dSImf, obtained under solvolytic conditions).
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Table 1
ESIMS observed m/z values of the main and minor ( ) oligosaccharides of fraction AF1
from the fucoidan from brown alga F. evanescens

mfz Composition
229.000" [Xyl;SO3Na-Na]~
243.018 [Fuc;SOsNa-Na]~
259.013 [Gal;SO;Na-Na]~
339.093 [Fuc;GIcUA; ]~
375.060" [Fuc;Xyl;SO3Na-Na]~
389.076 [Fuc,SOsNa-Na]~
405.071" [Fuc;Gal;SOsNa-Na]~
421.060° [Gal,SO3Na-Na]
485.151 [Fuc,GICUA; ]~
521.118 [Fuc,Xyl;SO3Na-Na]~
535.133 [Fuc;SOsNa-Na]~
551.128" [Fuc,Gal;SOsNa-Na]~
567.125 [Fuc;Gal,SOsNa-Na]~
631.209° [FucsGICUA;]~
681.191° [Fuc,SO3sNa-Na]

tween C-2 and C-3; hence, no ®?A, ions appeared upon fragmenta-
tion of (1—3)-linked disaccharides.?®

Figure 3 shows the CID MS/MS fragmentation of the ion at m/z
229.003, corresponding to [XylSOsNa-Na]~. The most abundant
ion at m/z 96.963 suggested the loss of HSO,~ (this ion was present
on every MS/MS spectrum of sulfated compounds and will not be
mentioned further), and less-intensive fragments at m/z 138.970
and 168.979 from cross-ring cleavage were seen. The first one
was assigned to the ®ZX-type ion, indicating sulfation of the xylose
at position 2, and the second ion was assigned to the ®2A-type frag-
ment, suggesting sulfation at position 4. The ®*X-type ions were
not detected. Thus, the mixture contained 2-O- and 4-O-sulfonated
xylose. Again, to the best of our knowledge, this is the first detec-
tion of sulfated xylose residue in the fucoidan under study.

The MS/MS spectrum of the xylose-containing fragment [Fuc;_
Xyl;SOsNa-Na]~ at m/z 375.059 exhibited a complicated fragmen-
tation pattern (see Fig. 4). Fragment ions at m/z 210.993 and
225.006 were assigned to Z-type ions arising from glycosidic bond
cleavage of dehydrated xylose and fucose sulfates, respectively. It
is worth noting, that the residue of xylose sulfate on the reducing
end exhibited much less Y;-type fragmentation (Y'; at m/z
228.996) than a fucose sulfate residue at m/z 243.014. Abundant
02x, ions at m/z 138.972 suggested that reducing sugars were sul-
fonated at the O-2 position; however, the presence of %?A;-type
ions of low intensity at m/z 168.976 and 182.994 indicated sulfona-
tion at the O-4 position of some nonreducing xylose and fucose
residues, respectively. The %2X; fragment ions found at m/z
271.008 and 285.032 might also arise from disaccharides where
sulfate occupied the C-2 position of a nonreducing sugar residue.
The 93X, fragment ion at m/z 301.012 from cross-ring cleavage of
structure with reducing fucose and nonreducing sulfated xylose
residue showed that this structural fragment might be (1-3)-
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Figure 3. Negative-ion mode CID ESIMS/MS spectrum of the ion [XylSOsNa-Na]~ at
mj/z 229.003.

linked. Other strong evidence of (1—3)-linkage was absent. The
relatively high abundance of %2X, and %?A, fragments (second
one from both reducing xylose and fucose residue, when the non-
reducing sugar is sulfated) indicated that (1—4)-types of linkages
of the both structure variants were present. The CID MS/MS spec-
trum of the longer xylose-containing fragment [Fuc,Xyl;SOsNa-
Na]~ at m/z 521.126 (data not shown) yielded ambiguous data. It
was not even possible to distinguish the position of xylose because
of the same molecular weight of the key fragments.

Figure 5 shows the CID MS/MS spectrum of [Fuc;GlcA-Na]~ at
m/z 339.093. The most abundant %2X; fragment at m/z 235.046 ar-
ose from cross-ring cleavage of the nonreducing end fucose residue.
Fragment ions at m/z 175.025 and 193.036 were assigned to Z; and
Y; ions (GlcA and GlcA-H,0), respectively, arising from cleavage of
the glycosidic bonds. The ion at m/z 261.061 was assumed to be a
25p,-type ion, arising from cross-ring cleavage of the reducing
end GIcA. Such a unique cleavage has been reported to be from
reducing uronic acids, only.?” Thus, assuming all the above-men-
tioned and low-intensity %?A,-type fragments, found at mjz
279.067, (arising from reducing GlcA), we could presume that the
mixture contained (1—3)-linked fucose and GlcA residues as preva-
lent components. The fragmentation pattern of the next uronic
acid-containing trisaccharide [Fuc,GIcA-Na]~ ion at m/z 485.158
and [Fucs3GlcA-Na]~ ion at m/z 631.204 was similar, so the discus-
sion would proceed with the last tetrasaccharide, whose CID MS/
MS spectrum is shown in Figure 6. The major fragmentation of
the selected ion yielded Y- and Z-type ions as the main fragments,
corresponding to successive cleavages of glycosidic bonds of the
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Figure 2. Nomenclature according to Domon and Costello.?
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Figure 5. Negative-ion mode CID ESIMS/MS spectrum of [Fuc;GlcA-Na]~ at m/z 339.093].

oligosaccharide chain: Z; and Ys ions found at m/z 467.140 and
485.147 suggest cleavage of fucose and its dehydrated form from
the nonreducing end; Z, and Y, ions, found at m/z 321.083 and
339.097 suggest cleavage of fucobiose and its dehydrated form
from the nonreducing terminus and so on. Thus, while the spectrum
contained characteristic >°A, and %A, ions of glucuronic acid (see
discussion of the [Fuc;GIcA-Na]~ fragment) found at m/z 553.174
and 571.189 and contained no %3A- or %3X-type ions, that suggested
branching, we had concluded that the selected ion had a linear
structure with a reducing end of glucuronic acid. The lack of inter-
ference from the sulfates and suitable position of the glucuronic
acid allowed us to analyze the intensities of “2X-fragments of the
fucotriose chain. The ®2X; fragment ion at m/z 527.159, arising from
a nonreducing-end terminal fucose residue, had the highest abun-
dance, because the fucose residue had an available hydrogen of

the hydroxyl at C-3 (see above), that would assist in breaking bonds
between C-2 and C-3. The ®?X, fragment ion at m/z 381.102 of the
second fucose residue from the nonreducing end had a dramatically
lower intensity, having the prevalence of the (1—3)-type linkage
over the (1-4)-type. In the same manner, the *?X; fragment ion
at m/z 235.045 of the third fucose residue from the nonreducing ter-
minus had an abundance of about three-times higher than previous
fragment, having a prevalence of the (1—4)-type linkage over a
(1-3)-linkage. The low-abundant ®?A, fragment ion at m/z
571.204 suggested that the Fuc residue, following the GIcA residue,
was mainly (1-3)-linked. Summarizing all the facts mentioned
above, we have concluded that the prevalent structure of the se-
lected ion was Fuc-(1-3)-Fuc-(1—-4)-Fuc-(1-3)-GlcA. As men-
tioned above, the similar mass spectrum of the [Fuc,GlcA-Na]~
(data not shown) ion at m/z 485.151 also contained Fuc-(1-4)-
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Figure 6. Negative-ion mode CID ESIMS/MS spectrum of [FucsGlcA-Na]~ ion at m/z 631.204.

Fuc-(1-3)-GIcA as a primary structural variant. Previously, the
fucoidan was shown to contain a linear backbone of alternating
3- and 4-linked o-1-fucopyranose.® Hence, most probably, GlcA-
containing fragments, found in the low-molecular-weight products
of solvolysis, represented GlcA-ended backbone fragments.

After obtaining CID fragments of the abundant [FucSOsNa-Na]~
ion at m/z 243.016 (data not shown), we acquired essentially the
same results as Daniel et al., 2007 with fucooligosaccharides from
Ascophillum nodosum. The difference was that our sample con-
tained both 2-O- and 4-O-sulfonated fucose in the mixture, since
the intensities of the ®?A-ion at m/z 182.996 and %?X-ion at m/z
138.971 were almost equal.

The fragmentation pattern of the most abundant [Fuc,SO3Na-
Na]~ ion at m/z 389.082 was in many ways similar to the [Fucs-

225,007

164,987
182,996
206,997

— 329,054

SOsNa-Na]~ ion at m/z 535.131 shown in Figure 7. CID MS/MS
fragmentation exhibited the abundant ion at m/z 225.007, which
was assigned as the fragment from glycosidic bond cleavage (dehy-
drated form of a sulfated fucose residue) as well as the ion at m/z
243.017 (sulfated fucose residue). Less-intensive fragments from
glycosidic bond cleavages were found at m/z 371.065 and
389.074, assigned to a dehydrated fucobiose sulfate and fucobiose
sulfate, respectively. The %?X,-type ion at m/z 138.971 and %2X; at
m/z 285.029 from cross-ring cleavage indicated that sulfonation
might occur at the O-2-position of nonreducing fucose and at the
same position of the second fucose from the reducing end, respec-
tively. The 92X, ion at m/z 431.085 could arise both from the sulfo-
nated O-2-position of the nonreducing-end fucose residue and
from the O-2 positions of the other fucose residues, since no %A,
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Figure 7. Negative-ion mode CID MS/MS spectrum of [Fuc;SOsNa-Na]~ at m/z 535.131.
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and %3A; fragments, indicating sulfonation at O-4, were found.
However, a weak signal found at m/z 182.996 suggested that the
nonreducing-end fucose residue of the parent ion might be 4-O-
sulfonated. Thus, with an increase in the degree of polymerization
it was harder to determine the sulfation pattern of the ions ob-
served. The low-abundant %?A,-ion at m/z 329.054 (compared to
02X,-ion at m/z 431.085 from cross-ring cleavage of nonreduc-
ing-end fucose with a free hydroxyl group at C-3) illustrated that
the parent ion with a possible structure, depicted in Figure 7
(structure to the left), had a prevalence of the (1—3)-type linkage
over the (1-4)-type between two nonreducing fucose residues.
However, the MS/MS spectrum contained a %3X;-type ion, found
at m/z 315.037 along with %2X; at mjz 285.029, confirming a
(1-4)-type linkage between the nonreducing fucose residues
(see Fig. 7, structure to the right). The low intensity of ®?A; ion
at m/z 475.112 and the above-mentioned %X, also suggested the
prevalence of a (1—3)-type linkage over a (1—-4)-type. All the data
gathered on the selected ion was in good agreement with the
structural features of the fucoidan sample from F. evanescens re-
ported by Kusaykin et al.'® The longer sulfated fucooligosaccharide
fragments were not analyzed due to the high complexity of the
mass spectrum and the abundant noise signals.

The fragmentation pattern of the [GalSOs;Na-Na|~ ion at m/z
259.018 (data not shown) was similar to that reported earlier.®
Again, the mass spectrum contained both an %?A-ion at m/z
198.992 and an %2X-ion at m/z 138.973 in high abundance, sug-
gesting 2-O- and 4-O-, and, probably 6-O-sulfonation. The %3A
fragment ions at 168.979 arising from cross-ring cleavages of the
pyranose ring could also be from 3-0-, 4-O-, and 6-O-sulfonation.
It is worthwhile to point out that galactose produced more intense
03A fragments than did fucose.

The CID MS/MS fragmentation of the very low-abundant [Gal,.
SOsNa-Na]~ ion at m/z 421.060 (see Fig. 8) yielded an abundant
ion at m/z 241.000 and a less intensive ion at m/z 259.012, arising
from glycosidic bond cleavage. They were assigned to a dehydrated
galactose sulfate and galactose sulfate residues, respectively. The
appearance of an %?X,-type ion at m/z 138.970 suggested sulfation
at 0-2 of the reducing-end galactose residue, while the %?X;-type
ion at m/z 301.022 and the %3X;-type ion at m/z 331.032 could also
suggest sulfonation at the O-2 of the nonreducing end galactose
moiety. The last ion might also arise from a (1—3)-linked disaccha-
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[Tel
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ride, sulfonated at the O-2-position of the reducing galactose resi-
due. The lack of characteristic ions, indicating sulfonation at 0-4 of
both reducing and nonreducing-end galactose residues among the
intensive ®?A,-ions at m/z 361.040 allowed us to presume that
structure Gal-2-SO,7-(1—4)-Gal had a prevalence over the other
structural variants of the [Gal,SOs;Na-Na]~ ion.

Looking to the disaccharides observed previously, we can pre-
dict that the selected [Fuc;Gal;SOsNa-Na]  ion at m/z 405.070
might also consist of several isomers, both with reducing fucose
and galactose residues, sulfonated at O-2- and O-4- of nonreducing
residues and at the O-2-position of the reducing-end residues (see
Fig. 9). Indeed, fragmentation exhibited an abundant ion at m/z
225.007 and 241.003 from glycosidic bond cleavage, corresponding
to dehydrated fucose sulfate and galactose sulfate residues, respec-
tively. The %2X, fragment ions at m/z 138.971 indicated sulfonation
at O-2-position of the reducing moiety, while ®?X-type fragment
ions found at m/z 285.029 and 301.021 revealed that nonreducing
galactose and fucose residues might be also 2-O-sulfonated. The
03A;- and °?A;-type fragment ions found at m/z 168.979 and
198.992, respectively, possibly suggest (see above), 4-O-sulfona-
tion of the nonreducing galactose residue. No ions, indicating 4-
O-sulfonation of nonreducing fucose residues, were found. Besides
the %2A,-ion at m/z 345.047 and the above-mentioned %*X,-type
ion of a relatively high abundance that suggested a (1-4)-type
linkage, we could not exclude a (1—3)-type linkage of the parent
ion. The evidence for a (1—3)-linkage might be the ®3A,-type ion
at m/z 315.042 of the structure shown in Figure 9 (bottom-left)
that has the same m/z as the %3X;-fragment of the other possible
structure shown in the same figure.

CID MS/MS fragmentation of the [Fuc;Gal,SOsNa-Na]~ ion at
m/z 567.124 shown in Figure 10 exhibited the most complex frag-
mentation pattern. The abundant ions at m/z 225.006 and 241.002
were assigned to Z-type ions from glycosidic bond cleavage frag-
ments and represented dehydrated forms of sulfated fucose and
galactose residues, respectively. Fragment ions at m/z 403.055
and 387.056 were assigned to cleavage of FucGal sulfate and its
dehydrated form, respectively. A signal corresponding to cleavage
of a sulfated galactose residue was found at m/z 259.009, and the
corresponding fucose-sulfate signal was not detected. The low-
abundant %2X;-type fragment ions at m/z 285.030 and 301.026
(see Fig. 10, upper and lower structures) suggested that the
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Figure 8. Negative-ion mode CID MS/MS spectrum of [Gal,SOs3Na-Na]~ ion at m/z 421.060.
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structural variants with reducing fucose and galactose existed
simultaneously in the mixture, probably as the 2-O-sulfonated at
the reducing-end sugar residue or at the same position of the prior
sugar residue. The 92X, fragment at m/z 138.971 gave additional
evidence of the 2-O-sulfonation of the reducing-end sugar residue,
while the ®3X, fragment at m/z 168.982 gave direct information of
a reducing-end galactose sulfonation at O-2, since the fucose pro-
duced much fewer %3X,-type ions. The nonreducing fucose residue
(see Fig. 10, bottom structure) seemed to contain no sulfate groups,
since no A, and or %?X,-type ions were found. Galactose, as men-
tioned above, was shown to produce more cross-ring cleavages of

the ©3X (°3A)-type. Thus, direct information on the type of linkage
was collected: the ions of ®3X;-type were found at m/z 331.023 and
477.097. The first one, marked with asterisk, suggested a (1-4)-
type linkage between the nonreducing fucose and galactose resi-
dues, while the last one, which is more abundant, suggested a
(1-3)-type linkage. It is worth mentioning that the ion at m/z
477.097 could also arise from an >>X,-type ion (cross-ring cleavage
of the nonreducing-end galactose residue, see Fig. 10, upper struc-
ture). The ®3X;-type ion at m/z 315.030, along with the ®?A,-type
ion at m/z 361.047, suggested that the structure, mentioned above,
had a (1-4)-type linkage between the nonreducing galactose
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residues. The %2A,-type ion, along with the %2X,-type ion at m/z
447.072, also suggested 2-O-sulfonation of the nonreducing-end
galactose residue. The Y,-type ion at m/z 421.065, which arose
from glycosidic bond cleavage, represented a sulfated Gal,-frag-
ment. The ®?A;-type ion at m/z 507.098, along with the ®3X,-type
ion at m/z 168.982, suggested that the second structural variant,
shown in Figure 10 at the bottom, also had a (1—4)-type linkage
between the reducing-end galactose residues. Assuming all the
facts mentioned above, we have concluded that the selected ion
had two prevalent structures: Gal-(1-4)-Gal-(1-3)-Fuc and Fuc-
(1-3)-Gal-(1-4)-Gal, with the different sulfonation pattern
(shown by the structures at the top and bottom of Fig. 10, respec-
tively). The type of linkage between the fucose and galactose resi-
dues, most probably, might be both (1-3)- and (1-4)-type
linkages.

3. Conclusions

The powerful capabilities of mass spectrometry (MS) allowed us
to acquire unique data on the unsulfated oligomeric fraction,
which is the major product of the solvolysis reaction (which usu-
ally goes to waste). MS data on some sulfated fucooligosaccharides,
also detected in the mixture, were found to be in agreement with
the results of former studies.”'® Precise information on the status
of the xylose, galactose, and glucuronic acid was found as a result
of our MS investigations: xylose (up to 1 residue) was found as
[Fuc,Xyl; + Na]*, n=2-6 by MALDI-TOFMS analysis of minor low-
molecular-mass solvolysis products. Galactose was found by the
same method as [Fuc,Gal; + Na]*, n=2-6 (signals may overlap
with K" adducts of Fuc,Gal;). This information was extended by
the ESIMS/MS data: xylose, found in the negative-ion registration
mode, was shown to be mainly 2-O- and 4-O-sulfonated; also it
was found in mixed oligosaccharides: [Fuc;Xyl;SOs],
[Fuc,Xyl;SO3]~ (We were unable to unambigously establish the
linkage type and sequence of the last ion.), having (1-4)- and
probably (1-3)-type linkages between xylose and fucose. Fucose
and xylose in these oligosaccharides were shown to be mainly 2-
O- and sometimes 4-O-sulfonated. Galactose was found to be a
2-0- and probably a 4-O-sulfonated monosaccharide. Galactose-
containing oligosaccharides were also found and characterized:
[Gal,SOs]~, [Fuc;Gal;SOs]~, [Fuc,Gal,SOs]~. Fucose and galactose
were also shown to be 2-O- and sometimes probably 4-0O-sulfo-
nated. The (1—4)- and (1-3)-type linkage between Fuc and Gal
was shown to be possible. Galactoses in [Fuc;Gal,SO3]~ and
[Gal,SOs]~ ions were shown to be (1—4)-linked. Structural fea-
tures of the [FucyGal;SO3]~ ion were not established precisely. Fu-
cose oligomers [Fuc,SOs]~, n = 1-4, were shown to be mainly 2-0O-
sulfonated and had a prevalence of (1-3)-type linkages over the
(1-4)-type. Most possibly the structures of glucuronic acid-con-
taining oligosaccharides found were Fuc-(1-3)-Fuc-(1—-4)-Fuc-
(1-3)-GlcA, Fuc-(1—-4)-Fuc-(1-3)-GlcA, Fuc-(1-3)-GIcA.

4. Experimental
4.1. General methods

Analysis of monosaccharide composition was performed by
the alditol acetate method.?° The hydrolyses were carried out
with 2 M trifluoroacetic acid at 105°C for 4h, followed by
reduction in H,O with NaBD, overnight at room temperature.
To identify the uronic acid, the hydrolysates were reduced with
NaBD,4, co-evaporated with 1N HCl five times to convert the
uronic acid to urono-1,4-lactone, reduced with NaBD,, and acet-
ylated.?° The alditol acetate derivatives were analyzed by gas-li-
quid chromatography (GLC) using a Hewlett-Packard 6850

chromatograph equipped with HP-5MS capillary column
(30m x 0.4mm) and wusing a temperature gradient of
150-230°C at 3 °Cmin~!. Monosaccharide samples were used
as standards. HPLC was performed on an Agilent 1100 instru-
ment equipped with a refractive index detector on a Silasorb
Cyg column (24 x 250 mm); flow rate 4.8 mL/min, 20 °C, isocratic
mode, in water. The main fraction (AF1) was eluted with the col-
umn void volume. All experiments were performed using ultra
pure water, produced with Direct-Q 3 equipment, manufactured
by Millipore (USA).

4.2. Depolymerization of fucoidan by solvolysis

Fucoidan from the brown alga F. evanescens was extracted and
purified as reported earlier.!® Purified fucoidan was deacetylated
by treatment with aq ammonia as described in the former stud-
ies.!> A single-step solvolytic desulfation procedure?® was used to
obtain oligosaccharides, suitable for MS analyses: deacetylated
fucoidan (100 mg) was changed to the pyridinium form!61820
and dissolved in 18 mL of DMSO (abs) and 2 mL of pyridine by stir-
ring, then heating at 100 °C for 10 h. The solution was diluted with
water and lyophilized. The low-molecular-weight fraction, dSImf,
was extracted from the dry residue (~60 mg) with EtOH. The
molecular mass distribution of dSImf, measured by MALDI-TOFMS
in the positive-ion mode, was in range of 187-917 Da (insertion at
Fig. 2). Fraction AF1 (~4 mg) was obtained from dSIlmf using HPLC
(see above). The molecular mass distribution of AF1, measured by
ESIMS in negative-ion mode, was in the range of 229-681 Da
(Fig. 2). The sugar composition of AF1, estimated by GLC of polyol
acetates (molar %) was Fuc—72.8%, Xyl—5.2%, Gal—4.6%, GlcA—
17.4%.

4.3. Mass spectrometric analysis

MALDI-TOFMS spectra were recorded with a BIFLEX-III MAL-
DI-TOF mass spectrometer with delayed extraction and reflector
modes (Bruker, Germany), equipped with nitrogen laser
(337 nm), with accelerating voltage of 19kV. DHB (2,5-dihy-
droxybenzoic acid) was used as the MALDI matrix in the posi-
tive-ion mode at a concentration of 10mg/mL of 1:1
acetonitrile-water. Sample preparation: 1 pL of the matrix solu-
tion was applied to a stainless steel plate and air dried, then
1 puL of a sample solution in water (~1 mg/mL) was applied as
a second layer. The mixture was air dried and then introduced
into the mass spectrometer. Matrix recrystallization with metha-
nol was applied when needed.

ESIMS spectra were recorded with an ESI Q-TOF mass spectrom-
eter (Agilent 6510 LC Q-TOF) with a dual electrospray-ionization
source. All spectra were acquired in the negative-ion mode, with
pre-calibration with a standard “HP-mix” for negative-ion mode.
The capillary voltage was set to 4000 V, and the drying gas temper-
ature was 325 °C. The fragmentor voltage was set to —243 V. The
isolation window for MS/MS experiments was set to 1.5 mass
units. The collision energy was optimized between 10 and 30V
by fragmentation abundance. The dried sample was dissolved in
1:1 acetonitrile-water (concentration of the sample was approx.
0.01 mg/mL) and introduced into the mass spectrometer at flow
rate of 5 pL/min using a syringe pump, manufactured by KD Scien-
tific (USA).

Acknowledgments

The work was supported by RFBR (Projects No. 09-04-00761),
FEB RAS grants and the program ‘Molecular and Cellular Biology’
for Basic Research of the Presidium of Russian Academy of
Science.



S. D. Anastyuk et al./Carbohydrate Research 344 (2009) 779-787

References

Berteau, O.; Mulloy, B. Glycobiology 2003, 13, 29R-40R.

2. Cumashi, A.; Ushakova, N. A.; Preobrazhenskaya, M. E.; D'Incecco, A.; Piccoli, A.;

10.

11.

12.

13.

Totani, L.; Tinari, N.; Morozevich, G. E.; Berman, A. E.; Bilan, M. L; Usov, A. L;
Ustyuzhanina, N. E.; Grachev, A. A.; Sanderson, C. J.; Kelly, M.; Rabinovich, G. A.;
lacobelli, S.; Nifant’ev, N. E. Glycobiology 2007, 17, 541-552.

Honya, M.; Mori, H.; Anzai, M.; Araki, Y. Hydrobiologia 1999, 399, 411-416.
Usov, A. I.; Smirnova, G. P.; Bilan, M. I.; Shashkov, A. S. Bioorg. Khim. 1998, 24,
437-445.

Zvyagintseva, T. N.; Shevchenko, N. M.; Chizhov, A. O.; Krupnova, T. N;
Sundukova, E. V.; Isakov, V. V. J. Exp. Mar. Biol. Ecol. 2003, 294, 1-13.

Bilan, M. L.; Grachev, A. A.; Ustuzhanina, N. E.; Shashkov, A. S. Carbohydr. Res.
2004, 339, 511-517.

Fitton, J. H. GlycoSci. Nutr. 2005, 6, 1-6.

Zvyagintseva, T. N.; Shevchenko, N. M.; Nazarenko, E. L.; Gorbach, V. L. J. Exp.
Mar. Biol. Ecol. 2005, 320, 123-131.

Bilan, M. I.; Grachev, A. A.; Ustuzhanina, N. E.; Shashkov, A. S.; Nifant'ev, N. E.;
Usov, A. L. Carbohydr. Res. 2002, 337, 719-730.

Chevolot, L.; Mulloy, B.; Ratiskol, J.; Foucault, A. Carbohydr. Res. 2001, 330, 529-
535.

Nishino, T.; Nagumo, T.; Kiyohara, H.; Yamada, H. Carbohydr. Res. 1991, 211,
77-90.

Patankar, M. S.; Oehninger, S.; Barnett, T.; Williams, R. L. J. Biol. Chem. 1993,
268, 21770-21776.

Chizhov, A. O.; Dell, A.; Morris, H. R.; Haslam, S. M. Carbohydr. Res. 1999, 320,
108-119.

. Nagaoka, M.; Shibata, H.; Kimura-Takagi, I.; Hashimoto, S.; Kimura, K.; Makino,

T.; Aiyama, R.; Ueyama, S.; Yokokura, T. Glycoconjugate J. 1999, 16, 19-26.

15.
16.

17.

18.

19.

20.

21.

22.
23.

24.

25.
26.

27.

28.

29.
30.

787

Sakai, T.; Kawai, T.; Kato, 1. Mar. Biotechnol. 2004, 6, 335-346.

Shevchenko, N. M.; Anastyuk, S. D.; Gerasimenko, N. I.; Dmitrenok, P. S. Russ. J.
Bioorg. Chem. 2007, 33, 88-98.

Lee, ]. B.; Hayashi, K.; Hashimoto, M.; Nakano, T. Chem. Pharm. Bull. (Tokyo)
2004, 52, 1091-1094.

Kusaykin, M. L.; Chizhov, A. O.; Grachev, A. A.; Alekseeva, S. A.; Bakunina, I. Y.;
Nedashkovskaya, O. I.; Sova, V. V.; Zvyagintseva, T. N. J. Appl. Phycol. 2006, 18,
369-373.

Usov, A. I.; Smirnova, G. P.; Bilan, M. L.; Shashkov, A. S. Bioorg. Khim. 1998, 24,
437-445.

Chizhov, A. O.; Dell, A.; Morris, H. R.; Haslam, S. M.; McDowell, R. A.; Shashkov,
A. S.; Nifant'ev, N. E.; Khatuntseva, E. A.; Usov, A. 1. Carbohydr. Res. 1999, 320,
108-119.

Bilan, M. L.; Grachev, A. A.; Ustuzhanina, N. E.; Shashkov, A. S.; Nifant'ev, N. E.;
Usov, A. L. Carbohydr. Res. 2006, 341, 238-245.

Zaia, ]. Mass Spectrom. Rev. 2004, 23, 161-227.

Daniel, R.; Chevolot, L.; Carrascal, M.; Tissot, B.; Mourao, P.; Abiand, ].
Carbohydr. Res. 2007, 342, 826-834.

Tissot, B.; Salpin, ]. Y.; Martinez, M.; Gaigeot, M.-P.; Daniel, R. Carbohydr. Res.
2006, 341, 598-609.

Domon, B.; Costello, C. E. Glycoconjugate J. 1988, 5, 397-409.

Daniel, R.; Berteau, O.; Chevolot, L.; Varenne, A.; Gareil, P.; Goasdoue, N. Eur. J.
Biochem. 2001, 268, 5617-5626.

Zhang, Z.; Yu, G.; Zhao, X.; Liu, H.; Guan, H.; Lawson, A.; Chai, W. J. Am. Soc.
Mass. Spectrom. 2006, 17, 621-630.

Minamisawa, T.; Hirabayashi, ]. Rapid. Commun. Mass Spectrom. 2005, 19,
1788-1796.

Sawardeker, ]J. S.; Sloneker, J. H.; Jeanes, A. Anal. Chem. 1965, 37, 1602-1604.
Jones, T. M.; Albersheim, P. Plant Physiol. 1972, 49, 926-936.



	Structural analysis of a fucoidan from the brown alga Fucus evanescens  by MALDI-TOF and tandem ESI mass spectrometry
	Introduction
	Results and discussion
	Conclusions
	Experimental
	General methods
	Depolymerization of fucoidan by solvolysis
	Mass spectrometric analysis

	Acknowledgments
	References


