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Abstract

In order to study the effects of the precursor ion type and the carbohydrate structure on the fragmentation of neutral unsubstituted oligosaccharides
in collision-induced dissociation (CID), a systematic study of deprotonated, protonated, ammoniated and alkali metal cationized cello-, malto- and
xylooligosaccharides was carried out using a quadrupole ion trap (QIT) and Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometry.
The fragmentation pathway was highly dependent on the choice of the precursor ion type. Deprotonated precursors gave rise to both glycosidic and
cross-ring fragmentation, with clear differences among the three oligosaccharides, therefore being the most prominent for structural analysis. The
fragmentation behavior of the xylooligosaccharides differed from that of the cello- and maltooligosaccharides for all the precursor ions studied, most
remarkably with the deprotonated and ammoniated precursors. Stereochemical differentiation of cello- and maltooligosaccharides was possible
with the use of deprotonated, lithiated and sodiated precursors. In general, as the size of the alkali metal cation increased the amount of structurally
informative cross-ring fragmentation increased, but the probability for metal ion loss from the precursor ion also increased. The CID spectra of

xylooligosaccharides measured with the QIT and FT-ICR were surprisingly similar.

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

Soft ionization methods like fast atom bombardment (FAB),
matrix assisted laser desorption/ionization (MALDI) and elec-
trospray ionization (ESI) in combination with tandem mass
spectrometry can provide information about sequence, linkage
type and even the anomeric configuration of oligosaccharides
[1-5]. For instance, energy resolved collision-induced dissoci-
ation (CID) mass spectra were recently used for distinguishing
isomeric cello-, malto- and isomaltooligosaccharides [3].

The fragmentation of cello- and maltooligosaccharides has
been previously studied using several different precursor ions
(both positive and negative), including deprotonated [4,6—11],
protonated [9,12], lithiated [13,14], sodiated [9,12,15-20],
potassiated [9,14] and cesiated [14] molecules, as well as
chloride adducts [21]. Moreover, for maltooligosaccharides up
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to maltohexaose, a systematic MALDI Fourier transform ion
cyclotron resonance (FT-ICR) study was performed, which
covered all alkali metal adducts [22]. In contrast, the fragmen-
tation of xylooligosaccharides has been studied significantly
less. Reis et al. prepared a mixture of neutral and acidic
xylooligosaccharides by partial acid hydrolysis from olive pulp
and measured CID spectra in both positive and negative ion-
ization modes for several ionic species [23-27]. In addition,
Matamoros Fernandez et al. and Quéméner et al. studied ara-
binoxylans and also presented CID spectra for some precursor
ions of neutral xylooligosaccharides [28—30].

In this study, the fragmentation of several different precursor
ions of neutral, underivatized cello-, malto- and xylooligosac-
charides was examined by CID with the use of a quadrupole
ion trap (QIT) and FT-ICR mass spectrometry. Cello- and
maltooligosaccharides are both composed of 1,4-linked glu-
copyranose rings, but are distinguished by different anomeric
configurations at their glycosidic linkages (i.e., B and «,
respectively). Xylooligosaccharides are composed of 1,4-linked
xylopyranose rings with the anomeric configuration of 3, differ-
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ing from cellooligosaccharides by the lack of a CH>,OH group at
the pyranose ring position C-5. The extent and the pathway of the
fragmentation, depending on the choice of the precursor ion type
(deprotonated, protonated, ammoniated or alkali metal cation-
ized) as well as the oligosaccharide structure, were systemati-
cally studied. The possibility for stereochemical differentiation
of 3 and a-linked oligosaccharides by CID was also examined.

2. Experimental section
2.1. Materials and sample preparation

B-p-Cellooligosaccharides, cellotriose (Glc3), cellotetraose
(Glcy), cellopentaose (Glcs) and cellohexaose (Glcg), were
obtained from the Seikagaku Corporation (Tokyo, Japan), and
B-p-xylooligosaccharides, xylobiose (Xyl»), xylotriose (Xyl3),
xylotetraose (Xyly), xylopentaose (Xyls) and xylohexaose
(Xylg), from Megazyme International Ireland Ltd. Co. (Wick-
low, Ireland). Cellobiose (Glcy), a-D-Maltooligosaccharides,
maltotriose (Malz), maltotetraose (Mals) and maltopentaose
(Mals), ammonium acetate and rubidium chloride were pur-
chased from Sigma-Aldrich (Steinheim, Germany), lithium
chloride from Fluka (Buchs, Switzerland), cesium chloride from
ICN Biomedicals Inc. (Irvine, CA), sodium acetate from Riedel-
deHaén (Seelze, Germany) and potassium acetate from Merck
(Darmstadt, Germany). HPLC grade water was purchased from
Rathburn (Walkerburn, Scotland). All reagents were of the high-
est purity available and were used without further purification.

Stock solutions of all alkali metal salts and oligosaccharides
were prepared by accurately weighing and dissolving them in
water to a final concentration of 1-2mM. Samples were pre-
pared by diluting stock solutions in 10 mM ammonium acetate
(pH 6.9). For positive-ion measurements, the oligosaccharide
concentration was 10 uM, except 40 puM for FT-ICR, and the
alkali metal salt (when added) was 100 wM. For negative-
ion measurements, the oligosaccharide concentration was
50 uM.

2.2. ESI QIT mass spectrometry

A Bruker Esquire 3000 plus QIT mass spectrometer (Bruker
Daltonik GmbH, Bremen, Germany) equipped with an ESI
source was used. Sample solutions were directly infused into the
ion source at a flow rate of 120 pwL/h in the positive-ion mode and
200 wL/h in the negative-ion mode. Ny (LC-MS-NGM 11 nitro-
gen generator; Bruker Daltonik) was used as a drying (3 L/min
in the positive-ion mode and 5 L/min in the negative-ion mode,
unless stated otherwise, 275 °C) and nebulizing gas (11 psi) and
He (grade 5.6, AGA, Espoo, Finland) as the buffer/collision gas.
The high vacuum varied in the range of 107 to 10~ mbar. In the
positive-ion mode measurements, the following voltages were
used: capillary —3.5kV, end plate offset —500 V, capillary exit
100V, skimmer 40V, octopole-1 4.0 V, octopole-2 1.9V, lens-1
—5.0V and lens-2 —60 V. In the negative-ion mode the polarities
of voltages were switched and the values of capillary exit and
octopole-1 were changed to —160 and —6.0'V, respectively. Ion
charge control target was 20 000 at the positive-ion mode and

10000 at the negative-ion mode, while the maximum allowed
acquisition time was 50 ms. The value for the trap drive was 52.
Each spectrum was an average of 8—10 spectra collected within
1 min, each of these containing 30 individual scans that were
averaged before being sent from the instrument to the data sys-
tem. Mass spectra were externally calibrated with an ES Tuning
Mix (Hewlett Packard, Palo Alto, CA). In the CID, both the pre-
cursor ion isolation and the fragmentation widths were 4.0 m/z,
the length of fragmentation pulse was 20 ms and the low mass
cut-off was 27%. The fragmentation amplitudes of 0.7, 0.85,
1.0, 1.5V, and additionally 0.2V for protonated and ammoni-
ated molecules, were used at the positive-ion mode and 0.2,
0.3,0.4 and 0.7 V at the negative-ion mode. The instrument was
controlled and the data were processed with the use of a Bruker
Daltonics Compass 1.1 for Esquire/HCT. All numerical results
presented have been calculated as an average from three or four
measurements.

2.3. ESI FT-ICR mass spectrometry

A Bruker BioAPEX II FT-ICR mass spectrometer (Bruker
Daltonics, Billerica, MA) was used. Ions were produced in an
external Analytica of Branford (Branford, CT) ESI source. Sam-
ple solutions were directly infused, at a flow rate of 40 wL/h
through a stainless steel capillary held at ground potential rel-
ative to the end-plate electrode at —3.7kV. N, was used as
a drying (10psi, 200°C) and nebulizing gas (15 psi). ESI-
generated ions were transferred to the vacuum region of the
instrument via a dielectric Pyrex capillary (entrance and exit
potentials —4.2kV and 210V, respectively) prior to external
accumulation in a radio frequency (RF) hexapole (500V,_, at
5.2 MHz) for 3.0s. Ions were then extracted from the hexapole
and focused/transferred to a cylindrical ICR cell (Infinity Cell)
located inside a 4.7-T passively shielded superconducting mag-
net (Magnex Scientific, Abingdon, UK). Ions were captured
inside the cell by a SideKick technique, excited to detectable
cyclotron radii by an RF-sweep (72-480kHz) and detected in
a broadband mode. A total of 64 co-added 128-kword time-
domain transients were recorded, zero-filled twice and finally
subjected to fast Fourier transform and magnitude calculation.
Mass spectra were externally calibrated using an ES Tuning
Mix. For sustained off-resonance irradiation (SORI) CID, ions
at a desired m/z were isolated by a correlated RF-sweep (2 ms,
~36V,p), followed by additional single-frequency excitation
pulses (10ms, ~5Vp,_,) in order to eject any unwanted ions.
The isolated ions were then excitated for 200 ms by a dipolar
RF-field having a frequency (vrr) of 500 Hz below the ions’
ICR frequency, and were allowed to collide with Ar (grade
4.8, AGA, Espoo, Finland) at ~1.5 x 10~° mbar, introduced
into the cell via a pulsed valve (General Valve, Fairfield, NJ).
Within a 5-s pumpdown delay, the cell pressure rapidly fell to
~5 % 10719 mbar prior to the detection event. The center-of-
mass collision energy (Ecom) was calculated from the equation
[32,33]:
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non-reducing end

B, C,

reducing end

Fig. 1. Domon and Costello nomenclature [34] for oligosaccharide fragments illustrated for cellotriose.

where my,, is the mass of the collision gas, m; the mass of the
ion, g the charge of the ion, B the cell geometry factor (0.897 for
Infinity Cell [31]), V}—p the peak-to-peak excitation voltage of
the RF-field, B the magnetic field strength, d the cell diameter
(0.06 m), and v, is the reduced cyclotron frequency of the ion
and Av=v, — vRF is the frequency offset of the RF-field. The
instrument was controlled and the data were processed with the
use of Bruker XMASS software, version 5.0.6.

2.4. Product ion assignment

Domon and Costello nomenclature for the oligosaccharide
fragment ions was used (Fig. 1) [34]. However, since non-
reducing and reducing end fragments cannot be distinguished
(i.e., B from Z and C from Y) with the oligosaccharides studied,
and additionally it is possible that for example *?>A4 fragment
is the product of cross-ring cleavage at the reducing end com-
bined with the loss of the non-reducing sugar ring, all cleavage
assignments presented here are tentative and have not been rig-
orously verified. It has been shown earlier [10,21] (by labeling
the anomeric position with '80) that the glycosidic bond of
deprotonated precursors cleaves at the reducing side of glyco-
sidic oxygen forming C fragments, from which B fragments can
be formed by a consecutive loss of water. Glycosidic bonds of
protonated [34,35] and metal cationized [21,36] precursors are
instead predominantly cleaved at the non-reducing side, produc-
ing B and Y fragments. Due to the absence of a CH,OH side
chain at position C-5, 2*A and %3 A fragments of xylooligosac-
charides (loss of 90 Da) have exactly the same mass and cannot
be directly distinguished. In general, diagnostic fragments for
1,4-linkage are %A, 2*A [37], and for deprotonated precursors
also %2A-H,0 [10]. Due to the fact that the %3 A fragments
have always been at low abundance and expected to be formed
by some second-order mechanism [37], the observed fragments
for xylooligosaccharides are more probably >#A fragments than
03A fragments.

3. Results
3.1. ESI QIT mass spectrometry

The CID results obtained for various precursor ions of Glc,
Glcs, Gley, Glcg, Mal3, Maly, Xylp, Xyls, Xyls and Xylg were

qualitatively similar to those observed for pentaoses, therefore
the spectra are provided as Supplementary data.

3.1.1. Deprotonated precursors

Both deprotonated Glcs and Mals mainly formed C fragments
and only minor amounts of other fragments (Fig. 2(A) and (B),
respectively), but a clear difference in the amount of A fragments
was observed; Glcs also produced intense ®>A-H,O fragments
and the abundance ratio of “*2A-H,0/%2A was almost four
times greater for Glcs than for Mals (7.0 £ 0.7 and 1.8 0.3,
respectively). In addition, the amount of >*A fragments was
smaller for Glcs than for Mals. The behavior of Xyls (Fig. 2(C))
clearly differed from that of Glcs and Mals, most remarkably
by the relative amount of glycosidic fragments (Table 1). In
contrast to Glcs and Mals the most abundant fragments for
Xyls were %2A and “2A-H,0, and >*A fragments were com-
pletely absent. The intensity ratios of the C fragments were
clearly different for all three oligosaccharides, as shown in
Fig. 2.
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Fig. 2. CID spectra for deprotonated (A) cellopentaose, (B) maltopentaose, and
(C) xylopentaose at a fragmentation amplitude of 0.4 V.



Table 1

Relative amounts (%) of observed fragments in CID for different precursors of
cello-, malto- and xylopentaose

Fragment ions Glcs Mals Xyls
[M—H]*
B 3.0+0.3° n.d. 52408
c 61+3 67+1 1942
02 44402 87+1.0 4142
02A-H,0 30+2 152404 3543
247 1.740.3 9.340.5 nd.
Glycosidic 6443 67+1 2442
Cross-ring 36+3 33+1 76+£2
[M +Li]**
B 6942 424409 549405
B-H,0 1.1+0.5 1.14+0.1 nd
Y 95403 262405 29.040.4
02 16+1 26.84+0.6 14.14+0.3
240 45404 35402 2040.1
Glycosidic 80+1 69.7+0.4 83.8+0.4
Cross-ring 20+1 30.3+£04 16.2+0.4
[M +NaJ*?
B 457+0.7 28.440.6 38.5+05
Y 9.8+0.3 29.040.4 18.54+0.4
02 303409 324+0.6 36.84+0.5
240 143405 10.1+0.5 6.2+0.4
Glycosidic 555405 57+1 57.04+0.7
Cross-ring 44.5+0.5 43+1 43.0£0.7
[M+K]*™
B 2443 8+3 5+3
Y 442 8+4 n.d
01p n.d. n.d. 3.6+03
01A-H,0 n.d. n.d. 3+2
02 18+4 29+8 541
03 12+1 nd. n.d.
247 4244 56+ 10 8443
Glycosidic 28+4 15+£2 543
Cross-ring 72+4 85+2 95+3

n.d., not detected at appreciable amounts (relative amount < 1%).

4 Precursor ion.

b Relative amounts of individual fragments were obtained by dividing the
intensity of the peak by the sum of the intensities of all fragments. Represented
relative proportions = S.D. were calculated as averages from four measurements,
except for lithiated precursors, which were calculated from three measurements.

Interestingly, B fragments for all three oligosaccharides were
mainly observed as B-2 fragments, corresponding to the elimina-
tion of Hy. The loss of H; directly from deprotonated precursors
was also observed. The relative abundances of these fragments
varied greatly from day to day, therefore B—H, fragments
were discarded in all calculations (Table 1). If the elimina-
tion of Hy from the precursor ion was not observed, B—H»
fragments were absent too, and for Glcs and Xyls minor B
fragments were observed. Mals did not form B fragments
at all.

3.1.2. Protonated and ammoniated precursors
It is known that ammonium adducts of oligosaccharides are
quite labile and that they readily lose NH3 when forming pro-
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Fig. 3. CID spectra for ammoniated (A) cellopentaose, (B) maltopentaose, and
(C) xylopentaose (peaks labeled by numbers represent B-nH;O ions, with the
number corresponding to n) at a fragmentation amplitude of 1.0 V.

tonated molecules [38]. Actually, an increase in the drying gas
flow from 3 to 67 L/min was already enough to lose all ammoni-
ated precursors. During the isolation of ammoniated precursors,
protonated molecules were also observed at various abundances,
except for Xyls that did not form abundant protonated molecules
under any conditions. Ammonium adducts behaved in the CID
as expected, first forming protonated molecules with the loss of
NH3, which then dissociated further. Glcs and Mals produced
only B and Y fragments (Fig. 3(A) and (B), respectively and
Table S-1). Their spectra were very much alike, but Glcs frag-
mented to a lesser extent. Instead, Xyls gave rise to up to five
consecutive losses of water from each B fragment, as shown
in Fig. 3(C) and Table S-1. Direct loss of water from ammoni-
ated precursor was also observed. The loss of water from Xyls
was clearly favorable, since it already formed B-nH,O (n=1-5)
at a low fragmentation amplitude (0.2 V) (Fig. S-6¢). With the
same amplitude, much less abundant glycosidic fragments were
formed from Mals with an abundant protonated molecule and
for Glcs only an ammonium adduct and protonated molecule
were observed (Fig. S-6a and b, respectively).

The CID spectra for protonated Glcs and Mals were almost
identical (results shown in Table S-1), except that, as with ammo-
niated precursors, the extent of fragmentation was smaller for
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Fig. 4. CID spectra for lithiated (A) cellopentaose, (B) maltopentaose, and (C)
xylopentaose at a fragmentation amplitude of 1.0 V.

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

3.1.3. Alkali metal cationized precursors

As with previous observations made regarding mal-
tooligosaccharides [22], abundant adducts for studied pentaoses
were observed with all alkali metal cations, but larger alkali
metal (rubidium and cesium) adducts dissociated via a metal
ion loss without oligosaccharide fragmentation (data not pre-
sented). In general, the extent of fragmentation decreased with
an increase in size of the alkali metal cation due to increasing
tendency for metal ion loss, but the relative amount of cross-ring
fragmentation increased (Table 1 and Figs. 4-6).

Even though the same fragments were formed, differentiation
of Glcs and Mals was possible since for both lithiated (Fig. 4(A)
and (B), respectively) and sodiated precursors (Fig. 5(A) and (B),
respectively) Y4 and Y3 fragments were clearly more abundant
for Mals than for Glcs. The behavior of Xyls, however, differed
from both Glcs and Mals, although the differences between the
oligosaccharides were not that evident for sodiated precursors
as for lithiated precursors; the abundance ratio of Bs and 0245
fragments was similar with Glcs while the abundances of Y frag-
ments were more likely similar with Mals (Figs. 4 and 5). The
behavior of the lithiated precursors was somewhat between pro-
tonated and sodiated precursors; cross-ring fragmentation was
already observed but it was not as abundant as for the sodiated
precursors (Table 1).

Fig. 5. CID spectra for sodiated (A) cellopentaose, (B) maltopentaose, and (C)
xylopentaose at a fragmentation amplitude of 1.0 V.
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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-
ated precursors, absolute intensities in the CID spectra were
low due to the metal ion loss from the precursor ion. For Glcs,
0’3A5 and %2A4 fragments were observed (Fig. 6(A)) but they
were completely absent in the Mals spectrum (Fig. 6(B)), and
in addition, the Bs fragment was more abundant for Glcs than
for Mals. The >*A fragments were clearly the most abundant
fragments for all three oligosaccharides. Actually, for Mals and
Xyls (Fig. 6(B) and (C), respectively) only minor amounts of
other fragments were observed (even though the abundance of
the “?As fragment varied greatly for Mals), and the relative
amount of cross-ring cleavages was greater than for the sodi-
ated precursors. For Xyls, less abundant “'As and ! A4—H,0
fragments were also observed (Fig. 6(C)).

As with deprotonated precursors, the loss of Hy from both
the precursors and Bs fragments were observed for sodium and
potassium adducts for all three oligosaccharides but their rela-
tive abundance varied greatly from day to day, therefore these
fragments were discarded in all calculations (Table 1).

3.2. ESI FT-ICR mass spectrometry

SORI-CID mass spectra for ammoniated and sodiated Xyls
(Ecom=0.46 and 8.2 eV, respectively) are presented in Fig. 7
(the list of experimental and theoretical masses for the frag-
ment ions are provided in Tables S-2 and S-3, respectively).
The SORI-CID spectra were qualitatively similar in compari-
son to the corresponding CID spectra acquired with the QIT
instrument (Figs. 3(C) and 5(C)). In addition to B and Y frag-
ments, a characteristic pattern of sequential water losses (up
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Fig. 7. SORI-CID mass spectra of (A) ammoniated and (B) sodiated xylopen-
taose with center-of-mass collision energies (Ecom) of 0.46 and 8.2eV,
respectively.

to four) was evident for the ammoniated precursor, whereas
the sodiated precursor fragmented mainly via glycosidic and
cross-ring cleavages resulting in B, Y, %?A and >*A fragment
ions. To gain information about the lowest energy dissociation
pathways for both precursor ions, Ecom was stepwise increased
from the values that did not induce any fragmentation to the
threshold values at which the first fragments appeared. The
lowest energy fragments were a protonated molecule for the
ammoniated precursor by the corresponding loss of NH3 and
the cross-ring cleaved %> As fragment for the sodiated precursor
(spectra not presented), similarly as earlier reported for ammoni-
ated N-linked oligosaccharides [38] and for sodiated Maly [39].
The threshold value (Ecom) for fragmentation was found to be
much lower for the ammoniated (~0.15¢eV) than for the sodi-
ated (~2.2eV) Xyls. These results are in line with observations
made from the QIT measurements and earlier reported results
[40]. Interestingly, the ratio of glycosidic and cross-ring frag-
mentation for sodiated Xyls (58:42) was almost identical to the
ratio obtained with the QIT instrument (57:43), with the same
extent of fragmentation. In addition, the intensity ratio of Y and
(B, B-nH,0) fragments for the ammoniated precursors was
similar in both the QIT and FT-ICR measurements (6:94 and
9:91, respectively), despite the different extent of fragmentation.
These observations were quite surprising since more variation in
the ion abundance due to the different techniques applied could
be expected. The SORI-CID mass spectra for ammoniated and
sodiated Xyls were similar to those reported for Xyls (data not
presented).

4. Discussion

The fragmentation pattern, and therefore the amount of struc-
tural information, obtained in the CID of oligosaccharides is
greatly influenced by the choice of the precursor ion type. Pro-
tonated molecules produce mainly sequence related fragments
by glycosidic bond cleavages, while deprotonated and metal
cationized molecules also produce structurally more informative
fragments by cross-ring cleavages [41]. Mechanisms for cross-
ring cleavages for deprotonated [6] and alkali metal cationized
[36,37] precursors are represented elsewhere in detail. It has
been shown earlier [10] that deprotonation occurs selectively
with the anomeric hydroxyl, since it is the most acidic hydroxyl
in the structure. The fragmentation of glycosidic bonds occurs
stepwise from the reducing end towards the non-reducing end,
by forming at each stage a one unit shorter fragment ion with a
similarly deprotonated anomeric hydroxyl group. After a neg-
ative charge is localized at the reducing end, the fragmentation
of this ring occurs rapidly [10].

Deprotonated Glcs and Mals can be differentiated based on
the abundance ratio of 0’2A—H20/0’2A, which was four times
greater for Glcs than for Mals. Interestingly, a clear increase
in the relative amount of ®2A fragments was observed for Xyls
when compared to Glcs and Mals (Table 1). A qualitatively sim-
ilar ESI quadrupole time-of-flight (Q-TOF) CID spectrum for
deprotonated Xyls was recently published, although no losses
of Hy were observed [30]. Abundant B-H; fragments of depro-
tonated 1,3-linked disaccharides, and also occasionally present
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in the spectra of other compounds at minor abundances, have
earlier been reported by Garozzo et al. [10], and some other
groups have observed C-H; and Y-H, fragments [17,42]. To
the best of our knowledge, comparable spectra for deprotonated
Glcs and Mals have not been published but Friedl et al. [21]
have presented ESI-QIT spectra for a chloride adduct of Glcs,
which formed a deprotonated ion and fragmented further.
Usually, only glycosidic bond cleavages are observed for
ammoniated and protonated precursors [2,35]. The glycosidic
oxygens are the most basic in the structure, therefore protons are
expected to be localized there. Protonation of glycosidic oxygen
allows the electrons of ring oxygen to be delocalized, and thus
induces glycosidic bond cleavage. The mechanism of glyco-
sidic bond fragmentation is therefore charge-induced [22]. The
fact that Mals fragmented with lower amplitudes is consistent
with earlier observations [3,43] that a-glycosidic bonds cleave
more easily than B-glycosidic bonds. The different behavior of
Xyls was a very interesting observation. Up to five losses of
water from B fragments were observed by QIT (Fig. 3(C)) and
up to four by FT-ICR (Fig. 7(A)), therefore the loss of water
even from the next sugar ring seems to be more favorable than
glycosidic bond cleavage. ESI-Q-TOF CID spectra for ammoni-
ated xylooligosaccharides have been published earlier [23], but
a water loss pattern was not that evident. A proposed mecha-
nism for sequential loss of water from Xyls is represented in
Fig. 8, where an aromatic ring structure is formed at the reduc-
ing end. Viseux et al. have earlier reported the formation of
a similar aromatic structure through losses of permethylated
glycosylalcohols from oligosaccharides [40]. This process is
blocked in Glcs and Mals that contain CH,OH at position C-5,

+
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OH OH
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most probably due to different charge localization. The pro-
posed mechanisms with putative ion structures for the loss of
water from glucose have earlier been presented by Berman et
al. [44] and Madhusudanan [45]. The exact mechanism have
not been verified, but mechanism presented by Berman et al.
[44] is in line with the mechanism presented here containing the
formation of conjugated double bond system. In contrast, mech-
anism presented by Madhusudanan [45] is not likely, especially
presented tricyclic structure formed by only six carbons and
three oxygens. However, it remains unclear whether protona-
tion and subsequent water loss from the CH,OH group, leading
to the isomeric structure with the Bs fragment, would explain
this behavior in the case of Glcs and Mals.

Both the ionic radii and the charge density of metal affects the
ability to obtain simple, structurally specific data from oligosac-
charides [46]. Only a limited number of sites exist where metal
must “fit”, and on the other hand, the metal-oligosaccharide
complex has to be stable enough to allow cross-ring fragmenta-
tion to occur. Unlike protons, metal ions are able to coordinate
with several oxygens simultaneously, thus decreasing the desta-
bilization of the glycosidic bond. The coordination of the metal
ion to the ring oxygen causes the localization of the oxygen elec-
trons, therefore prohibiting the glycosidic bond cleavage and
coordination of larger cations minimizes the destabilization of
glycosidic linkages and the degree of charge-remote cross-ring
fragmentation increases with an increase in cation size [22].
It is known that lithium and, to some extent, sodium are the
best alkali metals for structural analyses of linear oligosaccha-
rides, since precursors coordinating larger alkali metal cations
primarily lose the metal cations during excitation [35]. The

OH OH
m/z 661
o —o0
OH
m/z 625
l-Hzo
(0] _c)+
AN
m/z 607

Fig. 8. Proposed mechanism for sequential loss of water from xylooligosaccharides illustrated for xylopentaose. Only the reducing end of the oligosaccharide is

shown and the remaining sugar rings from non-reducing end are labeled as R.
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same was observed in this study; even though the amount of
structurally informative cross-ring fragments increased with an
increase in the alkali metal cation size (Table 1), the frag-
mentation patterns of lithiated and sodiated precursors of all
three oligosaccharides were characteristic to a certain precur-
sor ion, but the reproducibility of fragmentation was clearly
lower for potassiated precursors due to dissociation of potas-
sium, and larger alkali metal adducts mainly dissociated. To
the best of our knowledge, comparable spectra for lithiated and
potassiated precursors have not been published. MALDI FT-
ICR study for alkali metal adducts of Mal,—Malg have been
presented [22] but the results were reported as percentage of a
fragmentation, therefore comparison with these results cannot
be made. Instead, sodiated precursors are widely studied and
CID spectra for all three oligosaccharides can be found from the
literature. Nanoelectrospray QIT CID spectra for sodiated Glcs
and Mals reported earlier by Bahr et al. [15] were qualitatively
similar to our results, except that they observed only a negligi-
ble amount of >*A fragments. The ESI-Q-TOF CID results for
sodiated Xyls published by Reis et al. [23,24] and Matamoros
Fernandez et al. [28] were slightly different. Reis et al. [24]
observed mainly glycosidic cleavages (85%, calculated from
relative abundances, compared to 57% obtained in this study)
(Table 1 and S-3). The precursor ion was clearly less abundant
in our study, indicating a greater amount of energy deposited
to the precursor ion, therefore explaining the greater amount
of cross-ring cleavages. Matamoros Ferndndez et al. [28] also
observed more abundant glycosidic fragments, in comparison to
our results.
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