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Abstract
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a-L-fucose, the monosaccharide component of fucoidan, is found in the polysaccharide
mainly as its sulfated form where sulfate groups are in position 2 and/or 4 and/or 3. The
correlation between biological activities and structure of fucoidan requires the determination
of the sulfation pattern of the fucose residues. Therefore it is of importance to discriminate
between the isobaric sulfated fucose isomers. For this purpose, the three isomers 2-O-, 3-O-,
and 4-O-sulfated fucose have been analyzed using Electrospray ion trap mass spectrometry
and capillary electrophoresis. The results reported herein show that it is possible to
differentiate between these three positional isomers of sulfated fucose based on their
fragmentation pattern upon MS/MS experiments. The 3-O-sulfated fucose was characterised
by the loss of the hydrogenosulfate anion HSO4 as the main fragmentation product, while the
two other isomers 2-O-, and 4-O-sulfated fucose exhibited cross-ring fragmentation yielding
to distinctive %2X and ®?A daughter ion respectively. A computational study of the
conformation of the sulfated fucose isomers was carried out providing an understanding of the

fragmentation pattern with respect to the position of the sulfate group.
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modelling; Isomeric structures differentiation



1. Introduction

Structural analysis of carbohydrates present in living systems is recognized as one of the most
challenging task of glycosciences, given the structural complexity related to the
monosaccharide composition, the various isomeric forms, the degree of branching and
polymerization, and the difficulty in detection 2. The huge structural diversity of
carbohydrates has given rise to the concept of isomer barrier that represents a major hindrance
in the structure-activity relationship establishment 3. Among all the biopolymers,
carbohydrates offer the largest potential of information owing their incomparable variety of
combinations and of regioselective modifications of their constitutive monosaccharides *.
Sulfation is one of the major modifications as many biological activities of carbohydrates are
driven by charge pattern recognition upon interaction with targeted proteins °. Electrospray
ionization mass spectrometry is widely recognized as a powerful and highly sensitive
analytical method for the characterization of sulfated oligosaccharides that ionize readily in
negative ESIMS mode ¢8. Furthermore ESIMS allows on-line coupling to liquid-phase
separation techniques, which is useful to solve complex mixture prior MS analysis 12,

The differentiation of saccharide isomers by mass spectrometry could be achieved using
collisional-induced dissociation (CID) & 315 The present work addresses the discrimination
of positional isomers of monosulfated L-fucose by tandem ESI MS using an ion trap and by
the on-line coupling of capillary electrophoresis. a-linked sulfated L-fucose is found as the
constitutive unit of fucoidan %8, a polysaccharide endowed with important activities affecting
key biological systems 7, especially in the inhibition of the coagulation cascade 8 and of the
Complement system *°. These biological properties are of great interest because of their

potential therapeutic applications 2%, but the structural heterogeneity of fucoidan is still a



main impediment in the identification of the structural determinants involved in the biological
properties 242, 1t is however established that these properties rely on the sulfate groups, and it
is assumed that the recognition of a particular pattern of sulfation may allow specific
interaction with targeted proteins. Fucoidan is mainly extracted from the cell wall of marine
brown algae and also from some echinoderm organisms. Fucose residues in algae fucoidan
have been described as being sulfated at position 2 and/or 4 and/or 3 depending on the alga
species (Fig. 1A) 231, Although not established, a correlation between alga species and
fucoidan structure might exist, which could be useful for structure-activity relationship.
Further insights in the structure-activity relationships are expected from the increasing use of
combination of chemical and enzymatic depolymerization of the polysaccharide *? as it has
been previously done for heparin sulfate oligosaccharides 3. In this trend we have
previously described enzymatic activities such as fucosidase %, fucoidanase * and
sulfoesterase % able to modify algae fucoidan and producing sulfated oligo- and
monosaccharides. As ESIMS shows considerable potential for the analysis of these fucoidan-
derived sulfated saccharides, it is of importance to determine how the monosulfated fucose
isomers constituents of fucoidan can be discriminated using mass spectrometry. To this end,
electrospray ionization in the negative mode has been used in conjunction with MS/MS
experiments and capillary electrophoresis. To help in the understanding of the fragmentation
patterns observed experimentally, computations in the framework of density functional theory

have been also carried out.

2. Experimental

2.1. Reagents



The mixtures of the three isomers 2-, 3- and 4-sulfated L-fucose and of the two isomers 2- and
4-sulfated L-fucose, and the 3-sulfated L-fucose were obtained from Grampian Enzymes
(Orkney, Scotland). The mixture of the two isomers 3- and 4-sulfated L-fucose was prepared
as previously described ¥. Methanol, ethanol, isopropanol, and acetonitrile were of HPLC
Ultra Gradient Grade from Aldrich (Steinheim, Germany). Other chemicals and reagents were
obtained from current commercial sources at the highest level of purity available. Water of
ultra-pure quality (milliQ system, Millipore, Milford, MA) was used for the preparation of the
CE electrolytes and sample solutions.

2.2. Mass spectrometry analysis

ESIMS and ESIMS/MS were carried out on an Esquire 3000+ ion trap mass spectrometer
(ITMS) (Bruker Daltonics, Bremen, France). Sulfated monosaccharides were dissolved in
MilliQ water at a concentration of 4 uM, and were injected through a syringe pump (74 900
series Cole-Parmer, USA) at 3 uL/min into the electrospray source. All mass spectra were
acquired in the negative ionization mode. Data acquisition was performed in the standard
resolution mode with a scan speed of 13,000 m/z per second. The nitrogen pressure and flow
rate on the nebulizer were 11 psi and 4.0 L/h, respectively, with a drying gas temperature of
300 °C. The capillary voltage was maintained at 4008 V, and the voltage at the capillary exit
and at the skimmer were set at —-123.8 V and -35.9 V respectively. Other parameters were
optimized in order to get the best signal/noise ratio using the smart mode of the mass
spectrometer (Esquire Control software, version 5.1). Helium was used as the collision gas in
the ion trap at 10° mbar and a fragmentation amplitude ranging from 0.25 to 0.65 was
applied.

2.3. Capillary electrophoresis and CE-ESIMS



Capillary electrophoresis experiments were performed with an Agilent HP®*® CE instrument
(Agilent Technologies, Waldbronn, Germany) equipped with an on-column diode-array
detector, an autosampler and a power supply able to deliver up to 30 kV, and interfaced with a
Hewlett-Packard Kayak XA computer. The HP?® CE ChemStation software was used for
instrument control and data collection. Bare fused-silica capillaries (50 um i.d., 360 um o0.d.)
internally uncoated were from Phymep (Paris, France). New capillaries were conditioned by
successive flushes with 1 M, 0.1 M NaOH and with water for 10, 5 and 10 min, respectively.
Capillaries were rinsed with water and air-dried when not in use.

Ammonium acetate buffer (13 mM, pH 9.2) was used as CE background electrolyte (BGE)
and was filtered through 0.2 um filter units before use. BGE contained 0.6 mM 1,3,5-
benzenetricarboxylic acid (trimesic acid) used as UV background chromophore allowing
detection by indirect UV absorbance at 200 nm. The acquisition rate was 10 points/s. The
capillary was thermostatically controlled at 25 °C. CE experiments were performed in normal
polarity by applying a 20 kV (electric field 570 V/cm) positive separation voltage over a 35
cm capillary length (26.5 cm to detector). Prior to each sample injection, the capillary was
rinsed with the separation electrolyte for 5 min. Samples of sulfated fucose mixtures were
diluted at 10° M in water and loaded hydrodynamically by applying 50 mbar at the capillary
inlet for 4 s. Capillary was equilibrated with BGE-trimesic acid flushed for 5 min between
each run.

CE-MS experiments were carried out by connecting a CE capillary of 98 cm length (21.5
cm to detector) to the mass spectrometer, using a commercial CE ESIMS sprayer (G1607A,
Agilent Technologies). The same electrolyte and voltage parameters as above were applied

for the CE separation. CE separations were performed in normal polarity by applying a 30 kV



separation voltage on the inlet electrode, which generated a constant drawing current of 12.5
uA. A 1:1 water-methanol sheath liquid was delivered at a flow rate of 3 uL/min using an
Agilent 1100 LC pump equipped with a 1:100 splitter. Agilent ChemStation software was
used for the entire system control, data acquisition, and data analysis. The CE-MS signal, i.e.
the total ion current (TIC) was acquired starting from the sample injection into the CE
capillary. Samples of sulfated fucose mixtures were diluted at 10 mM in water and loaded
hydrodynamically by applying 50 mbar at the capillary inlet for 4 s. Capillary was
equilibrated with BGE-trimesic acid flushed for 15 min between each run.

2.4. Computational details

The conformations of the sulfated fucose isomers were built from the starting configuration of
neutral fucose in a pyranose 1C4 chair conformation obtained from the CERMAV/Glyco3D

database for saccharides and polysaccharides (http://www.cermav.cnrs.fr/glyco3d). The 2-O,

3-0 and 4-0 sulfated fucose were created by replacing the associated O-H group by O-SO,"
group. While the pyranose 1C4 chair conformation was retained, bond-lengths, valence angles
and torsion angles were free to change during the optimization process by DFT calculations.
The H-bonds were then created during the geometry optimization process, thus modifying
significantly the initial torsional angles.

Molecular orbital DFT calculations were carried out by using BLYP density functional as
implemented in the Gaussian-98 set of programs . Geometry of neutral and 2-O-, 3-O- and
4-O-sulfated fucose for both o and B anomers have been optimized by combining the BLYP
DFT functional with the dp-polarized 6-31++G(d,p) basis set, where diffuse and polarized
functions have been included on all atoms. All electrons were taken into account in the

calculations. The BLYP functional combines the non local correlation function of Lee, Yang
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and Parr %°, with the Becke 88 exchange functional #*. DFT/BLYP/6-31++G(d,p) calculations
were proved to give very good agreements with experiments, on geometries and frequencies
for many different organic molecular complexes (nucleic acids 42-*°, amino acids “68, sugars
49), The BLYP functional, which includes exchange and correlation functions, is also known
to be well suited to the study of intra- and inter-molecular hydrogen bonds 42 45 47: 48,

Harmonic vibrational frequencies were calculated on each optimized structure, in order to
check that the optimized geometry corresponds to an energy minimum on the potential energy
surface (check of the absence of any imaginary frequency), and to estimate the zero-point
vibrational energy (ZPVE) corrections. All energies reported throughout the text are corrected
by the ZPVE.

Hydrogen bonds distribution was analyzed upon the commonly used criteria of existence
of Op-HOa H-bonds (where Op and Oa are respectively the donor and acceptor oxygens):

Op-H<15A H-0a<2.4 A, and OpHOA > 120°.

3. Results and discussion

3.1. Negative ESIMS Analysis of the monosulfated fucose isomers

Fucose (6-deoxygalactose), one of the most abundant deoxyhexoses in Nature is often found
with a sulfate group at positions 2, 3 or 4 (Fig. 1B). We first analyzed a mixture of the three
sulfated fucose isomers previously shown from *H-NMR studies to contain % 25 % of L-
Fucp-2-0S03, 60 % of L-Fucp-3-0S03, 15 % of L-Fucp-4-OSO3". The negative ESIMS
spectrum of this mixture showed a single peak at m/z 243 corresponding to the molecular ion
[M—H]  of monosulfated fucose (Insert in Fig. 2). The presence of the sulfate group allows a

high sensitivity in the negative mode. Fragmentation of the molecular ion at m/z 243 was



carried out using different amplitude values. Under the lowest amplitude, the first daughter
ion that appeared was at m/z 97 corresponding to the hydrogenosulfate anion HSO4". Three
other highly abundant daughter ions were also observed at m/z 139, 183 and 225 as the
amplitude was increased. They correspond to cross ring cleavages for the first two one, and to
the dehydration of the monosulfated fucose for the last one (Fig. 2). This fragmentation
pattern was compared to that obtained with mixtures containing only two isomers, either the
4-0O- and 2-O-sulfated fucose (37 % and 62 %, respectively) or the 4-O- and 3-O-sulfated
fucose (20 % and 80 %, respectively). The MS/MS spectrum of the mixture containing the 2-
O- and 4-O-sulfated fucose was slightly different from that of the three isomers mixture, since
the ions at m/z 139 and 183 resulting from the opening of the pyranose ring were as abundant
as the sulfate anion at m/z 97 (Fig 3A). The MS/MS spectrum of the mixture containing the
two isomers 3-O- and 4-O-sulfated fucose exhibited more noticeable differences with regard
to the ions relative abundances (Fig. 3B). It is noteworthy that the daughter ion at m/z 183 was
the major fragment while the daughter ions at m/z 139 and at m/z 225 were of a particularly
low abundance. These results indicated that the ions issuing from the sulfated fucose
fragmentation varied depending on the sulfate position, and suggest that this property may be
of great interest for the differentiation of the isomeric monosulfated fucose.

The effect of the sulfate position on the fragmentation pattern was confirmed by the
negative ESIMS analysis of the 3-O-sulfated fucose. This isomer is the only one that has been
isolated and purified. The fragmentation of the 3-O-sulfated fucose leaded to only one
daughter ion of high abundance, i.e. the sulfate anion at m/z 97 (Fig. 3C). This contrasts with
the fragmentation pattern of the isomers mixtures. No daughter ion corresponding to the

opening of the pyranose ring was observed except for a very minor anion at m/z 169 detected



also with the mixtures of isomers. As a consequence, the 3-O-sulfated fucose isomer does not
contribute to the formation of the daughter ions at m/z 139 and 183 formed upon the
fragmentation of the three isomers mixture. Taking this point into consideration, the MS/MS
profile of the two 4-O- and 3-O-sulfated fucoses mixture reveals that the major daughter ion
at m/z 183 is mainly due to the 4-O-sulfated isomer. Besides, the low abundance of the
daughter ion at m/z 139 suggested that the fragmentation of the 4-O-sulfated fucose residue
yielded predominantly the daughter ion at m/z 183. Thus the MS/MS profile of the two 4-O-
and 2-O-sulfated fucose mixture leads to the conclusion that the daughter ion at m/z 139 likely
mainly results from the 2-O-sulfated fucose residue.

3.2. EC-ESI tandem mass spectrometry analysis of the mixture of the sulfated fucose
isomers

The determination of the fragmentation pattern of each sulfated fucose isomer present in a
mixture could be achieved through their on-line separation prior to MS. We have previously
described a separation method by capillary electrophoresis allowing the resolution of the three
sulfated fucose isomers *°. However this electrophoretic method could not be easily coupled
to MS because it was carried out in non-aqueous electrolyte and in reversed polarity mode.
This mode induces a reverse electro-osmotic flow which is not compatible with a coupling to
MS. Therefore we have investigated the electrophoretic separation of the fucose isomers in an
aqueous electrolyte that ensured a forward electro-osmotic flow that is convenient for
coupling. We first submitted 3-O-sulfated fucose to this CE-MS analysis in aqueous
conditions. The fragmentation of the molecular ion at m/z 243 was carried out on-line and the
total ion current (TIC) was recorded as well as the resulting signals corresponding to the

different above mentioned daughter ions. The total ion current was mainly due to daughter ion
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at m/z 97 (Fig. 4), confirming that the fragmentation of the 3-O-sulfated fucose leads only to
sulfate loss. The electrophoregram obtained with the mixture of the three isomers exhibited a
broad peak indicating a partial separation of the sulfated isomers in the aqueous electrolyte
(Fig. 5). The corresponding TIC exhibited the same profile as the electropherogram indicating
that the partially resolved isomers eluted from the CE capillary were fully detected by MS
(Fig. 5). At the beginning of the peak, the ion current was mainly due to daughter ion at m/z
97 in agreement with a previous study reporting that 3-O-sulfated fucose is the first isomer
eluted from CE *C. Then the signals corresponding to the daughter ions at m/z 139 and 183
arose accordingly to the elution of the two others isomers 2-O- and 4-O-sulfated. At the end
of the electrophoresis peak the signal at m/z 183 was particularly intense, consistent with the
previously reported late elution of 4-O-sulfated fucose *°.

When gathered, these data show clear differences between the three sulfated fucose
isomers as regard to their fragmentation in ESIMS, in negative mode (Table 1). We used the
nomenclature proposed by Domon and Costello * for the fragmentation of oligosaccharide
(Chart 1).

<Chart 1>

According to this nomenclature, the daughter ions at m/z 183 and m/z 139 were assigned to
the fragment ions %2A and ®?X respectively, which originated from the internal cleavage of
the fucopyranosyl ring. All the fragments detected contained the sulfate group. The ®2X ion at
m/z 139 was formed from 2-O-sulfated fucose as expected. The %2A ion was formed from 4-
O-sulfated fucose as expected, but surprisingly it was not detected with 3-O-sulfated fucose.
4-O-Sulfated fucose also gave a very minor %3A ion at m/z 153 whose counterpart for 3-O-

sulfated fucose was the %3X ion. Indeed, this ®3X ion was slightly detected at m/z 169 on the
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spectrum of the 3-O-sulfated isomer. In addition to these fragment ions, all three isomers
exhibited loss of sulfate detected at m/z 97.

Finally the two isomers 4-O-sulfated and 2-O-sulfated fucose could be differentiated based
on their sulfated cross-ring fragments issued from the cleavage of the fucose ring, while the 3-
O-sulfated isomer is characterized by the loss of sulfate group as the main fragmentation
reaction. If we assume that the loss of sulfate is much more favored in the case of 3-O-
sulfated fucose, the internal cleavage of this isomer should lead to neutral fragments that are
not detected in the negative mode of ESIMS. Finally, it is worth of note that all the fragment
ions detected under MS/MS conditions incorporate the sulfate moiety.

3.3. Computational/mechanistic study

We carried out the molecular modeling of the conformation of the sulfated fucose isomers to
get a better understanding of the reactivity of the three isomers upon ESIMS/MS conditions,
and to determine the fragmentation mechanisms with respect to the position of the sulfate
group. Given the very high number of possible isomers for sulfated L-fucose we restricted our
study to the most energetically favored pyranose 'Cs chair conformation. For each sulfated
fucose isomer (2-O-, 3-O-, and 4-O-), there is still a wide range of possible conformational
arrangements taking into account the two o or  anomeric forms and the various possible
orientations of the hydroxyl groups along the sugar cycle that are driven by the formation of
both O-H~0O-H and O-H0O-S hydrogen bonds. We will discuss the calculated conformations
in terms of hydrogen bonds and bond distances.

Sulfated fucose conformers are labeled Cn-x, n describing the sulfate position (2, 3 or 4)

and x referring the conformer for a given sulfate position. This label is followed by (a) or (B)
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for a. or B anomeric forms, respectively. The atomic labeling shown in Figure 1B is used
throughout the text to describe the various sulfated fucose forms.

The geometries of the six most stable structures are given in Figures 6 and 7 for o and 8
anomers, respectively. Their corresponding absolute energy and relative energy are reported
in Table 2. We can assume that these six optimized conformers do exist during our MS
experiments since their relative energies are in the same range (4 kcal/mol) and are far below
the collision energy typically used during MS/MS experiments (~25 kcal/mol). Moreover, the
experimental collision energy is sufficient to allow the inter-conversion between conformers
on the potential energy surface °2.

We found that the conformations of lower energy systematically involve the o anomeric
form, regardless of the sulfate position. The energetically most stable conformation was
obtained for the 2-O-sulfated fucose conformer C2-1(a). For most of the hexoses, the o
anomer has been traditionally thought to be more stable in the gas phase than the B form 52,
while the B anomer would be favored in water due to solvation effect. In fact, recent
theoretical ab initio studies have shown that the a-3 energy difference is so small either in the
gas phase or in the aqueous phase that no conclusion can be drawn on the preference for the
a/B anomeric form %3%7. Accordingly, for each sulfated 2-O-, 3-O- and 4-O-fucose isomer, we
found that although the o anomer has always the lowest energy in the gas phase, there is a
very small energy difference between o and 3 geometries (1-2 kcal/mol).

Moreover, Molteni et al. > have shown by ab initio molecular dynamics simulation that the
o/ preference of glucose could be more related to the mobility behavior of the water
molecules around the anomeric site rather than to energetical effects. It is also known that the

anomeric composition of saccharides is affected by the presence of substituents 8. In the case
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of sulfated fucose monomers, NMR experiments performed by Daniel et al. % in aqueous
solution have revealed that the 3-O- and 4-O-sulfated fucose monomers adopt the 3 anomeric
form, while the 2-O-sulfated fucose monomer is in the o anomeric form. Moreover, as
mentioned above, the presence of the surrounding water solvent could change the a/p ratio,
observed in the NMR experiments. We are currently investigating the behavior of water
molecules around o/ sulfated fucoses by running ab initio molecular dynamics simulations
in an aqueous environment.

Figures 6 and 7 reveal that all the structures exhibit several intramolecular hydrogen bonds.
Our data show that the strongest hydrogen bonds are of O-H-O-S type (1.730-2.110 A)
formed between one S-O bond of the SOs™ sulfate anion group and the neighboring O-H
hydroxyl group. Our calculations highlight two particularly strong O-H~O-S hydrogen bonds
only observed for the 3-O-sulfated fucose (C3-1(a) and C3-2(B) structures). These hydrogen
bonds induce an important change in the pyranose ring: compared with neutral and 2-O- and
4-O-sulfated fucoses, we can see that the C-3—O-3 bond is lengthened while the O-3-S bond
is reinforced. This feature is only encountered for the 3-O-sulfated isomer, and is consistent
with the fact that the sulfate anion at m/z 97 (Fig. 3C) is the only fragment ion of high
abundance observed on the MS/MS spectrum of this isomer.

Few data have been reported in the literature about the characterization of the positional
isomers of sulfated hexoses % . Minamisawa and co-workers % have shown using
ESI/ITMS that both 3-O-sulfated glucose and 3-O-sulfated 2-acetamido-2-deoxy-D-glucose
gives rise exclusively to the sulfate anion HSO4 (m/z 97). They proposed a fragmentation
mechanism involving a nucleophilic substitution with the sulfate as the living group, and they

made the assumption that this reaction occurs specifically when the sulfate group and the
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nucleophilic group (namely hydroxyl) are in a trans relationship. Our results support this
assumption since the OH(2) group and the sulfate are indeed in trans relative orientation for
the 3-O-sulfated isomer. A mechanism for this fragmentation is proposed in Chart 2b.
However, other mechanisms for the formation of m/z 97 anion are very likely to occur
because this ion is still observed in the MS/MS spectrum of 4-O-sulfated fucose for which a
trans relative orientation is not possible. In addition, the sulfate anion is also observed on
MS/MS spectra of peracetylated sulfated monosaccharides °.

Cross ring cleavages are commonly observed on MS/MS spectra of deprotonated
oligosaccharides. The 92X and ®?A fragmentation patterns are the main cross ring cleavages
observed for the 2-O-sulfated fucose and the 4-O-sulfated fucose, respectively, during our
CID experiments. These particular dissociations require both C-2—C-3 and C-1-0O-5 bonds to
be broken. One commonly accepted interpretation for these cleavages relies on the
“activation” of these bonds. The bond *activation” may be viewed as the result of the
elongation of the bonds in the sulfated fucose in comparison to ones in neutral fucose. This
elongation leads to weakened bonds that are more likely to dissociate under MS/MS
conditions. We thus compared the C-1-O-5 and C-2—C-3 bond lengths obtained for sulfated
and neutral L-fucose structures (Figures 6 and 7). It turns out that the most interesting
information concerns the C-1-O-5 bond of  anomers. Indeed the C2-2(B) and C4-2(B)
conformers display a strong increase (+0.010-0.020 A) of the C-1-O-5 distance in going from
the neutral to the sulfated fucose. With regard to the sulfated o conformers, they display a
slight shortening of the C-1-O-5 distance when compared to the neutral form of fucose.
Consequently, the “activation” of the C-1-O-5 bond found for 3 2-O- and 4-O-sulfated fucose

isomers is consistent with the occurrence of %2A and %2X cross ring cleavages for these two
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isomers. Additionally, in the particular case of the B 4-O-sulfated fucose monomer C4-2(B),
this activation is promoted by the significant elongation of C-2-C-3 (+0.013A). Taking into
account that the pyranosic ring of o anomers is not modified by sulfation, we may
hypothesize that these forms would not undergo °?A and ®?X cleavages upon collision,
although these processes cannot be definitely ruled out.

The lack of cross ring cleavage for the 3-O-sulfated fucose seems to indicate that the
hydrogen of the hydroxyl group at C-3 plays an essential role in this fragmentation, as
previously reported % 51, With respect to this observation and to the important activation of
the C-1-0O-5 bond, we propose a possible mechanism for these ®2X and %2A cleavages (Charts
2a and 2c, respectively). It implies in a first step of C-1-O-5 bond cleavage leading to an open
keto form and then followed by a McLafferty rearrangement characterized by the scission of
the C-2—C-3 bond. The mass to charge ratio of the ion generated (m/z 183 or 139) clearly
depends on the initial position of the sulfate group and for the 2-O-sulfated isomer, this
mechanism competes with the strong formation of HSO4™ (m/z 97) because the sulfate group
and the anomeric hydroxyl are in a trans orientation.

Finally, it is worth noting that both C3-1(a) and C3-2(B) conformers display a significant
decrease of the C-1-O-5 distance (Figures 6 and 7) in agreement with the lack of cross ring

cleavage for this isomer.

4. Conclusions
To our knowledge, this work is the first systematic study about the differentiation of the
positional isomers of monosulfated fucose by mass spectrometry. The positional isomers

regarding sulfation can be differentiated in MS/MS spectra through characteristic fragment
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ions. The loss of the hydrogenosulfate anion HSO4 is the main fragmentation reaction
observed with the 3-O-sulfated fucose isomer. This feature has been also described for the
sulfated monosaccharide 3-O-sulfated glucose % © supporting the view of a fragmentation
mechanism that involves a nucleophilic attack at the sulfate group by the adjacent trans-
hydroxyl. The structure of the neutral fucopyranose ring has been previously reported 52 63,
and this study allowed us to provide for the first time the optimized structure for each sulfated
fucose isomers by DFT calculations at a high optimized level. The conformational data
reported here should be useful for the molecular modeling of fucoidan oligosaccharides ©,
and for a better understanding of the biological activities of fucoidan since the sulfation of
fucose building blocks is likely to affect the conformational properties and bioreactivity of the
polysaccharide.

Finally negative electrospray ionization tandem mass spectrometry affords an efficient
analytical method for the characterization of sulfated saccharides. Several recent reports
demonstrated that the combination of ESIMS and MS/MS as used here allows the
quantification of isomeric disaccharides present at different concentrations in a mixture .
Indeed each isomer exhibits a single fragmentation profile that is specific in terms of resulting
daughter ions and in terms of relative intensities of each produced ion. The MS/MS sensitivity
allows the detection and the quantification of an isomeric disaccharide present at level as low
as 1 % %6.Used in conjunction with enzymatic depolymerization, ESIMS will be a powerful
tool to analyze the complex structure of fucoidan and to probe for structural features, like the

ratio between positional isomers, which could be viewed as chemotaxonomic marker 7.
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Figure captions

Figure 1. A. Reported structures of fucoidan extracted from various brown algae. B. Structure

and atomic labeling of the 2-O-sulfated fucopyranosyl ring.

Figure 2. Negative ESI-MS/MS spectrum of the mixture of the three 2-O-, 3-O- and 4-O-

sulfated fucose isomers (Full MS spectrum in insert).

Figure 3. Negative ESI-MS/MS spectrum of the mixture of the two isomers 2-O- and 4-O-
sulfated fucose (A), of the two isomers 3-O- and 4-O-sulfated fucose (B) and of the 3-O-

sulfated fucose (C).

Figure 4. CE-ESIMS/MS analysis of the 3-O-sulfated fucose. The curves show the total ion
current (TIC) upon fragmentation of the m/z 243 molecular ion (blue line), and the ion current
of the resulting daughter ions at m/z 97 (red line), m/z 183 (dark green line), m/z 139 (purple
line), and m/z 225 (dark line). Insert: Electropherogram of the 3-O-sulfated fucose (UV

detection at 200 nm, capillary length 98 cm, details given in the Experimental section).

Figure 5. CEESI-MS/MS analysis of the mixture of the three sulfated fucose isomers. The
curves show the total ion current (TIC) upon fragmentation of the m/z 243 molecular ion (blue
line), and the ion current of the resulting daughter ions at m/z 97 (red line), m/z 183 (dark
green line), m/z 139 (purple line), and m/z 225 (dark line). Insert: Electropherogram of the

mixture of the three isomers.

Figure 6. BLYP/6-31++G(d,p) geometries of the lowest energy structures of neutral and
sulfated a-L-fucose (bond lengths are given in Angstroms, hydrogen bonds are represented by

dotted lines).



Figure 7. BLYP/6-31++G(d,p) geometries of the lowest energy structures of neutral and
sulfated B-L-fucose (bond lengths are given in Angstroms, hydrogen bonds are represented by

dotted lines).



Chart 1: Nomenclature for glycosidic cleavage and cross-ring fragmentation according to Domon

and Costello.
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Table 1: ratios (m/z) of the fragment ions arising from cross-ring dissociations involving the

C-1-0-5 bond cleavage (the ions experimentally observed are indicated in bold

Sulfated fucose isomer 02 03 047 0.2x 03% 0.4%
2-0O- 103 73 43 139 169 199
3-0- 183 73 43 59 169 199

4-O- 183 153 43 59 89 199
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