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Structural Differentiation of Uronosyl
Substitution Patterns in Acidic Heteroxylans
by Electrospray Tandem Mass Spectrometry

Ana Reis, Paula Pinto, M. A. Coimbra, Dmitry V. Evtuguin,
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The structures of two oligomers of acidic xylo-oligosaccharides (XOS) of the same molecular
weight (634 Da), Xyl,MeGIcAHex and Xyl,GlcA, were differentiated by electrospray tandem
mass spectrometry (ESI-MS/MS). These oligomers were present in a mixture of XOS obtained
by acid hydrolysis of heteroxylans extracted from Eucalyptus globulus wood (Xyl,MeGlcAHex)
and Olea europaea olive fruit (Xyl,GlcA,). In the ESI-MS spectra of the XOS, ions at m/z 657 and
652 were observed and assigned to [M + Na]* and [M + NH,] ", respectively. The ESI-MS/MS
spectrum of [M + Nal]* ion of Xyl,MeGlcAHex showed the loss of Hex residue from the
reducing end followed by the loss of MeGlcA moiety. Simultaneously, the loss of a Xyl residue
from either the reducing or the non-reducing ends was detected. On the other hand, the
fragmentation of Xyl,GlcA, occurs mainly by the loss of one and two GlcA residues or by the
loss of the GlcAXyl moiety, due to the glycosidic bond cleavage between the two Xyl residues.
Loss of one and two CO, molecules was only observed for this oligomer, where the GlcA are
in vicinal Xyl residues. The ESI-MS/MS spectra of [M + NH,4] " of both oligomers showed the
loss of NHj, resulting in the protonated molecule, where the presence of ions assigned as
protonated molecules of aldobiuronic acid residues, [MeGIcA — Xyl + H]" and [GlcA — Xyl
+ H]", are diagnostic ions of the presence of MeGlcA and GlcA moieties in XOS. Since these
structures occur in small amounts in complex acidic XOS mixtures and are very difficult, if
possible, to isolate, tandem mass spectrometry revealed to be a powerful tool for the

characterization of these types of substitution patterns present in heteroxylans.

(J Am Soc

Mass Spectrom 2004, 15, 43—47) © 2004 American Society for Mass Spectrometry

( ; lucuronoxylans (GX) are heteropolysaccharides

(hemicelluloses) present in cell walls of the most

plants, fruits and vegetables [1, 2]. These poly-
saccharides are comprised of a B-(1 — 4)-linked xylan
linear backbone ramified to different extents by 4-O-
methyl-glucuronic (MeGlcA) and/or glucuronic (GlcA)
acid residues, depending on their origin [1, 2]. Some of
the GX in plant tissues possess an additional backbone
ramification with arabinose (Ara) residues to a lesser
extent and of acetyl groups (Ac) at O-2 and O-3 posi-
tions of the xylopyranosyl residue [1, 2]. The physiolog-
ical function of GX in plant cells is still open to
discussion [1-3]. It is certain that the physicochemical
properties of cell walls are strongly affected by GX
structural features (nature and frequency of the branch-
ing side chains, degree of the acetylation, molecular
weight, etc.), which knowledge is crucial with regard to
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the digestibility and processability behavior of plant/
fruit/vegetable tissues [1-3].

Commonly GX structures, as other hemicelluloses,
are elucidated by the coupling of wet chemistry with
NMR techniques [4, 5]. However, these methods have
several limitations, such as insufficiently high sensitiv-
ity towards important structural features of minor
abundance (lower 2 mol %) and the poor information
revealed on the primary structure of heteroxylans. Mass
spectrometry (MS), particularly tandem mass spectro-
metry using either matrix assisted laser desorption
ionization (MALDI) or electrospray (ESI), was shown to
be useful for oligosaccharides structural characteriza-
tion [6—8]. MS has been applied to the study of XOS,
mainly using MALDI [9-12]. However, no tandem
mass spectrometry studies were performed on the XOS
ions produced by MALDI. ESI-MS was recently applied
for the identification of underivatized olive pulp XOS,
obtained by partial acid hydrolysis, both in positive [13,
14] and negative [14] modes, allowing the identification
of neutral oligosaccharides of xylose (Xyl) Xyl;,, and
acidic xylo-oligosaccharides substituted with MeGlcA
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Scheme 1. Proposed structures for the tetramers Xyl,MeGlcAHex (a and b) and Xyl,GlcA,(c).

(Xyl,.11MeGlcA) or GlcA (Xyl; 5GlcA) [13, 14]. Tandem
mass spectrometry analyses were performed on the
observed ions allowing to confirm the presence of the
acidic residue (MeGIcA and GlcA) and to propose a
possible location along the XOS chain. During the study
of olive pulp XOS by ESI-MS [13], one ion at m/z 657
corresponding to the [M + Na]" ion was tentatively
assigned to the tetramer Xyl,GlcA,, considering the
previous methylation analysis and '*C NMR spectros-
copy studies [15]. Interestingly, an ion with the same
m/z value, m/z at 657, was observed during ESI-MS
analysis of acidic XOS fraction obtained by partial
hydrolysis of E. globulus GX (data not published).
Taking into account the absence of GlcA moieties in the
eucalypt GX and NMR structural investigations [16],
this ion at m/z 657 was tentatively assigned to [M +
Na]* of tetramer Xyl,MeGlcAHex (Hex—hexose). Due
to the low abundance of this tetramer in the fraction of
acidic XOS (hexose side chains are very labile under
acid hydrolysis) its clear identification by long-range
proton correlation NMR technique (NOESY) was im-
possible. Thus, these tetramers from GX of olive pulp
and of eucalyptus wood were analyzed by ESI-MS/MS.
To our knowledge, fragmentation studies have never
been performed on XOS containing two GIcA residues
or even in xylo-oligosaccharides containing a Hex resi-
due linked to the MeGlIcA residue. Since both tetramers
occur in complex mixtures and are difficult to isolate,
the confirmation of these structures can only be
achieved through tandem mass spectrometry.

In this study, the ESI-MS/MS spectra performed on
the [M + Na]" and [M + NH,]" ions of both tetramers,
Xyl,MeGlcAHex from eucalypt wood, and Xyl,GlcA,
from olive pulp, are presented. Detailed fragmentation
patterns related to these tetramers allowed for the first
time unambiguous differentiation of these structural
features in GX. Tandem mass spectrometry has been
shown to be a valuable tool for the differentiation of
uronosyl substitution patterns in acidic XOS of the same
molecular mass obtained from partial acid of glucuron-
oxylans.

Experimental

Olive (Olea europaea L.) XOS isolation (by SEC) and
characterization were described elsewhere [13]. The
heteroxylan from Eucalyptus globulus L. wood was iso-

lated from corresponding peracetic holocellulose by
extraction with dimethylsulfoxide [16]. Wood XOS
were obtained from heteroxylans sample (30 mg)
treated with trifluoroacetic acid, 50 mM, at 100 °C for
1 h. The XOS were separated by preparative HPSEC
(pump Knauer K-1001, Berlin, Germany) using a Sho-
dex KS 2002 (Showa Denko K.K.) sugar column (20 mm
X 300 mm) at 30 °C and ultra-pure water (pH 5.8
adjusted with H,SO, diluted solution) as eluent at a
flow rate of 2.80 mL/min and a detector RI (Knauer
K-2401). The injected sample volume was 500 uL. The
acidic XOS were eluted in one broad peak at elution
time of ca. 12 min, whereas neutral XOS revealed rather
narrow peaks at elution times of 14 min (pentamers/
hexamers), 15 min (tetramers), 16.5 min (trimers), 17.5
min (dimers), and 19.5 min (monomers).

The ESI-MS and ESI-MS/MS were carried out on a
Q-TOF2 instrument (Micromass, Manchester, UK). In
MS and MS/MS experiments TOF resolution was set to
approximately 10,000. Data acquisition was carried out
with a MassLynx 4 data system. Oligosaccharides were
dissolved in 200 pwL of methanol:water:formic acid
(50:49:1, vol/vol/vol) and introduced into the electros-
pray source at a flow rate of 10 uL/min. The cone
voltage was set at 35 V and capillary voltage at 3 kV.
Source temperature was at 80 °C and desolvation tem-
perature at 150 °C. Tandem mass spectra were obtained
using Ar as the collision gas. The collision energy used
for sodium adducts was set between 40-55 V, while for
ammonium adducts it was set between 1822 V. Am-
monium adducts of wood sample were formed by
addition of a diluted solution of 10 wL of ammonium
acetate (1 mg/mL) to 0.5 mL of the solution of oligo-
saccharides.

Results and Discussion

The structures proposed for Xyl,MeGlcAHex and
Xyl,GlcA,, obtained from Eucalyptus globulus wood and
olive, respectively, are shown in Scheme 1. Two tetram-
ers can be expected from Xyl,MeGlcAHex (a and b),
and only one structure is possible for Xyl,GlcA, (c).
Fragmentation studies were performed in order to
confirm the proposed structures. Confirmation of types
of linkages was not attempted in this study.

The ESI-MS spectra of both XOS samples showed the
[M + Na]* and [M + NH,]" ions, at m/z 657 and 652,
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Figure 1. ESI-MS/MS spectra of [M + Na]* ions at m/z 657 of (a)
Xyl,MeGlcAHex and (b) Xyl,GIcA,.

respectively. The formation of the [M + NH,]" adduct
of Xyl,MeGlcAHex was induced, since it was not ob-
served in the initial XOS ESI-MS spectrum. In order to
confirm the proposed structures, the fragmentation
pattern of both [M + Na]" and [M + NH,]" ions, at m/z
657 and 652, respectively, were studied.

Fragmentation of [M + Nal™ lons at m/z 657

The ESI-MS/MS spectra obtained for the [M + Na]*
ions of Xyl,MeGlcAHex and Xyl,GlcA, at m/z 657 are
shown in Figure 1. Comparing both spectra it is possible
to observe different fragmentation patterns that al-
lowed distinguishing both tetramers.

In the MS/MS spectrum of Xyl,MeGlcAHex (Figure
la), it is possible to observe an ion at m/z 495 attributed
to the loss of 162 Da, indicative of the presence of a Hex.
On the other hand, the ions at m/z 597 (loss of C,H,0O,),
567 (loss of C;HO;), and 537 (loss of C,H;,0,), are due
to cross-ring cleavages of the Hex that are characteristic
of Hex fragmentation [17, 18]. Furthermore, the ion at
m/z 185 (data not shown), corresponding to [M + Na]*
of the Hex, also corroborates its presence in this mole-
cule. Loss of Xyl occurring from both the reducing and
the non-reducing end is observed for the tetramers
Xyl,MeGlcAHex, corresponding to the ions at m/z 507

(a)

495

Scheme 2. Proposed fragmentation pathways for the [M + Na]

Xyl,GlcA, (c).
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Figure 2. ESI-MS/MS spectra of [M + NH,]" ions at m/z 652 of
(a) Xyl,LMeGIlcAHex and (b) XyLGIcA,.

(loss of 150 Da) and at m/z 525 (loss of 132 Da),
respectively. This may be explained taking into account
the linkage of MeGIcA either to the Xyl in the reducing,
or in the non-reducing terminal (Scheme 2, Structures a
and b). The ion at m/z 305, attributed to [Xyl, + Na] ",
can be formed by successive elimination of Hex and
MeGIcA, or due to cleavage between MeGlcA — Xyl
with loss of Hex — MeGIcA. The absence of a fragment
ion formed by loss of MeGIcA (190 Da) from the
precursor ion, which was found to be characteristic of
Xyl MeGlIcA [13, 14], supports the presence of MeGIcA
between Xyl and Hex, as shown in Scheme 2. The ion at
m/z 375, identified as [Hex — MeGlcA — H,O + Nal*,
also confirmed the proposed structure.

The MS/MS spectra of the [M + Na]" ion of
Xyl,GlcA, (Figure 1b) did not show any fragment
resulting from the loss of Hex or MeGlcA, which
excluded the presence of these residues in this mole-
cule. In fact, it was possible to detect the ion at m/z 481
and the ion at m/z 305 (identified as [Xyl, + Na] ") due
to loss of one and two GlcA, confirming the presence of
two GIcA in the molecule [13, 14]. The glycosidic
cleavage between the two Xyl led to the ions at m/z 349
[GlcA — Xyl + Na]” and 331 [GlcA — Xyl — H,O +
Na]". The loss of GIcA can occur in combination with
loss of CO,, occurring either as B-type fragmentation

(c)

* of Xyl,MeGlcAHex (a and b) and
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Scheme 3. Proposed fragmentation pathways for the [M + NH,]* of Xyl,MeGlcAHex (a and b) and

Xyl,GIcA, (c).

(m/z 419), or as Y-type (m/z 437), according to the
nomenclature proposed by Domon and Costello [19].
Interestingly, the ions at m/z 613 and 569 were found to
be due to the loss of one and two CO, groups from [M
+ Na]". These fragmentations were not observed in the
MS/MS spectrum of Xyl,MeGlcAHex (nor in the pre-
viously studied Xyl,,GlcA or Xyl,MeGlIcA [13, 14]) and
are probably due to decarboxilation of acidic residues in
vicinal Xyl. In fact, loss of CO, is a characteristic of the
spectra of dicarboxylic acids [20]. The fragment ob-
served at m/z 507, attributed to combined loss of water
and loss of Xyl, is only expected to occur taking into
account a first loss of water involving both carboxylic
groups, forming an anhydride intramolecular ring, that
allows further loss of the Xyl residue. Vicinal dicarboxy-
lic acids are known to undergo loss of H,O, forming an
anhydride [20]. The fragment at m/z 525 attributed to
loss of Xyl (—150 Da) is explained by rearrangement
and internal residue loss [21, 22], probably facilitated by
the presence of the GlcA in vicinal Xyl.

Fragmentation of [M + NH,]" ions at m/z 652

ESI-MS/MS spectra obtained for the [M + NH,]" ions
of the Xyl,MeGlcAHex and Xyl,GlcA, at m/z 652 are
shown in Figure 2. As observed before for other XOS
[13, 14], the MS/MS spectra of the [M + NH,]" exhib-
ited a different fragmentation pattern from the [M +
Na]*. In both [M + NH,]" spectra it is possible to
observe a first loss of NHj, leading to the formation of
the protonated molecule [M + H]* at m/z 635.
Considering the fragmentation of Xyl,MeGlcAHex
(Figure 2a) it is possible to observe the successive
elimination of Xyl (as B-type, loss of 150 Da), leading to
the ion at m/z 485, and of Hex (—162 Da), forming the
ion at m/z 323 (Scheme 3a and b). This ion corresponded
to the protonated aldobiuronic residue, [MeGIcA — Xyl
+ HJ*, that is a characteristic of the [M + NH,]"
MS/MS spectra of the acidic XOS substituted with
MeGIcA [13, 14]. This fragment can also be formed by
successive loss of hexose (as B-type, 180 Da) from the
[M + H]" leading to the fragment at m/z 455, followed
by loss of Xyl from the non-reducing end (132 Da). No

loss of MeGIcA is observed from the protonated mole-
cule.

The MS/MS spectrum of Xyl,GlcA, (Figure 2b)
showed the fragment at m/z 441 (loss of 194 Da)
evidencing the presence of GlcA. Successive loss of the
two GlcA residues from the precursor ion occurs with
formation of the [Xyl, + H] " ion as B-type (m/z 265) and
as Y-type (m/z 283). Cleavage between the two Xyl
residues leads to the ion at m/z 309, [GIcA — Xyl — H,O
+ H]", through B-type fragmentation and to the ion at
m/z 327, [GlcA — Xyl + H]", due to Y-type fragmenta-
tion (Scheme 3c). In this spectrum, loss of one and two
CO, from [M + H]" leading to the ions at m/z 591 and
547, respectively, is also detected, similarly to what was
observed for the MS/MS spectrum of [M + Na]*. The
fragment at m/z 525, attributed to the combined loss of
H,0 and Xyl (150 Da), can only be explained taking into
account the fragmentation pathway proposed for the
[M + Na]". These results confirm the occurrence of two
GIcA acid residues located in vicinal Xyl residues.

Conclusions

Different fragmentation patterns were observed by tan-
dem mass spectrometry of acidic tetramer xylo-oligo-
saccharides containing the same molecular mass. This
allowed an accurate identification of uronosyl substitu-
tions in complex mixtures of XOS, not possible by the
usual methodologies in carbohydrate structural analy-
sis. Data obtained by ESI-MS/MS provide new insights
into the structure of GX of different origin, contributing
to our understanding of their physiological role in
plant/fruit cell walls.
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