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bstract

In order to study the effects of the precursor ion type and the carbohydrate structure on the fragmentation of neutral unsubstituted oligosaccharides
n collision-induced dissociation (CID), a systematic study of deprotonated, protonated, ammoniated and alkali metal cationized cello-, malto- and
ylooligosaccharides was carried out using a quadrupole ion trap (QIT) and Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry.
he fragmentation pathway was highly dependent on the choice of the precursor ion type. Deprotonated precursors gave rise to both glycosidic and
ross-ring fragmentation, with clear differences among the three oligosaccharides, therefore being the most prominent for structural analysis. The
ragmentation behavior of the xylooligosaccharides differed from that of the cello- and maltooligosaccharides for all the precursor ions studied, most

emarkably with the deprotonated and ammoniated precursors. Stereochemical differentiation of cello- and maltooligosaccharides was possible
ith the use of deprotonated, lithiated and sodiated precursors. In general, as the size of the alkali metal cation increased the amount of structurally

nformative cross-ring fragmentation increased, but the probability for metal ion loss from the precursor ion also increased. The CID spectra of
ylooligosaccharides measured with the QIT and FT-ICR were surprisingly similar.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Soft ionization methods like fast atom bombardment (FAB),
atrix assisted laser desorption/ionization (MALDI) and elec-

rospray ionization (ESI) in combination with tandem mass
pectrometry can provide information about sequence, linkage
ype and even the anomeric configuration of oligosaccharides
1–5]. For instance, energy resolved collision-induced dissoci-
tion (CID) mass spectra were recently used for distinguishing
someric cello-, malto- and isomaltooligosaccharides [3].

The fragmentation of cello- and maltooligosaccharides has
een previously studied using several different precursor ions
both positive and negative), including deprotonated [4,6–11],

rotonated [9,12], lithiated [13,14], sodiated [9,12,15–20],
otassiated [9,14] and cesiated [14] molecules, as well as
hloride adducts [21]. Moreover, for maltooligosaccharides up

∗ Corresponding author. Fax: +358 13 2513360.
E-mail address: Pirjo.Vainiotalo@joensuu.fi (P. Vainiotalo).
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llision-induced dissociation

o maltohexaose, a systematic MALDI Fourier transform ion
yclotron resonance (FT-ICR) study was performed, which
overed all alkali metal adducts [22]. In contrast, the fragmen-
ation of xylooligosaccharides has been studied significantly
ess. Reis et al. prepared a mixture of neutral and acidic
ylooligosaccharides by partial acid hydrolysis from olive pulp
nd measured CID spectra in both positive and negative ion-
zation modes for several ionic species [23–27]. In addition,

atamoros Fernández et al. and Quéméner et al. studied ara-
inoxylans and also presented CID spectra for some precursor
ons of neutral xylooligosaccharides [28–30].

In this study, the fragmentation of several different precursor
ons of neutral, underivatized cello-, malto- and xylooligosac-
harides was examined by CID with the use of a quadrupole
on trap (QIT) and FT-ICR mass spectrometry. Cello- and

altooligosaccharides are both composed of 1,4-linked glu-

opyranose rings, but are distinguished by different anomeric
onfigurations at their glycosidic linkages (i.e., � and �,
espectively). Xylooligosaccharides are composed of 1,4-linked
ylopyranose rings with the anomeric configuration of �, differ-

mailto:Pirjo.Vainiotalo@joensuu.fi
dx.doi.org/10.1016/j.ijms.2006.12.002
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ng from cellooligosaccharides by the lack of a CH2OH group at
he pyranose ring position C-5. The extent and the pathway of the
ragmentation, depending on the choice of the precursor ion type
deprotonated, protonated, ammoniated or alkali metal cation-
zed) as well as the oligosaccharide structure, were systemati-
ally studied. The possibility for stereochemical differentiation
f � and �-linked oligosaccharides by CID was also examined.

. Experimental section

.1. Materials and sample preparation

�-d-Cellooligosaccharides, cellotriose (Glc3), cellotetraose
Glc4), cellopentaose (Glc5) and cellohexaose (Glc6), were
btained from the Seikagaku Corporation (Tokyo, Japan), and
-d-xylooligosaccharides, xylobiose (Xyl2), xylotriose (Xyl3),
ylotetraose (Xyl4), xylopentaose (Xyl5) and xylohexaose
Xyl6), from Megazyme International Ireland Ltd. Co. (Wick-
ow, Ireland). Cellobiose (Glc2), �-d-Maltooligosaccharides,

altotriose (Mal3), maltotetraose (Mal4) and maltopentaose
Mal5), ammonium acetate and rubidium chloride were pur-
hased from Sigma–Aldrich (Steinheim, Germany), lithium
hloride from Fluka (Buchs, Switzerland), cesium chloride from
CN Biomedicals Inc. (Irvine, CA), sodium acetate from Riedel-
eHaën (Seelze, Germany) and potassium acetate from Merck
Darmstadt, Germany). HPLC grade water was purchased from
athburn (Walkerburn, Scotland). All reagents were of the high-
st purity available and were used without further purification.

Stock solutions of all alkali metal salts and oligosaccharides
ere prepared by accurately weighing and dissolving them in
ater to a final concentration of 1–2 mM. Samples were pre-
ared by diluting stock solutions in 10 mM ammonium acetate
pH 6.9). For positive-ion measurements, the oligosaccharide
oncentration was 10 �M, except 40 �M for FT-ICR, and the
lkali metal salt (when added) was 100 �M. For negative-
on measurements, the oligosaccharide concentration was
0 �M.

.2. ESI QIT mass spectrometry

A Bruker Esquire 3000 plus QIT mass spectrometer (Bruker
altonik GmbH, Bremen, Germany) equipped with an ESI

ource was used. Sample solutions were directly infused into the
on source at a flow rate of 120 �L/h in the positive-ion mode and
00 �L/h in the negative-ion mode. N2 (LC–MS-NGM 11 nitro-
en generator; Bruker Daltonik) was used as a drying (3 L/min
n the positive-ion mode and 5 L/min in the negative-ion mode,
nless stated otherwise, 275 ◦C) and nebulizing gas (11 psi) and
e (grade 5.6, AGA, Espoo, Finland) as the buffer/collision gas.
he high vacuum varied in the range of 10−6 to 10−5 mbar. In the
ositive-ion mode measurements, the following voltages were
sed: capillary −3.5 kV, end plate offset −500 V, capillary exit
00 V, skimmer 40 V, octopole-1 4.0 V, octopole-2 1.9 V, lens-1

5.0 V and lens-2 −60 V. In the negative-ion mode the polarities

f voltages were switched and the values of capillary exit and
ctopole-1 were changed to −160 and −6.0 V, respectively. Ion
harge control target was 20 000 at the positive-ion mode and

[

E
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0 000 at the negative-ion mode, while the maximum allowed
cquisition time was 50 ms. The value for the trap drive was 52.
ach spectrum was an average of 8–10 spectra collected within
min, each of these containing 30 individual scans that were
veraged before being sent from the instrument to the data sys-
em. Mass spectra were externally calibrated with an ES Tuning

ix (Hewlett Packard, Palo Alto, CA). In the CID, both the pre-
ursor ion isolation and the fragmentation widths were 4.0 m/z,
he length of fragmentation pulse was 20 ms and the low mass
ut-off was 27%. The fragmentation amplitudes of 0.7, 0.85,
.0, 1.5 V, and additionally 0.2 V for protonated and ammoni-
ted molecules, were used at the positive-ion mode and 0.2,
.3, 0.4 and 0.7 V at the negative-ion mode. The instrument was
ontrolled and the data were processed with the use of a Bruker
altonics Compass 1.1 for Esquire/HCT. All numerical results
resented have been calculated as an average from three or four
easurements.

.3. ESI FT-ICR mass spectrometry

A Bruker BioAPEX II FT-ICR mass spectrometer (Bruker
altonics, Billerica, MA) was used. Ions were produced in an

xternal Analytica of Branford (Branford, CT) ESI source. Sam-
le solutions were directly infused, at a flow rate of 40 �L/h
hrough a stainless steel capillary held at ground potential rel-
tive to the end-plate electrode at −3.7 kV. N2 was used as

drying (10 psi, 200 ◦C) and nebulizing gas (15 psi). ESI-
enerated ions were transferred to the vacuum region of the
nstrument via a dielectric Pyrex capillary (entrance and exit
otentials −4.2 kV and 210 V, respectively) prior to external
ccumulation in a radio frequency (RF) hexapole (500Vp–p at
.2 MHz) for 3.0 s. Ions were then extracted from the hexapole
nd focused/transferred to a cylindrical ICR cell (Infinity Cell)
ocated inside a 4.7-T passively shielded superconducting mag-
et (Magnex Scientific, Abingdon, UK). Ions were captured
nside the cell by a SideKick technique, excited to detectable
yclotron radii by an RF-sweep (72–480 kHz) and detected in
broadband mode. A total of 64 co-added 128-kword time-

omain transients were recorded, zero-filled twice and finally
ubjected to fast Fourier transform and magnitude calculation.

ass spectra were externally calibrated using an ES Tuning
ix. For sustained off-resonance irradiation (SORI) CID, ions

t a desired m/z were isolated by a correlated RF-sweep (2 ms,
36Vp–p), followed by additional single-frequency excitation

ulses (10 ms, ∼5Vp–p) in order to eject any unwanted ions.
he isolated ions were then excitated for 200 ms by a dipolar
F-field having a frequency (νRF) of 500 Hz below the ions’

CR frequency, and were allowed to collide with Ar (grade
.8, AGA, Espoo, Finland) at ∼1.5 × 10−6 mbar, introduced
nto the cell via a pulsed valve (General Valve, Fairfield, NJ).

ithin a 5-s pumpdown delay, the cell pressure rapidly fell to
5 × 10−10 mbar prior to the detection event. The center-of-
ass collision energy (ECOM) was calculated from the equation
32,33]:

COM =
(

mn

mi+mn

) qβ2V 2
p–p

8πBd2

νc

�ν2 (1)
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Xyl5 were 0,2A and 0,2A–H2O, and 2,4A fragments were com-
pletely absent. The intensity ratios of the C fragments were
clearly different for all three oligosaccharides, as shown in
Fig. 2.
Fig. 1. Domon and Costello nomenclature [34] fo

here mn is the mass of the collision gas, mi the mass of the
on, q the charge of the ion, β the cell geometry factor (0.897 for
nfinity Cell [31]), Vp–p the peak-to-peak excitation voltage of
he RF-field, B the magnetic field strength, d the cell diameter
0.06 m), and νc is the reduced cyclotron frequency of the ion
nd �ν = νc − νRF is the frequency offset of the RF-field. The
nstrument was controlled and the data were processed with the
se of Bruker XMASS software, version 5.0.6.

.4. Product ion assignment

Domon and Costello nomenclature for the oligosaccharide
ragment ions was used (Fig. 1) [34]. However, since non-
educing and reducing end fragments cannot be distinguished
i.e., B from Z and C from Y) with the oligosaccharides studied,
nd additionally it is possible that for example 0,2A4 fragment
s the product of cross-ring cleavage at the reducing end com-
ined with the loss of the non-reducing sugar ring, all cleavage
ssignments presented here are tentative and have not been rig-
rously verified. It has been shown earlier [10,21] (by labeling
he anomeric position with 18O) that the glycosidic bond of
eprotonated precursors cleaves at the reducing side of glyco-
idic oxygen forming C fragments, from which B fragments can
e formed by a consecutive loss of water. Glycosidic bonds of
rotonated [34,35] and metal cationized [21,36] precursors are
nstead predominantly cleaved at the non-reducing side, produc-
ng B and Y fragments. Due to the absence of a CH2OH side
hain at position C-5, 2,4A and 0,3A fragments of xylooligosac-
harides (loss of 90 Da) have exactly the same mass and cannot
e directly distinguished. In general, diagnostic fragments for
,4-linkage are 0,2A, 2,4A [37], and for deprotonated precursors
lso 0,2A–H2O [10]. Due to the fact that the 0,3A fragments
ave always been at low abundance and expected to be formed
y some second-order mechanism [37], the observed fragments
or xylooligosaccharides are more probably 2,4A fragments than
,3A fragments.

. Results

.1. ESI QIT mass spectrometry
The CID results obtained for various precursor ions of Glc2,
lc3, Glc4, Glc6, Mal3, Mal4, Xyl2, Xyl3, Xyl4 and Xyl6 were
ualitatively similar to those observed for pentaoses, therefore
he spectra are provided as Supplementary data.

F
(

osaccharide fragments illustrated for cellotriose.

.1.1. Deprotonated precursors
Both deprotonated Glc5 and Mal5 mainly formed C fragments

nd only minor amounts of other fragments (Fig. 2(A) and (B),
espectively), but a clear difference in the amount of A fragments
as observed; Glc5 also produced intense 0,2A–H2O fragments

nd the abundance ratio of 0,2A–H2O/0,2A was almost four
imes greater for Glc5 than for Mal5 (7.0 ± 0.7 and 1.8 ± 0.3,
espectively). In addition, the amount of 2,4A fragments was
maller for Glc5 than for Mal5. The behavior of Xyl5 (Fig. 2(C))
learly differed from that of Glc5 and Mal5, most remarkably
y the relative amount of glycosidic fragments (Table 1). In
ontrast to Glc5 and Mal5 the most abundant fragments for
ig. 2. CID spectra for deprotonated (A) cellopentaose, (B) maltopentaose, and
C) xylopentaose at a fragmentation amplitude of 0.4 V.
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Table 1
Relative amounts (%) of observed fragments in CID for different precursors of
cello-, malto- and xylopentaose

Fragment ions Glc5 Mal5 Xyl5

[M − H]−a

B 3.0 ± 0.3b n.d. 5.2 ± 0.8
C 61 ± 3 67 ± 1 19 ± 2
0,2A 4.4 ± 0.2 8.7 ± 1.0 41 ± 2
0,2A–H2O 30 ± 2 15.2 ± 0.4 35 ± 3
2,4A 1.7 ± 0.3 9.3 ± 0.5 n.d.

Glycosidic 64 ± 3 67 ± 1 24 ± 2
Cross-ring 36 ± 3 33 ± 1 76 ± 2

[M + Li]+a

B 69 ± 2 42.4 ± 0.9 54.9 ± 0.5
B–H2O 1.1 ± 0.5 1.1 ± 0.1 n.d
Y 9.5 ± 0.3 26.2 ± 0.5 29.0 ± 0.4
0,2A 16 ± 1 26.8 ± 0.6 14.1 ± 0.3
2,4A 4.5 ± 0.4 3.5 ± 0.2 2.0 ± 0.1

Glycosidic 80 ± 1 69.7 ± 0.4 83.8 ± 0.4
Cross-ring 20 ± 1 30.3 ± 0.4 16.2 ± 0.4

[M + Na]+a

B 45.7 ± 0.7 28.4 ± 0.6 38.5 ± 0.5
Y 9.8 ± 0.3 29.0 ± 0.4 18.5 ± 0.4
0,2A 30.3 ± 0.9 32.4 ± 0.6 36.8 ± 0.5
2,4A 14.3 ± 0.5 10.1 ± 0.5 6.2 ± 0.4

Glycosidic 55.5 ± 0.5 57 ± 1 57.0 ± 0.7
Cross-ring 44.5 ± 0.5 43 ± 1 43.0 ± 0.7

[M + K]+a

B 24 ± 3 8 ± 3 5 ± 3
Y 4 ± 2 8 ± 4 n.d
0,1A n.d. n.d. 3.6 ± 0.3
0,1A–H2O n.d. n.d. 3 ± 2
0,2A 18 ± 4 29 ± 8 5 ± 1
0,3A 12 ± 1 n.d. n.d.
2,4A 42 ± 4 56 ± 10 84 ± 3

Glycosidic 28 ± 4 15 ± 2 5 ± 3
Cross-ring 72 ± 4 85 ± 2 95 ± 3

n.d., not detected at appreciable amounts (relative amount < 1%).
a Precursor ion.
b Relative amounts of individual fragments were obtained by dividing the
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ntensity of the peak by the sum of the intensities of all fragments. Represented
elative proportions ± S.D. were calculated as averages from four measurements,
xcept for lithiated precursors, which were calculated from three measurements.

Interestingly, B fragments for all three oligosaccharides were
ainly observed as B-2 fragments, corresponding to the elimina-

ion of H2. The loss of H2 directly from deprotonated precursors
as also observed. The relative abundances of these fragments
aried greatly from day to day, therefore B–H2 fragments
ere discarded in all calculations (Table 1). If the elimina-

ion of H2 from the precursor ion was not observed, B–H2
ragments were absent too, and for Glc5 and Xyl5 minor B
ragments were observed. Mal5 did not form B fragments
t all.
.1.2. Protonated and ammoniated precursors
It is known that ammonium adducts of oligosaccharides are

uite labile and that they readily lose NH3 when forming pro-

w

i
n

ig. 3. CID spectra for ammoniated (A) cellopentaose, (B) maltopentaose, and
C) xylopentaose (peaks labeled by numbers represent B–nH2O ions, with the
umber corresponding to n) at a fragmentation amplitude of 1.0 V.

onated molecules [38]. Actually, an increase in the drying gas
ow from 3 to 6–7 L/min was already enough to lose all ammoni-
ted precursors. During the isolation of ammoniated precursors,
rotonated molecules were also observed at various abundances,
xcept for Xyl5 that did not form abundant protonated molecules
nder any conditions. Ammonium adducts behaved in the CID
s expected, first forming protonated molecules with the loss of
H3, which then dissociated further. Glc5 and Mal5 produced
nly B and Y fragments (Fig. 3(A) and (B), respectively and
able S-1). Their spectra were very much alike, but Glc5 frag-
ented to a lesser extent. Instead, Xyl5 gave rise to up to five

onsecutive losses of water from each B fragment, as shown
n Fig. 3(C) and Table S-1. Direct loss of water from ammoni-
ted precursor was also observed. The loss of water from Xyl5
as clearly favorable, since it already formed B–nH2O (n = 1–5)

t a low fragmentation amplitude (0.2 V) (Fig. S-6c). With the
ame amplitude, much less abundant glycosidic fragments were
ormed from Mal5 with an abundant protonated molecule and
or Glc5 only an ammonium adduct and protonated molecule

ere observed (Fig. S-6a and b, respectively).
The CID spectra for protonated Glc5 and Mal5 were almost

dentical (results shown in Table S-1), except that, as with ammo-
iated precursors, the extent of fragmentation was smaller for
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Fig. 5. CID spectra for sodiated (A) cellopentaose, (B) maltopentaose, and (C)
xylopentaose at a fragmentation amplitude of 1.0 V.
ig. 4. CID spectra for lithiated (A) cellopentaose, (B) maltopentaose, and (C)
ylopentaose at a fragmentation amplitude of 1.0 V.

lc5. Therefore, the source of the protonated precursor (obtained
irectly by increasing the drying gas flow rate up to 7 L/min or
s a product from CID of the ammoniated precursor) had no
bservable effect on the CID spectra.

.1.3. Alkali metal cationized precursors
As with previous observations made regarding mal-

ooligosaccharides [22], abundant adducts for studied pentaoses
ere observed with all alkali metal cations, but larger alkali
etal (rubidium and cesium) adducts dissociated via a metal

on loss without oligosaccharide fragmentation (data not pre-
ented). In general, the extent of fragmentation decreased with
n increase in size of the alkali metal cation due to increasing
endency for metal ion loss, but the relative amount of cross-ring
ragmentation increased (Table 1 and Figs. 4–6).

Even though the same fragments were formed, differentiation
f Glc5 and Mal5 was possible since for both lithiated (Fig. 4(A)
nd (B), respectively) and sodiated precursors (Fig. 5(A) and (B),
espectively) Y4 and Y3 fragments were clearly more abundant
or Mal5 than for Glc5. The behavior of Xyl5, however, differed
rom both Glc5 and Mal5, although the differences between the
ligosaccharides were not that evident for sodiated precursors
s for lithiated precursors; the abundance ratio of B5 and 0,2A5
ragments was similar with Glc5 while the abundances of Y frag-
ents were more likely similar with Mal5 (Figs. 4 and 5). The
ehavior of the lithiated precursors was somewhat between pro-
onated and sodiated precursors; cross-ring fragmentation was
lready observed but it was not as abundant as for the sodiated
recursors (Table 1).

Fig. 6. CID spectra for potassiated (A) cellopentaose, (B) maltopentaose, and
(C) xylopentaose at a fragmentation amplitude of 1.0 V.
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Even though fragmentation was observed for the potassi-
ted precursors, absolute intensities in the CID spectra were
ow due to the metal ion loss from the precursor ion. For Glc5,
,3A5 and 0,2A4 fragments were observed (Fig. 6(A)) but they
ere completely absent in the Mal5 spectrum (Fig. 6(B)), and

n addition, the B5 fragment was more abundant for Glc5 than
or Mal5. The 2,4A fragments were clearly the most abundant
ragments for all three oligosaccharides. Actually, for Mal5 and
yl5 (Fig. 6(B) and (C), respectively) only minor amounts of
ther fragments were observed (even though the abundance of
he 0,2A5 fragment varied greatly for Mal5), and the relative
mount of cross-ring cleavages was greater than for the sodi-
ted precursors. For Xyl5, less abundant 0,1A5 and 0,1A4–H2O
ragments were also observed (Fig. 6(C)).

As with deprotonated precursors, the loss of H2 from both
he precursors and B5 fragments were observed for sodium and
otassium adducts for all three oligosaccharides but their rela-
ive abundance varied greatly from day to day, therefore these
ragments were discarded in all calculations (Table 1).

.2. ESI FT-ICR mass spectrometry

SORI-CID mass spectra for ammoniated and sodiated Xyl5
ECOM = 0.46 and 8.2 eV, respectively) are presented in Fig. 7
the list of experimental and theoretical masses for the frag-
ent ions are provided in Tables S-2 and S-3, respectively).

he SORI-CID spectra were qualitatively similar in compari-
on to the corresponding CID spectra acquired with the QIT
nstrument (Figs. 3(C) and 5(C)). In addition to B and Y frag-

ents, a characteristic pattern of sequential water losses (up

ig. 7. SORI-CID mass spectra of (A) ammoniated and (B) sodiated xylopen-
aose with center-of-mass collision energies (ECOM) of 0.46 and 8.2 eV,
espectively.
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o four) was evident for the ammoniated precursor, whereas
he sodiated precursor fragmented mainly via glycosidic and
ross-ring cleavages resulting in B, Y, 0,2A and 2,4A fragment
ons. To gain information about the lowest energy dissociation
athways for both precursor ions, ECOM was stepwise increased
rom the values that did not induce any fragmentation to the
hreshold values at which the first fragments appeared. The
owest energy fragments were a protonated molecule for the
mmoniated precursor by the corresponding loss of NH3 and
he cross-ring cleaved 0,2A5 fragment for the sodiated precursor
spectra not presented), similarly as earlier reported for ammoni-
ted N-linked oligosaccharides [38] and for sodiated Mal4 [39].
he threshold value (ECOM) for fragmentation was found to be
uch lower for the ammoniated (∼0.15 eV) than for the sodi-

ted (∼2.2 eV) Xyl5. These results are in line with observations
ade from the QIT measurements and earlier reported results

40]. Interestingly, the ratio of glycosidic and cross-ring frag-
entation for sodiated Xyl5 (58:42) was almost identical to the

atio obtained with the QIT instrument (57:43), with the same
xtent of fragmentation. In addition, the intensity ratio of Y and
(B, B–nH2O) fragments for the ammoniated precursors was

imilar in both the QIT and FT-ICR measurements (6:94 and
:91, respectively), despite the different extent of fragmentation.
hese observations were quite surprising since more variation in

he ion abundance due to the different techniques applied could
e expected. The SORI-CID mass spectra for ammoniated and
odiated Xyl4 were similar to those reported for Xyl5 (data not
resented).

. Discussion

The fragmentation pattern, and therefore the amount of struc-
ural information, obtained in the CID of oligosaccharides is
reatly influenced by the choice of the precursor ion type. Pro-
onated molecules produce mainly sequence related fragments
y glycosidic bond cleavages, while deprotonated and metal
ationized molecules also produce structurally more informative
ragments by cross-ring cleavages [41]. Mechanisms for cross-
ing cleavages for deprotonated [6] and alkali metal cationized
36,37] precursors are represented elsewhere in detail. It has
een shown earlier [10] that deprotonation occurs selectively
ith the anomeric hydroxyl, since it is the most acidic hydroxyl

n the structure. The fragmentation of glycosidic bonds occurs
tepwise from the reducing end towards the non-reducing end,
y forming at each stage a one unit shorter fragment ion with a
imilarly deprotonated anomeric hydroxyl group. After a neg-
tive charge is localized at the reducing end, the fragmentation
f this ring occurs rapidly [10].

Deprotonated Glc5 and Mal5 can be differentiated based on
he abundance ratio of 0,2A–H2O/0,2A, which was four times
reater for Glc5 than for Mal5. Interestingly, a clear increase
n the relative amount of 0,2A fragments was observed for Xyl5
hen compared to Glc5 and Mal5 (Table 1). A qualitatively sim-
lar ESI quadrupole time-of-flight (Q-TOF) CID spectrum for
eprotonated Xyl5 was recently published, although no losses
f H2 were observed [30]. Abundant B–H2 fragments of depro-
onated 1,3-linked disaccharides, and also occasionally present
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n the spectra of other compounds at minor abundances, have
arlier been reported by Garozzo et al. [10], and some other
roups have observed C–H2 and Y–H2 fragments [17,42]. To
he best of our knowledge, comparable spectra for deprotonated
lc5 and Mal5 have not been published but Friedl et al. [21]
ave presented ESI-QIT spectra for a chloride adduct of Glc5,
hich formed a deprotonated ion and fragmented further.
Usually, only glycosidic bond cleavages are observed for

mmoniated and protonated precursors [2,35]. The glycosidic
xygens are the most basic in the structure, therefore protons are
xpected to be localized there. Protonation of glycosidic oxygen
llows the electrons of ring oxygen to be delocalized, and thus
nduces glycosidic bond cleavage. The mechanism of glyco-
idic bond fragmentation is therefore charge-induced [22]. The
act that Mal5 fragmented with lower amplitudes is consistent
ith earlier observations [3,43] that �-glycosidic bonds cleave
ore easily than �-glycosidic bonds. The different behavior of
yl5 was a very interesting observation. Up to five losses of
ater from B fragments were observed by QIT (Fig. 3(C)) and
p to four by FT-ICR (Fig. 7(A)), therefore the loss of water
ven from the next sugar ring seems to be more favorable than
lycosidic bond cleavage. ESI-Q-TOF CID spectra for ammoni-
ted xylooligosaccharides have been published earlier [23], but
water loss pattern was not that evident. A proposed mecha-

ism for sequential loss of water from Xyl5 is represented in
ig. 8, where an aromatic ring structure is formed at the reduc-

ng end. Viseux et al. have earlier reported the formation of

similar aromatic structure through losses of permethylated

lycosylalcohols from oligosaccharides [40]. This process is
locked in Glc5 and Mal5 that contain CH2OH at position C-5,

b
r
p

ig. 8. Proposed mechanism for sequential loss of water from xylooligosaccharides
hown and the remaining sugar rings from non-reducing end are labeled as R.
ass Spectrometry 263 (2007) 22–29

ost probably due to different charge localization. The pro-
osed mechanisms with putative ion structures for the loss of
ater from glucose have earlier been presented by Berman et

l. [44] and Madhusudanan [45]. The exact mechanism have
ot been verified, but mechanism presented by Berman et al.
44] is in line with the mechanism presented here containing the
ormation of conjugated double bond system. In contrast, mech-
nism presented by Madhusudanan [45] is not likely, especially
resented tricyclic structure formed by only six carbons and
hree oxygens. However, it remains unclear whether protona-
ion and subsequent water loss from the CH2OH group, leading
o the isomeric structure with the B5 fragment, would explain
his behavior in the case of Glc5 and Mal5.

Both the ionic radii and the charge density of metal affects the
bility to obtain simple, structurally specific data from oligosac-
harides [46]. Only a limited number of sites exist where metal
ust “fit”, and on the other hand, the metal-oligosaccharide

omplex has to be stable enough to allow cross-ring fragmenta-
ion to occur. Unlike protons, metal ions are able to coordinate
ith several oxygens simultaneously, thus decreasing the desta-
ilization of the glycosidic bond. The coordination of the metal
on to the ring oxygen causes the localization of the oxygen elec-
rons, therefore prohibiting the glycosidic bond cleavage and
oordination of larger cations minimizes the destabilization of
lycosidic linkages and the degree of charge-remote cross-ring
ragmentation increases with an increase in cation size [22].
t is known that lithium and, to some extent, sodium are the

est alkali metals for structural analyses of linear oligosaccha-
ides, since precursors coordinating larger alkali metal cations
rimarily lose the metal cations during excitation [35]. The

illustrated for xylopentaose. Only the reducing end of the oligosaccharide is
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ame was observed in this study; even though the amount of
tructurally informative cross-ring fragments increased with an
ncrease in the alkali metal cation size (Table 1), the frag-

entation patterns of lithiated and sodiated precursors of all
hree oligosaccharides were characteristic to a certain precur-
or ion, but the reproducibility of fragmentation was clearly
ower for potassiated precursors due to dissociation of potas-
ium, and larger alkali metal adducts mainly dissociated. To
he best of our knowledge, comparable spectra for lithiated and
otassiated precursors have not been published. MALDI FT-
CR study for alkali metal adducts of Mal2–Mal6 have been
resented [22] but the results were reported as percentage of a
ragmentation, therefore comparison with these results cannot
e made. Instead, sodiated precursors are widely studied and
ID spectra for all three oligosaccharides can be found from the

iterature. Nanoelectrospray QIT CID spectra for sodiated Glc5
nd Mal5 reported earlier by Bahr et al. [15] were qualitatively
imilar to our results, except that they observed only a negligi-
le amount of 2,4A fragments. The ESI-Q-TOF CID results for
odiated Xyl5 published by Reis et al. [23,24] and Matamoros
ernández et al. [28] were slightly different. Reis et al. [24]
bserved mainly glycosidic cleavages (85%, calculated from
elative abundances, compared to 57% obtained in this study)
Table 1 and S-3). The precursor ion was clearly less abundant
n our study, indicating a greater amount of energy deposited
o the precursor ion, therefore explaining the greater amount
f cross-ring cleavages. Matamoros Fernández et al. [28] also
bserved more abundant glycosidic fragments, in comparison to
ur results.
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