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Abstract—Various arabino-xylo-oligosaccharides with known substitution patterns were assessed by negative ESI-Q-TOFMS and
ESI-ITMS. The CID spectra of linear xylo-oligosaccharides and of nine isomeric mono- and disubstituted arabino-xylo-oligosac-
charides established that structures differing in their substitution pattern can be differentiated by this approach. The negative-ion
fragmentation spectra of the deprotonated quasi-molecular ions are mainly characterized by glycosidic cleavage ions from the C-
series, which provide sequence informations, and by cross-ring cleavage 0,2Ai ions, which provide partial linkage information. When
the collision energy increased, the cross-ring cleavage 0,2Ai ions underwent consecutive loss of water to produce 0,2Ai � 18 fragment
ions and glycosidic cleavage ions of the B-series are also produced besides the Ci ions. Contrary to linear xylo-oligosaccharides, Ci

ions, which originate from C-3 monosubstituted xylosyl residues never produce the related cross-ring cleavage 0,2Ai ions. Disubsti-
tution at O-2 and O-3 of xylosyl residues appears to enhance the production of the 0,2Ai ions compared to monosubstitution. For the
differentiation of the mono- and disubstitution patterns of the penultimate xylosyl residue, the relative abundance of the glycosidic
cleavage ions at m/z 263 and 299 found on Q-TOF CID spectra plays a relevant role and appears to be more informative than MSn

spectra obtained on a ion trap instrument.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Arabinoxylans (AX) are the main non-starch polysac-
charides from wheat grain cell walls. They consist of a
linear backbone of b-(1!4)-linked DD-xylopyranosyl
residues. Xylosyl units can be unsubstituted, monosub-
stituted at C-3 or disubstituted at C-2 and C-3 with
a-LL-arabinofuranosyl units.1 In wheat endosperm, AX
are partly water-extractable (25%, WE-AX) and exhibit
an average arabinose to xylose ratio (A/X) of 0.6. Nat-
ural variations in the structure of WE-AX (A/X) ratio
have been described. The structure of water unextract-
able AX (WU-AX), which represent the major part of
AX in the cell walls of endosperms is essentially the
0008-6215/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
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same but a higher A/X ratio has been reported.2,3 Var-
iation in the degree of branching and in the spatial dis-
tribution of arabinosyl substituents along the xylan
backbone is responsible for the biological and physico-
chemical properties.1 The structure of arabinoxylans
has been investigated in the past decade using 1H and
13C NMR spectroscopy, and numerous studies have
been reported on the structural characterization of
oligosaccharides obtained after xylanase digestion of
AX.1,4–11 Although, NMR sensitivity has considerably
improved with the introduction of nanoprobe equip-
ments and very high field magnets, this approach still
requires large amounts of high purity samples.12,13

As an alternative to NMR spectroscopy, FABMS and
ESIMS have been used for oligosaccharide characteriza-
tion. The main advantages of ESIMS are its sensitivity,
and capability to assign linkage,14–18 sequence and
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branching19,20 or substituent pattern21–26 informations
upon collision-induced dissociation (CID) of underiv-
atized oligosaccharides. Moreover, derivatization, for
example, permethylation27–29 or reducing-end derivati-
zation30–34 in combination with CID35–39 proved to be
very useful to clearly identify complex branching pat-
terns of oligosaccharides. Recently, the characterization
of a complex oligosaccharides mixture obtained by enzy-
matic digestion of AX from wheat seeds was carried out
using MALDI-TOFMS and ESI-Q-TOFMS or ESI-
ITMS.40 Underivatized linear and branched structures
could not be distinguished upon CID using positive-
ion mode in either Q-TOF or IT instruments. Permethyl-
ation of the oligosaccharides followed by ESI-ITMS
with multiple MS steps (MSn) allowed to partially char-
acterize complex xylo-oligosaccharide structures differ-
ing by the number of arabinose residues and their
spatial arrangement along the xylose backbone. How-
ever, additional techniques of derivatization and GC–
MS were necessary to assign the position of the Araf

substituent at C-3 of the Xylp residue.41 Some authors
have reported that sequence and branching patterns of
underivatized oligosaccharides can however be obtained
using negative CID-ESIMS/MS.18,42–45 The main
advantage of negative CID MS/MS is to produce a ser-
ies of C-type glycosidic cleavage ions, which produce in
turn a series of related A-type cross-ring cleavage ions
carrying linkage information.14,23,44–46 In addition, spe-
cific D-ions arising from double D-type cleavage at the
3-linked glycosidic bond, may also be produced.42,43 Re-
cently, negative CIDMSn was successfully applied to the
assignment of acetyl groups to O-2 and/or O-3 positions
of pectic oligogalacturonides24 and of the feruloyl group
to O-2 or O-5 of arabinosyl residues and to O-6 of a
galactosyl-containing disaccharide.18

ESI-ITMS and ESI-Q-TOFMS using negative-ion
mode are now assessed for the structural differentiation
of eight underivatized mono- and disubstituted xylo-
oligosaccharides obtained from enzymatic digestion of
wheat WE-AX by an endoxylanase from Trichoderma

viride.47 Linear, mono- and disubstituted xylo-oligosac-
charides were structurally differentiated upon CID using
a Q-TOF instrument in MS/MS experiments.
2. Results and discussion

The eight mono- and disubstituted xylo-oligosaccha-
rides released by enzymatic degradation of wheat WE-
AX by an endoxylanase from T. viride, were purified
by size-exclusion chromatography on Biogel P2 alone
or combined with semi-preparative HPAEC.47 They
generally contained less than 3–5% of visible contami-
nants as determined by HPAEC and ESI-Q-TOFMS.
Due to the specificity of the action of the enzyme used,
the oligosaccharides were obtained with identical
sequences at both ends, namely one and two free xylosyl
residues at the non-reducing and reducing end, respec-
tively47 (Chart 1). In addition monosubstitution is only
found at O-3 in wheat AX. Consequently, A12X3,
A13X4, A23dX4 and A24,3X5 are single isomers for DP
4, DP 5, DP 6 and DP 7, respectively. A24,3X5 (DP 7)
and A25,3X6 (DP 8), which co-eluted in the conditions
of analytical HPAEC, were separated in conditions used
for the semi-preparative HPAEC.47 Anyway, in this spe-
cific case, it was easy to select the appropriate ion, on a
mass basis, for tandem mass spectrometry as the rele-
vant m/z for these two oligosaccharides were 941 and
1073, respectively. Fortunately, the three isomers of
DP 8 were well separated by HPAEC (retention times
21.0; 23.3 and 24.3 min for A25,3X6, A34,3dX5 and
A34d,3X5, respectively).

To establish the main fragmentation patterns of oligo-
saccharides through CID experiment, 18O-labelling was
carried out at the reducing end. This allowed to discrimi-
nate isobaric ions, especially Bi from Zj ions and Ci from
Yj ions, according to the nomenclature of Domon and
Costello.48 Only Zj and Yj ions, which contain the reduc-
ing end, are 18O-labelled and are characterized by a mass
increment of 2 Da. Prior analysis performed by negative
ESI-ITMS with multiple MS steps revealed to be more
time consuming, less sensitive and less informative than
ESI-Q-TOFMS regarding the arabinosyl residues distri-
bution along the xylopyranosyl backbone, particularly
for oligomers of DP 6 and more. Therefore, most of the
results presented in the following section were obtained
using ESI-Q-TOFMS. But generally, the main diagnostic
fragment ions were also produced using ESI-ITMSn.

2.1. General features of negative ESI-Q-TOF tandem
mass spectrometry of AX and linear xylo-oligosaccharides

The complete MS spectra of linear xylo-oligosaccharides
and of AX were generally dominated by the singly
charged [M*�H]� and [M*�H+36]� quasi-molecular
ions. The +36 additional mass was attributed to the solva-
tation of the molecule by two molecules of water. Indeed,
MS/MS experiment performed on the [M*�H+36]� qua-
si-molecular ion showed the [M*�H]� species as the main
daughter ion besides the same glycosidic cleavage ions as
produced upon direct fragmentation of the [M*�H]�

quasi-molecular ion. However, the collision energy neces-
sary to obtain roughly similar MS2 spectra was in all cases
much higher with the dihydrated molecule. In order to
obtain a maximum amount of the precursor ions, the
first-order spectra were obtained using low collision
energy (10 eV). Under these conditions, some fragment
ions such as the ion at m/z 299, which may be considered
as diagnostic ions in the MS2 spectrum, were already
present on the full MS spectrum.

The collision energy needed to fragment compounds
under CID conditions increases as a function of the



Oligomersa DP Structure 

A12X3 4 

A13X4 5 

A23dX4 6 

A24,3X5 7

A34,3dX5 8

A34d,3X5 8

A25,3X6 8

A44d,3dX5 9 

a Subscript figure is related to the position of arabinose substituents on xylo-oligosaccharides. Xylose
residues are numbered from the reducing end. Letter d refers to di-substitution. 
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Chart 1. Structure of the eight branched arabino-xylo-oligosaccharides isolated from wheat AX.
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molecular mass19 (Table 1). To enhance the abundance
of specific fragment ions, the collision energy was set
to about zero for oligosaccharides of DP 6 and higher
to reduce the precursor ion signal. The 18O-labelling
allowed to infer the main direction of the fragmentation
from the reducing to the non-reducing end of the mole-
cule. Indeed, this was supported on one hand by the
absence in all CID spectra of 18O-labelled glycosidic
cleavage ions of the Z-series except for the Z1

� ion at
m/z 133 and on the other hand by the main residue lost,



T
a

b
le

1
.

C
o

ll
is

io
n

en
er

gi
es

re
q

u
ir

ed
to

re
d

u
ce

to
50

%
th

e
ab

u
n

d
an

ce
o

f
th

e
[M
�

H
]�

p
ar

en
t

io
n

fr
o

m
li

n
ea

r
xy

lo
-o

li
go

sa
cc

h
ar

id
es

an
d

b
ra

n
ch

ed
ar

ab
in

o
-x

yl
o

sa
cc

h
ar

id
es

u
si

n
g

E
S

I-
Q

-T
O

F
in

n
eg

at
iv

e-
io

n
m

o
d

e
an

d
m

ai
n

p
ro

d
u

ct
io

n
s

o
b

ta
in

ed
w

it
h

th
ei

r
as

si
gn

m
en

t4
8

O
li

go
m

er
S

tr
u

ct
u

re
C

o
ll

is
io

n
en

er
gy

(5
0%

p
ar

en
t

io
n

fr
ag

m
en

ta
ti

o
n

)

[M
�

H
]�

m
/z

o
f

m
ai

n
ch

ar
ac

te
ri

st
ic

fr
ag

m
en

t
io

n
s

11
27

99
5

88
1

86
3

73
1

61
7

59
9

54
5

48
5

41
3

39
5

35
3

29
9

28
1

26
3

14
9

D
P

9
A

4 4
d

,3
d
X

5
25

12
05

0
,2

A
5
�

18
0
,2

A
4
�

18
n

.c
.a

n
.c

.
n

.c
.

C
1

D
P

8
A

3 4
d

,3
X

5
22

10
73

0
,2

A
5
�

18
0
,2

A
4
�

18
n

.c
.

n
.c

.
n

.c
.

C
1

D
P

8
A

3 4
,3

d
X

5
23

10
73

0
,2

A
5
�

18
0
,2

A
4

n
.c

.
Y

4
a
/C

2
n

.c
.

C
1

D
P

8
A

2 5
,3

X
6

23
10

73
0
,2

A
6
�

18
0
,2

A
5
�

18
C

3
0
,2

A
3

n
.c

.
Y

5
a
/C

2
n

.c
.

C
1

D
P

7
A

2 4
,3

X
5

20
94

1
0
,2

A
5
�

18
n

.c
.

n
.c

.
Y

4
a
/C

2
n

.c
.

C
1

D
P

6
A

2 3
d
X

4
18

80
9

0
,2

A
4
�

18
0
,2

A
3

0
,2

A
3
�

18
n

.c
.

n
.c

.
C

1

X
6

X
6

18
80

9
0
,2

A
6
�

18
0
,2

A
5
�

18
0
,2

A
4

C
2

C
1
�

18
D

P
5

A
1 3

X
4

15
67

7
0
,2

A
4

0
,2

A
3

n
.c

.
Y

3
a
/C

2
Z

3
a
/C

2
C

1

X
5

X
5

16
67

7
0
,2

A
5

0
,2

A
5
�

18
C

4
0
,2

A
4

C
3

0
,2

A
3

C
2

C
1
�

18
D

P
4

A
1 2

X
3

9
54

5
C

2
Y

2
a
/C

2
Z

2
a
/C

2
C

1

X
4

X
4

12
54

5
0
,2

A
4

C
3

0
,2

A
3

C
2

C
1
�

18
X

3
X

3
7

41
3

0
,2

A
3

C
2

C
1
�

18

a
n

.c
.:

th
e

fr
ag

m
en

t
io

n
w

as
p

re
se

n
t

b
u

t
‘n

o
t

ch
ar

ac
te

ri
ze

d
’.
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which was always the 18O-labelled reducing xylosyl res-
idue as attested by the 134 (132 + 2) Da loss resulting in
the complementary Cn�1 ion (see the ions at m/z 281,
Figs. 1a and c). The absence of glycosidic cleavage ions
resulting from a 132 Da loss from the quasi-molecular
(M*�H)� precursors ions suggests that the presence of
the arabinosyl substituent did not affect the direction
of fragmentation. This oriented fragmentation could
be explained by the retention of the negative charge at
the reducing xylosyl unit. Contrary to pectic
a-(1!5)-linked arabinan chains,49 the [M*�H]� quasi-
molecular ion from both linear xylo-oligosaccharides
and AX did not undergo loss of water under CID. This
difference in behaviour might be ascribable to the fura-
nose and pyranose rings, which characterize pectic
a-(1!5)-linked arabinan chains and the xylopyranosyl
backbone of linear xylo-oligosaccharides or AX, respec-
tively. More interestingly, glycosidic ions cleavage gen-
erated from the [M*�H]� quasi-molecular ion upon
fragmentation at low collision energy of both linear
and branched xylo-oligosaccharides were mainly from
the C-series using ESI-ITMSn or ESI-Q-TOFMS/MS
(Table 1). This result indicates that under negative ion-
ization mode the glycosidic cleavage occurred preferen-
tially on the reducing side of the glycosidic oxygen
atom.14,18,42 Cross-ring cleavage 0,2Ai ions, which may
be considered as diagnostic ions for (1!4) linkage, were
also produced from linear xylosides and from the linear
part of AX. When the collision energy increased, these
cross-ring cleavage 0,2Ai ions underwent consecutive
water loss to produce 0,2Ai � 18 fragment ions and gly-
cosidic cleavage ions of the B-series were also produced
besides the Ci ions. CID experiments carried out on the
C2 ion at m/z 281 and generated from xylotriose
(Fig. 1b), allowed to ascertain from the absence of
�18 mass units loss (absence of ion at m/z 263), that
these fragment ions arised really from the B-series and
not from Ci � 18 ions. In other terms, these Bi ions were
produced by competitive and not consecutive dissocia-
tion. The mechanism of formation of the 0,2Ai � 18 frag-
ment ions via loss of water from the 0,2A cross-ring
cleavage ions has previously been proposed by Mulro-
ney et al.50 The presence of both specific fragment ions
arising from cross-ring cleavages indicates that xylosyl
units are (1!4)-linked.14,42,46,50 The presence of some
fragment ions due to C3H6O3 (90 Da) loss was unex-
pected. These ions were present on linear and substi-
tuted xylo-oligosaccharides MS/MS spectra and may
correspond to 0,3A ion series because a loss of 92 Da
was produced from the 18O-labelled [M*�H] precursor.

2.2. ESI-CIDMS analysis of linear xylo-oligosaccharides

The collision energy needed to fragment linear xylo-oligo-
saccharides was generally higher than that used for the
related mono- or disubstituted oligomers, as previously
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Figure 1. Chemical structures and CID mass spectra of the 18O-labelled [M*�H]� quasi-molecular ion from (a) linear xylotriose, (c) A12X2 using
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reported in positive-ion mode.40 Using a similar colli-
sion energy, linear xylo-oligosaccharides generally frag-
ment more than monosubstituted AX isomers. This
observation is in agreement with the previous results
obtained on oligosaccharides derived from human milk
using MALDI- FTMS.38 Moreover, fragment ions yield
were generally higher than those obtained in positive-ion
mode on sodium adducts of xylo-oligosaccharides.51

Similar MS/MS fragmentation patterns were
observed for all linear xylo-oligosaccharides studied
(X2, X3, X4, X5 and X6). The ESI-Q-TOFMS/MS
spectra of 18O-labelled X3, X4 and X5 are presented
in Figures 1a, 2a and 3a. All the glycosidic cleavage Ci

ions dissociated according to specific cross-ring cleavage
0,2A ions due to the loss of the C2H4O2 ring fragment
(60 Da) typical of the (1!4) linkage. The 0,2A4 ion at
m/z 485 (Fig. 2a) and the 0,2A5 ion at m/z 617
(Fig. 3a) were prominent fragment ions at 50% fragmen-
tation level. These ions were due to the 62 Da loss
related to the labelled C2H4O18O ring fragment.
Surprisingly, the B1 ion at m/z 131 on CID spectra of
X4, X5 (Figs. 2a and 3a) and X6 (not shown) was more
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abundant than the respective one in the CID spectra of
mono- and disubstituted AX (DP 4, DP 5 and DP 6,
Figs. 2b, 3b and 6a, respectively) obtained using similar
collision energies. Due to the 18O-labelling, this ion was
well resolved from the 18O-labelled Z1

� ion at m/z 133.

2.3. ESI-CIDMS analysis of monosubstituted

arabino-xylo-oligosaccharides

In the following part, xylo-oligosaccharides containing
an a-LL-arabinofuranosyl residue linked at O-3, in a
single or two consecutive or not consecutive xylopyr-
anosyl units in the backbone, are called monosubsti-
tuted arabino-xylo-oligosaccharides. Four arabino-
xylo-oligosaccharides, namely A12X3, A13X4, A24,3X5,
and A25,3X6 (Chart 1), isolated from WE-AX by endo-
xylanase digestion (T. viride) exhibit this pattern of sub-
stitution such as the A12X2 oligosaccharide (provided
by Mrs. Helena Rantanen, University of Helsinki, and
isolated from rye xylan).

The ESI-Q-TOFMS/MS spectra of the deprotonated
18O-labelled precursors [M*�H]� of A12X2, A12X3
and A13X4 at m/z 415, 547 and 679, respectively, are
shown in Figures 1c, 2b and 3b (respectively). In contrast



b

a

R
el

at
iv

e 
ab

un
da

nc
e

m/z

(-134)

R
el

at
iv

e 
ab

un
da

nc
e

617
485

281

131
133

467
413

353

395

599

545

527
587

679

149

100 200 300 400 500 600 700
0

100

[M*-H]-
C4

0,2A5

0,2A5-18

0,2A4

C1

B1

C2

0,2A2

C3
0,2A3Z*

1

(-150)

B4

B3

HO
O

O
O

O
O

OH
OH O

O

OH
OH

OH
HO

OH
HO

O
O

OH
OH

18OH

C3
C2

C1

C4

Z*
1

0,2A5
0,2A3

0,2A4

B4B1

m/z

100

0

100 200 300 400 500 600 700

617

299

149
131

263
599545

413
527

679

C1

[M*-H]-

C2
C3

(-134)(-150)

B1

485281

0,2A4

0,2A4-18

0,2A3

Y3α /C2

m/z

B3
Z3α /C2

C2
C1

O

OH

OHO

HO

O

OH
O

O

OH
OH O

O

OH
OH

OH O
O

OH
OH

18OH

C3 0,2A4

Y3α /C2

0,2A3

B3

Z3α /C2

Figure 3. Chemical structures and CID mass spectra of the 18O-labelled [M*�H]� quasi-molecular ion from (a) linear xylopentaose, (b) A13X4 using
ESI-Q-TOF at 50% fragmentation level of the [M*�H]� precursor ion. Fragments are identified according to Domon and Costello nomenclature.48

Asterisks indicate the 18O-labelled ions.
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with the abundant 0,2A4 ion at m/z 485 on the CID spec-
tra of linear X4 and X5 (Fig. 2a and 3a, respectively), the
0,2A3 ion at m/z 485 was a minor ion on the CID spectra
of A12X3 (DP 4) and of A13X4 (DP 5) (Figs. 2b and 3b,
respectively). As CID performed with ESI-ITMS results
in similar MS2 profiles (Fig. 4a and d), stabilization of
the xylosyl ring by the contiguous monosubstituted xylo-
pyranosyl residue at O-3 might occur. By contrast, the
abundance of the 0,2A4 ion at m/z 617 (Figs. 3b and
4d) could be explained by a smaller stabilizing effect on
the terminal free reducing ring in the presence of arabi-
nosyl substituent on the third xylopyranosyl residue.
Accordingly, it might be argued that a predominant
cross-ring cleavage 0,2An ion generated from the cleavage
of the terminal reducing unit indicates that the first and
the second xylosyl residues are not substituted.

Of utmost importance is the predominant glycosidic
cleavage ion at m/z 299 (Figs. 2b, 3b and 4b), which
may result from the combination of both cleavage reac-
tions, namely C2 and Y2a cleavages in the case of A12X3,
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together with elimination of the arabinosyl substituent
at O-3. This monohydrated fragment ion at m/z 299
was designated as Y2a/C2 ion in the case of A12X3. This
fragment was not present in the CID spectrum of the
A12X2 oligosaccharide isolated from rye xylan
(Fig. 1c). In other terms, the presence of a major frag-
ment ion at m/z 299 is relevant to a penultimate xylosyl
residue substituted at O-3 by an arabinosyl unit. The
loss of an anhydro-arabinose moiety might be relevant
to the furanose form of the arabinosyl ring. To get
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better insights into the structure of the fragment ion at
m/z 299, this ion was selected and fragmented in a
MS/MS experiment. In fact, this fragment ion was pro-
duced already in the source under the MS conditions
used (namely collision energy set to 10 eV) as previously
underlined. CID experiment performed on the fragment
ion at m/z 299 produced the cross-ring fragment ion at
m/z 239 corresponding to a 60 Da loss and typical of
(1!4) xylosyl linkage, and a major glycosidic cleavage
C1 ion at m/z 149 resulting from a 150 Da loss (see insert
in Fig. 2b). Similarly, a MS4 experiment performed on
this fragment ion at m/z 299 using the ion trap analyser
provided the same CID spectrum (Fig. 4c). In both
cases, and contrary to linear xylo-oligosaccharides
CID spectra, no fragment ions at m/z 281 and 263
resulting from water loss were produced. The other
important ion was the fragment ion at m/z 263 (Figs.
2b and 3b), which may result under its monohydrated
form from the combination of both C2 and Z2a cleavage
reactions in the case of A12X3 and was designated as
Z2a/C2 ion. Both fragment ions at m/z 299 and 263,
which were not observed in CID experiments with linear
xylo-oligosaccharides (Figs. 2a and 3a), may be consid-
ered as diagnostic ions for the presence of monosubsti-
tution at the penultimate xylosyl unit. Interestingly,
the ratio of their relative intensity was always �3–5,
regardless of the collision energy used in the 10–40 eV
range studied, and different from the respective ratio ob-
tained with the disubstituted (on the penultimate xylosyl
unit) AX analyzed (see later).

The absence of cross-ring cleavage 0,2A2 ions at m/z
353 (Figs. 2b and 3b), present on linear isomer CID
spectra, is also an important feature of monosubstituted
oligosaccharides (Figs. 2a and 3a). MS3 experiment
performed on the C2 ion at m/z 413 using the ion trap
confirmed this result (Fig. 4b). Interestingly, next to the
point of branching on the reducing side, the correspond-
ing C-series ions never display the corresponding cross-
ring cleavage 0,2A-series ions, as shown for the C3 ion
from A24,3X5 at m/z 677 (Fig. 5a), and the C4 ion from
A25,3X6 at m/z 809 (Fig. 5b). As a consequence, the
absence of the 0,2A2 ion at m/z 221 (Fig. 1d) allows to
discriminate A12X2 from linear xylotriose. In conclu-
sion, the presence of the arabinosyl substituent at O-3
is responsible for the particular fragmentation pathway
of monosubstituted xylosyl residues.

Finally, all the MS/MS spectra of the four oligomers
monosubstituted at the penultimate xylosyl unit exhib-
ited a noteworthy similar region for ions from m/z 149
to m/z 413 (Figs. 2b, 3b and 5). Such spectral similarities
are structure dependent. In the case of A25,3X6, the
cross-ring fragment 0,2A3 ion at m/z 485 (Fig. 5b), has
to be produced from a 60 Da loss from the fourth
non-substituted xylosyl unit (from the reducing side).
At the opposite, this fragment 0,2A3 ion at m/z 485
was absent in the MS/MS spectrum of A24,3X5
(Fig. 5a), due to the absence of free xylosyl internal
residue. The presence of this cross-ring fragment ion,
with its related and abundant glycosidic cleavage ion
C3 at m/z 545, allowed to discriminate between
arabino-xylo-oligosaccharides monosubstituted in non
consecutive (A25,3X6) or two consecutive (A24,3X5)
xylopyranosyl units in the backbone. The MS/MS spec-
trum of the A34,3dX5 (DP 8) molecule that contains a
mono- and a disubstitution pattern, is discussed in the
following section.

2.4. ESI-CIDMS analysis of disubstituted arabino-xylo-

oligosaccharides

Two arabinosyl residues may be carried at O-2 and O-3
of the same xylosyl unit. Oligomers A23dX4 (DP 6),
A34d,3X5 (DP 8) and A44d,3dX5 (DP 9) exhibit such
substitution pattern on the penultimate xylosyl unit
(Table 1). This structural feature at the non-reducing
end was found responsible for common but particular
spectral characteristics (Fig. 6). A major fragment ion
at m/z 263 was always present besides the fragment
ion at m/z 299 previously described. An intermediary
fragment ion at m/z 281 was also produced similarly
to linear xylo-oligosaccharides. In the case of the highest
DP analyzed (DP 9), the major fragment ion at m/z 263
was not present when the CID experiment was per-
formed with a collision energy adjusted as to reduce
the precursor ion intensity to 50% of its original inten-
sity. However, when the collision energy was increased
to reduce the precursor ion intensity to about zero, this
diagnostic ion appeared clearly (Fig. 6c). The m/z 299/
263 peak ratio value was 0.1–0.2 for all the disubstituted
(on the penultimate xylosyl residue) AX studied, regard-
less of the collision energy used in the 10–40 eV range. In
other terms, as previously underlined, the value of this
ratio may be used to discriminate between arabino-
xylo-oligosaccharides mono- or disubstituted on the
penultimate xylosyl unit. With this purpose in mind, a
mixture of equimolar amounts of two isomeric oligosac-
charides, namely A25,3X6 (monosubstituted on the pen-
ultimate xylosyl unit) and A34d,3X5 (disubstituted on
the penultimate xylosyl unit) was used to carry out
MS/MS experiment using a collision energy of 35 eV
and measuring the intensity (the ion current on the
detector) of both 263 and 299 fragment ions. Intensity
was cumulated for 100 spectra and compared to the
means of the intensity measured in the same conditions
for the respective ion from 100 spectra of each individ-
ual isomer. The intensity measured for the fragment
ion at m/z 263 from the mixture was 85 and fitted well
with the respective mean intensity calculated (86). This
was also the case for the ion at m/z 299 (45 and 50,
respectively). As a consequence, the value of the m/z
299/263 peak ratio may also be used for detecting
co-eluted isomers.
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B. Quéméner et al. / Carbohydrate Research 341 (2006) 1834–1847 1843
Two other important fragment ions were present at
m/z 395 and 545. The fragment ion at m/z 395 might
be produced from the fragment ion at m/z 545 by loss
of 150 Da. In fact, MS3 experiment performed by ESI-
ITMS on the fragment ion at m/z 545 produced a
daughter ion at m/z 395 (spectrum not shown). The
intensity of the fragment ion at m/z 545 was propor-
tional to the collision energy applied. It was low in
the case of DP 6 (Fig. 6a), higher for DP 8 (Fig. 6b)
and reached a maximum (95% of relative intensity) for
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DP 9 (Fig. 6c). The MS/MS spectra of these three
oligomers disubstituted on the penultimate xylosyl unit
exhibited again a remarkable similar region for
fragment ions from m/z 149 to m/z 395. Note the low
intensity of the fragment ion at m/z 413 (395 + 18),
which was always present in MS/MS spectra of
monosubstituted arabino-xylo-oligosaccharides (Figs.
2, 3 and 5).
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Consider now the MS/MS spectrum of oligomers
exhibiting both types of substitution. A34,3dX5 and
A34d,3X5 are structural isomers with inversion of their
mono- and disubstitution patterns. CID mass spectra
of both isomers were recorded at the same collision en-
ergy. Interestingly, according to previous observations,
both MS/MS spectra were very different, especially the
region from m/z 149 to 545 (compare Figs. 5c and 6b).
The presence of a monosubstitution at the non-reducing
end in the case of the isomer A34,3dX5 was responsible
for major fragment ions at m/z 299 and 413 besides
traces of ions at m/z 263 and 395 (Fig. 5c). On the con-
trary, the presence of major fragment ions at m/z 263,
395 and 545 has to be related to the disubstitution at
the penultimate xylosyl residue. The presence of two
arabinosyl substituents on a xylosyl residue seemed to
enhance the production of the 0,2A ions generated from
the contiguous free xylosyl residue at the reducing end
(see high amounts of the 0,2A3 � 18 ions at m/z 599
and of 0,2A4 � 18 ions at m/z 995 in Fig. 6a and c,
respectively). At the opposite, the glycosidic cleavage
Ci ions next to the branched point (on the reducing side)
were produced in low abundance. Indeed, the glycosidic
cleavage C2 and C3 ions at m/z 545 and 941 were scar-
cely abundant on the CID spectra of A23dX4 and of
A44d,3dX5 (Fig. 6a and c respectively).

2.5. Conclusions

The main features of CID mass spectra related to
differences in the pattern of substitution of arabino-
xylo-oligosaccharides have been established. The eight
mono- and disubstituted xylo-oligosaccharides exam-
ined were released by enzymatic degradation of wheat
WE-AX by an endoxylanase from T. viride. Their previ-
ous characterization by 1H NMR spectroscopy has
revealed substitution of b-(1!4) linked xylosyl residues
by arabinose at O-3 and O-2 on a single or on two con-
tiguous xylosyl residues. This knowledge, combined
with the labelling of the reducing end using H2

18O,
was particularly useful for the interpretation of CID
MS spectra obtained by ESI-Q-TOF namely to ascertain
that the fragmentation under CID performed in nega-
tive-ion mode always proceeds from the reducing end.
CID-MS analysis also provided evidences for the
presence of two free xylosyl residues at the reducing side
and of one free xylosyl residue at the non-reducing side.
A mono- or a disubstitution of the penultimate xylosyl
residue (from the non-reducing side) was also responsi-
ble for characteristic CID spectra. ESI-Q-TOF techno-
logy was particularly efficient for the structural analysis
of oligomers of high polymerization degree, up to DP
9, namely for the differentiation of DP 8 isomers.

It is generally considered that derivatization of oligo-
saccharides by permethylation remains a prerequisite to
deliver valuable structural information and that the con-
version of oligosaccharides to hydrophobic derivatives
enhances signal intensity regardless of the ionization tech-
nique used.52 However, the amount of material required
by this additional derivatization step is superior to the
0.5–1 lg of underivatized oligosaccharide used here per
sample. Finally, compared with ESI-Q-TOF used in posi-
tive-ion mode, which only delivers sequence informa-
tion,40,41,51 the results shown here indicate that ESI-Q-
TOF used in negative-ion mode is a relevant technique
for the structural analysis of underivatized branched
oligosaccharides generated from arabinoxylans.
3. Experimental

3.1. Materials

Eight arabino-xylo-oligosaccharides with substitution of
the b-(1!4)-linked xylose framework by arabinose at O-
3 or O-2 and O-3 on a single or on two contiguous xylo-
syl residues, were isolated and purified from the diges-
tion of WE-AX by a T. viride endoxylanase (Chart 1).
Their structure was determined by 1H NMR spectro-
scopy as previously described.47 A12X2 oligosaccharide
was kindly provided by Mrs. Helena Rantanen (Univer-
sity of Helsinki) and was isolated and purified from
enzymatic hydrolysis of rye xylan by an endo-b-DD-xylan-
ase (Novozymes). Its chemical structure was determined
by 1H NMR spectroscopy and MALDI-TOFMS. Lin-
ear xylo-oligosaccharides of DP 3, 4, 5 and 6, named
X3, X4, X5 and X6, respectively, were purchased from
Megazyme (Bray, Ireland). H2

18O (95 at % 18O) was
purchased from Sigma–Aldrich (St. Louis, MO, USA).

3.2. 18O-Labelling

The reducing end of oligosaccharides was labelled with
18O by adding about 20 lL of H2

18O to 20–40 lg of
freeze-dried sample. The samples were left at least 72 h
at ambient temperature in a desiccator. The 18O-labelling
allows to differentiate glycosidic cleavage ions, especially
Bi from Zj ions and Ci from Yj ions. 18O-Labelled quasi-
molecular and Zj ions are represented as M* and Zj

�,
respectively. The ions of the B- and C-series are not
labelled as they do not contain the labelled anomeric
hydroxyl group. Their respective complementary ions, Yj

�

and Zj
� ions, which contain the labelled 18O from the

hydroxyl of the reducing end have a mass increment of 2 Da.

3.3. ESI-Q-TOF mass spectrometry

Analysis by electrospray ionization quadrupole time-
of-flight mass spectrometry of 18O-labelled linear xylo-
oligosaccharides and of purified arabino-xylo-oligo-
saccharides was performed on a Micromass Q-TOF
Ultima Global mass spectrometer (Micromass Ltd.,
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Manchester, UK). MS and MS/MS spectra were ac-
quired in negative-ion mode. Desalted 18O-labelled
arabino-xylo-oligosaccharides were diluted in 1:1
MeOH–water in order to obtain a final concentration
�1–3 lg/mL. Sample solns were introduced at 3 lL/
min using an ESI-probe. The ion source was set to
80 �C and the desolvation temperature to 120 �C. Nitro-
gen was used as drying gas. The needle voltage was
maintained at 3 kV and the cone voltage was adjusted
at 100 V. The scan time and the interscan delay were
set to 1 and 0.5 s, respectively. For CID experiments,
argon was used as the collision gas. The precursor ion
was selected in the first quadrupole, and fragmented in
the hexapole collision cell. Collision energies were
adjusted in order to get a relative intensity of the parent
ion of 50% or �0%. For comparative studies of struc-
tural isomers (AX with the same DP) the same collision
energy, in the 10–40 eV range, was used for the MS/MS
fragmentation. MS/MS spectra were recorded for 2 min
in order to maximize the signal/noise ratio.

3.4. ESI-IT mass spectrometry

All the 18O-labelled oligosaccharides were also analyzed
by negative ESI-ITMSn using a LCQ Advantage ion
trap mass spectrometer (Thermo Electron, USA). De-
salted 18O-labelled arabino-xylo-oligosaccharides were
diluted in 1:1 MeOH–water to favour the spray forma-
tion into the electrospray source and to obtain a final
concentration of �50 lg/mL. Sample introduction was
performed at a flow-rate of 2.5 lL/min. Nitrogen was
used as sheath gas (20 arbitrary units). The MS analyses
were carried out using automatic gain control condi-
tions, with a typical needle voltage of 4 kV and a heated
capillary temperature of 200 �C. For MSn experiments,
the various parameters (collision energy, activation
time, . . .) were adjusted for each sample in order to opti-
mize the signal and get maximal structural information
from the selected ion. As the exchange kinetic is low,
no significant back-exchange 16O was observed during
the analysis duration (about 15 min). A total of 30–50
scans were summed for spectra acquisition.
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18. Quéméner, B.; Ralet, M.-C. J. Mass Spectrom. 2004, 39,
1153–1160.

19. Harvey, D. J. J. Mass Spectrom. 2000, 35, 1178–1190.
20. Harvey, D. J. J. Am. Soc. Mass Spectrom. 2001, 12, 926–

937.
21. Korner, R.; Limberg, G.; Christensen, T. M.; Mikkelsen,

J. D.; Roepstorff, P. Anal. Chem. 1999, 71, 1421–1427.
22. Mutenda, K. E.; Korner, R.; Christensen, T. M.; Mikkel-

sen, J. D.; Roepstorff, P. Carbohydr. Res. 2002, 337, 1217–
1227.
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